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Three-dimensional percolation effect on electrical conductivity in films of metal nanoparticles
linked by organic molecules
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~Received 1 August 2003; published 9 October 2003!

We study experimentally and theoretically the electrical conductivity of films made of gold nanoparticles
linked by alkanedithiol molecules. The dependence of the conductivity on the length of the alkanedithiol
molecule and on the thickness of the nanoparticle films at room temperature is investigated. We describe
theoretically conductance between adjacent metal nanoparticles in terms of single electron tunneling along the
linker molecules. Due to variations in the separation gaps between neighboring nanoparticles a film can be
approximated by a network of widely varying tunnel conductances and the film conductivity can be described
in terms of percolation theory. We demonstrate that the expected exponential decrease of the conductivity with
increasing length of linker molecules is weakened by the presence of high conductance percolation pathways
and we show that due to three-dimensional current percolation the conductivity of the nanoparticle films
becomes film thickness dependent.

DOI: 10.1103/PhysRevB.68.155407 PACS number~s!: 73.63.2b, 81.07.Pr, 73.23.Hk, 72.80.Ng
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I. INTRODUCTION

It has been shown in previous investigations that the e
trical conductivity in films of metal nanoparticles linked b
organic molecules can be understood as being due to s
electron tunneling between neighboring nanoparticles al
the linker molecules.1–5 The theoretical description of th
conductance of a realistic nanoparticle film becomes intric
because of the inherently strong disorder present in m
nanoparticle assemblies. At least three types of disorder
be distinguished. First, the overall global structural disor
in the topology of the assembly; second, the local structu
disorder due to nanoparticle size variations and fluctuati
in the separation gaps between adjacent nanoparticles;
third, possible local charge disorder due to random immo
offset charges in the substrate and in the linker molecu
The most important disorder affecting the conductivity of t
film at room temperature is the separation gap disorder5 be-
cause the tunnel conductance between adjacent nanopar
depends exponentially on the separation gap. Monte C
simulations have been used to study the effects of cer
types of disorder on the conductance in one-dimensio
~1D! and 2D nanoparticle arrays.6–10Disorder was taken into
account in the form of variations in particle size, capacitat
coupling between particles, and offset charges. Unfo
nately, these calculations can only be applied to relativ
small particle assemblies which poorly resemble a real na
particle film. We have shown in previous work5 that the tem-
perature dependence of the electrical conductance of
nanoparticle films linked by alkanedithiol molecules can
well understood in terms of bond percolation theory wh
the film is approximated by a random network of wide
varying tunnel conductances.

In this paper we use the percolation approach to dem
strate that local disorder in the form of fluctuations in t
separation gaps between adjacent nanoparticles can enh
the film conductivity and reduce the dependence of the c
ductivity on the length of the linker molecule. We furth
0163-1829/2003/68~15!/155407~6!/$20.00 68 1554
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show that separation gap disorder causes the conductivit
the film to become film thickness dependent. Our percolat
approach to model the conductivity of nanoparticle films h
a resemblance to the description of the conductivity of dop
semiconductors where conductivity is described in terms
variable range hopping.11 2D to 3D crossover of conductivity
has been investigated previously in granular metal-insula
thin films by Kapitulnik and Deutscher.12 The importance of
2D percolation in thin metal films was first shown by Vo
et al.13 as well as Kapitulnik and Deutscher.14

This paper is organized as follows: In Sec. II we devel
a theoretical model for the electrical conductivity of a diso
dered metal nanoparticle film linked by organic molecules
using the bond percolation approach, describing the films
networks of widely varying tunnel conductances. In Sec.
we describe our gold nanoparticle film preparation proced
and conductivity measurements. In Sec. IV we compare
experimental and theoretical conductivities of films with d
ferent alkanedithiol linkers and different thicknesses. T
conclusion is given in Sec. V.

II. THEORY

Consider two adjacent metal nanoparticles in a nanop
ticle film, each surrounded by organic linker molecules~see
Fig. 1!. The electrostatic potential difference between t
metal nanoparticles iseV and the separation gap isL. The
electrical currentI which flows between the two metal nano
particles due to single electron tunneling is given by5,15

I 5
8p2e

h (
r ,l

$ f ~El2eV!@12 f ~Er2Ec!#2 f ~Er !

3@12 f ~El2eV2Ec!#%uMlr u2d~Er2El !. ~1!

Here e is the electron charge andh is the Planck constant
The sum is over all single electron statesl and r of the left
and right nanoparticle, respectively. In our case the m
nanoparticles are sufficiently large so that the single elec
©2003 The American Physical Society07-1
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level spacing is negligibly small. The functionf is the Fermi-
Dirac distribution,f (x)5(11e(x2EF)/kT)21, whereT is the
absolute temperature,k is the Boltzmann constant, andEF is
the Fermi energy of the electron gas in the metal nano
ticles. The quantitiesMlr are the tunneling matrix elemen
and El and Er are the energy levels of the single electr
states.Ec is the Coulomb blockade energy~Coulomb charg-
ing energy! required to move an electron from one nanop
ticle to a neighboring one.16 Figures 1~a! and ~b! show en-
ergy diagrams illustrating the tunneling of electrons from
left ~l! metal nanoparticle to its neighbor nanoparticle on
right ~r! and vise versa. The roles of the electrostatic pot
tial differenceeV and the Coulomb blockade energyEc are
indicated in Fig. 1. In Eq.~1! the first part in the curly brack
ets describes tunneling from left to right@Fig. 1~a!# and the
second part the tunneling from right to left@Fig. 1~b!#. The
Coulomb blockade energyEc in a film of nanoparticles can
be estimated by the expression3

Ec5
e2

8pe0e r

L

r 0~r 01L !
, ~2!

where e0 is the permittivity of free space,e r the relative
dielectric constant of the molecules surrounding the nano
ticles, andr 0 is the radius of the nanoparticles. The avera
size of our gold nanoparticles is 2r 058 nm with;20% size
fluctuations. The separation gap formed by the shortes
kanedithiol linker molecules isL50.81 nm and the relative
dielectric constant of these molecules ise r52.2
~hydrocarbons!.17 Using Eq. ~2! one finds the valueEc
513.6 meV. In our caseeV!Ec!EF as eV.0.1 mV,
which enables us to simplify Eq.~1!. One derives5

I 5GTV, ~3!

whereGT is the tunnel conductance

FIG. 1. Schematic energy diagram of two neighboring me
nanoparticles of size 2r 0 with separation gapL. The electrons in the
normal-metal nanoparticles are described in terms of free elec
Fermi gases. The electrostatic potential between the nanopartic
eV. ~a! When an electron tunnels from the left~l! to the right~r!
nanoparticle it has to overcome the energyEc2eV. ~b! When an
electron tunnels from the right~r! to the left~l! nanoparticle it has to
overcome the energyEc1eV.
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GT}e2bL
12~12Ec /kT!eEc /kT

~12eEc /kT!2
. ~4!

Here, the attenuation parameterb is a constant which de
scribes the tunneling of electrons along the organic lin
molecules. The value ofb can be obtained either by estima
ing the matrix elementsMlr using a tight-binding model18,19

or directly from experiment.5,20

Our nanoparticle films are strongly disordered because
films are formed from fractal-like nanoparticle aggregates21

In such strongly disordered nanoparticle films, the separa
gaps L and the Coulomb blockade energiesEc fluctuate
strongly and thus the tunnel conductancesGT between
neighboring pairs of nanoparticles in the film vary over ma
orders of magnitude. Therefore, our films can be viewed
networks of widely varying tunnel conductors where the b
havior of the network can be described in terms of perco
tion theory.11,22,23In percolation theory the conductivitys of
a network of widely varying conductors is given by

s5s0e2jcd. ~5!

Here,s0 is a constant andjcd is determined by

pcd5E
0

jcd
h~j!dj, ~6!

wherepcd is the bond percolation threshold for a film co
ductor network of thicknessd and h(j) is the probability
density distribution of finding, anywhere in the film, a pair
adjacent nanoparticles connected by a tunnel conducta
GT}e2j, where

j5bL2 ln
12~12Ec /kT!eEc /kT

~12eEc /kT!2
. ~7!

We have shown in a previous paper5 that at room tem-
perature the fluctuations inEc can be neglected against fluc
tuations inL since the thermal energykT is sufficiently large
compared toEc . Equation~6! then simplifies and becomes

pcd5E
0

Lcd
hL~L !dL. ~8!

hL(L) is the probability density distribution of finding a ga
of size L between a pair of adjacent nanoparticles andLcd
5jcd /b. Since details of thehL(L) distribution of our films
are unknown, we assume for simplicity thathL(L) is com-
posed of two distributions. First, a square distribution
width DL centered aroundL0 whereL0 is equal to the length
of the linker molecule, and second, a distribution at ve
large L corresponding to the wide separation gaps acr
voids. Separation gapsL which are smaller than the linke
length L0 (L,L0) are formed if during the film formation
process insufficient amounts of linker molecules are pres
while a nanoparticle attaches to another nanoparticle.
caseL.L0 arises because the nanoparticle films are co
posed of aggregates of irregular fractal-like structures. Us
Eq. ~8! and denoting the volume fraction of voids byf v , we
find

l

on
s is
7-2
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Lcd5
pcdDL

12 f v
1L02

DL

2
. ~9!

In order to estimate the percolation thresholdpcd we employ
the concept of the correlation radiusR, where11,12,24,25

R~pcd!5~2r 01L0!~pcd2pc!
2n ~10!

and pcd.pc . Here,pc is the bond percolation threshold o
an infinitely thick dense film~bulk material! and n is the
critical parameter,25 n50.9. The percolation radiusR repre-
sents the average distance between the nodes of the ske
~or backbone! network, shown in Fig. 2, which embodies th
major current pathways, neglecting dead ends and redun
current loops.11 If pcd is close topc then the correlation
radiusR largely exceeds the film thicknessd and the major
current pathways within the film break into isolated parts t
are not connected to each other. By increasingpcd gradually
one can makeR smaller than the film thicknessd such that
fully connected current pathways fall within the film. Thus
rough estimate ofpcd can be obtained by equating the co
relation radius to the film thickness26,27

R5Ad, ~11!

whereA is a constant expected to be of the order of un
Finally, from Eqs.~5!, ~9!, ~10!, and ~11! one obtains the
following expression for the electrical conductivity of a di
ordered film of metal nanoparticles linked by organic m
ecules

ln
s

s0
52bS Lo2

DL

2
1

DL

12 f v
Fpc1S 2r 01L0

Ad D 1/nG D .

~12!

Equation~12! reveals that the electrical conductivitys of a
nanoparticle film depends on the parameterb which is a
measure of the conductance of the organic molecules,
separation gap probability distribution characterized byL0 ,
DL, and the volume fraction of voidsf v , the percolation
thresholdpc of the infinitely thick film, the average size 2r 0
of the nanoparticles, the factorA defined by Eq.~11!, and the
thicknessd of the film. Instead of estimatingpcd using Eqs.
~10! and~11!, one can also employ the method of percolati
renormalization as outlined by Neimark.24 This leads to the
same expression~12! with A.4 where the value ofA arises
from the difference between the 2D and 3D percolat
thresholds of triangular~fcc! lattices.25

FIG. 2. Schematic view of the skeleton network of the perco
ing current~Ref. 26!. R is the correlation radius. Dashed lines sho
the boundaries of the film of thicknessd.
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III. NANOPARTICLE FILM PREPARATION AND
EXPERIMENT

Suspensions of gold nanoparticles in toluene were p
pared by reducing hydrogen tetrachloroaurate with sod
borohydrate as described by Brustet al.28,29 Small amounts
of alkanedithiol linker molecules, i.e., HS(CH2)nSH, n
52,4,8,12 or 15, were added to the suspensions wh
caused the nanoparticles to form fractal-like aggregate21

The resultant mixture was diluted withn-hexane followed by
filtration through an Isopore membrane filter under vacu
to form nanoparticle films on the Isopore membrane.30 The
concentration of linker molecules and the time for nanop
ticle aggregation were chosen such that the nanoparticle
gregates were large enough not to pass through the,200 nm
wide pores of the membrane. More details regarding the fi
preparation are described by Raguseet al.31 The final films
had the form of disks of radiusb59.6 mm. The thickness o
the films could be varied by adjusting the total number
gold atoms initially contained in the mixture. The avera
thicknessd of a film was estimated by using the expressi

d5
NAua0

3~r 01L0!3

4pb2f p~12 f v!r 0
3

, ~13!

whereNAu is the number of gold atoms in the gold nanopa
ticle suspension before filtering.NAu was determined from
the chemical preparation procedure. In Eq.~13! a0 is the
lattice constant of bulk gold,a050.407 nm;r 0 is the aver-
age radius of our nanoparticles,r 054 nm; f p is the filling
fraction of densely packed nanoparticles~fcc lattice!, f p
50.74. Using a Powerlab/4SP potentiostat from ADinst
ments, the conductancesGtot of our films were measured a
room temperature by contacting 40 mm long, closely-spa
gold contacts, separated by the distancew50.85 mm, onto
the disk-shaped nanoparticle films. The total applied volta
was less that 10 V which ensured that the average volt
drop between adjacent nanoparticles in the film was m
less thanEc /e. Finally, the conductivitiess of the films
were determined by applying the expression

s5
Gtotw

2bd
. ~14!

Figure 3 shows a scanning electron microscope~SEM! im-
age of one of the nanoparticle films. The image reve
strong structural disorder and indicates that our films
composed of nanoparticle aggregates. The film in Fig. 3
made of nanoparticles of size 2r 0.15 nm in order to show
the structure more clearly by SEM. The film has an avera
thickness of only about four nanoparticle diameters and
filter membrane~substrate! is visible as dark regions.

IV. RESULTS AND DISCUSSIONS

Instead of determining the attenuation parameterb in Eq.
~4! from a complicated tight-binding model calculation w
take b directly from conductance measurements on s
assembled monolayers of alkanethiol molecules of differ
lengths formed on gold substrates.20 For our calculations we

-
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use the valueb511.5 nm21. The separation gapL0 between
nanoparticles was taken as the length of the alkanedit
molecule plus the average length of the sulphur-gold bo
at both ends of the linker molecule32 assuming an angle o
300 between molecule and normal of the nanoparticle s
face. We find L0(n52)50.81 nm, L0(n54)51.02 nm,
L0(n58)51.46 nm, L0(n512)51.89 nm, andL0(n515)
52.23 nm. The average size of our gold nanoparticles
2r 058 nm and we roughly estimated the volume fraction
voids f v from SEM images and foundf v'0.3. The percola-
tion threshold for the infinitely thick film was taken aspc
50.119 which is the bond percolation threshold of an
lattice ~densely packed nanoparticles!.25 For the constantA
in Eq. ~11! we usedA50.45. A similar value forA was
previously found in investigations on granular met
insulator thin films by Kapitulnik and Deutscher.12 In order
to estimate the degree of separation gap disorder in our fi
the relative widthDL/L0 of the PL(L) distribution was var-
ied and the measured and calculated conductivities w
compared.

The squares in Fig. 4 show the measured conductivity

FIG. 3. SEM image~top view! of a thin Au nanoparticle film
where the Au nanoparticles are about 15 nm in size. Dark a
show the membrane substrate.

FIG. 4. Measured and calculated conductivity of gold nanop
ticle films of the same thicknessd normalized to the conductivity o
bulk gold vs the separation gapL0.
15540
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several gold nanoparticle films of estimated thicknessd
5920 nm@Eq. ~13!#, normalized to the conductivity of bulk
gold (sAu54.553107V21 m21) for alkanedithiol linker
molecules, HS(CH2)nSH, of different length, wheren52, 4,
8, 12, and 15. As can be seen from Fig. 4, the measured
conductivity decreases by about three orders of magnit
when the length of the linker molecule is increased fromn
52 to n515. The experimental data can be fitted
ln(s/s0)52beffL0, where beff55 nm21 which is signifi-
cantly smaller that the attenuation parameterb
511.5 nm21. The full curves in Fig. 4 show the calculate
values ofs/sAu obtained from Eq.~12!. The value fors0 in
Eq. ~12! was determined from the experimental data by e
trapolatings/sAu to L050 which givess051024sAu . In
the calculation the relative widthDL/L0 of the PL(L) distri-
bution @Eq. ~8!# was varied from 0 to 2. As can be seen fro
Fig. 4, the calculation agrees well with the experimental d
if a wide PL(L) distribution is chosen, i.e., 1.5,DL/L0
,2. The calculation displayed in Fig. 4 reveals that the pr
ence of separation gap disorder in the film enhances the
ductivity as the current is able to find percolation pathwa
of larger tunnel conductances. The calculation predicts~Fig.
4! that in the case of no separation gap disorder, i
DL/L050 and ln(s/s0)52bL0, the conductivity changes
over seven orders of magnitude when the linker molecul
varied fromn52 to n515. The dashed curve in Fig. 4 co
responds to vacuum tunneling without linker molecules fo
hypothetical film withDL/L050, using the work function of
gold as the tunnel barrier. This demonstrates that the lin
molecules assist single electron tunneling which, toget
with current percolation, dramatically enhances the cond
tivity of the films.

The squares in Fig. 5 show the measured electrical c
ductivity of gold nanoparticle films normalized to the co
ductivity of bulk gold versus the film thicknessd for n52
alkanedithiol linker molecules. The experimental data
veals a 2D percolation threshold belowd5200 nm where
the nanoparticle aggregates~average diameter;200 nm)

as

r-

FIG. 5. Measured and calculated conductivity of gold nanop
ticle films normalized to the conductivity of bulk gold vs the film
thicknessd for n52 alkanedithiol linker molecules.
7-4
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THREE-DIMENSIONAL PERCOLATION EFFECT ON . . . PHYSICAL REVIEW B68, 155407 ~2003!
have formed a 2D connected network. For an average
thicknessd larger than 200 nm the conductivity increas
rapidly as 3D percolation takes over. The full lines in Fig
are the calculateds/sAu values resulting from Eq.~12!
where the relative widthDL/L0 of the PL(L) distribution is
varied from 0 to 2. A widePL(L) distribution with DL/L0
'2 fits the experimental data best. IfDL/L050, i.e., if the
film has no separation gap disorder, the conductivity is in
pendent of the film thicknessd @see Eq.~12!# and s/sAu
.1028. For a film thickness greater than 1200 nm~not
shown here! the measured conductivity decreased due to
formation of microcracks observable under SEM.

The conductivity of most materials is independent of t
size and shape of the material. In the case of our nanopar
films, where 3D current percolation takes place, the cond
tivity becomes film thickness dependent as an increas
film thickness enhances the chance that the current will
pathways of higher conduction along the third dimensi
i.e., the thickness direction.

V. CONCLUSION

The electron transport mechanism in films of metal na
particles linked by organic molecules is due to single el
tron tunneling. Electron tunneling takes place along
linker molecules across the separation gapL between adja-
cent nanoparticles. At low temperatures tunneling becom
partially impaired by the repulsive Coulomb blockade e
ergy. Our gold nanoparticle films are strongly disordered
they are composed of fractal-like nanoparticle aggregate
which the separation gapsL vary. These separation ga
variations cause strong fluctuations of the tunnel cond
tances between adjacent nanoparticles which allows u
view our films as networks made up of widely varying tunn
conductances. Such networks can be described by bond
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K. -H. MÜLLER, G. WEI, B. RAGUSE, AND J. MYERS PHYSICAL REVIEW B68, 155407 ~2003!
J. Chem. Soc., Chem. Commun.7, 801 ~1994!.
29M. Brust, D. Bethell, D.J. Schiffrin, and C.J. Kiely, Adv. Mater.7,

795 ~1995!.
30Isopore membrane filter, Millipore Co.
31B. Raguse, J. Herrmann, G. Stevens, J. Myers, G. Baxter, K
15540
.

Müller, T. Reda, A. Molodyk, and V. Braach-Maksvytis,
Nanopart. Res.4, 137 ~2002!.

32S.N. Yaliraki, M. Kemp, and M.A. Ratner, J. Am. Chem. So
121, 3428~1999!.
7-6


