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Abstract

Molecular junctions are promising candidates for thermoelectric devices due to the poten-
tial to tune the electronic and thermal transport properties. However, a high figure of merit
is hard to achieve, without reducing the phononic thermal conductance. Here, we propose a
strategy to suppress phonon transport in graphene based molecular junctions preserving high
electronic power factor using non-bonded 7-stacked systems. From our calculations, we find
that the thermal conductance of 7-stacked systems can be reduced by about 95%, compared
with that of a covalently bonded molecular junction. Phonon transmission of 7-stacked sys-

tems is largely attenuated in the whole frequency range and the remaining transmission is
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mainly below 5 THz, where out-of-plane channels dominate. We find that the figure of merit
ZT for the m-stacked molecular junction can be dramatically enhanced because of the very low

phononic thermal conductance, without optimization of its electronic properties.

Table of contents graphic

Thermoelectric devices can directly convert temperature differences to an electric voltage, and
vice versa. The efficiency of a thermoelectric device is characterized by the dimensionless figure
of merit ZT = S2GT /x. Here S is the thermopower( or Seebeck coefficient), G is the electronic
conductance, T is temperature and kK = K, + K, is the total thermal conductance with contributions
from both electrons and phonons. In order to achieve a high value of ZT, one should maximize
the power factor S°G and minimize the thermal conductance k. Molecular junctions are promis-
ing candidates for thermoelectric devices.! It has been shown that sharp transmission resonances
near the Fermi energy achieved by tuning the chemical properties of the molecule and molecule-
electrode contact can substantially enhance the thermopower.? Several works have investigated
thermoelectric effects in molecular junctions using density functional theory (DFT) combined with
Green’s function method.>~7 Saha et al. propose thermoelectric devices where a single molecule
is connected to two metallic zigzag graphene nanoribbons.* Their results show that the figure of
merit (ZT) is still low because of the large phononic thermal conductance x,, although the junc-
tion’s power factor is already optimized. Recently Biirkle et al. presented a theoretical study of the
thermoelectric properties of [2,2]paracyclophane-based single-molecule junctions.® They empha-
sized that the high phononic contribution to the thermal conductance strongly suppresses ZT and

it is necessary to include the phononic thermal conductancek,, for molecular junctions in order
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to obtain accurate and reliable predictions of ZT. Thus, understanding and suppressing phonon
transport in molecular junctions is important for improving thermoelectric efficiency.

Sadeghi et al. showed a way to suppress phonon transmission by using a molecule that bet-
ter transmits higher-frequency phonon modes, combined with a low-Debye-frequency electrode
that filters high-energy phonons.’ In addition, 7-stacked systems, whose electronic coupling is
through-space, are anticipated to have a low thermal conductance and thereby make them good
candidates to achieve high thermoelectric figure of merit (ZT) in molecular junctions.?! This 7-7
stacking structure was also studied in organic molecular crystals, with the phonon thermal conduc-
tivity calculated using classical molecular dynamics (MD) simulations.?? In our previous work,?!
we investigated heat transport through 7-stacked molecules connected with gold electrodes us-
ing a model system with parameters representing the force constants obtained from DFT. As the
overlap of frequencies between gold and molecule is very narrow, only the centre-of-mass modes
of the molecule were considered. We showed that thermal conductance can be either increased
or decreased for a non-bonded 7-stacked system, compared with an analogous single-molecule
junction. It is worth investigating the effect of leads with a broader range of frequencies, that bet-
ter match the modes of molecules. It is also highly desirable to study phonon transport through
n-stacked molecular junctions including all phonon modes of the system using DFT.

Several remarkable experiments have been performed to measure the thermal conductance
across heterointerfaces between solids and monolayers of organic molecules, and of heat dissi-
pation in molecular junctions.®!! Losego et al. investigated the effect of chemical bonding on
interfacial heat transport in Au|self-assembled monolayers|Quartz junctions.!? They found that
the interface thermal conductance was enhanced with a stronger (covalent) bond to the Au surface,
compared with weaker (van der Waals) interactions. Meier et al. reported the length dependence
of thermal transport across self-assembled monolayers of alkane chains using scanning thermal
microscopy. ' These experimental developments call for theoretical efforts to further understand
and engineer heat transport in molecular junctions.

Recent experiments have proven that stable and gateable molecular junctions can be formed



by depositing molecules on top of a graphene nanogap fabricated by electroburning.!3-15 Re-

placing noble metals as the electrode with graphene has several advantages:!316 1.

Graphene
has an excellent stability at high temperatures. 2. Compared with metallic electrodes, graphene
allows for a large variety of possibilities to anchor diverse molecules. 3. In the carbon-based
junctions, individual molecules can bind to the graphene leads not only covalently '7 but also via
n-7t stacking of aromatic rings. 4. Graphene leads can enhance electrostatic gating as a result
of the reduced screening. Several theoretical works have addressed the electronic properties of

16.18-20 However, a comprehensive thermoelectric charac-

graphene-molecule-graphene junctions.
terization of such molecular junctions with anchor groups coupling to the graphene leads through
7-7 stacking, in which electron and phonon transport are treated on equal footing by first principles
is still lacking.

In this paper, we propose the use of -7 stacking as a promising strategy to realize thermoelec-
tric molecular junctions with high figure of merit, as 7-stacked systems retain high power factor
while their thermal conductance is largely suppressed. We employ first-principles DFT to relax
the structures and to compute the force constants matrix. Then the thermal conductance of the
molecular junction is calculated considering all modes of the system using the elastic scattering
matrix approach.?? The specific contributions of phonons with different polarization to phonon
transport are also analyzed. We then compute the electronic transport coefficients of two repre-
sentative molecular junctions at DFT level using non-equilibrium Green’s functions. It is found
that reducing phononic thermal conductance can significantly improve the figure of merit in these
all-carbon molecular junctions.

Here we investigate four systems: (a) C1, (b) CC11, (c) CC13, (d) PA, as shown in the left
panel of Figure 1. CI represents a single-molecule junction, while CC11, CC13 are non-bonded
n-stacked systems. Note that CC13 has mass-mismatch in the molecules. The molecules’ chemical
structures are shown correspondingly in the right panel in Figure 1. The molecules were covalently
13-15

bonded with the graphene leads with terminal hydrogen atoms removed. Recent experiments

also suggest a more realistic way to use -7 stacking in the molecular junction with graphene leads,



where the molecules’ anchor groups bind to the surface of graphene through 7-7 interactions. PA
is the experiment relevant structure we investigated here. PA consists of two anthracenes as anchor
groups coupling with graphene leads through 7-7 interaction and a six-carbon (C6) alkyne chain as

a central molecule, shown in Figure 1(d). The molecule is adsorbed on the surface of the graphene

16,24,25

layer with AB stacking, which is the most stable structure.

Figure 1: (a) A molecular junction with a single molecule(C1). (b) A molecular junction
with 7m-stacked molecules(CC11). (c) A molecular junction with mass-mismatch x-stacked
molecules(CC13). (d) Anthracenes are used as anchor groups coupling with graphene leads
through 7-7 stacking and the central molecule is a six-carbon alkyne chain (PA). The right panel
shows the chemical structure of each molecule in the junction correspondingly.

In the elastic phonon scattering calculation, the molecular junction is divided into three parts:
the central region and two semi-infinite leads acting as thermal baths at different temperature. 6
The molecular junction is oriented so that heat current flows along the x axis. The central region
includes the molecule and a part of the graphene leads, which are saturated with hydrogen atoms.

The graphene lead has 2-3 principal layers, where each principal layer includes 40 carbon atoms.

Geometry optimizations and the calculation of force constants matrices are performed using Quan-



tum Espresso.?” We use the local density approximation (LDA)?® and treat core electrons using
ultrasoft pseudopotentials.?® Prior theoretical results have demonstrated that LDA provides a rea-
sonably accurate description of the binding between achromatic rings and graphene or interlayer
of graphene.3%3? The stacking distance we obtained is ~ 3.35 A, which is in agreement with the
previous values. The Kohn-Sham wave functions and the charge density are expanded in plane
waves up to energy cutoffs of 35 Ry and 300 Ry, respectively. We set Methfessel-Paxton smearing
33 with an energy width of 0.02 Ry. Periodic boundary conditions are applied in the calculations,
so the graphene leads are infinite. Periodic replicas of the system in the z direction are separated by
a vacuum region of 13.5 A, which is sufficient to make the interactions between layers negligible.
A 4x4x1 k-point mesh for the graphene leads and a 1x4x1 k-point mesh for the central region
are used in the calculation of the force constants.

Phonon transmission is calculated using lattice dynamics and the elastic scattering kernel
method.3* Since anharmonic scattering has limited impact on phonon transport in short all-carbon

molecular junctions, 3>-3

we only consider harmonic approximation here. In harmonic lattice dy-
namics the phononic properties are fully determined by the force constant matrix, K, which is
calculated by finite differences:

0’E Fig(Qia) — Fip(—Qiar)
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where Uiq () is the displacement of atom i(j) in the o(B) coordinate direction and E is the total
energy. 2% The central region of the molecular junction is initially relaxed to a maximum residual
force of 0.001 Ry/Bohr. Then each atom i, is displaced by Q;¢ = £0.02 A in the direction o = x, y, z
to obtain the forces F' B (Qiq), on atom j along the B coordinate. The dynamical matrix D can be
obtained from the force constant matrix D;y ;g = Kjq jg / /mimj, where m;(mj) is the mass of atom
i(j). Then the dynamical matrices of the device and of the graphene leads are used to calculate the
elastic scattering matrix 23 using the kernel method described in Ref.?* Assuming the temperature

difference tends to zero, the phonon transmission function between the two thermal baths A and B



is expressed as:

tp(0) =Y Y [Sij(0) 2

i€A jeB

where the scattering tensor S(®) maps the incoming phonons onto the outgoing phonons for each
frequency @. The corresponding phononic thermal conductance is given by the Laudauer formula:
> ho df (@,T)

KAB(T): 0 —‘L'AB((D) oT
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where f(w,T) = 1/[exp(hw/kgT) — 1] is the Bose-Einstein distribution function at the tempera-
ture T of the lead.
The electronic transport calculations have been performed with a Green’s function implemen-

tation of the Landauer-Biittiker approach:

1) =2 [ B G~ i) Z(E) @

where f = 1/{exp[(E — tq)/(ksT)] + 1} is the Fermi-Dirac distribution function for the leads
o = L,R with the chemical potential ty and Z:(E) is the electronic transmission. Following the
standard DFT-Landauer approach, the zero-bias electron transmission function between left lead

and right lead is expressed as

Te(E) = Tr[[LGRTRGY], (5)

where I'r and I'r are half the imaginary parts of the left and right electrode self-energies, respec-
tively, and G® and G* are the retarded and advanced Green’s functions of the scattering region.
The electronic transmissions are calculated with the GPAW 3’ code using an atomic orbital basis set
corresponding to double-zeta plus polarization and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional. The Monckhorst-Pack k-point sampling is taken in the transverse direction
of graphene leads, since the transmission exhibits a strong k-point dependence.3®3° The electronic

transmission is obtained from averaging over 1 x 128 x 1 k points. When inelastic scattering is



neglected, the transport coefficients relevant for thermoelectricity can be expressed as
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The dimensionless figure of merit can be given by ZT = S>GT /(k, + Kph)-
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Figure 2: (a) Phononic thermal conductance k), (on a log scale) as a function of temperature for
these four molecular junctions: C1, CC11, CC13 and PA. (b)The phononic conductance ratio of
Kcei1/ Kot Keei3/ Ke1 and Kpa /K1 - () Phonon transmission as a function of frequencies for Cl,
CCl11, CC13 and PA.

The phononic thermal conductance and phonon transmission of molecular junctions C1, CC11,
CC13 and PA are calculated and shown in Figure 2. The thermal conductance of the single molec-

ular junction C1 is high and can reach 230 pW/K at 300K. Figure 2(a) shows that the thermal



conductance of CC11, CC13 and PA are significantly reduced, compared with that of C1. If we
only compare three 7-stacked systems, we can see that the thermal conductance of PA is slightly
higher than CC11 and CC13. However, the thermal conductance of all theses 7-stacked molecular
junctions are generally low. CC11 is 8.8 pW/K, CC13 is 8.6 pW/K, and PA is 12 pW/K at 300
K. Although CC13 has mass mismatch in the molecules, the thermal conductance of CC13 is very
similar to that of CC11. Unlike what we saw previously for 7-stacked molecules bonded to Au
electrodes,?! the mass mismatch effect does not seem to play an important role here. The thermal
conductance ratio defined as kcc11/Kc1, Kec13/Ke1 and Kpa /Kc1, is also plotted and shown in Fig-
ure 2(b). At very low temperature the conductance ratios are the largest, meaning that the lowest
frequency acoustic modes can still be transported by 7-stacked structures. Then the ratios decrease
dramatically with temperature. The conductance ratios of CC11 and CC13 are both 4% and PA
1s 5% at 300 K. These results show that phonon transport can be blocked significantly in these 7-
stacked systems, compared with the fully covalent single-molecule junction C1. Figure 2(c) shows
that there are intense and broad peaks below 25 THz in the phonon transmission of C1, which result
in the high thermal conductance of C1. In contrast, the phonon transmission of CC11, CC13 and
PA are dramatically attanuated in the whole frequency range. The residual transmission through
CCl11, CC13 and PA is mainly below 5 THz and there are only several discrete sharp peaks in the
frequency range between 5 THz and 50 THz. So the thermal conductance for 7-stacked systems is

mainly contributed by frequencies below 5 THz.
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Figure 3: Phononic thermal conductance and phonon transmission selected according to the polar-
ization of the incoming phonon channels of the graphene leads, for C1(the first panel), CC11(the
second panel), CC13(the third panel) and PA(the fourth panel). X, Y and Z components correspond
to longitudinal, in-plane transverse and out of plane modes.

To gain further insight into the transmission spectrum, we also study the phonon conductance
and transmission by polarization of the incoming channels. Figure 3 shows the conductance and
transmission contributions from x (longitudinal mode), y (in-plane transverse mode), and z (out-
of-plane flexural mode) channels for C1, CC11, CC13 and PA. The phonon conductance by po-
larization of C1 shows that the x and z channels provide a larger contribution than the y channel
(Figure 3(a)). This behaviour is similar to thermal transport in pristine graphene, where the flexu-
ral modes play an important role.*? Figure 3(b, ¢ and d) shows that the phonon conductance of all
channels in CC11, CC13 and PA are significantly suppressed. For CC11 and CC13, there are still
some contributions from the x channel. In the case of PA, the thermal conductance from in-plane
modes is close to zero. We can see that the z channel dominates in all these 7-stacked systems.

These results can be interpreted by considering the chemical structure of the systems. -7 stacking
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results in appreciable mechanical coupling in the z direction, holding the system together, while
there is relatively weak interaction in the x and y directions. Thus, out-of-plane modes with the
strongest coupling transport most of the heat in these 7-stacked molecular junctions.

Phonon transmission by polarization of C1 (Figure 3(e)) shows that transmission from the
z channel provides the largest contribution below 15 THz, followed by x channel, leading to a
relatively high thermal conductance. By contrast, for the 7-stacked systems, z channel dominates
below 5 THz, shown in Figure 3(f,g and h). Above 5 THz, very few peaks are observed for any
polarization. These results show that heat transport in 7-stacked system is limited to out-of-plane
center of mass modes. Further reduction of the phononic thermal conductance should therefore
focus on reducing the contribution of out-of-plane modes to the thermal conductance of the 7-

stacked systems.
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Figure 4: (a) Electronic transmission for C1 and PA. (b) Power factor S2G as a function of energy
for C1 and PA. (c) Electronic thermal conductance (dashed line) and total thermal conductance
(solid line) for C1 and PA. (d) Thermoelectric figure of merit ZT as a function of energy for C1
and PA with different phononic thermal conductance.

In order to investigate how the reduction of phononic thermal conductance influences the ther-
moelectric efficiency of molecular junctions, we calculated the electronic and thermoelectric prop-
erties of two representative molecular junctions, C1 and PA, as described in the methods section.
Since the thermoelectric properties depend on the Fermi energy of the leads and could be tuned by
electrostatic or electrochemical gating or doping, we calculated the power factor, electronic ther-
mal conductance and total thermoelectric figure of merit as a function of electrochemical potential,
shown in Figure 4.

Figure 4(a) shows that the electronic transmission near the Fermi energy for both PA and C1 is

very low, which originates from the band structure of the graphene leads and from the electronic
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coupling between the molecule and graphene layer.'® It can be seen that the low transmission re-
gion near the Fermi energy of C1 is much narrower than that of PA, and the electronic conductance
of C1 is generally higher. The maximal power factor S>G for C1 near the Fermi energy is about
0.3 k% /h at -0.22 eV. For PA, power factor near the Fermi energy is very low, while there are a
maximum of 0.577 k% /h at -1.0 eV and a local maximum of 0.26 k% /h at 0.71 eV (Figure 4(b)).
Figure 4(c) shows that the electronic thermal conductance of both C1 and PA near the Fermi energy
is very low and close to each other. The total thermal conductance of PA does not change much due
to the very small contribution from phonons (12 pW/K). However, the total thermal conductance of
C1 increases a lot and is much higher than PA, because of the high value of the phononic thermal
conductance (230 pW/K). As a result, the figure of merit ZT of C1 is generally very low and the
maximum is only 0.113 at -0.22 eV (Figure 4(d)), although C1 has a high electronic conductance,
good power factor and low electronic thermal conductance near the Fermi energy. In contrast, the
figure of merit of PA can reach a maximum of 2.55 at -1.0 eV(p-doping) and a local maximum
of 1.57 at 0.71 eV(n-doping) at 300 K, because of the very low phononic thermal conductance(12
pW/K), shown in Figure 4(d) . To highlight the importance of the suppression of thermal conduc-
tance in 7-stacked systems, we calculated the figure of merit of PA assuming a phononic thermal
conductance 230 pW/K, like that C1. It can be seen that the figure of merit of PA gets dramatically
suppressed, in the same range as that computed for C1. These calculations prove that also in molec-
ular junctions it is crucial to suppress the phononic thermal conductance to significantly improve
the thermoelectric figure of merit. It is remarkable that it can be achieved without introducing new
chemical elements in the systems, but just exploiting the chemical versatility of carbon.

In conclusion, we found that the phononic thermal conductance of non-bonded 7-stacked sys-
tems can be reduced by 95%, compared with that of a covalently bonded molecular junction CI.
The phonon transmission of CC11, CC13 and PA is dramatically attenuated in the whole fre-
quency range and the residual transmission is mainly from center-of-mass modes below 5 THz.
The phonon conductance from all channels in 7-stacked systems are significantly reduced. How-

ever, z channel dominates in the residual transmission, due to the strong coupling along the z
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direction in 7-7 stacking. Comparing the thermoelectric figure of merit of the C1 and the PA
junctions, we showed that suppressing heat transport in molecular junction by 7-7 stacking can be
exploited to optimize their thermoelectric performance. Although C1 has a high electron conduc-
tance, good power factor, low electronic thermal conductance near Fermi energy, the ZT of C1 is
very low due to the large contribution of phonons. By contrast, the ZT of PA can reach 2.55 at-1.0
eV at 300 K because of its very low phononic thermal conductance.

The molecular junctions considered in this work are a showcase to demonstrate the importance

of phononic thermal conductance, but they are not optimal for thermoelectric energy conversion.

4,1341.42 16,43.44

One can envisage that gating or doping the graphene leads combined with appropri-
ate modifications to the bridging molecules could lead to very favourable thermoelectric characters.
Since the phononic thermal conductance has been dramatically reduced in these 7-stacked systems
and is largely independent of electronic properties, it leaves an open question for future work to
tune electronic properties of these molecular junctions to achieve high ZT in closer proximity to

the Fermi level.
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