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ABSTRACT: Thermoelectricty in heterojunctions, where a
single-molecule is trapped between metal electrodes, has been
used to understand transport properties at organic—inorganic
interfaces." The transport in these systems is highly dependent
on the energy level alignment between the molecular orbitals and
the Fermi level (or work function) of the metal contacts. To date,
the majority of single-molecule measurements have focused on
simple small molecules where transport is dominated through the
highest occupied molecular orbital.>® In these systems, energy
level alignment is limited by the absence of electrode materials
with low Fermi levels (i.e., large work functions). Alternatively,
more controllable alignment between molecular orbitals and the
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Fermi level can be achieved with molecules whose transport is dominated by the lowest unoccupied molecular orbital (LUMO)
because of readily available metals with lower work functions. Herein, we report molecular junction thermoelectric measure-
ments of fullerene molecules (i.e., C4o, PCBM, and C) trapped between metallic electrodes (i.e., Pt, Au, Ag). Fullerene
junctions demonstrate the first strongly n-type molecular thermopower corresponding to transport through the LUMO, and the
highest measured magnitude of molecular thermopower to date. While the electronic conductance of fullerenes is highly variable,
due to fullerene’s variable bonding geometries with the electrodes, the thermopower shows predictable trends based on the
alignment of the LUMO with the work function of the electrodes. Both the magnitude and trend of the thermopower suggest that
heterostructuring organic and inorganic materials at the nanoscale can further enhance thermoelectric performance, therein

providing a new pathway for designing thermoelectric materials.
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he efficiency of thermoelectrics depends on a combination of
material properties quantified by the thermoelectric figure of
merit ZT = S’0T/k, where S is thermopower, o is electronic
conductivity, and k is thermal conductivity. While S and o are
primarily based on electronic structure, k typically has both
electron and phonon contributions. During the past decade, gains
in ZT have been realized through a reduction in the phonon
contribution to k by introducing interfaces through the presence of
nanostructuring. In bulk semiconductors S and ¢ are opposing
functions of doping concentration* and a compromise that
optimizes $°0 is typically sought. Systems that can independently
optimize S and 0 are rare and Mahan and Sofo® argued that a system
with discrete electronic density of states (e.g., Dirac delta peaks)
could possess the highest ZT. Single-molecule heterojunctions, where
a single-molecule is trapped between metal electrodes, are one such
system where a discrete density of states exists at the frontier
molecular orbitals (MOs). Understanding and leveraging these
heterojunctions could open new pathways for enhanced thermo-
electric performance, impossible in bulk semiconductors due to their
fundamentally different transport properties.
Electronic transport in single-molecule heterojunctions can be
described by the Landauer formalism,” where charge carriers
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transmit between electrodes 1 and 2, through a molecular bridge
(Figure 1), with an energy-dependent probability defined by the
transmission function 7(E) (Figure Sb). The discrete MOs
hybridize with the continuum electronic states in the metals
and a continuous transmission probability with Lorentzian like
peaks at energies related to the MOs form. The electrons that are
free to participate in transport have energies near the chemical
potential and the chemical potential lies between the frontier
MOs. The electronic conductance, G, and thermopower, S, are
related to this transmission function and thus the relative
alignment of the Fermi level, Eg, and the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). Specifically, the electronic conductance of the
junction is proportional to T(E) evaluated at the chemical

potential, u
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Figure 1. Measurement setup. (a) Schematic of the experimental setup
for measuring conductance and thermopower with a modified scanning
tunneling microscopy (STM) break junction. For conductance, a
voltage bias is applied between the tip and substrate and the conductance
is determined using a current amplifier. The STM tip contacts the
substrate and traps fullerene molecules. For thermopower, fullerene
molecules are trapped between the STM tip held at ambient temperature
and a heated Au substrate held at AT above the ambient temperature. As the
STM tip approaches a voltage bias is applied between the tip and substrate,
and conductance is monitored. Once a threshold conductance is reached,
indicating formation of a molecular junction, the tip is withdrawn. During
the withdrawal sequence, a switch disconnects the voltage bias and current
amplifier in favor of a voltage amplifier. The induced thermoelectric voltage
V is measured as the tip withdraws but before the junction breaks.

where ¢ is the electron charge and h is Planck’s constant.
Similarly, the thermopower of a molecular junction can be
related to 7(E)

 @kT( 1 0t(E)
ST 3e (@ OE )E u (2>

where kg is Botlzmann’s constant and T is the average tempera-
ture of the junction. In other words, the thermopower is related
to the slope of the transmission function at . Closer inspection
of the transmission function illustrates that near a transmission
peak, the slope (and thus the S) and the transmission probability
(and thus the G) are maximum. In this manner, it is clear to see
that under the Landauer description of transport both ¢ and S
can be concurrently optimized. Therefore, optimizing ¢ and S is
simply a matter of aligning the MOs with the Fermi level of
electrodes.”®

Alignment with MOs can be achieved in two ways: (i) by
altering the MOs of the molecule by adding electron donating or
withdrawing substituents or (ii) by varying the electrode materi-
al. Previous molecular junction measurements™> have focused on
molecules, such as phenylenedithiol, whose transport is domi-
nated through the HOMO. It has previously been demonstrated
that for phenylene derivatives between Au electrodes, thermo-
power,® and the conductance” can be predictably but modestly
controlled using chemical substituents to shift the MOs. Similarly
it has been shown that better alignment and thus higher con-
ductance can be achieved by using Pt instead of Au where the
higher work function places the Fermi level closer to phenylene’s
HOMO®’ promising as much as an order of magnitude improve-
ment in the conductance. However, for phenylene molecules,
obtaining even better alignment is difficult because Pt’s chemical
potential is rivaled in magnitude only by rare elements such as
osmium and selenium.

Hitherto, previous thermopower and conductance measure-
ments have focused primarily on relatively small alkane and

phenyl derivatives.””'° ' Bergfield and Stafford'® recently
predicted that thermopowers exceeding 150 #4V/K (on par with
inorganic thermoelectric materials) are possible in more highly
conjugated molecules. Fullerene molecules are highly conjugated
and have additional characteristics necessary to realize high
thermopower regimes'”'® including: (i) small HOMO—LUMO
gaps (i.e, 2—3 eV vs 5—10 eV for alkane or phenyl molecules)
facilitating chemical potential alignment, (ii) degenerate orbitals
attributed to the high symmetry, and (iii) LUMO dominated
transport in the bulk, making them the common choice for
acceptor in organic photovoltaics."

Single-fullerene conductance measurements (all under UHV)
have yielded a wide range of values. Joachim et al.'s pioneering
measurements of C4o between W and Au electrodes yielded alow
conductance of 2.4 x 10 * 4 1.2 x 10~* Go*° (using an STM at
300 K), but more recent Au—Cgy—Au’’ (using a mechanical
breakjunction at 10 K), Pt—Cgo—Pt’ (using a mechanical break-
junction at 300 K), and W—Cgy—Cu** (using an STM at 8 K)
junctions have found conductances as high as 0.1, 0.2, and
0.25 Go. The large spread in high and low conductance values
is not surprising as it has been observed that the orientation of the
molecules on surfaces strongly affects the alignment and coupling
of frontier molecular orbitals with the electronic states of the
metal. STM images, experiments, and measurements by Lu et al.
on Ag,23’24 Néel et al. on Cu,*® and Rogero et al. on Au®® sub-
strates all support this claim. Specifically, Lu et al. show a
distribution of conductance values due to the orientations and
contact of the molecule at low temperatures and Rogero et al.
show that no preferential orientation is present at 300 K. Some
STM techniques, such as the work of Joachim et al. and the work
reported herein, sample a wide variety of molecular orientations
and contact geometries by making multiple measurements at
room temperature, where the thermal energy is sufficient for the
molecule to transition between these orientations. This should
result in a large spread of conductances as suggested by benze-
dithiol experiments and theory.””*® This is different from
the work of Bohler et al.?! and Kiguchi et al,® which used a
mechanical breakjunction to trap one molecule in a unique
orientation preserved by low temperatures. Furthermore, this
previous work has shown that the conductance of these junctions
is dependent on electrode material used suggesting that align-
ment and coupling of the fullerene’s LUMO and the work
function of the metal is important.

Herein, we show how this alignment and coupling manifests
itself in electronic transport by conducting a systematic study of
thermopower and conductance of Cgj, [6,6]-phenyl-Cg4;-butyric
acid methyl ester (PCBM), and C;, heterojunctions trapped
between Pt, Au, and Ag electrodes. We observe that the trend in
thermopower versus metal work function agrees with MO
alignment while no trend in conductance is observed which is
expected based on the wide range of molecular orientations that
are sampled. The weak dependence on orientation is one strength
of using thermopower to probe electronic transport in molecular
junctions. Finally, this work suggests a new pathway to improve
thermoelectric performance by heterostructuring organic and
inorganic materials at the nanoscale.

Conductance and thermopower measurements were carried
out as previously described in literature">%'®!" and illustrated in
Figure 1. Details may be found in the Supporting Information but
to summarize: a 1 mM dichlorobenzene solution containing a
fullerene derivative (i.e., either C4o, PCBM, or C,) is first drop
cast onto a freshly cleaned and annealed Au substrates and the
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Figure 2. Conductance histograms. A matrix summarizing the normalized conductance data for ~2000 consecutive junctions organized in columns by
fullerene derivative and rows by electrode composition. The first column (a—c) represents the conductance of tip and substrate in the absence of
molecules showing the recognizable 1 G, peak. Log(G/Gy) bin size is —0.006 (i.e., 1000 bins per 6 decades). Vertical scale reduced to emphasize low

conductance histograms.

solvent is permitted to evaporate. A modified STM is used to
contact the molecules where the STM tip material varies between
Pt, Au, and Ag. Au substrates were used for all measurements as
we suspect that the malleability of Au is necessary to create
junctions of acceptable duration for measurement. Special care
was taken to prepare the tips and keep them free of contamina-
tion (see Supporting Information). Au and Pt tips were cleaned
in a piranha bath and under an oxygen plasma. The Ag tips were
cleaned in a hydrogen torch that also served to reduce oxide or
sulfide formation back to pure metal. Energy dispersive X-ray
spectroscopy (EDS) in a scanning electron microscope con-
firms the purity before and after use showing that no detectable
amounts of substrate Au cross contaminated the Ag or Pt tips. It
further confirms that no detectable contaminants such as or-
ganics, oxides, or sulfides formed on the Ag tip during the tip
preparation and/or measurement time.

For conductance measurements, a 100 mV bias is applied
between the metal tip and the Au substrate. More than 2000
junctions are formed during repeated approach and withdraw
sequences while continuously measuring the conductance. Lack
of metal cross-contamination during these sequences likely
results from our choice of a low threshold conductance (~6
Go) that initiates the withdraw sequence. Steps in conductance
are observed corresponding to 1D metal—metal junctions at 1 Gy
and steps corresponding to molecules are observed below 1 G,.
Theory predicts that the value of 1 Gy is independent of the
material properties and hence should be consistent for all
tips,2’29’30 however, noninteger variations in this value have been
experimentally observed.’' To better distinguish between the
steps in conductance and the exponential decay of tunneling
currents, only data points possessing a negative curvature in
conductance traces are selected for histograms as described in
detail in the Supporting Information.

For thermopower measurements, the Au substrate is heated to
atemperature AT above the temperature of the metal tip. The tip
approaches the surface while the conductance of the junction is
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Figure 3. Conductance versus work function. The observed conduc-
tance of Cgo, PCBM, and C junctions is plotted vs the average work
function of the electrodes (nominal work functions: Ag ~ 4.5 eV, Au ~
S.1 eV, and Pt & 5.6 eV. A slight x-offset has been applied so individual
error bars could be distinguished). Error bars represent the fwhm of the
observed lowest conductance peaks in the histograms. The large spread
suggests that conductance of fullerene junctions may vary widely,
possibly due to molecular orientations in the junction.

monitored with a current amplifier. When a threshold conduc-
tance corresponding to a few molecules in the gap is met, the
current amplifier is disconnected and a voltage amplifier is con-
nected to measure the resulting thermoelectric voltage generated
in the junction as the tip withdraws. Upon breaking the junction,
the voltage amplifier is disconnected and the current amplifier is
reconnected for the next approach sequence. In this manner
>500 thermopower junctions and voltage histograms are con-
structed at each AT. Since the threshold conductance is less than
1 Gy, metal—metal junctions are not formed and metal—metal
cross contamination is unlikely.

The conductance histograms are found in Figure 2a-l. In
Figure 2, the first row (a,d,g;j), second row (b,e/h,j), and third
row (c,fil) represent the conductance with Pt, Au, and Ag STM

dx.doi.org/10.1021/n12014839 [Nano Lett. XXXX, XXX, 000-000


http://pubs.acs.org/action/showImage?doi=10.1021/nl2014839&iName=master.img-002.jpg&w=334&h=214
http://pubs.acs.org/action/showImage?doi=10.1021/nl2014839&iName=master.img-003.jpg&w=159&h=127

Nano Letters

S = -8.9+2 2uVIK

S = -7.6+£3.2uVIK

S = -8.4+1.9uVIK

10 20
AT (K)

.MN

S = -14.541.2uVIK

30 10

s

20
AT (K)

S = -16.4+1.6uV/K

30 10 20

AT (K)

|

S =-20.1+1.4uViK

30

-

Voo 1Y)

10 20
AT (K)

T

S = -29.6+3 4uVIK

30 10

Count (a.u.)

20
AT (K)

S = -30.0+£2.6uV/K

30 10 20

AT (K)

30

S =-33.1+8.8uViK

10 20
AT (K)

10

-1500 -1000 -500 -1500

20
AT (K)

-1000

30 10 20

AT (K)

30

-500 -500

V (uv)

0 -1500

-1000

| I A 7~0K [ AT~5K [ aT~10K [ AT~16K [ AT=20K [ AT~28K |

Figure 4. Thermopower histograms and linear regressions. A matrix summarizing the thermopower data is organized in columns by fullerene derivative
and rows by electrode composition. The normalized voltage histograms compile data for ~500 consecutive junctions at each AT, without preselection.
Insets show the voltage histogram peaks as a function of AT, where the error bars represent the fwhm of the associated histogram. The voltage peaks vary
linearly with AT for all junction combinations. The slope of the linear regression defines the thermopower where the reported error is the 95%

confidence interval of the regression.

tips all with a Au substrate, respectively. The first column repre-
sents the junction conductance in the absence of any fullerene
molecules (ab,c); only a single peak corresponding to the
quantum of conductance is visible near 1 Go. The second column
(de,f), third column (g/h,i), and fourth column (jk,1) represent
the conductance of Cgy, PCBM, and Co, respectively. Note the
large variation in the apparent molecular conductance peaks.
Prior studies suggest that variation comes from the multiple
orientations that fullerenes take on the electrodes. This variation
is compounded by the use of different tip and substrate materials
(and thus different crystal direction and bonding geometries) in
our study. While the spread in the conductance makes reporting a
single fullerene conductance value challenging, the peak of the
smallest observed conductance and the fwhm of that peak (when
present) have been plotted against the average work function of
the tip and substrate in Figure 3. Using the average work function
of dissimilar contacts, Beebe et al. identified trends in conduc-
tance of alkanethiol junctions.32’33 In contrast, Figure 3 shows
that we observe no clear trend in the conductance.

Upon inspection of the histograms, the conductance profile
using the Ag tip differs from those profiles where a Au or Pt tip is
used. We attribute this to the breaking of the LUMO’s degen-
eracy (which is 6-fold degenerate for Cg) when coupled to the
Ag surface in certain orientations, as first recorded by Lu et al.****
High symmetry of some fullerenes creates multidegenerate
LUMO. This degeneracy is broken when the fullerene bonds
to Ag, resulting in one orbital being pushed to lower energies and
becoming more closely aligned with the Fermi level of Ag. This

results in higher observed conductance and provides an explana-
tion for the broadening of the G, peak that occurs with a Ag tip.
Alternatively, assuming that the degeneracy is not broken, the
conductance of a single-orbital would then simply be multiplied
by the degeneracy to give the conductance of the molecule. The
thermopower, however, will not be affected by the degeneracy as
it is the slope of the transmission function normalized to the
transmission function as shown in eq 2. These complications
make interpreting trends in conductance more difficult.
Thermopower measurements show a clear trend with respect
to the work function of the electrodes. Voltage histograms and
the inferred thermopowers are shown in Figure 4a—i, where the
rows are for Pt, Au, and Ag tips, and the columns are for Cgo,
PCBM, and C,, molecules. In the absence of molecules, a small
thermoelectric voltage corresponding to the Seebeck effect of the
metal STM tip, only occurs when the STM tip crashes into the
substrate. Seebeck measurements of Ag, Au, Pt, and Cu STM tips
with a Au substrate (see Supporting Information) show that our
measurement always yields the thermopower of the tip material
upon contact. In the presence of fullerene molecules, the
measured thermopower is far larger in magnitude, indicating
that the measured thermopower is a characteristic of the fullerene
junction, rather than the metal electrodes alone. When the
fullerenes are present, the histogram peak values, V.. are
plotted as a function of AT in the insets, where the error bars
represent the fwhm of the voltage histograms. The slope of the
least-squares linear fit is the junction thermopower S and the 95%
confidence interval in slope is the error in S (reported in the
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Figure S. Thermopower versus work function and its effect on ZT. (a)
The observed thermopower of Cgo, PCBM, and C( junctions is plotted
vs the average work function of the electrodes (nominal work functions:
Ag ~ 4.5 eV, Au~ 5.1 eV, and Pt & 5.6 eV. A slight x-offset has been
applied so individual error bars could be distinguished). A clear trend
indicates that the lower work function electrodes result in higher
negative thermopowers. A Lorentzian depiction of the transmission
function (b) and the related energy dependent thermopower (c) show
that the increasingly negative thermopower results from improved
alignment between Fermi level, Eg, and the fullerene LUMO. Blue,
green, and red vertical lines approximate the position of the Eg for
Pt—Au, Au—Au, and Ag—Au junctions. (d) The ZT associated with the
transmission function and thermopower in (b) and (c) increases
dramatically when E. is aligned with the LUMO using low work function
electrodes.

insets to Figure 4a—i). All of the molecules demonstrated
negative S, indicating that the Fermi level of the electrodes was
more closely aligned with the LUMO further confirming that
these semiconducting molecules behave as electron acceptors
(i-e., n-type). The magnitude of S is related to the alignment of
the Fermi level and the LUMO. Therefore, if the electrode work
function decreases, then the magnitude of S should increase, as
the Fermi level aligns more closely with the LUMO as shown in
Figure Sa. As expected, as the average work function of the
contacts decreases, the Fermi level moves closer to the LUMO of
the molecules resulting in higher S.

Generic Lorentzian descriptions of 7(E) can describe our
measurements of thermopower. In this description, the transmis-
sion function can be written as

N 44T 5

T(E) = igl Ty + Fi,l)z + 4(E_Ei)2

(3)

where, E; are the MO energies and I';; and I';, are the broad-
enings of the i MOs due to coupling with electrodes 1 and 2.
The transmission probability is peaked when the chemical
potential aligns well with the energy of the MOs. Figure Sb—d
shows a cartoon of how the Lorentzian descriptions of 7(E)
should affect S and therefore increase ZT. Observations that S
grows more negative with reduced work function are consistent
with the Fermi level moving toward a position of higher slope on
the transmission function (eq 3). The vertical blue, green, and
red lines in Figure Sb—d represent the position of Er for Pt—Au,
Au—Au, and Ag—Au electrodes. Also from this description one
may expect that an increase in conductance should also strictly
occur since the conductance is directly proportional to 7(E).
However, this trend need not be true especially if the coupling
terms (ie, I';; and I';,) associated with each MO are not
constant between different tip—molecule—substrate permuta-
tions. To illustrate this, consider a transmission function that is
dominated by one MO, (e.g., the LUMO), in the weak coupling
limit (4 — Epumo)” > (TLumo,r + FLUMO,Z)Z' Hence, the

conductance and thermopower can be approximated as

N 8_62 I'umo, 1I'umo, 2
h (Frumo,1 + FLUMO,2)2 + 4(u _ELUMO)2

T T
.. Tiomo,1 LUMOZ, 2 )
(4 — Erumo)

and, given that I" varies weakly with energy

S n 8T (4 — ELumo)
3¢ (T'numo,1 + FLUM0,2)2 + 4(u _ELUMO)2
1
SRS 5
(4 — Erumo) (5)

In other words, the conductance depends strongly on these
coupling terms while thermo;)ower depends only on the relative
alignment of energy levels.”® Trapping the fullerenes between
different metal contacts illustrates this concept as multiple ori-
entations, and thus multiple cou3pling terms, increase the spread
in the data as discussed earlier.”> >

We demonstrate the first molecular thermoelectric measure-
ments of fullerene molecules (i.e., Cgo, PCBM, and C,) trapped
between electrodes of differing material (i.e, Pt, Au, Ag). We
show that while the electronic conductance is highly varying,
which is attributed to the multiple orientations and electrode
coupling of molecules between the junctions, the thermopower is
a robust measurement and can be predictably controlled by
selecting the appropriate electrode material for energy level
alignment based upon the work function of the electrodes.
Furthermore, this is the first observation of negative (n-type)
thermopower for single-molecule heterojunctions and is the
highest single-molecule heterojunction thermopower recorded
to date of —33 uV/K in comparison to a Au—Au junction
thermopower of ~2 #V/K or [1,4]-benezenedithiol thermo-
power of ~8 uV/K. This alone results in a substantial improve-
ment to ZT and suggests that organic dopants at inorganic
interfaces can lead to further enhancements of thermoelectric
efficiency.
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© Supporting Information. Substrate and tip preparation,
STM conductance measurements, and STM thermopower mea-
surements. This material is available free of charge via the Internet
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