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We investigate the thermoelectric-transport properties of metal/graphene/metal hetero-structure. We use a single
band tight-binding model to present the two-dimensional electronic band structure of graphene. Using the Landauer—
Butticker formula and taking the coupling between graphene and the two electrodes into account, we can calculate the
thermoelectric potential and current versus temperature. It is found that in spite of metal electrodes, the carrier type of
graphene determines the electron motion direction driven by the difference in temperature between the two electrodes,
while for n type graphene, the electrons move along the thermal gradient, and for p type graphene, the electrons move
against the thermal gradient.
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1. Introduction

Two-dimensional carbon-based material, graphene, has received much attention in the last few years for its
novel properties, such as the massless Dirac fermion,[!! Berry’s phase and abnormal quantum Hall effect.[?! Due to
its excellent in-plane transport properties, several potential applications such as electromechanical resonators, 3]

si*=6 and transistorsl”) were also proposed. Recently, a giant thermoelectric effect® and high

p-n junction
thermal conductivity!®! were found in graphene systems, thereby making the graphene a potential candidate
for thermoelectric power devices. However, most of these investigations are about the in-plane characteristic of
single layer graphene; little work has been done on the hetero-structure properties in graphene-based systems
either experimentally or theoretically. The successful preparation of epitaxially grown graphene on transition

s[10-1] makes it possible to study the metal /graphene hetero-structure properties by using scanning

metal surface
tunneling microscopy. Due to its peculiar electronic structure, hetero-structured graphene is expected to have
some fantastic phenomena and applications.

In this paper, we build an STM-like model to investigate the thermal transport properties of the metal/gra-
phene/metal system.

graphene

tip substrate
11, > 300 K Tr = 300 K

Fig. 1. Schematic diagram of the model of the metal/graphene/metal hetero-structure. The temperature of the right

electrode (substrate), Tg, is constant, and the temperature of the left electrode (tip), 71, can vary from 300 to 450 K.
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The model is composed of two metallic electrodes
with a single layer of graphite (graphene) in between.
In this model, the temperature of the right electrode
(substrate) is fixed at room temperature (300 K),
while the left electrode (tip) is kept at a higher tem-
perature, which is shown in Fig. 1. For this setup,
we treat the electron transport process as a coherent
transfer process, while the electron parallel momen-
tum and energy conserve during the process.

2. Method

The Hamiltonian of the model is expressed as
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where EI,;L . and EkR . are the kinetic energies of

I I
electrons in the left and right electrodes, respectively;

as we use the free electron gas approximation, they
satisfy a parabolic dispersion relation. agc is the ki-

Because

l

netic energy of electrons in the graphene.

T =

of its two-dimensional characteristic, the momentum

In a reciprocal lattice, at
[1,15]

has only parallel terms.
the K point, the electron is a Dirac fermion, and
the band structure has two branches. For neutral
graphene, the Fermi surface lies at K points, if there
is charge transfer between graphene and electrodes,
the Fermi surface can be offset from the Dirac point.
Positive offset indicates p type graphene, while neg-
ative offset indicates n type. Because the coupling
between the substrate and the graphene could be ei-
ther strong or weak (we suppose that the tip and the
graphene always have a weak coupling), which corre-
sponds to large or small t;, we deal with both cases,
i.e. the weak coupling case and the strong coupling
case. In the weak coupling case, t;, which indicates
the coupling between the left electrode (substrate) and
the graphene, is set to be close to t5, which shows
the coupling between the right electrode (tip) and the
graphene. For the strong coupling case, t; is set to be
much larger than 5.

The transmission coefficient can be expressed as
T = Tr{[1LG'TRG?} = Tr{I1A},11% where G™* is
the Green’s function, G, g is the linewidth function
due to coupling to the electrodes, and A is spectral
function. For the strong coupling case, the imaginary
part of A is the local density of states of graphene,
taking the substrate into account. Using the Hamil-
tonian given in Eq. (1), we can obtain the concrete

expression of T to be

(2F — 2By — 20¢)? — el
, (hkf)?
21%|E —
{ 2me } @)
2 )
(B — Ep — 0c — B2 (E — Bp — dc — B-)? + (2F — 2Bp — 252)° — P q)L ~
o2%h2 | E — m
2Mme

where p = L%[t1]%; ¢ = L®|t2|?; LY and L® are the lengths of left and right electrodes in the z direction,
respectively; E is the electron energy of the electrode; kﬁ is parallel electron momentum in the left electrode; de
is the offset of the Fermi surface to the Dirac point; E~ and EV are the energies of m and 7* bands of graphene,
obtained from the tight-binding method, and E+ = —E~.

For the strong coupling case, the local density of states of graphene p is expressed as

2mep
1 hy/2m.E — (hk))?
p(k, E) = — |

21 4m2 2
E — Ep — 62)2 — E+2)2 4+ (E — Ep — §¢)2
(5= B =09 I (Rk))?]

2[(E — Ep — 6¢)2 + E*?] -

(3)

To obtain Eq. (3), we use the condition that p > q. When the temperatures of the two electrodes are different,
there appears an electron flow j, in the system, which is given as
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and a heat current
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where fi,(F) and fr(E) are Fermi distribution func-
tions for left and right electrodes, respectively,

fL(E) = {1 + exp|(E — Er) /ksTL)} s
fr(E) = {1+ exp[(E — Ey]/kpTr]}

L), is the parallel scale of the electrode.

If we add an external bias between the right elec-
trode and the left electrode, and adjust the value to
make the electron flow disappear, we can obtain the
thermal potential induced by temperature difference.
The external bias influences only the Fermi distribu-
tions of the two electrodes, and does not change the
transmission coefficients. In this case, we can write

the Fermi distributions as

fL(E) = {1+ exp|(E — eV/2 — Ep) /kpTL]} " (Ta)

and
fr(E) = {1 + exp[(E + €V/2 — Eg]/ksTr]} ", (7b)

where V' is the external bias. Adjusting V such that
Jjp = 0, we can obtain the thermoelectric potential
Vo =-V.

3. Results and discussion

Equation (2) describes how transmission coeffi-
cient T' depends on electron momentum and electron
energy. For the weak coupling case, when the first
term in the denominator reaches zero, which in k space
is a circle around the K point, T' could have a unity
value, and would decay very fast apart from the cir-
cle for the different energy dispersions of electrodes
and graphene. The neighbourhood of one K point at
(1.7, 0.0) A=' (1 A=0.1 nm) is shown in Fig. 2(a). Tt
implies that only electrons with momentum k that is
near the K point can contribute to electron transmis-
sion in this system, with the Fermi distribution taken
into account. For the strong coupling caseas shown

[fL(E) — fr(E)] =

Lj
2m2h

/ dE Ty [f(E) - fr(E)],  (4)

in Fig. 2(b), though T would retain a relatively large
value at the circle, it is broadened and distorted a lot
due to the strong interaction between the left electrode
(substrate) and graphene. Then most of electrons con-
tribute to the transmission. Equation (3) describes
how the local density of states of graphene, p, depends
on electron momentum and electron energy. As men-
tioned above, it is only for the strong coupling case.
The local density of states of graphene, p, in k space
has a similar trend to that of T', but without the effect
of the right electrode (tip), thereby leading to a little
difference, which is shown in Fig. 2(c).

Figure 3(a) shows that the transmission coeffi-
cient, taking on a ‘V’-shape curve, varies with en-
ergy F for the weak coupling case. It is because of
weak coupling that T has only a finite value at the
circle shown in Fig. 2(a), i.e. T(FE) is roughly propor-
tional to the perimeter of the circle. The ‘V’ shape
is not symmetric due to the electrode influence, and
the transmission coefficient T" at lower energy is higher
than that at higher energy, with respect to the Fermi
energy. Positive de would shift the ‘V’-shape curve
towards higher energy, while negative de would shift
it towards lower energy. Combining the Fermi distri-
bution in Eq. (4) and considering de = 0 eV for neu-
tral graphene, the lower energy contribution to the
transmission is larger than the higher energy contri-
bution, thus the net electron current is from right to
left, contrary to the temperature gradient direction.
Positive de, i.e. p type graphene, would enhance this
effect; and negative de, i.e. n type graphene, would re-
duce the effect, and reverse the electron current direc-
tion into being consistent with the temperature gra-
dient, as shown in Fig. 3(b). For the strong coupling
case, Fig. 3(c) shows the transmission coefficient T'( E)
and the local density of states of graphene. The lo-
cal density of states of graphene has a large peak at
E = Er — de, due to the interaction between the left
electrode and the graphene. Although the transmis-
sion coefficient is broadened and dispersed in k space
as shown in Fig. 2(c), T(F) also takes on a ‘V’-shape
curve, which would lead to the same behaviour of the
thermoelectric properties as that in the weak coupling
case, which is shown in Fig. 3(d).
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Fig. 2. Transimission function and local density of states in reciprocal space around the Dirac point. The K
point is chosen to be at (0.0, 1.70) A1 electron energy is set to be 13.2 eV, de is 0.0 €V, and the left is the
top view. (a) is for the transmission coefficient as a function of momentum (k., ky) of the weak coupling case,
where the centre of the circle is the K point. (b) is for the transmission coefficient of the strong coupling case.
(c) is for the local density of states of graphene as a function of momentum (kz, ky) of the strong coupling case.

The calculated electron current and heat current are shown in Fig. 4. The same as the thermoelectric
potential in Figs. 3(b) and 3(d), the electron currents for the weak coupled case and the strong coupled case
are along the thermal gradient direction for n type graphene, and against the thermal gradient direction for p
type graphene. For the heat current, it is always along the thermal gradient direction, which is consistent with
physical intuition and also demonstrates the self-consistency of our model. Note that we do not concentrate
on the exact value of the current, but the polarisation, j, and j, are scaled by 105L|2|/27T2h and 1O7Lﬁ /2m2h
respectively.
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Fig. 3. Simulation results of T" and p as a function of energy E for the weak coupling case (a) and the strong
coupling case (c), simulation results of thermal potential V}, as a function of the left electrode temperature 77,
for the weak coupling case (b) and the strong coupling case (d). For neutron, p type and n type graphene, the
values of de are set to be 0.0 eV, 0.1 eV and —0.1 eV, respectively.
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Fig. 4. Calculated electron currents for the weak coupled case (a) and the strong coupled case (c), and heat

currents for the weak coupled case (b) and the strong coupled case (d).

Recently, Gao et al. investigated the thermoelectric properties for graphene on Pt(111), Ni(111) and
Ru(0001) surfaces by using an In-coated STM tip.['®l They found that in a graphene/Pt(111) system, the
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electron current driven by the difference in temperature between the substrate and the tip is always against
the thermal gradient direction; in a graphene/Ni(111) system, the electron current driven by the temperature
difference is always along the thermal gradient direction; in a graphene/Ru(0001) system, the situation is more
complicated: the electron current direction is dependent on the tip approaching status.

These phenomena can be explained by our model. For the graphene/Pt(111) system, the graphene interacts
weakly with the substrate, and it is of p type,?) while for the graphene/Ni(111) system, the graphene interacts
strongly with the substrate, and it becomes metallic, then the experimental results are consistent with those
obtained from our model. As for the graphene/Ru(0001) system, it is more complicated. The graphene undulates
a lot, and the vertical difference between the highest carbon atom and the lowest carbon atom is more than
2 A.[7:18] Calculation results indicate that the lower part of graphene forms bonds with the Ru substrate and
obtains electrons, while the higher part of graphene interacts weakly with the substrate and is a little bit of p
type. Then if approaching the tip carefully, when only the higher part of graphene dominates the transport,
the electron current would be against the thermal gradient direction; when further approaching the tip, the
lower part of graphene dominates the transport, and the electron current would be along the thermal gradient
direction.

We emphasise that we use our model here not to simulate the exact value of the thermoelectric properties,
but qualitatively give an explanation of the polarisation of the thermoelectric potential, which is determined by
the carrier type in the single layer graphene.

We focus on the thermoelectric properties of metal/graphene/metal hetero-structure. In previous work,
Ho-Ki Leyo et al.l' used scanning thermoelectric microscopy to probe the local thermoelectric power of semi-
conductor nanostructures. In their system, the carriers that passed through the junction could be electrons
and holes which determined the direction of thermoelectric power. In our system, the carriers in two electrodes
are always electrons; the carrier type in the central region determines the direction of thermoelectric power. In
Figs. 3(a) and 3(c), we can see that T(E) changes very fast near the Fermi energy, then a large value of Seebeck
coefficient is expected,®! which is consistent with the experiment results.!*%]

4. Conclusions

We propose a simple model to investigate the thermoelectric properties of STM-like metal/graphene/metal
hetero-structures. It is shown that for p type graphene, the electron current driven by the difference in tem-
perature between the two electrodes is against the thermal gradient direction, while for n type graphene, the
electron current is along the thermal gradient direction. Our results are consistent with the recent experimental

results.
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