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Percolation model for electron conduction in films of metal nanoparticles linked
by organic molecules
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We have investigated theoretically and experimentally the temperature dependence of the conductance of
films of Au nanoparticles linked by alkane dithiol molecules in the temperature range between 5 and 300 K.
Conduction in these films is due to tunneling of single electrons between neighboring metal nanoparticles via
the linker molecules. During tunneling an electron has to overcome the Coulomb charging energy. We find that
the observed temperature dependence of the conductance is non-Arrhenius-like and can be described in terms
of a percolation theory which takes account of disorder in the system. Disorder in our nanoparticle films is
caused by variations in the nanoparticle size, fluctuations in the separation gaps between adjacent nanopatrticles
and by offset charges. To explain in detail our experimental data, a wide distribution of separation gaps and
charging energies has to be assumed. We find that a wide Coulomb charging energy distribution can arise from
random offset charges even if the nanopatrticle size distribution is narrow.
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[. INTRODUCTION conductance. While Monte Carlo simulations can only be
performed on assemblies of relatively small size, percolation
Several attempts have been made to understand electrgfmeory can satisfactorily d'escribe.assemblies consisting of
transport in assemblies of metal nanoparticles linked by orlarge numbers of nanoparticles as in the case of our nanopar-
ganic molecule$:? However, despite of these studies, severatfticle films. _
aspects of the electron transport mechanism in nanoparticle In Sec. Il we develop a theoretical model for the electron
assemblies are still poorly understood. With nanopatrticle ar_conduc_tlon in a disordered nanoparticle f|_Im. Strong disorder
rays as “artificial solids® expected to provide useful model i our films allows us to employ percolation theory. For the
systems for the study of correlated electrons and as potenti§fS€ Of low temperature and small applied voltages we de-
building blocks for nanoelectronics, a thorough understand!Ve @ Simple analytical expression for the film conductance
: : S : I, where we find InGy,/Go)~T Y2 In Sec. Il we de-
ing of metal nanoparticle assemblies is essential. Descnblngt‘;itb the preparation f‘]zt ron N r-ti | fiIm. nd report on
in detail the electron transport mechanism in realistic assem[hce e?( e?ir%eenagla r(())ceo duorlé us?a do?gmgzsurestr?e teripc;ra?ure
blies becomes intricate because of the inherent strong disor; P P . . P
dependence 0B,,. Section IV discusses and compares our

der present in most nanoparticle assemblies. One can distig— : . : :
. . : . xperimental and theoretical results. Finally in Sec. V we
guish three kinds of disorder. First, the overall global P y

; . i show that wide distributions for the Coulomb charging ener-
structural disorder in the topology of the assembly; secondlyyiag and the nanoparticle separation gaps can be expected in
local structural disorder due to particle size variations ancg

ur films.
fluctuations in the separation gap between adjacent nanopar-

ticles; and thirdly, local charge disorder due to random im-
mobile offset charges induced by trapped impurity charges in
the substrate and possibly in the linker molecules. The effect |n order to develop formulas for the conductance of a
of certain types of disorder on the conductance of metahanoparticle film we first consider two neighboring normal-
nanoparticles has been investigated using Monte Carlo simumetal nanoparticles with electrostatic potential differextce
lations on one-dimensional and two-dimensional arrays offhe nanoparticles are separated by a gafprmed by or-
nanoparticleé® In these simulations disorder was incorpo- ganic linker molecules which surround the nanopartittes
rated by taking account of random offset charges as well aBig. 1). Using scattering theory, the electron currémthich
variations in the particle size and the capacitative couplinglows between the two metal nanoparticles is given by
between adjacent nanoparticles.

Il. THEORY

Because previous experimental work on the temperature Aare
dependence of the conductan@éT) could not clearly dis- I=—- 2| {f(Ei—eV)[1-f(E,—Ey)]
tinguish between IG~T* and ~ T~ %2 behavior the em- "
phasis of our paper is to investigate in detail theoretically —f(E)[1-f(E,—eV-E)}|Ty|?8(E,—E). (1)

and experimentally the temperature dependence of the con-

ductance of alkane dithiol linked 3D nanopatrticle films. DueHere e is the electron charge and the sum is over all the
to the disorder in our samples we treat the films as conductaingle electron statelsandr of the left and right nanopar-
networks of widely varying tunnel conductances which lo-ticle, respectively. The functiohis the Fermi-Dirac distribu-
cally connect adjacent nanoparticles and apply percolatiotion f(x)=(1+e* E'kT)~1 whereT is the temperature
theory to estimate the temperature dependence of the fillandEg the Fermi energy of the electrons in the metal nano-
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me? 1—(1—E /kT)efe/kT

=2 | T(Ep)|?p?(Er)
4 PP Er (1— eFo/kT)2

4

Equation(3) is equivalent to the results obtained from the
so-called orthodox theory of single-electron tunneling
which is valid if the resistancBy of all the tunnel barriers in
the system is much greater than the quantum resistegce
=h/e?*=26 k.

Assuming a simple tight-binding model to describe alkane
dithiol linker molecules one obtains in the weak coupling

limit using T-matrix theory?
0 26252022,
°o°%o°do°o 8 Ep+E IT(E )|2_‘VI1VNr2( Vg )ZN ®)
o % X - y
E, +eV '%2%??%‘5% WS F Vg | \Eg—Ef
r ‘ whereN is the number of carbon and sulphur atoms in the
¢ alkane dithiol moleculeyV,; and Vy, are matrix elements
l‘ : E describing the interaction of the left nanoparticle with the
eV i c first sulphur aton{1) and the right nanoparticle with the last
T T sulphur atom N). Vg is the matrix element of the tight

binding interaction of neighboring atom sites whidg is the

FIG. 1. Schematic energy diagram of two neighboring metal@PProximate energy level of the lowest unoccupied local
nanoparticles with separation gip The electrons in the normal- €l€ctron orbitals on the chain of sulphur and carbon atoms.
metal nanoparticles are described in terms of free Fermi gases. The'€ gapL between nanoparticles is determined by the length
electrostatic potential between the nanoparticlee\s When an  Of the organic linker molecule which Is=ay(N+1) where
electron tunnels from the left) to the right(r) nanoparticle it has o is the average distang¢along a straight linebetween the
to overcome the Coulomb charging enefy. carbon and sulphur atoms. Thus
particles. The quantitie§,, are the transition matrix ele- T(Ep)|*~e F, (6)
ments andE, andE, are the energy levels of electrons in the yyhere
nanoparticlesk, is the Coulomb charging energgoulomb
blockade energyrequired to move an electron from one 2 Eg—Ef
nanoparticle to a neighboring one. In our case the nanopar- B= a_ln VA (7)

. . . 0 B

ticles are 8 nm in diameter and therefore the electron level

spacing is negligibly small. Figure 1 shows an energy diaMore elaborate calculations which do not assume weak cou-
gram illustrating the transition of an electron moving from pling lead to a similar exponentialdependence dff (E¢)|?

the left (I) metal nanoparticle to its neighbor nanoparticle onas in Eq.(6).™ Instead of the tight-binding model approach
the right (r). Because, in our caseV<Eg as well asE,  one could also attempt to estimalg E¢)|? using the simple

<Eg, Eg. (1) can be written in the form WKB method for a tunnel barrier of constant height,.
This also leads to an exponential drop|®{Eg)|? with L,
47Te 5 0 o l.e.,
=TT PoEn) | dEffE-ev1-f(E-EQ)] |
- IT(Ep)[?~e Pt ®
~f(E)[1-f(E-eV-E)]} @ here
Here, p(Eg) is the electron density of states at the Fermi B'=(8mU,/H2)2. 9)

level. The factor 4 includes the spin degeneracy. In ).
the E integration has been extended to negative valuesiere,mis the effective mass of the electrons in the nanopar-
(—<0) which is possible becauseT<Eg, allowing the in- ticles. From Eqs(4) and(6) [or (8)] it follows that

tegral in Eq.(2) to be evaluated analytically resulting*tn
9 q.2 ytically g e (L oKy, 10

EcteV E.—eV where
— e(Ec+eV)/kT o 1— e(Ec—eV/KT |’
&) 1—(1-Ec/kT)e5/KT

g(E./kT)=—In (1 cEelvT)? . (12

4me 2 2
|:T|T(EF)| p-(Eg) 1

Since we only consider electrical conduction in nanoparticle
films for small applied voltages wheeV<E., Eq.(3) be- In a nanoparticle film, adjacent nanoparticles can thus be
comes viewed as being connected by local conductar@esghere
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For a densely packed, three-dimensional lattice of nanopar-
ticles we takef.=0.119 which is the bond percolation
threshold of an fcc latticE® As will become clear later, one
can assume that andE, are uncorrelated, and thus one can
write

P(&)=(1- fu)f P\(MPL(€) 8 §—N—g(e)]d de,

FIG. 2. Schematic view of part of a disordered film of nanopar- (16)
ticles linked by organic molecules. wheref, is the fraction of voids andP,(\) and P () are
B the probability densities of the occurence of a pair of neigh-
G~e’¢ (12) boring nanoparticles in the film with separation gamnd
Coulomb energ{. where we have introduced the abbrevia-
and i
ions
=BL+g(E./KT). 13
§=BL+9(Ec/KT) (13 A=pL and e=E./kT. 17

Instead of trying to estimate the value @fusing Eqs(7) or
(9), we takeB from measurements on self-assembled mono
layers of alkane dithiols assuming that the molecules have
tilt angle of 30° relative to 4111) gold surface. We use the
result of Ref. 14, i.e,8=12.875 nm’. This value is similar f
to otherB values found in the literature. C =
Our nanopatrticle films are disordered due to spatial varia- 1-f,
tions in the separation gap as well as variations in the
Coulomb charging energ§.. Disorder inL is caused by
nanoparticle size fluctuations and by possible fluctuations i
the linker-molecule concentration during film assembly. Dis-
order in the charging enerdy, is partly caused by nanopar-

The 6 function in Eq.(16) takes account of the constraint
E=N+g(€) [Eq. (13)]. Finally, from Egs.(15) and(16) one
tains the equation

o §C
fdeme)f dEP[E-g(ol. (18
0 0

Equation(18) is the key equation of our investigation. Since
rtihe exact forms ofP,(\) and P_(€) are not known, we
choose for simplicity square distributions where

ticle size fluctuation but possibly most strongly by offset i for \y—AN2SN<\y+AN/2,
charge disorder. Figure 2 illustrates local structural disorder P,=4 A\ (19
in a nanoparticle assembly due to particle size variations and 0 otherwise,

fluctuations in the separation gaps. Our experimental results,
discussed in detail later, indicate tha{Eq. (13)] typically ~ and
varies from 5 to 50 where the variational range is largest at
t_he Io_west temperature. Such a strongly disordered nanopar- i for ey — Ael2< < ey +Ael2,
ticle film can thus be viewed as a network of widely varying p ={ Ae (20)
conductors which can be well described in terms of percola-

tion theory!®~18
In percolation theory, the total conductanG of a  Here,\\y=pBLy, and ey =Ey/kT are the mean values of

0 otherwise.

highly disordered conductor network is given by the distributions wherd.,, is the average gapexcluding
L voids) separating neighboring nanopatrticles dfg, is the
Giot=Go€ ™ *c. (14 average Coulomb charging energ\ and Ae are the

widths of the distributions.

Here, ¢, is the value of¢ at the percolation threshold, which For E,,, we use a formula derived by Abelesal,Zi.e.,

is the point where, in a thought experiment, an infinitely
large connected cluster starts to emerge when randomly cho-
sen pairs of neighboring nanoparticles are connected by con- M= )
ductors in a descending order Gfvalues. In the following, 8meoer Tu(rm+Lm)
we are not attempting to estimate the analytical form of th
temperature independent prefact®g of Eq. (14), but in-
stead investigate the temperature dependencg .oDenot-
ing by f. the fraction of conductor& which are in place at
the percolation threshold and B £) the probability density

e? Ly

(21)

Gi—|ere, €o Is the vacuum permittivity and, the relative per-
mittivity of the molecules surrounding the nanoparticles, and
rv is the average radius of the nanoparticles.

At low temperatures, Eq11) can be approximated by

to find a pair of neighboring nanoparticles with conductance E

G~e ¢ in the film, £, can be determined from the equation g(Ec/kT)=—1In k—_T_e‘Ec“‘T}. (22)
f= fgcp(g)dg_ (15) Ignoring the weakk./kT dependence of the prefactor, one
“ Jo obtains
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E. Using Eq.(23), the key Eq.(18) can be evaluated analyti-
9(Ec/kT) == (23)  cally. ForAe=A\ one derives

2f ANA€\Y? ,
T +)\M_A)\/2+6M_A€/2 |f_A)\/Zﬁgc_)\M_€M+A6/2$A)\/2,

&= (24

1 f
)\M+€M_(§_ 1_Cf )AE |f A)\/Z_AélzggM_)\M_€M$AE/2_A)\/2

v

The expression fo€. when Ae<AM\ is obtained by ex- of cross-linked nanoparticle solution filtered through the na-
changing the symbols and\ in Eq. (24). As can be seen noporous support.
from Eq. (24), if the P, and P, distributions are wide, i.e., We prepared films of nanopatrticles of two different types
Ae=2¢€y andAN=2\,,, then of alkane dithiols, HS(CH) ,SH, wheren=2 andn=8. For
2f ANAe)| 2 the nanoporous substrate, polyvinylidene fluori@R®/DF)
c:( AN 6) ’ (25) filter membrane$ were used. The typical thickness of our

1-f, nanoparticle films was 0.3&tm as determined by atomic
ie. force microscopy.
For electrical conductance measurements, the films were
8f.BLMEcm\ ™ _ ., cut into strips of about 10 mm length and 2 mm width. Elec-
c” (1—f,)kT ~T (26) trical contacts spaced about 1 mm apart were made using
L : . conductive silver paste and gold wires. Conductance mea-
which is valid over a wide temperature range. BOX—0,  grements in the temperature interval from 5 to 300 K were
one obtains performed in a helium cryostat using a fixed excitation volt-
fAe age of 5 V.
fczl_—fv‘l')\M, 27
and thusé.~T~ 14 const, meaning that using the approxi- IV. RESULTS AND DISCUSSION

mate expression E@23) for g(E./kT), G, shows Arrhen-
ius behavior if theP, distribution is narrow independent of
the width of theP, distribution.

Figure 3 shows the calculated values ®f,/G,=e ‘¢
versus 1T for different choices ofAN and Ae using the
analytical expression faf, of Eq.(24) which is based on the
approximate expression E(R3). The mean separation be-
il EXPERIMENT tween neighboring nanoparticles isy=\/8=0.8 nm

The preparation of our nanoparticle film samples is deWhich corresponds to the length of the HS(J4EH linker
scribed in detail elsewhef@.Briefly, a toluene solution of Molecule. The mean charging eneiigyy is calculated from
tetraoctylammonium bromide-coated Au nanoparticles withEd. (21) using an average nanoparticle radiys=4 nm and
average diameters of 8 nm was produced using the methdd relative dielectric constant of the linker molecules
of Brustet al?223The nanoparticle films were fabricated in a = 2.2 which is typical for hydrocarboriS.The void fraction
two step procedure: In the first step, the solution of Au nanoof the nanoparticle films is assumed to he=0.3. Four dif-
particles is treated with a solution of, w-alkane dithiol to ~ ferent combinations of wide and narrow distributidhsand
cause the nanoparticles to cross link via thew-alkane P. are shown where thaX values are 1);=0.1 Ay,
dithiol molecules, forming nanoparticle aggregates. In th(AN)2 = 2 Ay and Ae values Q€);=0.1 ey, (Ae);
second step, these nanoparticle aggregates are vacuum fit2 €y . The labeling of the curves in Fig. 3 is as follows:
tered through a nanoporous support. 1=[(AN)2,(A¢€)2], 2=[(AN)2,(A€)1], 3

We have found that by allowing the aggregation of the=[(A\)1,(A€),], 4=[(AN);,(A€)]. As can be seen from
nanoparticles to proceed for only a limited tirtiee., before ~ Fig. 3, wide P, and P, distributions, i.e.,AN=2\,, and
precipitation occunsand by filtering the material through a Ae=2¢),, lead to an approximaté,~T~” behavior with
nanoporous filter medium a coherent, uniform film of nano-y=0.5. In contrast, narrowP, distributions (A e=0.1¢y)
particle material is deposited onto the surface of the porouand narrowP, distributions AN=0.1\),) show Arrhenius-
substrate that is not readily redispersible in solution. Oncdike behavior, i.e.,y=1. It should be noted that in case 3
the solvent has dried, nanoparticle films are formed that arevhere theP, distribution is narrow but th@, distribution is
robust, can readily be handled and flexed without delaminawide Arrhenius-like behavior also results. Therefore, in order
tion from the substrate and are quite resistant to touch. Th#® observey=0.5, bothP, andP, have to be wide distribu-
thickness of the film can be varied by adjusting the volumetions.
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FIG. 3. Calculated film conductan&®,; versus 1T for different FIG. 4. Calculated film conductan€,, versus 1T for different

combinations ofAN and Ae using the analytical expression Eg. combinations ofAN and A e using the nonapproximate expression
(24). The labels on the curves are:=[(AN);,,(A€),], 2 (11) and solving Eq.(18) together with Eqs(19) and (20). The
=[(AN),,(A€)1], 3=[(AN)1,(A€),], and 4=[(AN),,(A€)4], labels on the curves are those of Fig. 3.

Whel’e @)\)1201 )\M, (A)\)ZZZ AM and (AE)]_:OJ. €M »

(A€),=2 €y.

Figure 4 displays the calculated values@f,/Go=e %
versus 1T for different choices ofAN and Ae using the

nonapproximate full expression fg(EC/kT)_given by Eq. Elinm'Au p')aniéles \‘/vith )

(121). &.(T) was calculated numerically using E@L8) to- HS (CH.) SH linkers

gether with Eqs(11), (19), and(20). Figure 4 is similar to “ 2%

Fig. 3 but deviates in the high temperature range. Because X107 sq. dist. CalC-E

the temperature dependence&ffor a narrowP . distribu- e =22 ]

tion is that ofg(E./kT) [Eq. (11)], the curves 2, 3 and 4 in — . n=2 r,=4nm

Fig. 4 are no longer Arrhenius-like. 'o,‘ X107 f,=03 E
Figure 5 shows a comparison between our experimental =y AE =2E

data forG,y; and our calculation using the full expression for (5‘9 . ]

g(E./kT) of Eq.(11) and numerically solving Eq18) using o 10°F Ly =08nm 3

Egs.(19) and(20). The assembled films consist of Au nano- e AL=111L,

particles of average radiug;=4 nm surrounded by alkane % 4 fitted point ]

dithiol molecule§ HS(CH,),,SH] with n=2 andn=8. The = T |

conductance was measured as a function of temperdture é

between 5 and 300 K. Because the theory outlined above . -fitted point

does not predict the prefact@, in Eq. (14), G, was ob- 107 [

tained by fitting. The data points used to determ@g are z'lv:::)'iel_nm

indicated in Fig. 5. Excellent agreement between the theory 10_9' S "

and experimental data is obtained by assuming that the width 0.00 0.05 010 0.15 020
of the P, distribution iSAE.=2Ey and that forn=2 the T (K]
width of the P, distribution isAL=1.1,, while for n=8,

AL=0.4Ly, . Values forL), were obtained by estimating the  F|G. 5. Calculated and measured valuesGgf, versus 1T for
thickness of a self-assembled monolayer of alkane dithiolwo films of nanoparticles of radius 4 nm. The linker molecules are
molecules connecting opposing facets of two gold nanoparms(CH,),SH with n=2 andn=8. The calculation uses E¢18)
ticles. Forn=2, we estimate_,;=0.8 nm and forn=8, together with Eqs(11), (19), and(20).
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Ly=1.46 nm! The void fraction of our nanoparticle films ‘ ' ' ' '
was estimated to bg,=0.3. 1000 3

V. JUSTIFICATION FOR CHOICE OF P, AND P,

DISTRIBUTIONS = 0
(]
As we saw in Fig. 5, assuming a widke distribution and E
a relatively wideP, distribution leads to good agreement w4

with our experimental data. In the following, we estimate the
width of the P, and P, distributions in our nanoparticle
films.

In the case of thé>, distribution, if we assume that the
nanoparticles in our films vary in size according to a Gauss- r, [nm]
ian distribution and that the organic molecules between the
nanoparticles can partially accommodate strain, then the FIG. 6. Charging energf, versus radius; of particle 1 for
nanoparticle separatiob can be expected also to vary ac- different radiir, of the neighboring particle 2. The dashed line
cording to a Gaussian distribution amdd=2Ar, where  represents Eq21) with ry=r,.
AL andAr are the full width half maximunfFWHM) values
of the nanoparticle separation and size distributions, respec-
tively. Because\L/Ly = \2(ry /Ly)Ar/ry and because, in rifs
our casefy/Ly>1, a relatively narrow nanoparticle size Clz=4ﬂfofeﬁTSinHa)2 [sinhna)]™%. (32
distribution can cause a wide, distribution. =t
_Inthe case of thé_ distribution, the width of the charg- erer . andr, are the radii of the two neighboring nanopar-
ing energy distributionP, is determined by the degree of 4 a5 and
nanoparticle size variation as well as by possible random

o0

offset charges. To evaluate the Coulomb charging enEggy d2— 122
we use the general expression for the electrostatic erfergy cosha= —+ 2 (33
of a capacitively coupled system of two neighboring 2141
nanoparticleg® i.e., _
with
2
1 -1
ini,zzl Qi(Ci) 1Q;. (29 d=r;+r,+L. (34)

The effective permittivity due to the surrounding nanopar-

HereQ; is the charge on nanopartidle=1,2 and C;;) ' is . : .
Q 9 b €i) ycles is estimated to be

the inverse capacitance matrix, where the electrostaticall
interacting pair of neighboring nanoparticles is thought to be
embedded in an effective medium of permittiviey; gener-
ated by the surrounding nanoparticles. The Coulomb charg-
ing energy is given byYe,=AF whereAF is the change in
electrostatic energy when an electron tunnels from one nandn order to derive the above expression &, a nanopar-
particle to a neighboring one, i.e., whe@{=0, Q,=0) ticle and its surroundings were modeled by a nanoparticle

r{+r
+ 1 2
2Ly,

€eff— €. (35)

changes to@Q,=—e¢, Q,=+¢€). We obtain surrounded by a dielectric shell of thickndsg and dielec-
tric constant ¢, embedded in an infinite homogeneous
€2 Cy4+2C,+Cypp metal™*
T TCCocZ (29) Figure 6 shows the Coulomb charging enekyversus
=22 =12 radiusr , of particle 1 for different radir, of particle 2 using
Employing the method of image charges one defiVes L=Ly=0.8 nm ande,=2.2. The charging energy increases

rapidly whenr, andr, decrease. The dashed line shd#s
using the Abeles formulfEq. (21)] with ry=r,=r,.

©

C11=47T€o€eﬁf1r23infia)2 {rosinh(ne) Assuming a Gaussian nanoparticle size distribution, we
n=t have calculated numerically using Eq29)—(35) the prob-
+rsinf(n—1)a]} 2, (30) ability density P (E.). The result is shown in Fig. 7. The
width of the P, distribution increases in a similar way to the
i underlying particle size distribution but is skewed towards
Cpo=4megeet 1 ,SiNN @) >, {rsin(na) lower E. values for largerAr/ry, . These calculations indi-
n=1 cate that a narrow nanopatrticle size distribution leads to a
+1,sinH (n—1)a]} 4, (31) narrow di-s'.[ribution of cha_lrging energieg. o
A significant broadening of thd®, distribution occurs
and when offset charge disorder is present. Offset charge disorder
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0.6 . —— . . 0.08 T T T T T
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0.06 L 0.4 L,=08nm |
g=22
. Oa4r arfr, =01 1 — '
S ~ r,=4nm > 004l ) |
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FIG. 8. Calculated probability densitP, versus Coulomb

FIG. 7. Calculated probability density. versus the Coulomb  carging energg. for different choices of the FWHM valuar of
charging energ, for different choices of the FWHM valuar of o a5sumed Gaussian nanoparticle size distribution. Maximal ran-

the assumed Gaussian nanoparticle size distribution. Offset chargg)y, offset charge disorder is assumed.
disorder was not considered.

VI. CONCLUSION

is caused by charges trapped in the substrate or in the linker We have investigated experimentally and theoretically the
molecules which induce fractional charges on the metatemperature dependence of the electron conduction in disor-
nanoparticles. Denoting by, andq, the induced charges on dered Au nanoparticle films linked by alkane dithiol mol-
neighboring particles 1 and 2, we derive using E28) ecules in the temperature range from 5 to 300 K for small
applied voltages. Electron transport between nanoparticles is
described theoretically using scattering theory between two
€? (1-20;)Cy1+2(gp— g1~ 1)Cppt (20, +1)Cyp Fermi gases representing the electrons in adjacent nanopar-
> C.Co_C2 ) ticles, while the effect of the organic linker molecules can be
11%227 L2 approximated in terms of a tight binding model. Local disor-
der in our films is caused by particle size variations and
fluctuations in the separation gap between adjacent nanopar-
whereCy;, C,,, andCy, are given by Eqs(30)—(32). Ass-  ticles as well as by random immobile offset charges induced
suming a Gaussian nanoparticle size distribution we hav8Y trapped impurity charges in the substrate and possibly in
calculated numerically, using E¢36), the probability den- the linker molecules. Because of this disorder, the local tun-
sity P, assuming maximal offset charge disorder, i_e',nel conductances between adja}cent nanoparticles vary over
—0.5e=(q,,<0.5 with constant probabilit}. Figure 8 seve_ral orders of mag_nltude which allows us to employ per-
_ L _ colation theory to estimate the temperature dependence of
shows that forryy,=4 nm, L=L,,=0.8 nm, ande,=2.2 , . .
wide, triangular-shapedP, distributions result which are the conducyancetot of the film. Experimentally, we find a
. € . ; non-Arrhenius temperature dependence for the conductance
only sll|ghtly dependgnt on the r'ela.t|ve. widffr/ryy of the where InG,/Go)~ T~ 2. Our percolation theory approach
Gaussian nanoparticle size distribution. FAr/ry—0  can predict non-Arrhenius behavior as electrons are able to
(monoparticle size distributionP . becomes exactly triangu- select different percolation paths at different temperatures
lar in shape and has a width & . Because the average \hich leads to an enhanced conductance at low tempera-
separation gap around a nanoparticle fluctuates locallyres. We find that in order to describe our experimental re-
around its mean valuiey , a further broadening @, can be  sults accurately, wide distributions of Coulomb charging en-
expected. It should be noted thatin Eq. (33) depends ol ergies and nanoparticle separation gaps are needed. Our
via Eq.(34), and thusE; andL are correlated. Because in our calculations have shown that a wide Coulomb charging en-
casel <r,, this correlation is weak and could be neglectedergy distribution can be expected from the presence of ran-
when expressind®(£) in Eq. (16) as an integral over the dom offset charges even if the nanoparticle size distribution

c

(36)

product of probability densitieB, andP,. iS narrow.
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