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Thermoelectrics in an array of molecular junctions
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The room temperature thermoelectric properties of a three-dimensional array of molecular junctions
are calculated. The array is composed of n-doped silicon nanoparticles where the surfaces are
partially covered with polar molecules and the nanoparticles are bridged by trans-polyacetylene
molecules. The role of the polar molecules is to reduce the band bending in the n-doped silicon
nanoparticles and to shift the electronic resonances of the bridging molecules to the nanoparticle
conduction band edges where the molecular resonances act as electron energy filters. The
transmission coefficients of the bridging molecules that appear in the formulas for the Seebeck
coefficient, the electrical conductance, and the electronic thermal conductance, are calculated using
the nonequilibrium Green’s function technique. A simple tight-binding Hamiltonian is used to
describe the bridging molecules, and the self-energy term is calculated using the parabolic
conduction band approximation. The dependencies of the thermoelectric properties of the molecular
junctions on the silicon doping concentration and on the molecule-nanoparticle coupling are
discussed. The maximal achievable thermoelectric figure of merit ZT of the array is estimated as a
function of the phononic thermal conductance of the bridging molecules and the doping of the
nanoparticles. The power factor of the array is also calculated. For sufficiently small phononic
thermal conductances of the bridging molecules, very high ZT values are predicted. © 2008

American Institute of Physics. [DOI: 10.1063/1.2953462]

I. INTRODUCTION

During the past 50 years, a great deal of research effort
has gone into the development of thermoelectric materials
with high efficiency and their application in devices to con-
vert thermal energy into electrical energy and in reverse to
perform refrigeration.l‘2 The efficiency 7 of a thermoelectric
material is given by3

VI+ZT-1 (1)
’)7: 77 ’——’
‘N1 +ZT+ T Ty
where 7, is the Carnot efficiency which is defined as 7.=1
—Tc/Ty, Teyy are the cold/hot reservoir temperatures with
average temperature 7= (Tc+Ty)/2, and ZT is the important
thermoelectric figure of merit which is defined as
S*G
Zr=—T. 2)
K
In Eq. (2), the quantity S is the Seebeck coefficient (ther-
mopower), G is the electrical conductance, and « is the ther-
mal conductance of the material. The thermal conductance is
the sum of the electronic thermal conductance «, and the
phononic thermal conductance .

K= K, + Kpp. (3)

As can be seen from Eq. (1), the larger the figure of merit
ZT, the more efficient a thermoelectric material becomes.
Thus, a good thermoelectric material must have a large ZT
which can be achieved with a high Seebeck coefficient S, a
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high electrical conductance G, and a low thermal conduc-
tance k. Another thermoelectric quantity commonly of inter-
est is the power factor given by P=S?0, where o is the
electrical conductivity of the material. A good thermoelectric
material should have a large power factor. In the late 1950s
bismuth telluride alloys were developed that showed ZT val-
ues around 0.5. Between 1960 and 2000 the field of thermo-
electric research was quite stagnant with Z7=1, and effi-
ciencies of about 10% of the Carnot limit were achieved in
some commercial devices using bismuth telluride based al-
loys. In the early 1990s Hicks and Dresselhaus™ pointed out
in theoretical papers that reducing the dimensionality of a
semiconducting material (i.e., in the form of superlattices
and nanowires) can enhance the electronic density of states
near the Fermi level which is predicted to enhance Z7T. In
such low dimensional materials, the increase in phonon sur-
face scattering decreases the phononic thermal conductance
which further enhances ZT. These calculations were refined
later by Sun et al.® and it was predicted that Bi nanowires
reach a ZT of 1.5 at a wire thickness of 10 nm and that the
ZT increases further as the wire gets thinner. Lin e? al’ pre-
dicted ZT values of about 4 and 6 for 5-nm-diameter PbSe/
PbS and PbTe/PbSe superlattice wires at 77 K. The theoret-
ical work on nanostructured materials inspired
experimentalist to search for nanostructured materials with
high ZT values. Harman et al.® observed ZT=1.6 in a Pb-
SeTe based quantum dot superlattice, Venkatasubramanian et
al.’ achieved ZT=2.4 in a p-type Bi,Te;/Sb,Te; superlat-
tice, and Hsu er al."® reported ZT=2.2 in alloys containing
nanometer sized metallic grains embedded in a semiconduct-
ing matrix. Most of these ZT enhancements were attributed
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to lowering the phononic thermal conductance «;,. Recently,
thermoelectric materials made of carbon nanotubes attracted
some interest,'"!? Also, Lyeo et al."”® measured the Seebeck
coefficient across a junction formed by a semiconducting
substrate and the tip of a scanning transmission microscope.
The consensus is that finding a material with a thermoelectric
figure of merit ZT=4 would mark a major technological
breakthrough.

Much progress has been made recently in an area called
“molecular electronics”* where a better understanding has
been gained of the thermoelectric properties of single mol-
ecules  sandwiched  between  macroscopic  metal
electrodes.'®"

In this paper we suggest a novel material consisting of a
three-dimensional (3D) array of molecular junctions where
trans-polyacetylene bridging molecules connect n-doped sili-
con nanoparticles. We show by model calculations that high
ZT values at room temperature can be achieved by exploiting
the thermoelectric properties of molecular junctions.

In Sec. II, we derive the equations that determine the
thermoelectric figure of merit ZT of an array of molecular
junctions and introduce the equations that describe the ther-
moelectric properties of the molecules that form a junction.
We give expressions for the transmission coefficient of the
bridging molecules, the self-energies and the electrostatic in-
teraction between electrons of the bridging molecule and the
polar molecules.

In Sec. III, we comment on the importance of shifting
the molecular resonances and on the effect of polar-molecule
site-occupation variations. We draw attention to the thermo-
electric properties of individual bridging molecules in a junc-
tion and show results for the thermoelectric properties of a
single junction and their dependence on the doping concen-
tration of the silicon nanoparticles. Finally, we discuss the
thermoelectric figure of merit Z7 of a 3D array of molecular
junctions.

Il. THEORY

A. ZT and power factor of an array of molecular
junctions

As shown in Fig. 1, the molecular-junction array is made
up of n-doped silicon nanoparticles in the shape of cubes
(100 nm in size) with {100} surfaces where the nanoparticles
are interconnected by bridging molecules (~3 nm in length)
which form the molecular junctions. Neighboring bridging
molecules are sufficiently far apart such that electron and
phonon transfer between molecules cannot take place. In ad-
dition to the bridging molecules there are short polar mol-
ecules attached to the silicon nanoparticle surfaces as shown
in Figs. 1 and 2. The polar molecules are too short to bridge
the silicon nanoparticles. The role of the polar molecules is
(a) to suppress band bending in the n-doped silicon nanopar-
ticles and (b) to shift the highest occupied molecular orbital
(HOMO) resonances of the bridging molecules upward such
that some of the molecular resonances are slightly above the
conduction band edge of the silicon nanoparticles. This guar-
antees a large electrical conductance of the bridging mol-
ecules which is a necessary requirement to obtain a large
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FIG. 1. (Color online) Schematic of a part of a 3D array of molecular
junctions which consists of cubes of n-doped silicon nanoparticles 100 nm
in size that are bridged by molecules (~3 nm long) which form the junc-
tions. The nanoparticle surfaces are partially covered by short polar mol-
ecules. The array structure of cubic nanoparticles is repeated along the
y-direction. The schematic shown is not to scale.

l

thermoelectric figure of merit Z7 and a large power factor.
The suppression of the band bending and the shift of the
molecular resonances are schematically indicated in Fig. 3.
In a 100 nm n-doped silicon nanoparticle, due to its small
size, any band bending can be expected to be much smaller
than that near the surface of doped bulk silicon. Also, in a
realistic case, due to imperfections, the polar-molecule-
surface coverage will be less than 100%.

The directions of the temperature gradient and of the
electronic current flow are chosen along the x-direction of
the molecular-junction array (Fig. 1) and therefore only mo-
lecular junctions that connect nanoparticles along the
x-direction are of relevance when calculating the thermoelec-
trics of the molecular-junction array. According to Fig. 1, the
array can be thought of as being made up of equal building
blocks (BBs), each BB consisting of a single nanoparticle in
series with a single molecular junction. If there are N,, N,,
and N, of such BBs along the x-, y-, and z-directions, respec-
tively, then the electrical and thermal conductances G and «
of the array are given by

1 I
n-doped
silicon
_'-{} L polar molecule
n-doped @ @
silicon y X - O
left (L) _"{} © ® right (R)

FIG. 2. (Color online) Schematic of a molecule bridging two n-doped Si
nanoparticles on the left and right with polar molecules attached to the left
and right surfaces. The carbon atoms of the bridging molecule are labeled 1
to N. The charges on the polar molecules are indicated. The polar molecule
drawing is meant as a generic representation.
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FIG. 3. (Color online) Schematic of electronic energy levels of an N=20
bridging molecule sandwiched between two n-doped silicon nanoparticles.
(a) The system shows band bending when no polar molecules are present on
the surface of the silicon nanoparticles. The Fermi level is assumed to be
located in the middle of the HOMO-LUMO gap. (b) Polar molecules on the
surface of the silicon nanoparticles shift the electronic levels of the bridging
molecule upward (arrow) such that some HOMO resonances are above the
conduction band edge of the silicon nanoparticles. The band bending is
assumed to be completely suppressed by the presence of polar molecules.

N,N. N,N.
G= . ~GBB and K=_uKBB, (4)

where Ggg and «gp are the electrical and thermal conduc-
tances of a single BB. For the array’s Seebeck coefficient S
one finds S=Spp, where Spp is the Seebeck coefficient of a
single BB. With Egs. (2) and (4), the figure of merit ZT of
the array can be expressed solely in terms of the thermoelec-
tric properties of its BBs, i.e.,

_ SZBBGBB

ZT T. (5)

KBB
The power factor is given by
P =SgGgp/l, (6)

where [ is the nanoparticle size. The same formulas for ZT
and P also hold for two-dimensional (2D) and one-
dimensional (chain) arrays. Because a BB consists of a single
nanoparticle and single molecular junction in series, it fol-
lows that

SBB=(Sn/Kn+SJ/KJ)/(K;]+K;]), (7)

Gp=G,G)/(G,+G,), (8)

and
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Kpp = KK/ (KK, + K)), 9)

where the subscript n refers to a single nanoparticle and J to
a single molecular junction. Since the nanoparticles are quite
large the values for G, and «,, can be equated to those of bulk
n-doped silicon. In the case that G;<<G, and k;<<k, one
finds that the thermoelectric figure of merit ZT only depends
on the properties of the molecular junction and

$2G
7T =T, (10)

Ky

The electrical and thermal conductances G; and «; as well as
the Seebeck coefficient S; of the junctions can be expressed
in terms of the individual bridging molecules of a junction.
In the case that a junction contains M bridging molecules
(acting in parallel), one finds

S , (11)

T 3la
M

G,=2G;, (12)
i=1

and

M

KJZE K;. (13)

i=1

Here S;, G;, and «; are the Seebeck coefficient, the electrical
conductance, and the thermal conductance of the ith bridging
molecule, respectively. Equations (11)—(13) were derived us-
ing a classical treatment, assuming that the bridging mol-
ecules are sufficiently far apart such that quantum interfer-
ence effects between conduction electrons from neighboring
bridging molecules can be neglected.12 If a, is the average
separation of bridging molecules and A, the wavelength of
electrons in the conduction band of the nanoparticles, then
a,>M\g/2 has to be satisfied in order to justify a classical
treatment. In the case of n-doped silicon, A\ is determined by
the location of the energy pockets for the conduction band in
k-space. In our case N\y=a;/0.85, where g, is the lattice con-
stant of silicon. When we calculate ZT later in Sec. IIl E, we
use M <1000, and the average separation between bridging
molecules is sufficient to use Egs. (11)—(13) as an approxi-
mation.

B. Thermoelectrics of a single bridging molecule

In order to derive equations for the thermoelectric prop-
erties in the ith bridging molecule of a molecular junction we
employ the nonequilibrium Green’s function theory. Assum-
ing noninteracting electrons inside the nanoparticles and on
the bridging molecule, one finds for the electrical current 7,
of the ith bridging molecule sandwiched between two
nanoparticles: 17

Downloaded 07 Sep 2009 to 152.3.182.56. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



044708-4 K.-H. Mdller

== j ds (&) f1(e) — ful)]. (14)

Here e is the electron charge (¢ <0), & is the Planck constant,
t(e) is the transmission coefficient of the ith bridging mol-
ecule, and f;,z(e) are the electron Fermi distributions in the
left (L) and right (R) nanoparticles. The factor of 2 in Eq.
(14) accounts for the two spin states allowed for an electron
in each energy level . Equation (14) was originally derived
for macroscopic electrodes'” but it still holds in the case of
our nanoparticles as the nanoparticles are sufficiently large in
size such that the electronic energy level spacing as well as
the Coulomb charging energy are small compared to the ther-
mal energy kT at room temperature (k is the Boltzmann
factor).

Assuming that the thermal and electrical conductances
of a molecular junction are small compared to those of a
nanoparticle (k;< k,; G;<G,), the chemical potentials w;
as well as the temperatures T,z are approximately uniform
within each nanoparticle, and the chemical potential differ-
ence Au=pu;—up and the temperature difference AT=T)
— T thus only occur across the molecular junctions along the
x-direction. Taking AT and A sufficiently small, one can
write, using a Taylor expansion,

f(e)
I

Fule) - fule) = L2 n s %(TS)AT. (15)

Here f(e) is the electron Fermi distribution
fle) = (1+ w1, (16)

Since Ap and AT are infinitesimal we have u=u; and T
=TL'
Similar to Eq. (14), the thermal current I, is defined as

Iy= %f de(e — Wit (e)[f(e) — fr(e)]. (17)

The difference between Egs. (14) and (17) is that the electron
charge e in Eq. (14) is replaced in Eq. (17) by the electron
kinetic energy, € — u, relative to the Fermi level u. By using
Egs. (14)—(17) one finds'>181°

Ie ezLO eLl AV
- , (18)
I, eL, L, J\ATIT

where AV=Au/e is the voltage drop across a molecular
junction and L,, with m=0, 1, 2 is defined as

2 7
Lm=;lf de ti(8)<_ i)(s—ﬂ«)’". (19)

Using Eq. (18) one can derive expressions for the Seebeck
coefficient S;, the electrical conductance G;, and the elec-
tronic thermal conductance «,; of the ith bridging molecule
in terms of the L,,. One finds, using the definitions for §;, G;,
and Ke’,-,lz

— il;l (20)

AV
S' = - - - 9
1=0 €TLg

! AT
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I
GiE £ :eZLO, (21)
AV | ar=o
I L,—L*/L
K= | = (22)
’ AT 1 =0 T

The quantities S;, G;, and «, ; (together with ,, ;) can then be
used to calculate the thermoelectric figure of merit ZT and
the power factor using Egs. (5)—(9) and (11)—(13).

1. Transmission coefficient

In order to calculate the L,, of Eq. (19), the transmission
coefficient #,(g) of the ith bridging molecule has to be calcu-
lated. Using the nonequilibrium Green’s function technique
one finds' "%

t(e) =4 Tr{Im 2, () G*(g) Im 24x(e) G(&)}, (23)

where Tr is the trace, 2 z(¢) are the self-energies of the left
(L) and right (R) nanoparticles, and G(¢) is the Green’s func-
tion operator, describing electron propagation along the ith
bridging molecule, where

Gle)=(e-H-3,-3p)7". (24)

Here H is a single electron Hamiltonian describing the ith
bridging molecule and its electrostatic interaction with the
polar surface molecules. For H we use a simple tight-binding
Hamiltonian where a single electronic orbital |n) with n
=1,2,...,N is assigned to each of the N carbon atoms of a
bridging molecule (see Fig. 2) assuming that the |n) states
are orthogonal. The tight-binding Hamiltonian has the form

H= 2 (ep+ eCDn)|n><n| +1g

N-1 N
x[E n)(n+ 1]+ 2 [n = 1)n| |, (25)
n=1 n=2

where ep+e®, are the on-site energies and 75 is the nearest
neighbor transfer integral. The quantity ®, is the electro-
static potential generated at site n of the ith bridging mol-
ecule by the polar molecules that partially cover the surfaces
of adjacent silicon nanoparticles, and e are the on-site en-
ergies if @, =0. The electrostatic potential ®, depends on the
local polar molecule environment which for a coverage of
less than 100% is somewhat different for each bridging mol-
ecule in the junction.

Along a polyacetylene bridging molecule, only the car-
bon atom sites are considered as they form the bridge along
which electrons propagate, and the |n) states thus represent
mr-orbitals. Most of our calculations were done for N=20. In
this case we take the HOMO-LUMO (lowest unoccupied
molecular orbital) gap of the trans-polyacetylene as 2 eV and
the valence 7-band width as 6 eV.*! This value for the va-
lence m-band width means that the tight-binding transfer in-
tegral is tp=—1.5 eV. We assume that without polar mol-
ecules the Fermi level is located in the middle of the HOMO-
LUMO gap which results in ez—u=-4 eV. (This
assumption is not critical to our model, and any position of
the Fermi level within the HOMO-LUMO gap could have
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been chosen without changing the essential results of our
calculations.) This fixes the parameters e and 5 of the tight-
binding Hamiltonian in Eq. (25).

Using the Hamiltonian of Eq. (25) and assuming that the
bridging molecule is tethered in the same way at both its
ends to the silicon nanoparticles, one obtains for the trans-
mission coefficient #;(¢) of Eq. (23) (Refs. 22 and 23)

ri(e) = 4(m(1[2 . (e)[1))* [(1|G(e) M. (26)

In order to calculate the matrix element (1|G(¢)|N) one has to
determine the inverse of a complex N X N matrix with matrix
elements (nle—H-3,(g)—2x()|m) where n=1,2,...,N
and m=1,2,...,N. In our model calculation we neglect any
possible dissipative electron-phonon scattering along the
bridging molecules.

2. Self-energy

To determine the transmission coefficients #,(g) given by
Eq. (26), the self-energy matrix element (1|2, (g)|1), which
is equal to (N|2z()|N), has to be calculated. The self-energy
matrix element (1|2,(g)|1) is defined as

(WIVIg o X0l VID)

e—¢gi+il

(A2 (e)1)= X

E,G’EL

; (27)

where (>0 is infinitesimal. Here the quantity V is the inter-
action of the bridging molecule with the silicon surface at the
point where the bridging molecule is tethered to the surface.
The symbol |y ,) is the Bloch wave function for the left
silicon nanoparticle, where & is the Bloch wave vector, o the
electron spin, and ¢ is the electron dispersion relation for the
nanoparticle. We write the Bloch wave function of the left
nanoparticle as

2w i
[vi0) = \/;2 Rt sin(k,R;. )|y 28)
J,o

where v is the number of primitive cells in the left nanopar-

ticle, Ej are the Bravais lattice positions, and |go_,«,g> are the
on-site electronic orbitals. The index L refers to the trans-
verse directions. In contrast to a Bloch state in an infinite
crystal, the function sin(k,R;,) in Eq. (28) ensures that the
Bloch wave vanishes at the nanoparticle surface. By using
Egs. (27) and (28) one derives for the imaginary part of the
self-energy matrix element (1|3, (g)|1) the expression

Im{(1[2,(e)[1) =~ 2—7th2 sin?(k,a,/2) 8(e — €f), (29)
v 7

where g, is the lattice parameter of silicon, @¢;=0.543 nm,
and 1,=(1|V|@;— ) is the coupling of the end-atom of the
molecular bridge to a surface atom [j=0 in Eq. (28)] of the
silicon nanoparticle. For the electron dispersion relation of
the semiconductor nanoparticles e;, we use the parabolic
conduction band approximation. In the first Brillouin zone,
silicon has six ellipsoidal energy pockets19 centered at |k,
=0.85-27/a, along the k,, k,, and k, directions. For the two
pockets along the k, direction the electron energy dispersion
is

J. Chem. Phys. 129, 044708 (2008)

2 h2 ) ﬁZ 5
ei=——(k, T ko) + ——k, + ——k. + £, 30

k 2ml( X 0) 2mt y 2mt z Ecb ( )
where €, is the conduction band edge. Similar expressions
hold for the other four energy pockets along the k, and k,
directions. In the case of silicon, the longitudinal and trans-
verse electron masses are m,;=0.98m, and m,=0.19m,, re-
spectively, where my, is the bare electron mass. By using Eqgs.
(29) and (30) one derives for Im(1|2,(g)|1) the expression

1m<1|2L(s)|1>=—4;;2a?{mt[2\/%
- a%cos(koal)sin<a, \/%)}
+ (mm,) ”2[4 \/%
- 31sin(a1 \/%)” (31)

for e=g, and Im(1|2,(g)|1)=0 for £ <&, Calculating the
real part of (1|2,(g)|1) around the conduction band edge &,
one finds a very weak dependence on & and thus the real part
of (1|2, (£)[1) has the effect of causing a constant shift of the
on-site energies of atom 1 and atom N of the bridging
molecule.”*** We neglect this effect in our calculations and
set Re(1|2,(g)|1)=0. Just above the conduction band edge
-Im(1|2,(¢)|1) follows a \e—eg, behavior.

The tethering of the bridging molecule to the nanopar-
ticle surfaces and thus the coupling parameter 7. can be tuned
by chemical means, i.e., by changing the bridging molecules
end atoms or choosing particular bonding sites (top or hol-
low sites)” on the silicon nanoparticle surfaces.

3. Bridging molecule/polar molecule interaction

The electrostatic potential ®, acts upon a bridging mol-
ecule like a “gate voltage” and is given by

_ 1 1
" 477808rd Jj,occ.left |;_ Fj| |F— (Fj + g)|

1 1
+ -, - - -
joceright | [F=(F;+ L) |F=(F;+ L—d)|
(32)

The quantity p is the dipole moment of a single polar mol-
ecule, d =de, (see Fig. 2) where d is the length of the dipole
and e, the unit vector in x-direction, &, is the relative permit-
tivity of a polar molecule, and g is the vacuum permittivity.
The Fjs are the occupied 2D square-lattice sites on the nano-
particle surfaces left and right of a junction. The quantity 7
denotes the carbon-atom positions on the bridging molecule.
If one neglects the transverse positional components of the
carbon atoms, one has r=naye, where n=1,2,...,N and a,
is the spacing between carbon atoms along the x direction.
L=(N+ 1)aye, is the width of the molecular junction where
for simplicity it is assumed that the end-atom-to-surface
bond length is equal to a,. Equation (32) does not include the
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effect of an image potential caused by the electronic polar-
ization of the silicon nanoparticles induced by the polar mol-
ecules. We have investigated the effect of the image potential
by employing the method of image charges.%’27 We found
that in our case the image potential reduces ®, of Eq. (32)
predominantly near the end atoms of a bridging molecule
and less so in the center where the reduction is less than
10%. Also, the image potential did not change the fluctuating
nature of the ®,’s, which shifts the electronic levels of the
bridging molecules in a statistical manner. For simplicity we
thus neglected the image potential in our calculation.

C. Phononic thermal conductance

For individual molecules the familiar concept of heat
transport no longer applies as the energy is carried by dis-
crete vibrational excitations. The phononic thermal conduc-
tance k,,; of a bridging molecule will depend on its vibra-
tional spectrum, on the vibrational spectrum of the silicon
nanoparticles, and on the values of the bending force and
stretching force constants of the bonds that tether the end
atoms of the bridging molecule to the silicon surfaces. The
tethering could be optimized to minimize ;. In this paper
we have made no attempt to calculate ky, ;. Instead, we as-
sume that the &, ; are the same for all the bridging molecules
and we investigate the thermoelectric figure of merit Z7 as a
function of ky,; in the range from k= 107 W/K to
Kpn; =107 W/K. Segal et al. have performed microscopic
calculations for the phononic heat transport through molecu-
lar chains that connect two thermal reservoirs. Depending on
the Debye frequency of the reservoirs and on the molecule-
reservoir coupling, Segal et al.®® found values for Kph,i Of an
alkane chain with N=20 at room temperature between 2
X 10713 and 3Xx107'" W/K. A classical heat conduction
model, where the molecule resembles a cylindrical volume
and where the heat conductivity is that of typical bulk or-
ganic solids, was found to overestimate the microscopic re-
sult by about one order of magnitude. Recently, Wang et al”
have measured the thermal conductance of long alkane mol-
ecules in a monolayer attached to a gold surface and found a
value of ky,;=5X 107" W/K.

lll. RESULTS AND DISCUSSIONS

There are seven parameters in our model. These seven
parameters are (1) the number N of carbon atoms that form
the bridging molecule, (2) the position of the Fermi level w
relative to the conduction band edge &, of the silicon nano-
particles (u can be varied by changing the n-doping concen-
tration), (3) the coupling strength 7. between a silicon atom
on the {100} silicon surface and the atom at the ends of the
bridging molecule, assuming that the tethering can be tuned
by chemical means, (4) the dipole moment p/e, of the polar
molecules that partially cover the nanoparticle surfaces, (5)
the length d of the dipoles, (6) the coverage & of the polar
molecules, and (7) the phononic thermal conductance &y, ; of
a bridging molecule. All the calculations were done for room
temperature, i.e., at 7=300 K.

J. Chem. Phys. 129, 044708 (2008)

A. Shifting the HOMO levels

There are two reasons for partially covering the surfaces
of the silicon nanoparticles with polar molecules: First, polar
molecules attached to the surfaces of the n-doped silicon
nanoparticles can strongly reduce band bending as shown
experimentally by Cohen et al*® for polar molecules as-
sembled on an n-doped (100) silicon surface. In our model
we make the assumption that the presence of polar molecules
on the surface completely eliminates any band bending. Sec-
ond, the polar molecules produce an electrostatic potential
@, at each atom site n along the bridging molecules which
causes the energy levels of the bridging molecules to shift
upward such that some of the upper HOMO levels
(7r-valence band of trans-polyacetylene) shift above the con-
duction band edge &, of the semiconductor nanoparticles.
The elimination of band bending and the shifting of the
HOMO levels are indicated schematically in Figs. 3(a) and
3(b). The amount of level shifting depends on the strength of
the dipole moment p/e, as well as on the details of the site-
occupation configuration of the polar molecules in the vicin-
ity of the bridging molecules.

B. Polar molecule site-occupation fluctuations

The polar molecules supply a gate voltage @, to the
bridging molecules, which affects the location of the reso-
nance levels of the bridging molecules relative to the con-
duction band edge &, of the silicon nanoparticles. In the case
of partial surface coverage with polar molecules, each bridg-
ing molecule has a different polar-molecule neighborhood
and thus the electrostatic potential ®,, does fluctuate from
one bridging molecule to the next. We assume that M bridg-
ing molecules are placed at random in a junction, connecting
binding sites on 2D square lattices of the left and right junc-
tion surfaces. The 2D square-lattice parameter was chosen to
be equal to the dimer-row separation on a Si(100)-2X 1
reconstructed surface, i.e., a,=0.77 nm. Thus the “footprint”
of a polar molecule or a bridging molecule is af. The proce-
dure we adopted to calculate @, in Eq. (32) was the follow-
ing. A bridging molecule was placed into an infinite junction
and connected to the left and right surfaces at (x,y,z)
=(0,0,0) and ((N+1)ay,0,0). (Since the width of a junction
is much smaller than the nanoparticle size and because of the
regular junction array structure shown in Fig. 1, assuming an
infinite junction is a good approximation.) Using a random
number generator, polar molecules were placed randomly
left and right onto the 2D lattice sites within a radius of r
=200a, until the coverage & was reached. The small addi-
tional contribution to ®,, from outside r, to infinity was ob-
tained by using an analytical expression where the charges
on the polar molecules were approximated by parallel con-
tinuous charge layers of zero thickness. Figure 4 shows e®,
for 300 bridging molecules that were sampled versus the
position at atom site n along the bridging molecules for cov-
erage ¢=0.4, 0.7, and 1.0 with N=20, p/e,=6 D, (1 D
=1 Debye=3.34x103" Cm), and d=25qa, (a
=0.122 nm). The vertical bars indicate the size of the fluc-
tuations in ®,,. For illustration, the two full lines in Fig. 4, for
coverages £=0.4 and 0.7, connect the e®,’s that belong to
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FIG. 4. (Color online) Electrostatic potential energy e®, [Eq. (32)] at atom
site n of frans-polyacetylene (N=20) bridging molecules in a junction. Here
pl/e,=6 D (1 D=1 Debye=3.34X 107" C m) and the polar-molecule di-
pole length is d=2.5a,. The polar-molecule coverages used are £=0.4, 0.7,
and 1.0. The vertical bars indicate the fluctuation ranges of e®, where 300
bridging molecules were sampled. In the case of é=0.4 and 0.7, the two
solid lines connect e®,’s of two bridging molecules randomly selected from
the sample of 300 molecules.

two bridging molecules that were randomly chosen from the
300 ones that were sampled. Figure 4 reveals that the relative
e®d, fluctuations decrease with increasing polar-molecule
coverage ¢ and that the fluctuations become very small when
the coverage ¢ approaches 1. As can be seen in Fig. 4, e®,
increases within the left and right polar-molecule layers of
thickness d=2.5a, and in the middle part of a bridging mol-
ecule reaches a value of e®,=e|&p/(gye,a?). Calculating
the position of the resonances of the bridging molecules by
using Eq. (26), we found that in the case of coverage ¢
=0.7, the HOMO resonances of all the 300 sampled bridging
molecules were shifted sufficiently upward such that upper
HOMO resonances became located above the conduction
band edge &,. In contrast, in the case of coverage £€=0.4, the
highest HOMO resonance was not always shifted above e,.
In a realistic case it will be difficult to achieve perfect polar
molecule coverage due to surface imperfections and nano-
particle edge effects. Therefore, in what follows, the cover-
age £=0.7 instead of &=1 was chosen. (Also, due to the
procedure we adopted to calculate ®,, the case £=1 is un-
usual as for £— 1 the fluctuations in ®,, vanish and the elec-
tronic level positions of all the bridging molecules become
the same. In this case ZT shows strong oscillating behavior
as a function of the polarization p of the polar molecules as
the resonances of the bridging molecules move collectively
across the conduction band edge.)

C. Transmission coefficients of bridging molecules

As an example, Fig. 5 depicts three different transmis-
sion coefficients t,(¢) versus (e—u)/kT of three bridging

J. Chem. Phys. 129, 044708 (2008)

Transmission t; and "L_Fermi-part"

(€-W)/KT

FIG. 5. (Color online) Transmission coefficients 7,(¢) and the “Fermi part”
of L,, [integrand without 7,(g)] for m=0, 1, and 2 vs (e—u)/kT. The trans-
mission coefficients #,(¢) chosen at random from the sample of 300 are those
for the bridging molecules labeled i=5, 14, and 15. The parameters are N
=20, t.=-2 eV, u=e4,—2kT, p/e,=6 D, d=2.5a,, £=0.7, and T=300 K.

molecules (i=5,14,15) that were randomly selected from
the 300 ones that were sampled. Also displayed in Fig. 5 are
(=df1de)(e— )™ for m=0, 1, and 2 which are the “Fermi
parts” in the integrand of L,, as defined in Eq. (19). The
position of the Fermi level is chosen as u=¢g,,—2k7T which
corresponds to an n-doping concentration of about 3
X 10" cm™. Figure 5 reveals that in our case only a single
resonance of #,(g), the one closest to and above &, contrib-
utes to the thermoelectric properties. As can be seen in Fig.
5, the width of the contributing resonance in f;(g) increases
the further the resonance is away from the conduction band
edge &, which is due to the fact that —Im(1|Z,(g)|1) in-
creases the larger -, becomes [Eq. (31)].

D. Thermoelectrics of a junction of bridging molecules

Figure 6 shows the Seebeck coefficients S; of 300 bridg-
ing molecules that were sampled. The model parameters cho-
sen are given in the figure caption of Fig. 6. The figure shows
that the S; values of individual bridging molecules fluctuate
between 2k/e (where k/e=-86.2 uV/K) and 6k/e. If in-
stead of silicon nanoparticles one would have chosen metal
nanoparticles, the S;’s would be positive as well as negative
depending on the position of the main resonance of a bridg-
ing molecule relative to the Fermi level. If the resonance that
is closest to the Fermi level lies above the Fermi level, then
S;<0, otherwise S;>0. Therefore, it follows from Eq. (11)
that for metal nanoparticles S;=0 which would lead to ZT
=0. Thus, the usage of semiconductor nanoparticles (like
silicon nanoparticles) is mandatory to achieve a thermoelec-
tric figure of merit Z7>0.

By using Egs. (11)-(13), we have calculated the thermo-
electric quantities S;, G;, and k,; of a molecular junction
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FIG. 6. Seebeck coefficients S; in units of k/e for 300 sampled bridging
molecules. The parameters are N=20, t.=-2 eV, u=¢ey,—2kT, p/e,=6 D,
d=2.5a, é=0.7, and T=300 K.

from the thermoelectric properties of its M individual bridg-
ing molecules. Figures 7 and 8 depict the Seebeck coefficient
S, the electrical conductance G,;/M per bridging molecule,
and the electronic thermal conductance «, ;/M per bridging
molecule of a junction versus the Fermi level position, i.e.,
(u—eq,)/ kT, for different coupling parameters z,. The other
parameters are given in the figure caption of Fig. 7. The
sampling size of bridging molecules was 4000 which we
found to result in a statistical sampling error for S;, G,, and
k; of less than 2%. The investigated range of the position of
the Fermi level corresponds to n-doping concentrations be-

S, [k/e]

4 3 2 4 0 1
(M-€g) /KT

FIG. 7. (Color online) Seebeck coefficient S; of a molecular junction as
defined by Eq. (11) vs the position of the Fermi level relative to the silicon
conduction band edge, i.e., (u—gy,)/kT, for different coupling parameters z,.
Other parameters are N=20, p/e,=6 D, d=2.5a,, £€=0.7, and T=300 K.
The sampling size of bridging molecules is 4000.
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FIG. 8. (Color online) Electrical conductance G,/ M and electronic thermal
conductance «, ;/M of a junction per bridging molecule as defined by Egs.
(12) and (13) vs the position of the Fermi level relative to the silicon con-
duction band edge, i.e., (u—gy,)/kT, for different coupling parameters ?,.
Other parameters are N=20, p/e,=6 D, d=2.5a,, {é&=0.7, and T=300 K.
The sampling size of bridging molecules is 4000.

tween 3 X 10'7 and about 4 X 10" cm™. Figure 7 shows that
the Seebeck coefficient of a molecular junction §; increases
the further the Fermi level drops below the conduction band
edge and that S; varies between 1k/e and 5k/e. In contrast,
G;/M and k,;/M in Fig. 8 rapidly decrease by lowering the
Fermi level. While S; is almost independent of coupling
strength 7., the electrical conductance G, and the electronic
thermal conductance «,; of a molecular junction increase
with increasing 7. due to the fact that the width of the mo-
lecular resonances increases.

Figure 9 reveals that a molecular junction strongly devi-
ates from the Wiedemann—Franz law,19 ie., 1
=3e’k, s/ (m*G,k*T) (dotted line), which is known to be
valid for a metal. As can be seen in Fig. 9, 3¢k, ;/ (7°G k°T)
depends only weakly on the Fermi level position but depends
strongly on 7. and approaches zero as the coupling parameter
t. goes to zero.

E. ZT and power-factor of an array of molecular
junctions

The thermoelectric figure of merit ZT for an array of
molecular junctions is given by Eq. (5). Using the thermal
conductivity value for n-doped bulk silicon measured by
Brinson et al.,*" one finds that for a 100 nm sized n-doped Si
nanoparticle k;<< k,, even for the maximum possible number,
i.e., M =40 000 of bridging molecules that could fit into a
single junction (k,,; =107 W/K was assumed). This
means that the entire temperature drop occurs across the mo-
lecular junctions and that the temperature distribution inside
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FIG. 9. (Color online) Deviation from the Wiedemann—Franz law:
3¢’k 41 (1°G k*T) vs (u—e,)/ kT for different coupling parameters Z., using
the results from Fig. 8. The dashed line illustrates the value 1 corresponding
to the Wiedemann—Franz law.

the silicon nanoparticles is, to a very good approximation,
uniform. (This was an assumption that we had made earlier
in Sec. II B when we derived the key equations that describe
the thermoelectric properties of a single molecular junction.)
Since x;<<k,, one obtains using Egs. (5) and (7)-(9), ZT
:S?GBBT/ k;. The electrical conductance Ggg of the BB de-
pends on the number M of bridging molecules in a junction.
The calculations show that ZT is largest if Ggg =G/, that is if
G,<G,, which is valid for not too large values of M.
Employing Eq. (10), Figs. 10 and 11 display the thermo-
electric figure of merit ZT of the molecular junction array,
using the results of Figs. 7 and 8, as a function of the
phononic thermal conductance «, ; of a single bridging mol-
ecule and of the Fermi level position (u—gy,)/kT. The cou-
pling parameter is z,=—1 eV (Fig. 10) and r,=-5 eV (Fig.
11). The other parameters are given in the figure caption of
Fig. 10. Calculating G, and «, of the nanoparticles by using
experimental data for the electrical and thermal conductivi-
ties of n-doped silicon®*" one finds that Eq. (10) for ZT is
valid as long as the number M of bridging molecules in a
junction is M <1000 for t.=—1 eV and M <200 for
t,=—5 eV for the doping levels shown in Figs. 10 and 11. In
these M-ranges, ZT is independent of M, which follows di-
rectly from Eq. (10). The above M-ranges result from the
constraint G;<<G,, while k;<<k, is fulfilled for even larger
M values. The reason that the M-range decreases with in-
creasing |t | is that the electrical conductance G; of a single
bridging molecule increases with coupling strength |z |. If M
is greater than 1000 (or 200) one has to employ Eq. (5) for
ZT instead of Eq. (10). In that case ZT is not only determined
by the thermoelectric properties of the molecular junctions,
ie., S;, Gj, and k; but also by S,, G,, and «, of the nano-
particles. (In the case that G;> G, and ;> k, the junctions
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(W-Egg)/ KT
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ph,i

FIG. 10. (Color online) The thermoelectric figure of merit ZT of the mo-
lecular junction array as a function of the phononic thermal conductance
Kph; Of a single bridging molecule and of the Fermi level position (u
—&.,)/kT. The coupling parameter is 7.=—1 eV. The other parameters are
N=20, M <1000, p/e,=6 D, d=2.5a,, {£&=0.7, and T=300 K.

would not play any role and ZT would be that of n-doped
silicon.) Figure 10 reveals that in order to achieve ZT> 1 the
phononic thermal conductance k, ; of a single bridging mol-
ecule tethered at its ends to n-doped silicon nanoparticles has
to be smaller than 5% 107'2 W/K. For the very small value
of Kphi= 10-'* W/K and for a doping level corresponding to
pm=¢gy,—2.7kT our model calculation predicts the very large

ZT

775
11772
%

i,
/ 9,

/,,l
1A

25

-1

log(k. J[W/K] 0 1 (K-&cg) /KT

ph,i

FIG. 11. (Color online) The thermoelectric figure of merit Z7 of the mo-
lecular junction array as a function of the phononic thermal conductance
Kph; Of a single bridging molecule and of the Fermi level position (u
—&.,)/kT. The coupling parameter is 7.=—5 eV. The other parameters are
N=20, M <200, p/e,=6 D, d=2.5a,, {&=0.7, and T=300 K.
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FIG. 12. (Color online) The normalized power factor P/M of an array of
molecular junctions vs the Fermi level position (u—e,)/kT for different
values of the coupling parameter 7. The silicon nanoparticle size was taken
as 100 nm. The other parameters are N=20, p/e,=6 D, d=2.5a,, £=0.7,
and 7=300 K.

value of ZT=280. The situation is different in Fig. 11. Here,
if the phononic thermal conductance k, ; of a single bridging
molecule is less than 6 X 107" W/K, a value of ZT>1 can
be achieved. The large value of ZT=30 is predicted for
Kph‘,:lO_14 W/K and pu=g,—4kT.

The fact that large ZT values can be achieved in a 3D
array of molecular junctions despite of a polar-molecule site-
occupational disorder, which causes the resonances not to be
placed in on optimal way, is an important result of our paper.

Segal et al.®® have found by model calculations that the
phononic thermal conductance «, of a single alkane bridg-
ing molecule at room temperature decreases with increasing
N and becomes constant for N> 15. Similarly, we expect that
long bridging molecules have a smaller «,; than shorter
ones. In longer bridging molecules, the spacing Ae between
resonances becomes smaller so that the chance of a single
resonance being close to the conduction band edge e, is
larger which leads to a high ZT value. On the other hand, if
the bridging molecule becomes too long such that Aeg
< 3kT, more than one resonance will contribute which might
decrease ZT. We also have calculated ZT for N=30 and N
=40 and found similar ZT values as in the case of N=20.

Finally, Fig. 12 shows the power factor per junction
bridging molecule, P/M, versus the Fermi level position
(m—eg)/ kT for different coupling parameters ¢,. The power
factor was calculated using the equation P/M=S3G,/(MI)
[see Eq. (6)], valid if G;<G,, where [ is the size of the
silicon nanoparticle (/=100 nm). Figure 12 shows that the
power factor peaks at Fermi level positions between
(u—gq,)/kT==1 and 0. In the case of t,=—1 €V, using M
=1000, the power factor is P=2X 10" W/K? m and in the
case of t.=—5 eV, using M =200, the power factor is P=5

J. Chem. Phys. 129, 044708 (2008)

X 10~ W/K? m. These power factors are about ten times
smaller than power factors found experimentally in conven-
tional bismuth telluride based alloys.

IV. CONCLUSIONS

We have investigated by model calculations the thermo-
electric properties of a 3D array of molecular junctions
which is made of n-doped silicon nanoparticles that are
bridged (as an example) by trans-polyacetylene molecules.
We have derived formulas for the thermoelectric properties,
i.e., the Seebeck coefficient S, the electrical conductance G
and thermal conductance « of the array, and its thermoelec-
tric figure of merit Z7, and power factor P. Using nonequi-
librium Green’s function theory we have derived expressions
for the transmission coefficient #;(¢) for the individual bridg-
ing molecules of a junction. Shifting the molecular reso-
nances of the bridging molecules by using polar surface mol-
ecules results in a large electrical conductance of the array
which is essential for achieving a large ZT. In our model we
assumed that material imperfections cause a partial polar-
molecule-surface coverage. We have calculated the depen-
dence of the junction thermoelectric quantities S;, G;, and
K,.; as a function of the n-doping concentration of the silicon
nanoparticles and of the molecule-surface coupling strength
f.. A small phononic thermal conductance &, ; was found to
be crucial in order to obtain a high ZT value (ZT>1). A
small «p,; might be achieved by optimizing the molecule-
surface tethering. The calculated power factor of the array of
molecular junctions was found to be lower than in conven-
tional bismuth telluride based alloys. To make such an array
of molecular junctions in practice might not be easy. We
hope an array of molecular junctions can be fabricated by a
self-assembly method, perhaps in a similar way as hybrid
materials based on metal particles have been produced
previously.33’34 Our model also holds for other
semiconductor-nanoparticle/bridging molecule combina-
tions, and better thermoelectric properties might be achieved
with other combinations leading to even larger ZT and a
larger power factor.
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