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Microscopic theory of single-electron tunneling through molecular-assembled
metallic nanoparticles
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We present a microscopic theory of single-electron tunneling through metallic nanoparticles connected to the
electrodes through molecular bridges. It combines the theory of electron transport through molecular junctions
with the description of the charging dynamics on the nanoparticles. We apply the theory to study single-
electron tunneling through a gold nanoparticle connected to the gold electrodes through two representative
benzene-based molecules. We calculate the background charge on the nanoparticle induced by the charge
transfer between the nanoparticle and linker molecules, the capacitance and resistance of molecular junction
using a first-principles based nonequilibrium Green’s-function theory. We demonstrate the variety of transport
characteristics that can be achieved through “engineering” of the metal-molecule interaction.
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Chemically tailored metallic and semiconducting nano-and may affect significantly the current-voltage
particles and their assemblies have become the model systerharacteristics® Better understanding of such molecular-
for studying the fundamental physics and chemistry of nanoassembled single-electron devices therefore requires combin-
structured materiafs.The advancement of the fabrication ing the single-electron tunneling effect with a microscopic
process using self-assemblyor biodirected-assembly description of the electronic processes in the molecular tun-
techniqué with molecular recognition has made devicesnel junctions.
based on single and assembled nanoparticles attractive can-In this paper we describe a microscopic theory of single-
didates in applications including single-electronics, novelelectron tunneling through molecular-assembled metallic
biosensors, and nanophotonic devitesFor single-electron  nanoparticles by combining a first-principles nonequilibrium
device applications, the possibility of accurate control overGreen's-function(NEGP theory of molecular transpdit
particle size and density provides a substantial advantagsith a real-time perturbation theory of the reduced density
over conventional granular metal thin films and suggestsnatrix describing the charging dynamics of the metallic
possible room-temperature operatiohUnderstanding elec- nanoparticle$>? In the lowest-order perturbation theory in
trical transport in such metal-molecule composite systems ithe reduced conductance of the molecular junctieg
therefore an important problem. =h/2e?R; (Ry is the junction resistangethe theory for-

In the “orthodox” theory of single-electron tunneling mally reduces to the rate equation of the orthodox theory of
through a metallic island separated from the electrodes bZoulomb blockad@,but allows us to take full account of
insulating gap, the physics of Coulomb blockade can be metal-molecule interaction at the atomic scale. In particular,
well understood using simple circuit-level theory, with cir- the background charge, capacitance, and tunneling rate can
cuit parameters including junction resistance, capacitanceall be obtained from the first-principles theory of the molecu-
and charging energy often obtained by fitting experimentalar tunnel junction. We apply the theory to single-electron
data and/or using simple electrostatic considerations. In cortunneling through gold nanoparticles connected to the gold
trast, for the nanoparticle-based single-electron devices, thelectrodes through two benzene-based molecules—biphenyl
transfer of single electron is achieved by tunneling througtdithiolate (BPD) and difluorobenzenéFBF) molecules and
the linker molecule connecting the nanoparticles to the elecshow the variety of current-/conductance-voltage character-
trodes and to each oth&f. The linker molecules can be istics that can obtained through “engineering” of the metal-
coupled strongly to the electrodes and nanoparticles througimolecule interaction.
appropriate end groups, and the tunneling barrier is induced A schematic illustration of the double-barrier tunneling
by the energy mismatch of the molecular levels relative tgunction is shown in Fig. 1. The system is described by the
the metal Fermi levél.For the molecular junction, the me- following Hamiltonian:
tallic screening of the applied electric field occurs over a
distance comparable to the size of the mole¢di€onse- H=H +Hg+H+V+Hy +Hy,+Hy +Hr, (D)
quently, the capacitance of the molecular junction becomes N N )
an electrochemical quantity rather than a geometrical quat¥nere Ho=Z=\ €8, and H;=2,€,cj ¢, describe the
tity, whose evaluation requires a self-consistent analysis gfoninteracting electrons in the two leads<L,R) and on
the charge/potential response within the moleculathe metallic nanoparticlel}, respectively. The indicesand
junctions? In addition, charge transfer between the linker| €numerate the electron states of the leads and the nanopar-
molecule and the metals will lead to fractional charge on thdicle. The Coulomb repulsion on the nanopartides ob-
nanoparticl€;® giving rise to an intrinsic background charge tained from electrostatic considerations ®$N)=Ec(N
(even in the absence of charged impurities and gate volt—n,)?, whereE. is the charging energy. The background
ages, which varies in general with the applied bias voltagechargeen, can be separated into an intrinsic background
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Drain Source where Green’s functions are defined in the standard

—— mannert* The self-energy operatd; ") describes the in-

teraction  with the left electrode 3:()(t,t")

=S tma(D g (6 (1) (97 is the corresponding
O Green’s function of the bare left electrgd&imilar definition

M1 M2

;LT applies to the self-energy operators of the right electi@le

and the central island ). Deriving the equation of motion of
Green'’s function and decoupling the charging dynamics from

L]

- the single-electron dynamics on the metallic nanoparticle
W, we=BP0: S ) )-s (e (e (1) e 7190) = (i (t)ey (t'))(e' e~ 0),
FBR: F< ) we obtain the current &5

FIG. 1. Schematic illustration of a metallic nanoparticle con-
nected to the source and drain electrodes through two molecular
bridges.

[ dE.
|L=—ZeljmT|_(E,V)f d\N[fL(E){l_f|(E

- —wW)}C™ (W) +{1-f (E)}f,(E-w)C(W)], (3)

chargeen,, existing at zero voltage and voltage-dependent <(>) )
polarization chargeen,=Qp(V, ,Vg)+en,. The junction ~where C=*"'(w) are the Fourier transform of the
capacitances are obtained fro@),=dQp/dV,, WhereV, correlation functions C<(t,t’)=i<e'¢(t )efl¢(t)>1
andC, (a=L,R) are the voltage and capacitance of the twoc>(¢ )= —j(e~14(el#(t")y The “renormalized” trans-
tunnel junctions, respectively. The charging energyEis ) : : . ~
=e2/2Cy and the total capacitan@y =C, + Cg+ Cg is the mission fugcr'uon 'S othaLned from Ty (E,V)
summation of the two junction capacitances and the self= T I'L(E,V)Gy (E,V)I'|(E,V)Gy, (E,V)] and the renor-
capacitanceCg of the nanoparticle. Here the background malized Green’s function iiSR,,(i)(E,V)z[EiiO*—HMl
chargeen, includes the charge transfer between the nanopar-_ErL(a)(E,V) —deE[(a)(E—W,V)Cr(a)(W)]*1, where
ticle a_nd the Iir]ke_r m.olecules, whose value at zero-bias V0|tCr(a)(W) are the Fourier transform (ﬁr(a)(t,t/) =+ o(=(t
age gives the intrinsic background chaegys,. —t')[C(t,t))— C=(t,t")].

. V\Ile assgn|1e thﬁ mo_lleculles c:n b_eEdescrg?etc)i by zinleszectlve Equation(3) can be recast into a form suitable for pertur-
single-particle laml tonian M, = Zm€imDimim 1 =12, paiion expansion
The transfer of single electrons is mediated by tunneling
through the molecular bridgesHTi=Emk,(tmkabi*maka

+tm||b;rmc”e‘i¢+ c.c.), wherex denoted. (R) for molecule

1 (2). The operatore™'? keep track of the change of the
charge on the metallic nanoparticle bye.>'***The phase (W)= ij dET (EV)f (E)[1—f(E-w)], (4)
operatoré is the quantum-mechanical conjugate of the ex- - 2wh et I '
cess electron numbeY on the nanoparticle. The charging

stateN is treated independently of the degrees of freedom a (W)= %f dET (E,V)[1—f_(E)]f,(E—w),

described by the fermionic field operat@q%,c” , Which is a
good approximation for metallic nar)oparticl%jé. The two Wherea[’(_) is the rate for electron tunneling intout of)
electrodes as well as the nanoparticle are treated as largge nanoparticle through the left molecular bridge. A similar
equilibrium reservoirs with corresponding Fermi distribution equation can be written down for the current flowing
fi(E)=f(E—pu;),i=L,R,I. Note that _the _partit_ion of th_e through the right contactlz=—iefdwag(w)C™(w)
voltage drop between the two tunnel junctions is determlned+ ag (W)C=(W)], where the tunneling ratet(") is evalu-
by lthe lcap_acngnce r?jtlc;] mcludmfg ;he Icontrlbutlons_ of th(.aate; from the tre’msmission coefficient thro:jgh the right mo-
molecular junction and the rest of the electromagentic envi; . : , Co
ecular junction and the corresponding Fermi distributions.
ronment V /Vg=(u;—pu )/ (ur—m)=Cgr/C_ and eV ] P g

— e 1 The condition for current conservatiop+1z=0 leads to
—MRT ML

Following the standard procedure in NEGF theory of me-
soscopic transpotf: the current flowing through the left con- f dwlat(w)C™(w)+a (W)C=(w)]=0, (5)
tact is given by

I =- ief dw[ a; (W)C~ (W) + e (W)C=(w)],

. wherea " ()(w) = a; () (w) + (7 (w). Equationg4) and
| _ edN, =§R 2 GS (5) are the central result of this paper which separate the
L(t tmkGrim(tit) o .
dt h mkL description of electron tunneling through the molecular
26 bridges from that of the charging dynamics of the nanopar-
i i iorg=<(>)
— | dUTGS (tt)SS(t ot ticle through the correlation fl_JnctlorG_ .
h J’ (G, ()2 (D) The theory of the correlation functior8<*) has been
developed by Schier and co-workers in a series of publica-
tions based on a real-time perturbation theory of the reduced

—G, (L)L (Y], ¥
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o

density matrix describing the charging stéteof the metal PD

island!**?where the perturbation parameter is dimensionless
conductance of the tunnel junctiery=h/2e’R+ . In particu-

lar, the correlation functiol©<(*) can be expressed as the
superposition of contributions due to the charging state tran-
sition fromn to n+1 asC~*)(w)==,C~*)(w,n). The
current conservation conditig®) can also be shown to hold
for each part C=*)(w,n),* [dw[a"(w)C”(w,n)

+a (W)C=(w,n)]=0. In the lowest-order perturbation
theory with respect tax,, C=(*)(w,n) are related to the
probability P,, of finding n excess electrons ¥sC=~(w,n)
=2miPL18(Ww—A,) and C”(w,n)=—27iP,8(W—A,). =
Here A, is the energy difference of the adjacent charging § -
statesA,=V(n+1)—V(n)=E[1+2(n—n,)]. Substitut- 3

— T=10(K)
------ T=300(K)

— T-10(K)

b
o

Current (1 A)

Average Charge
(=]

5
-05-025 0 025 05

—1.6f

erage Excess Charge

—8.5 -025 0 025 05% -05-025 0 025 05

ing the above formulas into Eqet) and(5), we obtain a set Voltage (V) Voltage (V)
of rate equations formally equivalent to the orthodox theory
of single-electron tunneling FIG. 2. Single-electron tunneling through a 10-nm-diameter

gold nanoparticle connected to the source and drain electrodes
. B through the BPD molecule. Left figure shows the current-voltage
a (Ap)Pr—a (Ay)Ph1=0. (6) and conductance-voltage characteristics. Right figure shows the av-
erage charge(N—nx) and average excess chaﬁgﬁi on the nano-
Compared to the orthodox theory, the above theory allows uparticle in unit of electron charge
to take full account of the microscopic description of the
electronic processes in the molecular junction. In particular, _
considerable simplification can be achieved in the “wide- IL(R):27Te; Pn[“lf(R)(An)_aL(R)(An*l)]' (7
band limit” of the electrodes, i.e., if the surface density of A
states of the electrodes is approximately constant in the erf-he average excess chargéN)=eX NPy gives the net
ergy interval ofA,. The “renormalization” of the nanopar- charge transferred onto the nanoparticle due to the discrete
ticle self-energy and transmission coefficient can then be neelectron tunneling across the molecular bridges, while the

glected, which is true for common simple and noble metalsaverage charge((N)—nx) gives the charging configuration
and for nanoparticle size sufficiently large that energy quanwhich determines the electrostatic energy cost for charging
tization can be neglectéd. the nanoparticle.

Here we apply the theory to single-electron tunneling Figures 2 and 3 show the calculated results for single-
through a gold nanoparticle connected to two gold electrodegiectron tunneling through a 10-nm-diameter gold nanopar-
using BPD and FBF molecules. Transport through gold+icle connected to gold electrodes through two BPD or FBF
BPD-gold and gold-FBF-gold junctions have been recentlyyridges at temperatures of 10 K and 300 K. The self-
studied in detail USing a ﬁrSt-prinCiples self-consistent matri)%apacitance of the nanopartide is evaluated using the elec-
Green's-function theory of electron transport in molecularirostatic formula for a conducting sphere in front of a con-

junCtionS?’s from which we obtain the V0|tage-dependent ducting p|ané,0 which gives a Charging energy (EC
background chargen, induced by the charge transfer from

the molecule to the nanopatrticle and the transmission coeffi- FBF
cient for electron tl%nneling through the metal-molecule- 0.02/ — -0 o [ g o0
nanoparticle junction! The charge transfer at zero bias gives 0.01fL 0.2

the intrinsic background chargen,q, while its derivative
with respect to bias voltage gives the capacitance of the mo-
lecular junctiont® The calculated dimensionless conduc-
tance, capacitance, and the intrinsic background charge for ~ -0.02 :
BPD (FBF) molecular junction are 0.0183 (0.0023), 0.037 05-025 0 02 05  -05-02% 0 025 05
(0.043) aF, and-0.623 (—0.805) number of electrons, re-
spectively. Note the total intrinsic background charge on the
nanoparticle is the sum of contributions from the two mo-
lecular junctions. Despite the shorter length of the FBF mol-
ecule, the resistance of the FBF junction is much higher than
that of the BPD molecule due to the less favorable energy-
level lineup relative to the gold Fermi levéf. -8
Given the transmission coefficient and capacitance of the
molecular junction, the rate equatio8) is solved using the FIG. 3. Single-electron tunneling through a 10-nm-diameter
standard procedurg,from which we calculate the terminal gold nanoparticle connected to the source and drain electrodes
current as through the FBF molecule as in Fig. 2.
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=88 meV. The intrinsic background chargg, on the cen- 0.04 BPD-F‘32F
tral nanoparticle is closer to half integer in the case of the __ || — T=10(K) g — T=10(K)
FBF molecule (1.61) than that of the BPD molecule & %0fL- T=300(K) / § !
(—1.25), so the Coulomb gap in the current-/conductance- % 0// g 0
voltage characteristics is smaller. Note at low temperature 5_0_02 s
the average excess electrdN) on the nanoparticle at low 0.0 5_2
bias equals the nearest integemtg. Since the background %5025 0 025 05 -0502 0 025 05
chargen, varies slowly with the applied bias voltage within 04 ) 0
the voltage range studied, both the average charge and the % §
average excess charge show similar voltage dependence. The g 3 @1
peaks in the conductance-voltage characteristics correlate § 0.2 g
with the change in the average excess electron on the nano- § 01 o2
particle at low temperature. § i . § R
Figure 4 shows the calculated results for single-electron 85025 0 025 05 Z.05-025 0 025 05
tunneling through a 10-nm-diameter gold nanoparticle con- Voltage (V) Voltage (V)

nected to left gold electrode through BPD molecule and con-
nected to right gold electrode through FBF molecule. Slr]Cegold nanopartcile connected to the source electrode through the

RFBF/_RBPD>1’ varying bias yoltage leads to stepwise BPD molecule and the drain electrode through the FBF molecule as
charging of the central nanoparticle at low temperature. Here, Fig. 2.

the intrinsic background chargen,,~—1.43 and

Crge/Cgpp>1, the shape of the Coulomb staircase corre- . . -~
sponds to case | as discussed by Hanna and Tinkhama is take full account of the microscopic description of the elec-

well understood. The small Coulomb gap is again due to th(I,\roniC processes in the metal-mo_lecule-r_1anopartic|e junction
fact thatn, is close to half integer as well as the strong Coulomb interaction on the nanopar-
x0 .

To conclude, we have presented a microscopic theory otf'Cle'
single-electron tunneling through molecular-assembled me-
tallic nanoparticles, which combines the theory of transport This work was supported by the DARPA Molectronics
through a molecular junction with the description of the program, the DoD-DURINT program, and the NSF Nano-
charging dynamics on the nanoparticle. This allows us tdechnology Initiative.

FIG. 4. Single-electron tunneling through a 10-nm-diameter
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