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A novel molecular junction based on a monolayer between carbon and mercury “contacts” was investigated
by examining current/voltage behavior as a function of temperature and monolayer thickness. Monolayers of
phenyl, biphenyl, and terphenyl were covalently bonded to flat, graphitic carbon, then a top contact was
formed with a suspended mercury drop. Similar molecular junctions were formed from multilayer
nitroazobenzene (NAB) films of 30 A and 47 A thickness, and junctions were examined over the temperature
range of+80 °C to —50 °C. Junction resistances were a strong function of molecular length and structure,
with mean resistances for 0.78 rhjonctions of 34.4Q, 13.8 KQ, and 41.0 K2 for phenyl, biphenyl, and
terphenyl junctions. Th&V characteristics of biphenyl and phenyl junctions were nearly independent of
temperature, while those of terphenyl and NAB junctions were temperature independent b&bwud
thermally activated above 1TC. The results are consistent with a tunneling process at low temperature,
where the molecular conformations are apparently fixed. For the thicker terphenyl and NAB junctions, the
tunneling rate is sufficiently slow to observe a thermally activated conduction process at higher temperatures.
The observed activation barriers of 0.3 to 0.8 eV are in the range expected for phenyl ring rotation, implying

that the coplanar conformer of terphenyl has a significantly higher conductivity. BeRgy the junction is
presumably “frozen”, with only a small fraction of terphenyl molecules in the conductive conformation.
Calculated HOMO-LUMO gaps for the planar and twisted conformations of terphenyl predict that the planar
geometry is five times more conductive than the twisted conformation. In addition to presenting a new type
of molecular electronic junction, the results bear on the widespread topic of electronic conductivity of organic
molecules.

Introduction between metallic conductors (e.g., Au, Ag, Hg, Ti) to make a
variety of molecular junctions involving a few molecules or a
Imuch larger assembly. Such junctions have exhibited a variety
of interesting effects, including Coulomb stairca%esSchottky

The concept of a molecular junction has been recognized for
some time, as a subset of the more general area of molecula

lectronics. Molecular junctions repor vary signifi- ) -
electronics. Molecular junctions reported to date vary sig barriers®7 rectification®° charge storag¥,and staircase current/

cantly in size, number of molecules, and the nature of the voltage curved! The i/V characteristics of these molecular
electrical contacts, but they all share one core principle. A single . 9 :

molecule or collection of parallel molecules is oriented between Jtldgﬁtlglr;itrr]:r\mlii Egrr:]:\ll?c:?daz \Ifséﬁea;hri?rrfgr%aulse;fi(;:utsosi%ﬁ)slim d
two electronic conductors, such that molecular properties affect . ' . L
or control electron flow through the junction. An important patents regarding potential practical applications. To date the

feature of molecular junctions is the prospect of creating a wide g?]pé?t;]lirgzs,\; grf I'_rthe;eStrgargﬁézcirl:\llirl \Jllijnncg(:/r;s;izaso?'euer?cggrs]ed
variety of current/voltageifV) characteristics by structural pp 9 ty of]

changes in the molecule. Since molecules can exhibit a wide desllgnsl, érfg%'gr,:g I_I;robm Juggtlon§ cont_arl‘nmg a few acht!ve
range of molecular orbital patterns, there should be a corre- T(r)n?rfzuaid 'co’ntaoiningg-??(S)’?mjglre]:f:tlljcl):ssl“\ivllg areas approaching
sponding wide range of/V transfer functions. A second : . )
important motive for studying molecular junctions is elucidation ~ Although molecular junctions based on L-B and SAM
of the electron transport mechanisms which underlie molecular Structures have revealed important properties of electron
electronicg:2 It is obvious that the creation of molecular circuits  fransport, they present some barriers to implementation in
in which molecular structure is used to control conductivity will Practical devices. L-B films are fragile, and junction fabrication
require knowledge of electron transport mechanisms. Molecular i 9enerally a delicate process with possibly large variations in
junctions provide direct control of applied voltage and observed Yield.- Both L-B and SAM junctions have significant energy
current, and are a simple alternative to electron transport barriers at the interface between the monolqyer and the contacts.
examined by electrochemical and photochemical techniques. FOr €xample, the gotdsulfur bond common in SAMs presents
While a variety of molecular junctions involve multilayer & ~2 €V energy barrier which must be overcome to initiate
films of redox or conducting polymers, the types of greatest electronic con_du_ctloﬁv?lzThe domain size in Au/thiol SAMs
relevance to the current work are based on organic monolayerdS generally limited to areas of<1 um?, thus preventing
between electronic conductors. Langmuir Blodgett (L-B) or Au/ fabrication of any but very small defect-free junctions.
thiol self-assembled monolayers (SAMs) have been oriented A large body of literature exists on the mechanism of charge
transport through monolayers in electrochemical interfaces
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TABLE 1. Conduction Mechanisms in Metal/Dielectric/Metal Thin Film Junctions?

temperatureT) voltage V) monolayer thicknesgij
dependence dependence dependence

coherent, nonresonant tunneling weak linear (\gw exp(—pd)
coherent, resonant tunneling weak linear weak
incoherent, diffusive tunneling “tight binding model” weak linear (IMv see notelf)
field emission (high E-field, “Fowler Nordheim”) weak V2 exp(—by/V)° exp(—cyd)
thermionic (Schottky) emission expéu/T) expV?) exp(—csd 1?)
“hopping” exptaT) linear (lowV) d?
Poole Frenkel effect (“traps”) expls/T) exp:V¥?) exp(—cqd ?)

a Adapted from ref 55, p 403, plus refs 1,8,27,8®epends on choice of parameters, see ref 2y, a,, by, etc., refer to constants which do not
depend on thickness, temperature, or voltage, but may vary for different conduction mechanisms.

(conductor/molecule/conductcty-8.14-16.22-26 Several of the -
mechanisms proposed for electron conduction through such
systems are listed in Table 1, along with the expected temper- AV
ature {T), voltage ¥), and thicknessd) dependencies. Non-
resonant tunneling is the classical case in which all of the energy +
levels in the monolayer molecule differ significantly in energy mercury
from the Fermi levels of the conductors, while resonant
tunneling requires a molecular orbital close to the conductor
Fermi level. The tight binding model refers to electron (or hole)
motion between a series of sites, via a sequence of tunneling
events through the energy barriers between adjacen#sFesld
emission refers to assistance of tunneling by an electric field,
in which the tunneling probability increases nonlinearly with
voltage. All four tunneling mechanisms are independent of
temperature, at least in their simplest forms. However, they vary

significantly _in_the predict_ed shape of_their current/vol_ta'gje ( Figure 1. Schematic of carbon-based molecular junction using a
V) characteristics and their variation with monolayer thickness. piphenyl monolayer. Aromatic rings in pyrolyzed photoresist film (PPF)
The remaining conduction mechanisms listed in Table 1 represent the graphitic B system of the carbon support.
involve thermal activation of an electron over a barrier, and
hence are exponentially dependent on temperature. ThermionicExperimental Section
emission may occur upon injection of an electron from a ] .
conductor into a molecular monolayer. The applied field lowers ~_Phenyl, biphenyl, terphenyl, and 4-nitroazobenzene (NAB)
the activation barrier, resulting in a dependence on hoéind diazonium tetrafluoroborate salts were prepared from their
d. “Hopping” consists of thermally activated electron transfer respective amines using established procediré$The salts
between sites in the monolayer, and yields essentially ohmic Were stored in a freezer in the dark and were used within one
behavior at a given temperature, often withda! depend- ~ month of synthesis. Pyrolyzed photoresist films (PPF) were
ence’28-30 Poole-Frenkel transmission involves thermal activa- Prepared on polished glassy carbon substrates as described
tion of electrons out of Coulombic “traps” which may be present Ppreviously?3¢ Care was taken to reduce trace oxygen in the
as defects in the monolayer. Electron transmission occurs whenpyrolysis atmosphere, and pyrolyzed samples were inspected
the applied field and temperature are sufficient to permit in a light microscope for evidence of porosity or defects.
electrons to leave a “trap”. Since the various mechanisms for Specimens with a low density of visible defects were cleaned
charge transport through monolayers are numerous, it isWwith 50/50 isopropanol (IPA)/acetonitrile which had been
generally necessary to examine conductivity as a function of purified with activated carbon before electrochemical deriva-
T, V, andd to narrow down the possibilities. tization3” Phenyl, biphenyl, and terphenyl monolayers were
In a recent lettets we described a fundamentally novel Prepared by electrochemical reduction of the 1 mM acetonitrile
molecular junction structure based on organic monolayers solutions of corresponding diazonium salts containing 0.1 M
covalently bonded to a graphitic carbon substrate, as shown intetrabutylammonium tetrafluoroborate. The applied potential was
Figure 1. Since monolayer bonding to the carbon “contact” scanned at 0.2 V/s for two bi-directional scans fre0.4 to
involves a phenyl ring conjugated to the graphitisystem, ~ —0.8 V vs Ag/Ag". The biphenyl and terphenyl modified
we expect a low energy barrier to electron transfer between thesurfaces were confirmed to be monolayers with AFM, by
carbon substrate and the monolayer. A mercury drop providesobserving the depth of an intentional square hole made in the
the second contact, and permits investigation of thé monolayer with the AFM tip. The phenyl monolayer was too
characteristics of the junction. Once the junction is formed, it thin to observe in this fashion. NAB is prone to forming
contains no intentional electrolyte or solution, and may be multilayers, so either 2 or 4 voltammetric scans were used to
examined over a wide temperature range (at lee&d °C to form films with thicknesses of 30 and 47 A, respectivély.
—50°C). Like the Hg/molecule/Hg and Hg/molecule/Ag junc- Immediately following derivatization and again before forming
tions reported using thiol chemistkl®> the junctions are  a molecular junction, the sample was rinsed with 50/50 IPA/
relatively simple to produce and a wide range of molecules may acetonitrile. The sample was then mounted on a copper surface
be examined. The current report describes carbon-based mowhich provided electrical contact, and was itself mounted on a
lecular junctions in more detail, with emphasis on the effect of thermoelectric cooling element. With the addition of a resistance
monolayer structure and temperature on electron transportheater, the sample temperature was controlled6C between
through the junction. +80 and—55 °C.
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The mercury top contact was formed in a recessed well made TABLE 2: Observed Resistance Y = +50 mV) for
by a~3 mm section of insulation protruding past the end of a Hg-Monolayer-PPF Junctions at 20°C

1.6 mm diameter hook-up wire about 5 cm long. Hg injected observed junction
into the recess made contact with the metal wire, and formed a  monolayer sample no. resistanceQ
hemispherical drop when inverted. Thus the mercury was phenyl P ob
suspended from the end of the contact wire and within a tube 1 44.3
of insulation, and formed a drop with an approximately 1.0 mm 1 19.8
diameter. A 3-axis positioner above the sample held the wire, 1 18.8
and the entire apparatus (sample, cooler, positioner) was g ?g'z
contained in a Plexiglas box with a volume of approximately 3 26.9
one cubic foot. The box was purged with dry nitrogen at the 4 49.0
start of each experiment, and, Nlowed continuously for mean: 34.4- 19
experiments below 20C to prevent water condensation. Due biphenyl 1 9070
to the hazards of heated mercury, THE SAMPLE BOX WAS 1 16007
ACTIVELY VENTED TO A FUME HOOD EXHAUST by a 1 14098
3-in. diameter hose. 1 6081
. 2 27910

In early experiments, the Hg drop was lowered onto the PPF/ 2 9934
monolayer sample with a piezoelectric translator (Burleigh 2 11911
“inchworm”) but subsequent experience showed that a manual 3 16447

micrometer was sufficient. The drop was lowered until initial mean: 1380Gt 6200

contact with the sample was made, as judged by distortion of  terphenyl 1 360691
the drop visible through an optical magnifier. As the drop was 1 30393
i v - i 1 29471
lowered past this point, it deformed, its area increased, and the
; : . 2 175104
observed junction resistance decreased by a factor of about 10. 5 50798
Trial and error resulted in a standard procedure for making the 3 27763
Hg contact, under which the drop is lowered 309 beyond 3 30532
the initial visual contact. Variation of the initial Hg drop size 3 28186
resulted in a small¢15%) variation in junction area, but visual 2 ég%gg
inspection revealed a junction diameter close to 1 mm and a 5 94066
junction area of 0.78 mf Reproducibility of the low-voltage 5 24030
junction resistance is indicated by Table 2, which lists results 5 70153

from all junctions studied on a total of 12 samples. The “sample mean: 4100@: 23900
number_” refers to aldist_inct. preparation carried thrqugh Fhe entire aSample number refers to separate preparations of PPF and
pyrolysis and derivatization procedure. Each junction was monolayer. Repeated entries with the same sample number refer to
annealed for 15 h at 260C during which low voltage+0.05 different junctions on a given sample. All resistance values acquired
V) resistance measurements were carried out to monitor after 15 h at 20C annealing, in the voltage range #f50 mV.* Not
resistance changes over time. Changes in resistance during thi§'cluded in averages.

period are discussed in the Results section, and the final

resistance values are reported in Table 2. Although the standard 012
deviation of the final resistance was fairly high'§0%), the 011 R=8.90 (low V)
differences between the means of junctions of different mol- 0.08) ‘V
ecules was much larger. 0.06;
A series of voltammograms was obtained for annealed 0.041
junctions over a range of temperatures, usugif0 to —55 0.02]
°C. Reversibility was checked by returning the junction to its .= . :
initial temperature (usually-50 °C). Although the junction 0,021 05 0 0.5
resistance usually changed by-120% during a temperature 004 f/
cycle, the observed trends were reproducible. ’
-0.06] R= 9.9 kQ (low V)
-0.08
Results V. volts
A current vs voltage plot for a biphenyl junction is shown in  Figure 2. Current/ivoltage curve for a biphenyl junction scanned at
Figure 2. For potentials within the range 0.5 V, thei/V 0.2 V/s at 20°C. Positive voltage corresponds to the PPF being positive

characteristic was reversible with no significant hysteresis, and relative to Hg.

the curve shape and magnitude were independent of voltage

scan rate for the range 0.01 V/s to 1000 V/s. At 10,000 V/sec but absent the diazonium reagent, the observed junction
a capacitive current component was observed, but was difficult resistance was less tharc2 The most likely explanation for

to measure reliably above the much larger resistive current. Thethe sharp increase in current1.6 V is dielectric breakdown,
sharp increase in current atl.6 V apparent in Figure 2 was  apparently resulting in a catastrophic failure of the junction.
irreversible, and its potential varied for different junctions, by Based on the biphenyl monolayer thickness of 11.1 A (measured
approximately+0.5 V. Thei/V characteristic was linear over a  from the PPF carbon surface atom to the van der Waals radius
small range near zero volts, corresponding to a junction of the opposite hydrogen), the electric field at 1.6 V>i40’
resistance of 9.9 R in this case. After the apparent breakdown V/cm.

at~1.6 V, the low voltage resistance irreversibly decreased to  Current/voltage curves for phenyl, biphenyl, and terphenyl
<10 Q. In control experiments including all fabrication steps junctions are shown in Figure 3 for applied voltages which avoid
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Figure 3. i/V curves for phenyl, biphenyl, and terphenyl at 0.
Inset shows expanded scale near the origin.
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Figure 4. Observed behavior of junction resistance Yor= 0.05 V
for several phenyl, biphenyl, and terphenyl junctions as a function of
time after junction formation. Temperature controlled at@0 Upper
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Figure 5. Current/voltage curves for a terphenyl junctiontd&iO and
—40°C. Solid lines are experimental, points were calculated from eq
1.

some of the variation in observed resistance with time and
junction number may be due to impurities or defects, but it is
important to note that the effect of molecular length is much
larger than the variations apparent in Figure 4.

The shapes of thiéV curves in Figure 3 and the low voltage
resistances listed in Table 2 provide tests of which conduction
mechanisms apply to the phenyl, biphenyl, and terphenyl
molecular junctions. For example, nonresonant coherent tun-
neling which fits the Simmons model is dictated by eq 1, with
a strong dependence on monolayer thickness, but negligible

resistance scale, lower plot shows all three junction types on a log scale.temperature dependent&? Additional terms in eq 2 correspond

breakdown. All show a linear region at low potentiat1(00

mV), and all are nonlinear at higher voltage. The magnitude of
the observed current and the observed junction resistance are
strongly dependent on the length of the monolayer molecule.

As shown in Table 2, there is significant variation in the

to nonlinearity at highv.

_ femey™®
g

@)

T

—4m(2md,)Md
X h +

wherejr = tunneling current densityn = electron massPr

observed low-voltage resistances for different samples and= tunneling barrier, anth = Planck’s constant. In contrast to

different spots on the same sample, presumably due to dustcoherent tunneling, thermionic emission and “hopping” have a
particles, residual electrolyte, or defects in the PPF or mono- much weaker thickness dependence but are exponentially
layers. The values indicated in the table were rejected asdependent on temperature.

discordant, and the remaining values were averaged. The means As summarized in Table 1, tunneling through a rectangular

and standard deviations of the remaining spots were 3419

Q for phenyl, 13800+ 6200 Q for biphenyl, and 41006t
23900%2 for terphenyl. Variations in the low voltage resistance
with time after junction formation are shown in Figure 4.
Although the terphenyl junctions show changes with time, they

Simmons barrier is linear with at low voltage and increases
nonlinearly at higheV. Figure 5 shows attempts to fit the
Simmons model to th&V characteristic for terphenyl at40

°C and+50 °C. The points shown in Figure 5 were calculated
with the nonlinear Simmons equation including terms for both

have consistently higher resistance than biphenyl junctionsV and VY2, and are plotted on both a linear (circles) and

(Figure 4A). All three junction types are plotted in Figure 4B,
on a log scale to permit comparison with the much more

conductive phenyl junctions. As noted in the Discussion section,

logarithmic (triangles) current scale. For thel0 °C data set,
eq 1 provides a close but not exact fit for terphenyl correspond-
ing to a tunneling barrier of 2.55 eV and thickness of 15.1 A.
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004 The slopes of these plots are summarized in Table 4. All five
junctions show a weak or negligible temperature dependence

006 Phenyl below 0°C, with an apparent activation energy €0.05 eV.

< o Above 10°C, the phenyl and biphenyl junctions continue to be
2 *80eC independent of temperature, with a very slight or negligible
3 oo f increase in slope. The thicker junctions made from terphenyl

0 -50°C and nitroazobenzene all show a significant barrier for tht 10
to 50°C temperature range. The observed slope varies somewhat

A for different junctions, within the range shown in Table 4. The
60 Ry slope for NAB varies with applied potential, with higher
Terphenyl s apparent activation barriers for lower applied potential. For

T A example, the 47 A NAB film exhibits a barrier of 0.85 eV from
20 aIn() vs 1/T plot atV = 50 mV, but 0.51 eV folV = 500 mV.
9,-3,-13 The significance of this variation is not yet known, but it is

= incorporated in the ranges listed in Table 4.

current, uA

Discussion

voltage, V

) . L ) ) The closest analogue to the current molecular junctions in
Figure 6. i/V curves for phenyl and terphenyl junctions with varying

; the literature involves SAMs between a Hg drop and a solid
temperature. Recorded from the higher to lower temperatures shown, | d Ha drd61520Th d e b d
but changes with temperature were reversible. metal or a second Hg drdp.!>2The current densities observe

here are significantly higher, although direct comparison is

Similar fits to the low-temperaturgV curves for phenyl and difficult due to differences in conditions and molecular structure.
biphenyl yield Simmons barriers of 10 and 4.8 eV, respectively, For example, the current density for the terphenyl monolayer
assuming monolayer thicknesses of 6.6 and 11.1 A. The listed in Table 3 at 20C and 0.5 V is 3x 103 A/lcm?, while
inadequate fits of eq 1 and the variable barrier height with that observed for a junction between Ag/terphenyl thiol and Hg/
monolayer thickness indicate that the Simmons tunneling model C1eHz3thiol was 3x 10~® A/cm?.4 A junction formed between
does not explain the observations for the phenyl, biphenyl, and two Hg drops coated with a 1@H,sS monolayer showed an
terphenyl homologous series. Furthermore, any tunneling pro- approximate current density ofs3 10> A/lcm? at 0.5 V1* The
cess should have a weak temperature dependence, in conflicBhorter molecules and stronger moleetsebstrate coupling in
with the curves shown in Figure 5. the current junctions may explain the higher current observed

The effect of temperature on th®/ behavior of phenyl and  densities, but it would be premature to make significant
terphenyl junctions is shown in more detail in Figure 6. The conclusions solely on the basis of current density.
current for the phenyl junction depends weakly on temperature A pragmatic question about the current work regards the
over the range of-50 to+50 °C, increasing by only 34% ata accuracy of Figure 1 as a representation of the junctions
voltage of 0.5 V, and 17% at 0.1 V. The terphenyl junction, examined experimentally. On the basis of experience with SAMs
however, is essentially independent of temperature fro0 in electrochemical and molecular electronic structures, defects
°C to +9 °C, increasing by only 3% at 0.5 V, but strongly and pinholes may be present which provide a low-resistance
temperature dependent betwee® °C and+50 °C, increasing current patH’ We have established previously that covalent
280% at 0.5 V. For a slightly higher temperature range, a monolayers deposited on glassy carbon and PPF are very low
different terphenyl junction showed an increase in current by a in pinholes, as judged by the inhibition of electron transfer to
factor of 12 between 30 and 8C for V= 0.5V, and a factor electrocatalytic redox systems such as doparfiifi€The low
of 5.7 atvV = 0.05 V. Observed currents for several temperatures pinhole density presumably results from the electrochemical
and potentials are listed in Table 3 for a terphenyl junction. derivatization by diazonium ion reduction. Pinholes would
The data in Table 3 were obtained for a single junction cycled naturally be sites for more favorable reduction kinetics, which

over a+50 to —50 °C temperature range. in turn generate additional phenyl radicals which chemisorb to
As noted in Table 1, several conduction mechanisms arethe PPF. So pinholes which support electron transfer are
predicted to exhibit an exponential dependence dn dihce inherently “self healing”. It should also be noted that the@©

they involve thermal activation over an energy barrier. A plot bond between the monolayer and the PPF substrate is formed
of In(i) vs 1/T is shown in Figure 7 for terphenyl at three irreversibly, so pinholes will not be created after monolayer
voltages. The plot is linear for temperatures abové@Qwith deposition, at least by spontaneous desorption. In fact, nitro-
a slope of—3272 K at V= +0.5V, —3568 K at V= 0.2 V, phenyl monolayers are stable to at least 4Q0in a vacuum,
and—3629 K for V= 0.1 V. These slopes may be converted indicating their high stability2 A second argument against the
to eV by multiplying byk/q, yielding 0.28, 0.30, and 0.31 eV, involvement of pinholes in observadV curves is the strong
respectively. The temperature dependence of the current fordependence of current on molecular length and structure.
terphenyl above 10C indicates an activation barrier of 0.30 Addition of one phenyl ring to the phenyl monolayer to yield
eV, which is independent of voltage over the range 0.05 to 0.5 biphenyl causes a resistance increase of a factor of 400. If
V. Below 0 °C, the current through a terphenyl junction is junction conductivity resulted from a few pinholes, such a large
independent of temperature, indicating that conduction occurs change in resistance would not be expected. In addition, a 30
by a process which is not thermally activated. A film of NAB has a resistance comparable to that of an 11 A
Figure 8 shows additional In i vs T/results for phenyl, biphenyl monolayer below room temperature. On the basis of
biphenyl, and nitroazobenzene junctions, plotted on the samea recent report comparing conduction through conjugated
scale as terphenyl. Although NAB differs structurally from the stilbene oligomers to that in phenyl ethynyl oligomérghe
phenylene series, it is included here because both 30 and 47 Aextensive conjugation of the NAB film would be expected to
films show the distinct change in slope observed for terphenyl. yield higher conductivity. In the current case, the high conduc-
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TABLE 3: Current for Terphenyl Molecular Junction

Anariba and McCreery

potential, i, —50°C, i,—40°C, 1i,—33°C, i,—25°C, i,—13°C, 1i,—03°C, i,09°C, 1i,20°C, 1i,30°C, i,35°C, 1i,50°C,
\Y uamp uamp uamp uamp uamp uamp uamp uamp uamp uamp uamp
0.010 0.16 —0.06 0.22 0.23 —0.04 0.17 0.29 0.21 0.29 0.51
0.050 0.63 0.40 0.71 0.73 0.63 0.45 0.73 1.05 1.3 1.95 3.28
0.100 1.33 1.17 1.38 1.42 1.42 1.18 1.40 2.23 2.99 4.26 7.13
0.200 3.32 3.18 3.44 3.43 3.51 3.07 3.34 5.36 7.59 10.39 16.33
0.300 6.08 5.84 6.05 6.24 6.38 6.07 6.56 9.61 13.97 18.73 27.39
0.400 9.50 9.35 9.77 9.61 10.01 9.53 10.22 15.84 22.9 29.21 46.67
0.500 14.26 14.11 14.53 14.23 15.06 14.71 15.67 24.63 35.48 44.25 67.31
0C 0C 50°C and similar coverage has been observed on ¥£§#4Close
il packing would require that the phenyl rings of adjacent
10 moleculgs are pz?lrallel, presumably forming domgins of orientgd
Terpheny phgnyl rings. Since both GC and RPF are disordered, .|t is
difficult to estimate the extent of possible monolayer ordering.
= 500 mv GC20 has graphitic ribbons with widths ef50 A, so it is
= 42 unlikely that the monolayer can order over distances greater
£ than 50 A. For the edge of highly ordered pyrolytic graphite
200 MV (HOPG), polarized Raman spectroscopy revealed that the
NAB —graphite bond was rotated randomly, such that the surface
14 100 mV bonding phenyl ring in NAB was rotationally disordered relative
to the graphite planées.
Although the Hg/monolayer contact was formed quickly after
0.0030 0.0035 0.0040 0.0045 monolayer deposition, brief exposure to air was likely to create

Inverse Temperature, (1/K)

Figure 7. Plots of the terphenyl data from Figure 6 as)is 1/ for
three applied voltages.

+50 °C 0°C H0°c
.
-4
— *.
<€ u., NAB i
-8
Cu...
............... i ragennrine
Terphenyl
-12

0.0030 0.0034 0.0038 0.0042 0.0046

Inverse Temperature (1/K)

Figure 8. Comparison of temperature effects on phenyl, biphenyl,

a layer of adsorbed impurities on the Hg or monolayer, or both.
However, such impurities should affect all junctions listed in
Table 2 similarly, since the monolayer/Hg contact is formed
identically for all molecules of different lengths. The strong
dependence of resistance on length, and the negligible resistance
observed in the absence of a monolayer, rule out a significant
effect of impurities on the results. From Table 2, it is apparent
that the average biphenyl junction resistance is 400 times that
of a phenyl junction, and the terphenyl junction resistance is
1200 times that of a phenyl junction, despite the fact that their
monolayer/carbon and monolayer/Hg interfaces are identical.
An additional issue is the flatness of the PPF relative to the
monolayer thickness. AFM shows that PPF has an RMS
roughness of<5 A, and the peaks and valleys are quite
graduaP® The liquid Hg contact presumably conforms to some
of these height variations, but to what degree is unknown. At
present, there is significant uncertainty in the functional contact
area between Hg and the top of the monolayer. The geometric
area of 0.8 mrhsets an upper limit, but a combination of surface
height variation and impurities may result in a smaller effective
area.

The apparent breakdown voltages such as that shown in

terphenyl, and nitroazobenzene (30 A) junctions. Current was measuredFigure 2 did not vary systematically with layer thickness,

at +500 mV in all cases.

TABLE 4: Slopes of In(i) vs 1/T Plots

slope, eV, slope, eV
layer thickness, (+5to+50°C) (0to—50°C)

molecule A V=05V V=05V
phenyl 6.6 <0.05 <0.02
biphenyl 111 <0.12 <0.02
terphenyl 15.1 0.280.31 <0.02
NAB 30A 0.62-0.76 <0.05
NAB 47 A 0.4-0.85 <0.05

presumably due to the strong influence of defects on breakdown.
For biphenyl and terphenyl, breakdown occurred in the range
of 0.8 to 1.6 V, while breakdown for phenyl was not observed
before the current exceeded the 100 mA limit of the instrument.
The observed range of breakdown fields wasl4 MV/cm for
biphenyl and terphenyl, and in all cases breakdown was
irreversible. Breakdown fields for junctions between two SAMs
have been reported as 2-5.3 MV/cm, and a thioterphepjdds

SH junction yielded 4.9 MV/cn# Reported breakdown fields
for dielectric materials range (at least) from 0.03 MV/cm for
air and 0.4 MV/cm for vacuum to 10 MV/cm for poly(methyl

tivity of NAB overcomes its greater thickness, resulting in a methacrylate) and 020 MV/cm for SiG, thin films#6:47 The
lower resistance than terphenyl and comparable to biphenyl. observation that the carbon-based biphenyl and terphenyl

The nature of the monolayer/substrate bond is structurally junctions exhibit breakdown fields comparable to other molec-
well understood, based on XPS, AFM, Raman spectroscopy, ular junctions and to conventional dielectric materials further
etc. On glassy carbon, diazonium reduction yields monolayers supports the conclusion that the current junctions are low in
having coverage equal to the theoretical close-packed valuespinholes.
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The invariance of the voltammograms shown in Figure 3 with A B
scan rate and the lack of significant hysteresis upon scan reversal
are not surprising for a molecular junction, but they do rule out .
any mass transport effects such as would be expected for Zunits
voltammetry of solutions or solid electrolyt&sThis observation
reinforces the fact that molecular junctions differ fundamentally = —— /K
from electrochemical interfaces, since there is neither solvation e
nor counterions to neutralize local charges. Since the junctions 3 L 273 9K
are structurally asymmetric, some rectification is expected, due = —_— ]
to differences in work functions between PPF and Hg, and to 223°K
the existence of the monolayer/PPF covalent bond. The observed
ratio of forward to reverse current at a given bias was in the 5 15 25 35

range of 0.8 to 2.0 for voltages below 0.5 V. This asymmetry
is small compared to molecular and semiconductor rectifiers,
and presumably results from either the PPF/monolayer or Figure 9. Calculated dependence of current on monolayer thickness
monolayer/Hg junctions. for a combination of tunneling and a thermally activated conduction

) . . mechanisms. Diagonal straight line was calculated for coherent tun-
The most important observation from the current results is neling with an exponential thickness dependence; the three curves were

the change from temperature-dependahtharacteristics above  caicylated for an activated process with a 0.3 eV barrier. A and B
about 5°C to temperature-independent curves belcC5This indicate molecular lengths in the tunneling and thermal limits,
fact rules out temperature-dependent conduction mechanismsespectively. Absolute current scale and intersection points depend on
such as those listed in Table 2, and leaves only tunneling at the fraction of active molecules and the tunneling and thermal barrier
low temperatures. Stated differently, conduction becomes heights.

adiabatic at low temperature, but a nonadiabatic process beginsf lecules in the ol f tion in the f
to operate as the temperature exceeds °C. The low- 0! molecuies in the planar coniormation in the 1rozen mono-

temperature route cannot involve conventional Marcus or It::lye_rs dgtermw_\es thﬁ abslolgtaxfls scale, anlc_j the t“”r.‘g'"?g
Butler—Volmer electron-transfer kinetics, as there can be no Aﬁggelj hettheer;nemeestratmeetzgp;eourt1k(ralot/llegn(la:ilngreczn;[lrlh;trlgtgs
nuclear reorganization to lead to a transition state. The transitionthe trer?ds ox ec'?ed with molecule lenath a,nd t%m erature based
at~5°Cand the 0.3 eV activation barrier observed for terphenyl ona0.3eVv arétivation barrier. As the rr?olecule bec%mes shorter
leads to the likely identity of the structural change associated I: b .b bl til it ds the th I
with thermal activation. Suppose that the benzene rings in atunne Ing becomes more probabe unti’ 1t exceeds the therma

given terphenyl molecule exist in a range of dihedral angles ltoerr?wceesrsa.t lﬁer_?r?(;eemgﬁ d(t)efnltecnogr;tguft\ivim Zgl:lrjir?el\i/\g” ;x:;]llen I;[jgmi-
with respect to each other. Free biphenyl has a dihedral angle P P W, g

close to 30, but a range of angles would be expected in a close- ggg,fr;?en ddECtt'ﬁg t?;?:;”'fgéé:‘s n;gktalfrl:rll;ivr\: 'tk;slteor;ggllov\? Clzse
packed monolayer. Furthermore, suppose that one conformer y P ’ 9 :

of a terphenyl molecule is more conductive than others, A appears to apply to the phenyl_ anq biphenyl mon_ol_ayers,
. . leading to the behavior apparent in Figure 8. At sufficiently

presumably one with coplanar benzene rings. Calculated high temperatures, biphenyl and phenyl junctions are predicted

HOMO—LUMO gaps for terpheny! (Gaussian 98, B3LYP/6- "9 ‘€MP » DIPhEny! anc phenyt) P

31G(d)) are 4.28 eV for the planar molecule and 4.75 for the to belcomeftemperat?re (ilepelnde;nt,has rlotatlonal fmot|or] leads
minimum energy twisted form, hence the higher conductivity to a larger fraction of molecules in the planar conformation.

. Given that the low-temperature conductivity of all molecules
expected for the planar form. Given that a nonplanar terphenyl

is energetically more favorable. the planar molecule would be studied here indicates conduction by tunneling, the nature of
9 y S ’ P . .~~~ the tunneling process should be considered. The Simmons model
expected to be a minority conformer. When the junction is

cooled. rina rotation would freeze out and some terohenvl has been rejected for numerous examples in electrochemistry
molecdles %vill exist in the coplanar conformer OncF:a th()a/ and molecular electronics, in favor of alternatives which take

. P ; ; molecular structure into accouht*27:52The sequence of phenyl,
monolayer is frozen below &, further cooling has little effect

. ! T . __biphenyl, and terphenyl is too short to reliably test the distance
on junction conductance, as the distribution of rotamers remains dependence, but it is clear that the conjugation of the monolayer
constant. '

) ) ) molecule has a significant effect on junction resistance. A likely

As the temperature increases abov&Cs5 rotational motion  nossibility is the “tight binding” or “incoherent” model in which
occurs and additional molecules may transiently exist in the glectron conduction occurs by a series of tunneling steps between
coplanar conformation. Rotational motion is governed by an «gjtes”, possibly phenyl rings in the current juncticis<Con-
Arrhenius relationship, hence the linear dependence gfdn(  jugation in NAB and coplanarity in terphenyl should increase
1/T. The 0.28-0.31 eV slope observed for terphenyl corresponds the electronic coupling between sites, and increase the tunneling
to the activation barrier for phenyl ring rotation in the junction  propability 53

monolayer, and is equivalent to the reorganization energy in - An additional important implication of the low temperature
conventional nonadiadatic electron transfer. Reported values forgata regards the nature of the monolay@PF contact. The
phenyl ring rotation depend on substituents, but range fr@l linearity of thei/V curves at low temperature and voltage is not
eV for unsubstituted biphenyl to 0.2 eV for terphenyl lacking expected for a contact involving a Schottky barrier, and implies
ortho substituent& 5 Polyphenylene oligomers may be better an essentially ohmic contact. Au/thiol SAMSs often show a large
analogues to a closed packed monolayer, and methyl-substituted)nset potentia| of 0+2 V, usua”y attributed to energy
polyphenylenes exhibit a rotational barrier of 0.7 to 0.8%V.  mismatch between the monolayer energy levels and the contact
Therefore, the 0.3 eV barrier observed for terphenyl junctions Fermi level31225 For example, a “break junction” consisting
is within the range expected for phenyl ring rotation. of a few benzene 1,4-dithiolate molecules bridging®A gap
Figure 9 shows the predicted behavior of the proposed between gold contacts exhibited a “Coulomb blockage gap” of
mechanism as a function of monolayer thickness. The fraction 0.7 V before conduction occurréd.The apparent lack of an

thickness, A
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onset potential in Figure 3 implies that any barrier in PPF/
monolayer/Hg is smaller thakil (19 meV at 223K). It is too
early to conclude definitively, but it is possible that the
symmetric phenytphenyl linkage between the graphitic PPF
and the organic monolayer reduces such barriers to small values
and the PPF/molecule junction approaches the behavior of an
ohmic contact.

Finally, a comparison of the molecular junction of Figure 1
to reported alternatives is useful, with respect to “molecular
resistance”. Several determinations have been reported for th
resistance of a single molecule, ranging over a wide range
between <1 MQ and >10 GQ.381112222354Baged on a
coverage of 5x 1071% mol/cn¥?, the junctions examined here
consist of~102 molecules arranged in parallel. If all molecules
in a terphenyl junction with 41 R observed resistance behaved
identically, a single molecule resistance ofl@®hms is
predicted. While this value is unexpectedly high, it is lower
than that calculated from the current densities for Hg/SAM
junctions discussed earli&15>20Cui et al>* reported a resistance
of 900+ 50 MQ for an octanedithiol molecule, but noted that

the resistance was about 4 orders of magnitude higher when a.

nonbonding contact was made to the molecule. The large
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the apparent values observed here could be caused by severﬁ

factors, including the minority population of conductive mol-
ecules, a small effective junction area or increased thickness
due to impurities, a nonbonding molectilmercury contact or
lateral interactions within the monolayer which prevent the
molecules from acting independently. Dilution experiments and
much smaller junctions are currently under investigation to
understand the apparent failure of scaling relations.
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