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Three-dimensional percolation effect on electrical conductivity in films of metal nanoparticles
linked by organic molecules
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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.
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[. INTRODUCTION show that separation gap disorder causes the conductivity of
the film to become film thickness dependent. Our percolation
It has been shown in previous investigations that the elecapproach to model the conductivity of nanoparticle films has
trical conductivity in films of metal nanoparticles linked by a resemblance to the description of the conductivity of doped
organic molecules can be understood as being due to singi@miconductors where conductivity is described in terms of
electron tunneling between neighboring nanoparticles alonyariable range hoppint}.2D to 3D crossover of conductivity
the linker molecule$=® The theoretical description of the Nas been investigated previously in granular metal-insulator
conductance of a realistic nanoparticle film becomes intricatéhin films bY Kapltulmk and D?utsché?.The importance of
because of the inherently strong disorder present in motP plesrcolatmn in thin metal films was first shown by Voss
nanoparticle assemblies. At least three types of disorder caft al._ as well_as Kapl_tulmk and Deutschié.
be distinguished. First, the overall global structural disorder This paper is organized as follows: In Sec. Il we develop

in the topology of the assembly; second, the local structuralt theoretical model fqr thg eleptrlcal conduct!wty of a disor-
disorder due to nanoparticle size variations and fluctuationde.red metal nanoparnclg film linked by organic moIecu.Ies by
i i ing the bond percolation approach, describing the films as

The most important disorder affecting the conductivity of thegyperimental and theoretical conductivities of films with dif-

film at room temperature is the separation gap disGrdef ferent alkanedithiol linkers and different thicknesses. The
cause the tunnel conductance between adjacent nanoparticlesnclusion is given in Sec. V.

depends exponentially on the separation gap. Monte Carlo
simulations have been used to study the effects of certain
types of disorder on the conductance in one-dimensional
(1D) and 2D nanoparticle arrafs2° Disorder was taken into Consider two adjacent metal nanopatrticles in a nanopar-
account in the form of variations in particle size, capacitativeticle film, each surrounded by organic linker moleculsse
coupling between particles, and offset charges. Unfortufig. 1). The electrostatic potential difference between the
nately, these calculations can only be applied to relativelymetal nanoparticles isV and the separation gap is The
small particle assemblies which poorly resemble a real nancelectrical current which flows between the two metal nano-
particle film. We have shown in previous wéithat the tem-  particles due to single electron tunneling is givertby
perature dependence of the electrical conductance of gold

Il. THEORY

nanoparticle films linked by alkanedithiol molecules can be 87%e

well understood in terms of bond percolation theory where 1= —, 2 {f(E—eV[1-f(E,—Eo)]-f(E)

the film is approximated by a random network of widely ’

varying tunnel conductances. X[1-f(E,—eV—E)]}IM|*8(E,—E)). )

In this paper we use the percolation approach to demon-
strate that local disorder in the form of fluctuations in theHeree is the electron charge arfdis the Planck constant.
separation gaps between adjacent nanoparticles can enharidee sum is over all single electron statesndr of the left
the film conductivity and reduce the dependence of the conand right nanoparticle, respectively. In our case the metal
ductivity on the length of the linker molecule. We further nanoparticles are sufficiently large so that the single electron
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(b) 1—(1—E,/KT)ebe/kT
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Here, the attenuation paramet@ris a constant which de-
scribes the tunneling of electrons along the organic linker
molecules. The value g8 can be obtained either by estimat-
ing the matrix element®,, using a tight-binding mod&t*°
or directly from experiment:2°

Our nanopatrticle films are strongly disordered because the
films are formed from fractal-like nanoparticle aggregates.
In such strongly disordered nanoparticle films, the separation
gapsL and the Coulomb blockade energiés fluctuate
strongly and thus the tunnel conductanc®8s between
neighboring pairs of nanoparticles in the film vary over many
orders of magnitude. Therefore, our films can be viewed as

normal-metal nanoparticles are described in terms of free electro[_t:[\'vorkS of widely varying tunnel conductors where the be-

Fermi gases. The electrostatic potential between the nanoparticles'i vior of thlezzng’twork can l_)e described in terms Of percola-
eV. (8 When an electron tunnels from the I¢fi to the right(r)  tON theory:*?*%In percolation theory the conductivity of

nanoparticle it has to overcome the enefgy-eV. (b) When an @ network of widely varying conductors is given by
electron tunnels from the rigft) to the left(l) nanoparticle it has to
overcome the energlf.+eV.

FIG. 1. Schematic energy diagram of two neighboring metal
nanoparticles of sizerg with separation gap. The electrons in the

o=0ye b, (5)

Here, o is a constant and.q is determined by
level spacing is negligibly small. The functidis the Fermi-
Dirac distribution,f(x) = (1+eX* ER/kTy =1 "whereT is the _ fngh(g)df ®)
absolute temperaturk,is the Boltzmann constant, affit} is Pea™ 0 ’

the Fermi energy of the electron gas in the metal nanopar- ) . )
ticles. The quantitie,, are the tunneling matrix elements WN€réPed is the bond percolation threshold for a film con-

and E, and E, are the energy levels of the single electronductor nétwork of thicknessl and h(¢) is the probability
statesE, is the Coulomb blockade energgoulomb charg- de_nsny dlstrlbutlon_of finding, anywhere in the film, a pair of
ing energy required to move an electron from one nanopar-ad]acgr;t nanoparticles connected by a tunnel conductance
ticle to a neighboring on® Figures 1(a) and (b) show en- Grxe *, where

ergy diagrams illustrating the tunneling of electrons from the 1— (1—E,/KT)eEe/kT

left (I) metal nanopatrticle to its neighbor nanoparticle on the ¢=pBL—In )
right (r) and vise versa. The roles of the electrostatic poten- (1—eBe/kT)2

tial differenceeV and the Coulomb blockade energy are

indicated in Fig. 1. In Eq(1) the first part in the curly brack- ~ We have shown in a previous papehat at room tem-

ets describes tunneling from left to rigfig. 1(a)] and the ~ perature the fluctuations &, can be neglected against fluc-
second part the tunneling from right to Iéfig. 1(b)]. The  tuations inL since the thermal enerdyT is sufficiently large
Coulomb blockade energf, in a film of nanoparticles can compared tcE.. Equation(6) then simplifies and becomes
be estimated by the expression

Led
2 peo= [ “hiLyaL. ®
e L 0
E.= 2
¢ 8mege ro(ro+Ll)’ @ h. (L) is the probability density distribution of finding a gap
. - . of size L between a pair of adjacent nanoparticles &ng
where ¢, is the permittivity of free spaces, the relative =¢_,/8. Since details of théa, (L) distribution of our films

dielectric constant of the molecules surrounding the nanopagre unknown, we assume for simplicity tHgt(L) is com-
ticles, andr is the radius of the nanoparticles. The averageposed of two distributions. First, a square distribution of
size of our gold nanoparticles is @=8 nm with~20% size  width AL centered arount, whereL, is equal to the length
fluctuations. The separation gap formed by the shortest abf the linker molecule, and second, a distribution at very
kanedithiol linker molecules it =0.81 nm and the relative |arge L corresponding to the wide separation gaps across
dielectric constant of these molecules g =2.2 voids. Separation gags which are smaller than the linker
(hydrocarbong'’ Using Eg. (2) one finds the valueE.  lengthL, (L<L,) are formed if during the film formation
=13.6 meV. In our caseeV<E.<Egr as eV=0.1 mV, process insufficient amounts of linker molecules are present

which enables us to simplify E¢1). One derive3 while a nanoparticle attaches to another nanoparticle. The
caseL>L, arises because the nanoparticle films are com-
=GV, 3 posed of aggregates of irregular fractal-like structures. Using
Eq. (8) and denoting the volume fraction of voids by, we
whereGy is the tunnel conductance find
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I1l. NANOPARTICLE FILM PREPARATION AND
EXPERIMENT

Suspensions of gold nanoparticles in toluene were pre-
pared by reducing hydrogen tetrachloroaurate with sodium
borohydrate as described by Brietal ®?° Small amounts
of alkanedithiol linker molecules, i.e., HS(GHSH, n
=2,4,8,12 or 15, were added to the suspensions which

FIG. 2. Schematic view of the skeleton network of the percolat-Caused the nanoparticles to form fractal-like aggregates.
ing current(Ref. 26. R is the correlation radius. Dashed lines show The resultant mixture was diluted withhexane followed by

the boundaries of the film of thickness filtration through an Isopore membrane filter under vacuum
to form nanoparticle films on the Isopore membradh@he

PedAL AL concentration of linker molecules and the time for nanopar-

Leg= 1—7 +Lg— > (90 ticle aggregation were chosen such that the nanoparticle ag-

v gregates were large enough not to pass througktd@0 nm

In order to estimate the percolation threshpjg we employ ~ Wide pores of the membrane. More details regarding the film
the concept of the correlation radi® wheré!12:2425 preparation are described by Ragesel3! The final films

had the form of disks of radius=9.6 mm. The thickness of
R(Peg)=(2r o+ Lo)(Peg—Po) " (10) the films could be varied by adjusting the total number of

gold atoms initially contained in the mixture. The average
and p.q>p.. Here,p. is the bond percolation threshold of thicknessd of a film was estimated by using the expression
an infinitely thick dense filmbulk material and v is the
critical parametef? v=0.9. The percolation radiug repre- Nau@d(ro+Lo)®
sents the average distance between the nodes of the skeleton = 4ab2f (1—f)r ' (13
(or backbongnetwork, shown in Fig. 2, which embodies the P v/h0
major current pathways, neglecting dead ends and redundawhereN,, is the number of gold atoms in the gold nanopar-
current loops? If p.q is close top, then the correlation ticle suspension before filteringN, was determined from
radiusR largely exceeds the film thickneslsand the major the chemical preparation procedure. In E§3) a, is the
current pathways within the film break into isolated parts thalattice constant of bulk golday=0.407 nm;r is the aver-
are not connected to each other. By increagipggradually — age radius of our nanoparticleag,=4 nm; f, is the filling
one can makék smaller than the film thicknes$such that  fraction of densely packed nanoparticlésc lattice), f,
fully connected current pathways fall within the film. Thus, a =0.74. Using a Powerlab/4SP potentiostat from ADinstru-
rough estimate op.4 can be obtained by equating the cor- ments, the conductanc&,, of our films were measured at

relation radius to the film thickne®s*’ room temperature by contacting 40 mm long, closely-spaced
gold contacts, separated by the distamce0.85 mm, onto
R=Ad, (11)  the disk-shaped nanoparticle films. The total applied voltage

was less that 10 V which ensured that the average voltage
drop between adjacent nanoparticles in the film was much
less thanE./e. Finally, the conductivitiess of the films
were determined by applying the expression

whereA is a constant expected to be of the order of unity.
Finally, from Egs.(5), (9), (10), and (11) one obtains the

following expression for the electrical conductivity of a dis-
ordered film of metal nanoparticles linked by organic mol-

ecules GigW
u = 2bd (149

o AL AL 2ro+Lo| M
|n0_—0= "Bl Lo 5t 1—_fv[p° Ad ) Figure 3 shows a scanning electron microsc¢pEM) im-

(12  age of one of the nanoparticle films. The image reveals

strong structural disorder and indicates that our films are

Equation(12) reveals that the electrical conductivity of a  composed of nanoparticle aggregates. The film in Fig. 3 is
nanoparticle film depends on the paramegemwhich is a  made of nanoparticles of size =15 nm in order to show

measure of the conductance of the organic molecules, th@e structure more clearly by SEM. The film has an average

separation gap probability distribution characterizedlly  thickness of only about four nanoparticle diameters and the

AL, and the volume fraction of void§,, the percolation fjlter membrangsubstratgis visible as dark regions.
thresholdp, of the infinitely thick film, the average size g

of the nanoparticles, the factérdefined by Eq(11), and the
thicknessd of the film. Instead of estimating.q using Egs.
(10) and(11), one can also employ the method of percolation Instead of determining the attenuation paramgtén Eq.
renormalization as outlined by NeimatkThis leads to the (4) from a complicated tight-binding model calculation we
same expressiofl2) with A=4 where the value of arises take B directly from conductance measurements on self-
from the difference between the 2D and 3D percolationassembled monolayers of alkanethiol molecules of different
thresholds of triangulaffcc) lattices?® lengths formed on gold substrat®s-or our calculations we

IV. RESULTS AND DISCUSSIONS
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FIG. 3. SEM image(top view) of a thin Au nanoparticle film 0 200 400 600 800 1000 1200
where the Au nanoparticles are about 15 nm in size. Dark areas d [ nm ]
show the membrane substrate.

FIG. 5. Measured and calculated conductivity of gold nanopar-
use the valugg=11.5 nm 1. The separation galp, between ticle films normalized to the conductivity of bulk gold vs the film
nanoparticles was taken as the length of the alkanedithighicknessd for n=2 alkanedithiol linker molecules.
molecule plus the average length of the sulphur-gold bonds

at both ends of the linker molectifeassuming an angle of several gold nanoparticle films of estimated thicknelss

30° between molecule and normal of the nanoparticle sur- . -
face. We find Ly(n=2)=0.81 nm, Lo(n=4)=1.02 nm, =920 nm[Eq. (13)], normalized to the conductivity of bulk

v el - gold (0a,=4.55x10'Q 1m™1) for alkanedithiol linker
I;Oénz?grl)r; 1#P?enamv’el_rg(r]e_s:kfé_oj%.%%rnméltjanr?;rggn ;r%iil)es imolecules, HS(Ch)nSH, of different length, whers=2, 4,
' ' g 9 b , 12, and 15. As can be seen from Fig. 4, the measured film

2r9=8 nm and we _roughly estimated the volume fraction 0fconductivity decreases by about three orders of magnitude
voids f,, from SEM images and fountl,~0.3. The percola- : L
v when the length of the linker molecule is increased from

tion threshold for the infinitely thick film was taken as X .
=0.119 which is the bond percolation threshold of an fcc 2 tof 15. The experlmiantal q:i\ta can _be ‘f'“e.o.' by
. X In(0/00)=—BeLg, Where Ber=5 nm™* which is signifi-

lattice (densely packed nanoparticles For the constanf .
cantly smaller that the attenuation parametes

in Eq. (11) we usedA=0.45. A similar value forA was =11.5 nm*. The full curves in Fig. 4 show the calculated

previously found in investigations on granular metal- . .

insulator thin films by Kapitulnik and Deutsch®rIn order \éaluiszofalo,au ?btallne%ffrom Eﬁ(lz)' Th_e Val;"ei gorftfo llgn

to estimate the degree of separation gap disorder in our film?rq' ( ). was de ermme_ rom the gxpenrrlen ‘11 ata by ex-
: . e apolatingo/ o, to Lo=0 which givesoy=10 "op,. In

the relative widthAL/L, of the P (L) distribution was var- lculation th lati idtAL/L- of the P. (L) distri-

ied and the measured and calculated conductivities wer%]e.Ca culation he relative wi pof the P, (L) distri

compared. . 4 the caloulation agrees well wit the expermental data

The squares in Fig. 4 show the measured conductivity OIE a wide P (L) distribution is chosen, i.e., 1BAL/L,
< 2. The calculation displayed in Fig. 4 reveals that the pres-
ence of separation gap disorder in the film enhances the con-
ductivity as the current is able to find percolation pathways
of larger tunnel conductances. The calculation predietg.

4) that in the case of no separation gap disorder, i.e.,
AL/Ly=0 and Ingl/og)=—pBL,, the conductivity changes
over seven orders of magnitude when the linker molecule is
varied fromn=2 ton=15. The dashed curve in Fig. 4 cor-
responds to vacuum tunneling without linker molecules for a
hypothetical film withAL/Ly=0, using the work function of
gold as the tunnel barrier. This demonstrates that the linker
molecules assist single electron tunneling which, together
with current percolation, dramatically enhances the conduc-
tivity of the films.

The squares in Fig. 5 show the measured electrical con-
ductivity of gold nanoparticle films normalized to the con-
ductivity of bulk gold versus the film thicknegskfor n=2

FIG. 4. Measured and calculated conductivity of gold nanopar-alkanedithiol linker molecules. The experimental data re-
ticle films of the same thicknesknormalized to the conductivity of veals a 2D percolation threshold belav=200 nm where
bulk gold vs the separation gap,. the nanoparticle aggregatéaverage diameter-200 nm)

n=2 n=4 n=8 n=12 n=15
i i i

L, [nm]
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have formed a 2D connected network. For an average filncolation theory where the conductivity of the system is de-
thicknessd larger than 200 nm the conductivity increasestermined by the tunnel conductance at the percolation thresh-
rapidly as 3D percolation takes over. The full lines in Fig. 4old. The dependence of the percolation threshold on the film
are the calculatedr/o,, values resulting from Eq(12)  thickness can be estimated from the correlation radius of
where the relative widtAL/L of the P, (L) distribution is  percolation.
varied from 0 to 2. A wideP, (L) distribution withAL/L Experimentally, we have found that at room temperature
~2 fits the experimental data best.AL/L,=0, i.e., if the the conductivity of our films decreases exponentially with
film has no separation gap disorder, the conductivity is indeincreasing length of the linker molecule. The observed de-
pendent of the film thicknesd [see Eq.(12)] and o/o,,  cCrease of the conductivity is much weaker than expected
=108, For a film thickness greater than 1200 rimot  from the B8 parameter of the alkanethiol molecule. Our the-
shown hergthe measured conductivity decreased due to theretical investigations have revealed that at room tempera-
formation of microcracks observable under SEM. ture the fluctuations in the Coulomb blockade energies can
The conductivity of most materials is independent of thebe neglected and that the weak exponential dependence of
size and shape of the material. In the case of our nanopartictée conductivity orl, can be well explained by our model if
films, where 3D current percolation takes place, the conduca wide separation gap distribution withL/Ly~2 is as-
tivity becomes film thickness dependent as an increase iaumed. Separation gap disorder enhances the conductivity
film thickness enhances the chance that the current will findbecause the electrical current is able to find percolation path-
pathways of higher conduction along the third dimensionways which are made up of large tunnel conductances.

i.e., the thickness direction. When the thickness of our nanoparticle films is increased
new percolation pathways for electron tunneling become
V. CONCLUSION available which results in an increase in conductivity. We

o have shown that the experimentally observed increase in
The electron transport mechanism in films of metal nanoconductivity with thickness can be well modeled in terms of
particles linked by organic molecules is due to single elecpercolation theory using the concept of the correlation radius
tron tunneling. Electron tunneling takes place along theand assuming a wide separation gap distribution with
linker molecules across the separation gapetween adja- A| /L ,~2. Whereas most materials do not show conductiv-
cent nanoparticles. At low temperatures tunneling becomegy which depends on thickness, by utilizing the disorder of
partially impaired by the repulsive Coulomb blockade en-gyur nanoparticle films we are able to produce materials with

ergy. Our gold nanoparticle films are strongly disordered aghickness dependent conductivity and defined 2D or 3D cur-
they are composed of fractal-like nanoparticle aggregates ifent percolation behavior.

which the separation gapks vary. These separation gap
variations cause strong fluctuations of the tunnel conduc-
tances between adjacent nanoparticles which allows us to
view our films as networks made up of widely varying tunnel  The authors thank Dr S. Lam for help with the SEM
conductances. Such networks can be described by bond pemaging.
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