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ABSTRACT

Transport fluctuations and variations in a series of metal-molecule-metal junctions were quantified through measurements of their thermopower.
Thiol bound aromatic molecules of various lengths and degrees of freedom were chosen to understand the magnitude and origins of the
variations. Junction thermopower was determined by measuring the voltage difference across molecules trapped between two gold contacts
held at different temperatures. While any given measurement was remarkably stable, the breadth of distributions from repeated measurements
implies variations in the offset of the highest occupied molecular orbital (HOMO) relative to the Fermi Energy of the contacts, similar in
magnitude to the nominal offset itself. Statistical analysis of data shows that these variations are born at the junction formation, increase with
molecular length, and are dominated by variations in contact geometry and orbital hybridization, as well as intermolecular interactions.

Single molecule circuits represent a lower limit on the
scalability of electronic devices and are hence an ultimate
goal of nanotechnology.!? As circuits approach the nanoscale,
transport variations overwhelm ensemble averages and play
a more critical role. While important experimental and
theoretical advances over the past decade have yielded some
insight into electron transport in metal—molecule—metal
junctions,' '3 the nature of variability from junction to
junction, fluctuations of a single junction, and stochastic
switching remain largely mysterious. We herein quantify the
magnitude and origins of these variations through a system-
atic examination of junction thermopower (S) for prototypical
molecular circuits.

Experimental study has hitherto centered on the electronic
conductance of single or small numbers of molecules trapped
between metal electrodes. Pioneering molecular conductance
measurements focused on Au-1,4-benzenedithiol (BDT)-Au
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junctions.>'! Due to 7 conjugation and the robust Au-thiol

bond, this junction showed promise for high conductance
applications. However, these experiments yielded vast dis-
agreement in the low-voltage conductance of BDT with
values ranging from 6 x 107%G (ref 3) to 1.1 x 1072G,
(ref 11), where G, = 2¢%/h is the fundamental quantum of
conductance. Measurements have since shown that the spread
in conductance data for BDT is large compared to other
molecular junctions.”'* Fluctuations in the apparent height
of phenylene-ethynylene oligomers and long chain alky-
Idithiols have also been observed by conventional scanning
tunneling microscopy (STM).!>~!7 These authors propose that
fluctuations are caused by variations in the molecule—substrate
hybridization, but the presence of a tunneling gap or a
nanocrystal contact make apparent height measurements
difficult to relate to molecular transport properties. In parallel
to the experimental work, a considerable theoretical effort
aimed at understanding charge transport in single molecule
junctions has predicted an even broader range of conduc-
tances for Au-BDT-Au junctions than is experimentally
observed.!32* In particular, Basch et. al. found that conduc-
tance varied by a factor of 10° due to the spectral density
overlap between the molecular 7 orbitals and the Au
electrode.®

Transport variations observed by both experiment and
theory inhibit progress toward single molecule devices, and
also lead to many fundamental unanswered questions. They



are the following: (a) How large are these variations relative
to nominal transport properties? (b) How are the observed
variations related to variations in the parameters that define
transmission, i.e., orbital alignment offset and contact
coupling? (c) Are experimentally observed measurement
distributions a result of fluctuations within an evolving
junction or variations between serially measured junctions?
(d) What are the origins of the distributions? Given the
preexisting literature and difficulty in measuring the con-
ductance of thiol bound molecules, we have chosen to cite
the existing literature values for conductance and not repeat
these measurements. Instead we consider junction ther-
mopower, which is a robustly proven experimental probe of
electronic transport in molecular junctions.!®?~2’ There has
also been renewed interest in the theory of thermopower in
molecular junctions. Pauly and co-workers predict that while
conductance decays exponentially with increasing molecular
length, thermopower should have a linear dependence.?® This
dependence has been shown experimentally, as well.'>*” Dubi
et al. examined the nonequilibrium nature of thermoelectricity
and showed that unexpected properties such as sign sensitiv-
ity and resonant structure emerge.”’ Ke et al. developed a
computationally efficient tool, based on a single particle
green function combined with density functional theory, to
predict thermopower for a range of thiol bound aromatic
molecules.*® Their prediction of thermopower is also in close
agreement with our experimental measurements.'** We now
unveil the nature of transport variations by a quantitative
comparison of observed thermopower distributions for a
series of molecules with varied length and internal degrees
of freedom.

Variations in junction conductance and thermopower
result from changes in the alignment offset and/or coupling
of molecular orbitals with continuum electrode states. In
the Landauer formalism charge carriers transmit through
the molecular junction with an energy-dependent prob-
ability defined by the transmission function 7(E). Transport
is dominated by the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO).
These states shift and broaden from discrete orbitals due
to mixing with the continuum states in the contacts. Peaks
in 7(E) exist where the density of states of the junction is
comprised of HOMO or LUMO character. Free carriers
in the contacts exist at the chemical potential (Ef in Au),
and hence the junction conductance is defined in terms
of 7(E) as follows
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where G is the fundamental quantum of conductance.

When a temperature difference AT exists between the two
contacts, a thermoelectric voltage V is generated. The
junction thermopower or Seebeck coefficient (S) relates the
voltage produced to the applied temperature bias, V = SAT.
Butcher extended Landauer formalism to define S in terms
of 7(E) as
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where e is the charge of a proton, kg is the Boltzmann
constant, and 7 is the average absolute temperature of the
junction.’!

The energy distribution of 7(E) in metal—molecule—metal
junctions can be described by Lorentzian-shaped peaks at
energies related to the HOMO and LUMO energies. Lorent-
zian peaks are accurate representations of 7(E) if the density
of states in the contacts is constant and weakly coupled to
the molecular orbitals.*> While these conditions are not
strictly met in real molecular junctions, the Lorentizian form
has been substantiated by more rigorous calculations*** and
is a useful tool for analysis.?*?’* A general expression for
a Lorentzian transmission function is
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where E; are the energies of the HOMO and LUMO
(respectively), and I';; and T';, are the broadenings of the
ith molecular orbitals due to coupling with contacts 1 and
2. These parameters change due to variations in the junction’s
structure and surroundings that effect transport and can be
thereby studied through measurements of thermopower or
conductance.

Thermopower measurements were made on BDT, 4,4’
dibenzenedithiol (DBDT), 4,4”-tribenzenedithiol (TBDT) and
2’,5’-dimethyl-4,4”-tribenzenedithiol (DMTBDT) using the
modified STM setup described previously!%*?” and il-
lustrated in Figure 1 (see Supporting Information for further
details on the measurement method and synthetic proce-
dures). One or a few molecules were captured between a
Au tip held at ambient temperature and a heated Au substrate
held at AT above the ambient temperature. The induced
thermoelectric voltage V was measured between the tip and
the substrate. To create a consistent bandwidth for charac-
terization of transport fluctuations, the acquired voltage was
sampled at 10 kHz and passed through a low pass filter set
to 1 kHz. Statistics were accumulated through roughly 500
serial approach-withdrawal sequences (AWS) at each AT for
AT ~ 0, 5, 10, 15, 20, and 30 K. For each AT, the
temperature of the substrate approached steady state and
varied by less than 0.2 K during the measurement period.
Since we are observing the dependence of V on AT, the
baseline noise and voltage offset of the amplifier, which are
independent of AT, do not influence our results. Voltage
traces for two consecutive AWSs are shown in red as a
function of tip distance in Figure 2; shading indicates the
existence of a junction, and V, and V,4, indicate the mean
of each AWS. Control measurements were performed with
pure toluene without molecules and representative voltage
traces are shown in blue in Figure 2.

Histograms of V taken at each AT were built using an
automated procedure without any data preselection and then
normalized for presentation on a common axis. In the rare
case that a molecule was not captured the data was not
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Figure 1. Experimental setup. Schematic of the experimental setup
for measuring thermoelectric voltage with a modified STM break
junction. Molecules of BDT, DBDT, TBDT, or DMTBDT are
captured between the Au 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 current is monitored to calculate conductance.
Once a threshold conductance of 0.01G,, indicating formation of a
molecular junction, is reached, the tip is withdrawn. During the
withdrawal stage, 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 before the junction
breaks.
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Figure 2. Sample voltage traces. Voltage traces for two consecutive
molecular junctions are shown as a function of tip distance in red.
For clarity these traces are shifted by —200 x«V relative to the blue
traces that show control measurements without molecules. V,, and
V,+1 indicate the differing means of the two consecutive molecular
junctions. Observed fluctuations in the thermopower have contribu-
tions from fluctuations within an evolving junction, and variations
between junctions.

omitted. These are shown in Figure 3a—d, where (a) is BDT,
(b) is DBDT, (c) is TBDT, and (d) is DMTBDT. The
histograms broaden and shift to the right as higher AT are
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applied. Secondary peaks, found at lower voltage, are clearly
discernible for the TBDT and DMTBDT junctions at high
AT. The peak values of the raw histograms, Vi are plotted
as a function of AT in Figure 3e—h (circles). The value of
Vpear increases linearly with AT, as has been previously
demonstrated.!®***” For TBDT and DMTBDT, only the
primary peak values are displayed because the secondary
peaks are irresolvable at lower AT. Linear fits found by least-
squares regression are shown. The slopes of these fits are
the junction thermopower S and the 95% confidence interval
in slope is the reported error in S, as listed in Table 1. For
BDT, DBDT, and TBDT reported values of S are within the
error of previously published values.!'%267

The broadening of the voltage histograms with increasing
AT results from the variation in junction thermopower AS,
multiplied by an increasing AT. In order to study transport
variations, the full width at half maxima (FWHM) of the
voltage histograms are plotted as a function of AT in Figure
3e—h (squares). Secondary peaks of TBDT and DMTBDT
were included in the FWHM to capture the total variation
in the measured voltage. The FWHM is approximately linear
with AT and has been fit by linear regression. The slopes of
the fits have units of #V/K and are termed AS, which can
be understood as the observed variation in the thermopower.
Instrument noise is small relative to the measured FWHM
and does not contribute to AS because it is invariant for all
AT. Histograms of the instrument noise are shown in Figure
1 of the Supporting Information.

Variations in thermopower can be related to orbital offset
and contact coupling by considering how perturbations in
E,‘, F,-,l, and F,;z (AE,‘, Arl"l, and Ar,‘,z) effect S and G.
Variations in thermopower, termed AS, are related to these
perturbations by first order Taylor expansion

2
AS = z [AESIOE), ¢ + AT, ,(0SI0T, )y +

Ari,Z(BS/ari,z)E,-,r,,l] )

where AE;, AT';;, and AT';, can be positive or negative. In
the case of junctions which feature (i) HOMO dominated
transmission (Er — Enomo)® < (Er — ELumo)? and (ii) not
too strongly coupled contacts (Er — Exomo)” > (Tnomo. +
Thomo2)74 (i.e, Thomous2 < 0.5 eV for the molecules
studied), substitution of eqs 2 and 3 into eq 4 yields the
following simplified expression

= 5
(Ep — EHOMO) ©)

AS AEpom0

S
This expression relates the normalized variation in ther-
mopower AS/S to the normalized variation in the offset of
the HOMO to the Fermi energy of the contacts AEyomo/(Er
— Eyomo)- Criteria (i) and (ii) are met by our molecules as
discussed in the Supporting Information. Hence, a remarkably
large variation in the HOMO transmission peak of benzene-
dithiols is implied by these measurements of AS/S. Values
of AEyomo/(Er — Exomo) range from 0.3—0.84 dependent
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Figure 3. Voltage histograms and linear fits. (a—d) Normalized voltage histograms for ~500 consecutive junctions at each AT for (a) BDT,
(b) DBDT, (c) TBDT, and (d) DMTBDT. (insets) Resultant histograms when variations between the mean voltages of each junction are
removed, and we are left only with high frequency fluctuations of voltage about each mean. Since the mean of each voltage measurement
was subtracted, these histograms should be centered at zero, but have been offset for clarity. (e—h circles) Histogram peaks as a function
of AT for (a—d). (e—h squares) Histogram full width at half-maximum (FWHM) as a function of AT for (a—d). (e—h diamonds) Inset
histogram FWHMs as a function of AT for (a—d inset). The measured voltage peaks and FWHMs vary linearly with AT and slopes are
reported as thermopower and fluctuations in thermopower, that is, S, AS, and AS.,,. The reported error in these values is the 95% confidence
interval in the slope. AS.,o represents the fluctuation in S during the evolution of a given junction. Although unshown, ASjunc—june = AS —
AS.vor represents the variation in S from junction-to-junction differences.

Table 1. Measured Values of S, AS, AScyoi, and ASjunc—junc and Relative Variations in the HOMO Calculated by Equation
5 for BDT, DBDT, TBDT, and DMTBDT“

S (uV/K)  AS (uV/K) ASevo (UV/K)  ASjunc—june UV/K) (AE)/(Ex — Enomo) (AEeyo)/(Ex — Enomo)  (AEjunc—junc/(Ex — Enowmo)

BDT 7.7+£05 23+£0.3 0.7+0.3 1.6+04 0.30 + 0.04 0.09 & 0.04 0.21 + 0.06
DBDT 10.8+0.6 52£1.6 0.9+04 43+16 0.48 £ 0.15 0.08 & 0.04 0.40 = 0.16
TBDT 151+09 121+1.1 0.9+0.3 112+1.1 0.80 + 0.09 0.06 + 0.02 0.74 + 0.09
DMTBDT 159+25 13.3+3.3 1.0+ 0.5 12.3 £3.3 0.84 + 0.25 0.06 + 0.03 0.77 £ 0.25

“The reported error in these values represents the 95% confidence interval.

AG Al—‘HOMO,I + Al—‘HOMO,Z 2AEHOMO

on the molecular length and are reported in Table 1. <G Thovon TChomon + (Ex — Enomo) ©)

Variations in this energy offset are similar in magnitude to

the initial offset itself. Energy spans of this size can only which implies that variations in conductance are caused by
result from significant fluctuations in the junction structure both variations in contact coupling Al'yomo and offset
and local environment. AEyomo of the HOMO. Thermopower is thus less sensitive
to contact coupling than conductance and can be used as a
robust probe of AEyomo. More detailed derivations of eqs 5
and 6 are provided in the Supporting Information.

Perhaps the most interesting trend is the increasing

Variations in thermopower are large, but still smaller than
prior reports of conductance variations, for example, AS/S
~ 0.3 for BDT, while the minimum reported variation of

conductance for BDT is AG/G ~ 1.0."" Equation 5 shows magnitude of AS/S with increased molecular length. Con-
that the normalized variation in thermopower AS/S is ductance histograms of benzenediamines show a similar trend
independent of AI'. Under the same criteria used to develop as rings are added; reported AG/G for 1,4’-benzenediamine,
eq 5 a similar relationship for conductance is 4.4’-dibenzenediamine, and 4,4”-tribenzenediamine are 0.8,
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Figure 4. The origins and magnitude of transport fluctuations quantified by AS/S. (a) Potential sources of transport fluctuations are illustrated
as deviations from an ideal junction. Each of these sources has increased variability with molecular length. (b) AS/S plotted as a function
of molecular length and separated into fluctuations during a given junction’s evolution and fluctuations from junction-to-junction. Error
bars represent the 95% confidence interval of AS/S based on the individual errors in AS and S. The increasing magnitude of AS/S with
molecular length is consistent with increasing variability in the sources of fluctuations. The lifetime of a junction is ~1 s, but high frequency
fluctuations, characteristic of source (iv), are underestimated due to the limited bandwidth of our measurement system (1 kHz). Junction
evolutions are a small portion of AS/S, indicating that during their lifetime, junctions are stable to low frequency fluctuations from sources
(1), (i1), and (iii). Junction-to-junction variations dominate AS/S, suggesting that major deviations between junctions are born at the junction
formation. Hindered ring—ring rotation in DMTBDT limits the possible ring—ring torsion angles relative to TBDT. Equivalence of AS/S
for TBDT and DMTBDT suggests that fluctuations due to average ring—ring torsion angle (iii) are small. Hence, the observed transport
fluctuations are born at the junction formation and dominated by sources (i) and (ii).

1.8, and 4.2, respectively.” The physical source of the
variations is thus dependent on length. Longer molecules can
explore more contact geometries resulting in a wider variation
of orbital hybridization than shorter molecules. Longer
molecules are also more conducive to intermolecular interac-
tion such as aromatic 7—s coupling.*-*¢ Furthermore, the
number of average ring—ring torsion angles is increased with
molecular length, as are the thermally activated vibrational
and rotational states of the molecule. Hence, the possible
length dependent sources of variation include (i) junction
contact geometry and hybridization with molecular orbitals,
(ii) intermolecular interactions such as aromatic coupling,
(iii) average ring—ring torsion angle in multiring molecules,
and (iv) high frequency fluctuations including internal
vibrations and rotations of the molecule. These sources are
illustrated in Figure 4a as alternatives to the ideal junction
generally considered in the literature.

In order to narrow down the origins of the observed
fluctuations, we statistically separated AS into fluctuations
within an evolving junction and variations between serially
measured junctions. The voltage traces in Figure 2 show that
the mean thermoelectric voltage of consecutive junctions is
different (V,, # V,4;). Deviation between the mean voltages
is a result of junction-to-junction variations. Alternatively,
deviation of the data about a given mean results from
junction-evolutions as the tip is being withdrawn. We
emphasize that the voltage amplifier’s limited bandwidth
(1kHz) results in an averaging of junction-evolutions. To
separate these two contributions, the mean voltage for each
junction was subtracted from the associated voltage trace,
so that all the remaining variation was entirely due to junction
evolution. After subtracting the means, the voltage histo-
grams were reconstructed and plotted in the inset of Figure
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3a—d. Since the mean of each voltage measurement was
subtracted, these histograms should be centered at zero but
have been offset for clarity. The FWHM of the inset
histograms are plotted as a function of AT in Figure 3e—h
(diamonds); dependence on AT is reduced relative to the
original histograms. The slopes of the linear fits represent
the fluctuations in thermopower due to junction-evolutions
ASevo- The fluctuation in S due to junction-to-junction
variations ASjync—junc 18 the difference between AS and AS.yol
(ASjunc—junc:AS - ASevol)- Values of ASevoh ASjunc—junc: and
the associated normalized fluctuations in Eyomo are listed
in Table 1.

Figure 4b shows the total AS/S as a function of molecular
length, broken into contributions from ASeyor and ASjunc—junc-
Comparison of ASe,,i/S (blue) and ASjync—junc/S (red) reveals
that the observed transport fluctuations are largely caused
by junction-to-junction variations. These contributions have
hitherto been combined and never before quantified for thiols,
although qualitative inspection of conductance traces has lead
authors to a similar conclusion for BDT alone.!* Junction
evolutions are a small portion of AS/S, indicating that during
their lifetime, junctions are stable with respect to low
frequency fluctuations from sources (i), (ii), and (iii) pictured
in Figure 4a. The lifetime of a junction is ~1 s, but high
frequency fluctuations, likely prevalent during a junction’s
evolution, are underestimated due to the limited bandwidth
of our measurement system (1kHz). Calculations suggest that
picosecond thermal fluctuations of the Au—Au and Au—molecule
bonds create a broad distribution of conductance,’” but
unfortunately these fluctuations cannot be resolved by our
instruments.

Junction-to-junction variations dominate AS/S, suggesting
that major deviations between junctions are born at the
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junction formation due to sources (i), (ii), or (iii). Equivalence
of AS/S for TBDT and DMTBDT suggests that variations
due to the ring—ring torsion angle pinning (source (iii)) are
small. In contrast, prior work on benzenediamines suggested
that conductance variations increase with molecular length
due to an increased range of possible ring—ring torsion
angles.” Relative to TBDT, the ring—ring torsion angles of
DMTBDT have a limited range of freedom due to steric
hindrance of the methyl groups and are more likely to be
pinned in a smaller range of torsion angles.

Contact geometry and orbital hybridization have been
credited as the source of transport variations by several
theoretical investigations.®'872*3 For example, Basch et al.
found that hybridization variations in thiols caused conduc-
tance to vary by a factor of 10° (ref 6), and Quek et al. found
that calculations with 15 distinct Au contact geometries
reproduced the observed spread in benzenediamine conduc-
tance data.®® In practice, the spontaneously changing
thiol—gold surface morphology,¥~#! as well as the restruc-
turing that results from repeated junction formation and
breakage leads to a wide array of junction geometries. Longer
molecules can more thoroughly explore the contact morphol-
ogy to hybridize in a wider range of orientations, while still
maintaining an end group exposed for capture by the STM
tip. This conclusion is substantiated by recent studies which
found that longer alkanes were more likely to create
molecular junctions than short alkanes.*>*

Intermolecular interactions cannot be ruled out as a source
of the observed fluctuations. A recent study of conductance
in oligo-phenylene ethynlene molecules established that
junctions were still formed when one of the end groups was
displaced or fully removed.*® The authors observed distinct
and different conductance peaks in the absence of end groups
and concluded that aromatic 77— coupling between adjacent
molecules created controlled molecular bridges between
nearby electrodes. Secondary peaks in the voltage histograms
of TBDT and DMTBDT, shown in Figure 3c,d, are sugges-
tive of a distinct and different transport channel. The
emergent second peak, resolvable only at higher AT, suggests
a thermopower of ~5.0 £ 1.0 uV/K for both TBDT and
DMTBDT. A secondary peak was not exhibited by BDT or
DBDT. Our results agree with Azzam et al., which showed
that strong intermolecular interaction of tribenzene backbones
yields well-ordered self-assembled monolayers that do not
develop with dibenzene molecules.*

By identifying the nature of transport variations in mo-
lecular junctions, we open the door to improved molecular
electronics design. For thiol bound aromatic junctions, the
breadth of observed thermopower distributions implies
variations in the offset of the HOMO, relative to Ef of the
contacts, similar in magnitude to the nominal offset itself.
Statistical analysis of data shows that these variations are
born at the junction formation, increase with molecular
length, and are dominated by variations in contact geometry
and orbital hybridization, as well as intermolecular interac-
tions. To reduce these variations, the development of
molecular and organic electronics should focus on fabrication
of contact geometry and placement of molecular circuit

Nano Lett,, Vol. 9, No. 10, 2009

components onto these contacts such that possibilities
available to the molecule are limited. One recent paper
suggests the use of fullerene end groups to improve junction
stability.* Similar innovations directed toward improvement
of junction consistency, despite the local contact environ-
ment, could take single molecule electronics from interesting
model systems to the ultimate frontier of integrated electron-
ics.
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