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Electrostatic control of thermoelectricity in

molecular junctions

Youngsang Kim', Wonho Jeong', Kyeongtae Kim', Woochul Lee' and Pramod Reddy"?*

Molecular junctions hold significant promise for efficient and
high-power-output thermoelectric energy conversion'3,
Recent experiments have probed the thermoelectric properties
of molecular junctions*’. However, electrostatic control of
thermoelectric properties via a gate electrode has not been
possible due to technical challenges in creating temperature
differentials in three-terminal devices. Here, we show that
extremely large temperature gradients (exceeding 1% 10° K m™)
can be established in nanoscale gaps bridged by molecules,
while simultaneously controlling their electronic structure via a
gate electrode. Using this platform, we study prototypical
Au-biphenyl-4,4’-dithiol-Au and Au-fullerene-Au junctions to
demonstrate that the Seebeck coefficient and the electrical
conductance of molecular junctions can be simultaneously
increased by electrostatic control. Moreover, from our studies
of fullerene junctions, we show that thermoelectric properties
can be significantly enhanced when the dominant transport
orbital is located close to the chemical potential (Fermi level)
of the electrodes. These results illustrate the intimate relation-
ship between the thermoelectric properties and charge
transmission characteristics of molecular junctions and should
enable systematic exploration of the recent computational
predictions'3 that promise extremely efficient thermoelectric
energy conversion in molecular junctions.

Charge transport in molecular junctions has been studied
extensively in both two-8-!! and three-terminal configurations'?-'>,
because such junctions are excellent candidates for testing
quantum transport theories'"!® and hold significant promise in
terms of reaching the ultimate limit of device miniaturization'®.
Experimental efforts’” have also demonstrated two-terminal
measurements of thermoelectric properties with a view to obtaining
insight into the nature of the dominant charge carriers in molecular
junctions. Key to obtaining deeper insights and also the optimiz-
ation of the thermoelectric properties of molecular junctions is
the ability to tune their charge transmission characteristics at the
chemical potential (Eg), as their thermoelectric properties are con-
trolled by the magnitude and the derivative of the transmission at
Er (refs 19,20). Although recent pioneering work!?-1> has estab-
lished the feasibility of actively tuning the charge transmission
characteristics of molecular junctions by creating three-terminal
devices that feature an additional gate electrode, thermoelectric
measurements in such three-terminal configurations have not
been achieved. This inability is primarily due to the major exper-
imental challenges in establishing temperature differentials across
the source and drain electrodes of molecular junctions and has
severely impeded the ability to test several important theoretical
and computational predictions! .

To overcome this barrier we performed extensive thermal mod-
elling to conceive a design (Fig. la) that offers sufficient thermal
resistance between the source and drain electrodes to establish the

desired temperature differentials. Specifically, an electrical heater
is integrated in close proximity to a Au nanowire. A thin (~7 nm)
Al gate electrode is located beneath the Au nanowire and is electri-
cally isolated from it by a 10-nm-thick silicon nitride (SiN,) dielec-
tric layer (Supplementary Section 1). Our continuum-level thermal
modelling, performed using the finite-element method (COMSOL),
suggested that when heat is dissipated in the heater and a nanoscale
gap is created in the Au nanowire, a temperature differential can be
readily established across the nanogap (solid lines in Fig. 1b, bottom;
Supplementary Fig. 2). Based on insights obtained from this model-
ling, we nanofabricated devices that incorporate all the features
described above. A scanning electron microscopy (SEM) image of
one such device is presented in Fig. 1c.

Following nanofabrication of the device, an electromigration
approach was used to create a subnanometre-sized gap in the nano-
wire (Fig. 1c, see Methods for details). Subsequently, we supplied a
sinusoidally modulated electric current at a frequency f (5 Hz) into
the integrated heater. This resulted in temperature oscillations at fre-
quency 2f (10 Hz) due to Joule heating. To experimentally confirm
the presence of a temperature differential across the nanometre-
sized gap, temperature fields were characterized using ultrahigh-
vacuum scanning thermal microscopy (UHV-SThM)?'%2, an
experimental tool developed in our laboratory to quantitatively
measure temperature fields with nanoscale resolution. The
measured amplitude of temperature oscillations in the vicinity of
the nanoscale gap at a temperature of 100 K is shown in the inset
of Fig. 1b (top) and features a rapid drop in amplitude across the
gap. To further characterize the temperature profile, high-spatial-
resolution UHV-SThM imaging (~8 nm) was performed in the
immediate vicinity of the nanoscale gap. The measured temperature
profile normalized to the heater temperature (AT ¢/ATspheater) i
shown in Fig. 1b (bottom). It can be clearly seen that there is
indeed an abrupt drop in the amplitude of temperature oscillations
across the gap. Specifically, our detailed experimental thermal
characterization (Supplementary Fig. 3) confirms that if the ampli-
tude of the temperature oscillations of the heater is ATaheaters
then the drop in amplitude across the nanoscale gap (AT5fjunc) is
(0.34 +0.03) X AT,peater and is in good agreement with the modelling,

Following successful characterization of the temperature fields
we used devices identical to those shown in Fig. 1 (that is, electro-
migrated break junctions with integrated heater) to study the
thermoelectric properties of molecular junctions. To accomplish
this, we exposed these devices to a solution containing prototypical
molecules of biphenyl-4,4'-dithiol (BPDT) or fullerene (Cgo)
(Fig. 1a). This choice was governed by the expectation, from past
studies?®~%%, that junctions created from BPDT and Cs, feature
off-resonant and resonant charge transport characteristics, respect-
ively. Subsequently, the devices were placed in a cryostat at 100 K (in
vacuum) and the electromigration process was initiated (see
Methods). This enabled us to stochastically trap (in a subset of
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Figure 1| Experimental platform for tuning the thermoelectric properties of molecular junctions. a, Schematic of the electromigrated break junctions

with integrated heater (left) and the molecular junctions studied in this work (right). The temperature differentials across molecular junctions were
established using the integrated heater by applying a sinusoidal electric current at frequency 1f. The electronic structure of the molecular junctions was

tuned electrostatically via the gate electrode. The thermoelectric voltage output (AVy), at frequency 2f, was measured by monitoring the voltage differentials
between the hot and cold electrodes. b, Top: thermal map of a nanogap junction obtained using SThM at 100 K. Dashed lines: outline of the sample.

Bottom: normalized temperature profile in the vicinity of the nanogap junction measured using SThM (circles) and calculated by thermal modelling (dotted
line). Red and blue solid lines are fits to the measured temperature data on the hot and cold electrodes, respectively. ¢, Bottom: False-coloured SEM image of
an as-fabricated device. Top: Magnified SEM image of a nanogap junction formed after electromigration.

devices) one or a few molecules between the electrodes!> 4

(Supplementary Section 4). On trapping the molecules, the gate
voltage (V)-dependent low-bias conductance G and thermoelectric
voltage AV,; were measured. Inelastic electron tunnelling spec-
troscopy (IETS) was also performed on the same junction (see
Methods and Supplementary Fig. 13).

The measured low-bias conductance of a Au-BPDT-Au junc-
tion (Gau_pppT_Au) @ a function of Vg is shown in Fig. 2a. When
Vg is varied from —8 V to +8 V, Gay.gppT.Au 1S Shown to decrease
systematically. To characterize the thermoelectric properties of the
Au-BPDT-Au junctions, temperature modulations (ATafjunc) of
1, 2, 3 and 4 K were applied across the junction and the resulting
voltage output (AV,) measured as a function of Vg (Fig. 2b). The
error bars in Fig. 2a,b correspond to the standard deviation of data
obtained from ten independent measurements on the same device
(Supplementary Section 3). The magnitude of the measured thermo-
electric voltages is seen to decrease systematically on increasing V. In
Fig. 2¢, the Seebeck coefficient of the junction (Sa,_pppT_AW) is shown

as a function of Vg (see Supplementary Section 3 for details of the
estimation of the Seebeck coefficient). It can be seen that the
Seebeck coefficient decreases systematically as Vg is increased,
demonstrating that the thermoelectric properties of the junction
can indeed be tuned electrostatically by ~35%. Furthermore,
Sau-BpDT-Au 18 found to be positive for all values of Vg, showing
that charge transport is highest occupied molecular orbital
(HOMO)-dominated*'®. We note that in control experiments per-
formed on pristine electromigrated devices (not exposed to molecules)
there was no observable variation in either the low-bias conductance
or the Seebeck coefficient of vacuum tunnelling gaps when Vg was
varied from -8 V to +8 V. This is consistent with previous studies?”
of the electrical conductance of vacuum gaps in three-terminal con-
figurations (Supplementary Fig. 12), but in strong contrast to the
results in Fig. 2, suggesting that the present data correspond to a mol-
ecular junction. To further confirm the presence of molecules in the
junctions we also performed IETS measurements'*?%% and observed
vibrational features corresponding to Au-BPDT-Au junctions
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Figure 2 | Effect of tuning the electronic structure on the thermoelectric properties of Au-BPDT-Au junctions. a, Electrical conductance as a function of
gate voltage (Vi) for the BPDT junction (see inset). Although the schematic shows a single-molecule junction, the number of molecules in the junction is
not necessarily 1. Go equals 2e2/h, the quantum of electrical conductance. Error bars in a-c represent the standard deviation of data obtained from ten
independent measurements performed on the same device. b, Measured thermoelectric voltage output as a function of Vg for various temperature
differentials. ¢, Seebeck coefficient of the molecular junction as a function of V. The solid line indicates a least-squares fit to the experimental data using
equation (2). d, Transmission curves as a function of energy for five different values of Vs obtained using equation (1) and the parameters obtained from the
least-squares fit. The vertical dotted line indicates the position of the chemical potential, E.

(Supplementary Fig. 13). Finally, we note that the data in Fig. 2 are
from one of seven Au-BPDT-Au junctions studied (Supplementary
Figs 8 and 9 present details of the variability of measurements from
different devices).

To obtain a microscopic understanding of the observed depen-
dence of Sau pppr_au On Vg, we adopted a one-level transport
model!®28, Within this model, we assume that the energy- (E)
and gate voltage- (V) dependent transmission function (T(E,Vg))
of a molecular junction is well approximated by a Lorentzian function:

4r?
[E - (E, — aVg)]? +4I?

T(E,Vg) = (1)

Here, E, is the energetic separation of the dominant transport orbital
with respect to the chemical potential E, I' represents the coupling of
the molecular orbital to the left and right electrodes (assuming sym-
metric coupling), and « is the effectiveness of gate coupling. From
equation (1) it can be shown that the gate voltage-dependent
Seebeck coefficient (Sjunc(V)) of the junction is given by5 7:16,19.20

where kj is the Boltzmann constant, e is the charge of an electron, and
Tomb is the ambient temperature (100 K in our experiments).

It is clear from equation (2) that a positive Seebeck coefficient
implies that (AInT(E,V)/0E) g, is negative and that charge transport
is HOMO-dominated*>”1*2%3_To gain more insight we fit the data
in Fig. 2¢ using equation (2) and a least-squares method to obtain the
values of I, E, and «, which were found to be 0.025 eV, —0.75 ¢V and
0.016 eV V', respectively. Using these values we calculated the
transmission functions for various values of Vg from equation (1),
which are shown in Fig. 2d. It can be seen that the resonant peak
in the transmission shifts by ~0.26 eV when Vg is swept from -8 V
to +8 V, illustrating that the gate electrode is effectively tuning the elec-
tronic structure of molecular junctions. It is also clear from Fig. 2d that
the peak of the transmission is far from Ef (dotted line) for all values of
Vg, showing that transport in Au-BPDT-Au junctions occurs far
from resonance. Specifically, the peak of the transmission at Vo=0V
is ~0.75 eV from Ep and is in good agreement with the results of
previous studies®!. The transmission curves in Fig. 2d can be used
to estimate the low-bias conductance of Au-BPDT-Au junctions
(G=Gyx T(E=Ep,Vs)) and is found to decrease monotonically
from ~0.006G, to ~0.003G, at Ex when Vg is varied from -8 V

Siunc (Vo) = _ﬂzklza Tomp 9In [T(E, V)] to +8 V. These values are smaller than the experimental data in
3e| oE E=E Fig. 2a, suggesting that there are probably multiple molecules in
S (2)  the junction.
_TI Ky T, 2[Eg = (Eg — V)] In addition to these measurements we also performed corre-
3lel  [Ep-(E, - ocVG)]2 +4I7? sponding measurements on Au-Cgp—Au junctions. The measured
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Figure 3 | Effect of tuning the electronic structure on the thermoelectric properties of Au-C¢o-Au junctions. a-d, As in Fig. 2, but for a Au-Cgo-Au
junction. In contrast to Au-BPDT-Au junctions, charge transport is dominated by the LUMO level (indicated by a negative Seebeck coefficient in €).
Error bars in a-c represent the standard deviation of data obtained from ten independent measurements performed on the same device.

Vis-dependent low-bias conductance, thermoelectric voltage output
and Seebeck coefficient (Spy_ceo_au) are shown in Fig. 3a, b and c,
respectively (the data correspond to one of seven fullerene junctions
studied) and the corresponding IETS data are presented in
Supplementary Fig. 13. In Au-Cgp—Au junctions, both the low-
bias conductance and the Seebeck coefficient are ~10 times larger
than those of Au-BPDT-Au junctions. Furthermore, the Seebeck
coefficient can be tuned by a large amount (~300%) by means of
electrostatic gating. As shown later, this is primarily due to the res-
onant charge transport characteristics of Cg junctions. It is clear
from both the observed increase in low-bias conductance!® (on
increasing V) and the negative sign of Sy, ceo_au (refs 6, 32) that
charge transport is dominated by the lowest unoccupied molecular
orbital (LUMO). Surprisingly, in contrast to Au-BPDT-Au junc-
tions, the measured Sa,_ceo-au sShown in Fig. 3¢ neither monotoni-
cally increases nor decreases as V is increased from -8 V to +8 V.
Instead, it exhibits a pronounced minimum and is concaved
upwards (U-shaped).

To better understand this behaviour, we again performed a least-
squares fit of the Seebeck coefficient data using equation (2) and esti-
mated I, E, and « to be 0.032 eV, +0.057 eV and 0.006 eV v
respectively. The estimated transmission curves for various values
of Vg are shown in Fig. 3d and reveal that charge transport in Cg
junctions is close to resonance (that is, the dominant transport
orbital is very close to Ep), a result that confirms previous theoretical
predictions**~2°. The concave-up V; dependence of the Seebeck coef-
ficient is intimately related to the resonant charge transport

properties. Specifically, this dependence arises from a change in the
sign of the curvature (x 0°T/OE?) of the transmission function at
an energy close to the transmission peak, or in other words due to
the presence of an inflection point in T(E,Vg). Thus, when Vg is
chosen such that the inflection point and Ep overlap with each
other, the magnitude of the Seebeck coefficient is maximized.
Further changes in V5 move the inflection point away from Eg and
result in a decrease in the magnitude of Sy, (Supplementary
Fig. 11). We note that the predicted transmission at Ep (Fig. 3d) is
consistent with the measured low-bias conductance (Fig. 3a) of the
Cso junction, suggesting that there is probably only one or a few
Cgo molecules in the junction. Because transport is close to resonance
in Cep junctions, it is expected that small perturbations in E, and/or I,
which may arise from minor variations in the contact geometry®*-%,
could result in a different dependence of Sp, ceo_au On Vg, as is
indeed experimentally confirmed (see Supplementary Fig. 9 for
additional data sets). Furthermore, the non-monotonic behaviour
observed in Fig. 3a at high values of Vg is also possibly due to
small reversible variations in the junction geometry introduced by
electrostatic perturbations. Finally, we note that the gate coupling of
the junctions may be improved by using the principles developed
in this work in conjunction with a side-gate scheme that has been
demonstrated recently®”.

These results unambiguously demonstrate the direct relationship
between the charge transmission characteristics and the thermoelec-
tric properties of molecular junctions. Furthermore, the experi-
mental techniques developed here show that it is indeed possible
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to establish large temperature differentials across molecular junc-
tions while actively tuning their thermoelectric properties. This rep-
resents a much needed technical advance that provides a rational
approach for systematically evaluating intriguing computational
predictions'~?, which suggest that thermoelectric energy conversion
can be accomplished (at the Carnot (high efficiency) or Curzon—
Ahlborn (high power) limits) in junctions whose charge
transmission characteristics are appropriately tuned.

Methods

Electromigration for the creation of molecular junctions. To create the molecular
junctions, electromigration was performed following procedures as described
elsewhere!®!1422, Briefly, electromigrated break junctions with integrated heater
(EBJIHs) were mounted in a cryostat after exposure to a solution of the desired
molecules (BPDT!*? or Cg'%; Supplementary Section 1). Subsequently,
electromigration was initiated in vacuum at 100 K by applying a voltage bias across
the Au nanowires of the EBJIHs, while continuously monitoring the resistance of the
nanowires. The applied voltage was linearly ramped up in steps of 1 mV every 50 ms
until the resistance increased by a value that was heuristically chosen to be 1-10% of
the nanowire resistance, before initiation of the voltage ramp. On detecting the
predetermined increase in resistance, the voltage was rapidly ramped down (~1 ms)
to a low voltage (~0.1 V). This process was repeated multiple times until the
nanowires broke, forming molecular junctions. The molecular trapping event during
electromigration occurs stochastically. In our electromigration experiments, the yield
of molecular junctions that demonstrated a non-trivial dependence of both the
low-bias conductance and the Seebeck coefficient on Vg was ~3% (14/464)

(for more details see Supplementary Section 4).

Thermoelectric voltage measurement. To create temperature differentials across
the nanogaps, a sinusoidal electric current was applied to the integrated heater at a
frequency of 5 Hz. This resulted in temperature amplitude oscillations at 10 Hz
across the molecular junctions. The oscillating temperature differentials resulted in
an oscillating thermoelectric voltage output at 10 Hz across the junctions, which was
first buffered using a high-input-impedance voltage amplifier (SIM 910) and
subsequently measured using a lock-in amplifier (SR 830). The phase information of
the thermoelectric voltage output was also recorded to determine the sign of the
Seebeck coefficient. In all measurements, Vi was swept in steps of 2 V with a 10 s
delay between steps to minimize the effects of capacitive coupling of the gate
electrode to other electrodes of the junctions. More details on the determination of
the sign of the Seebeck coefficient and quantification of the effect of temperature
gradients in the Au thin films of the EBJIHs on the estimated Seebeck coefficient are
presented in Supplementary Section 3.
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