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Abstract

We report measurements on through-bond electronic transport properties of 1,4-phenylene diisocyanide–metal junctions.
Nanoscale metal–molecule–metal junctions with self-assembled 1,4-phenylene diisocyanide layers were analyzed with
variable temperature conductance measurements to reveal the dominant electronic transport mechanisms. Non-Ohmic
thermionic emission is the dominant process, with isocyanide–Pd showing the lowest thermionic barrier of 0.22 eV. q 1999
Elsevier Science B.V. All rights reserved.

1. Introduction

Electron transport studies in molecular-scale sys-
tems have recently become possible with the utiliza-
tion of advanced microfabrication and self-assembly

w x Ž .techniques 1 . Self-assembled monolayers SAMs
of oligomers onto metals are well known, the most

Žwidely studied system being the Au–SR system R
.salkyl , which forms a very well-ordered single

w xmonolayer with an aggressive ;2 eV bond 2–6 .
Investigations of the electronic conduction through
conjugated molecules that are end-bound onto sur-
face are now possible, and has been demonstrated

Ž . w xwith a scanning tunneling microscope STM 7 ,
w xmicromachined silicon nanopores 8 , and between

) Corresponding author. Fax: q1-203-432-6420; e-mail:
jia.chen@yale.edu

w xproximal probes 9,10 . Although a good deal is
known about the structural properties of various
functional terminal moieties on both aliphatic and
aromatic molecules, very little is known about the
electrical properties of through-bond transport. At
present, the only through-bond system measured has

w xbeen Au–thiol 8 . Here we present data on a second
type of molecule–metal junction, specifically 1,4-

Ž .phenylene diisocyanide with metal Au or Pd con-
tacts. This system has significant electronic advan-
tages over the thiol and other Group VI systems
Ž .e.g., Se, Te .

To understand the electrical conduction of a
Žmetal–molecule system, the energetic matching or,

.mismatching of the available electrons in the metal
Ž .the Fermi level and the available molecular orbital
in the terminal molecule must be considered. In
general, the Fermi level of the metallic contact does

0009-2614r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0009-2614 99 01060-X



( )J. Chen et al.rChemical Physics Letters 313 1999 741–748742

Fig. 1. Dependencies of ln J vs. V 1r2 for thermal emission,
hopping, and tunneling transport. The effect on thermionic emis-

Žsion for two different barrier heights is shown; for F 1.0th2
. Ž .eV )F 0.5 eV , the thermionic emission component dropsth1

Ž . Ž .exponentially . The effect of defect e.g., hopping conduction is
Ž .shown for different defect densities 1.25 N ) N )0.85 N0 0 0

Ževen though the hopping barrier may be the same D E s0.5h
. Ž .eV . Tunneling component with F s0.5 eV is much smallertunnel

than the others. Depending on the value of F , D E , N, andth h

F one may observe different mechanisms; e.g., both aretunnel

observable for F and N , if D E sF .th1 0 h th1

not energetically line up with either the HOMO or
w xLUMO levels in the molecule 11 . This mismatch

gives rise to a contact barrier, analogous to a Schot-
Ž .tky contact. Electron or hole transport through such

a contact will exhibit a range of phenomena, depend-
ing on the size of the barrier, the effective barrier
thickness, and the presence of defects; the most
prevalent are thermionic emission, direct tunneling,

wand defect-mediated transport such as hopping 12–
x Ž .14 . Fig. 1 shows the I V dependencies of these

mechanisms for various barrier heights, which can be
used to elucidate the dominant specific mechanism
and effective barriers.

2. Experiment

To reliably measure a molecule–metal barrier sys-
tem, we employ a novel fabrication technique to
directly measure the conduction through a small
number of self-assembled molecules sandwiched be-

w xtween top and bottom metallic contacts 8 . This
technique guarantees good control over the device
area and intrinsic contact stability, and produces a
large number of devices with acceptable yield so that
statistically significant results can be produced. Two
essential features are essential to the process, the first
of which is the employment of nano-scale device
area. The area is made to be smaller than the domain
size of the SAM and thus the adsorbed organic layer

Ž .is highly ordered and mostly defect free. The sec-
Žond feature is that during the deposition evapora-

.tion of the contact onto the SAM, several measures
are taken to ensure that the deposited metal atoms
accumulate at the SAM surface and do not penetrate
into the organic layer. These methods also provide
minimized damage to the SAM during the deposi-
tion. Fig. 2 is a schematic of the device structure
used, of which the details of the fabrication have

w xbeen reported previously 8 . The starting substrate is
Ž .a 250 mm thick 100 double-sided polished silicon

wafer, upon which 50 nm of low-stress Si N is3 4

deposited by low-pressure chemical vapor deposition
Ž .LPCVD . On the back surface, the nitride is re-

Ž .moved in a 400 mm=400 mm square by optical
Ž .lithography and reactive ion etching RIE . The ex-

posed silicon is etched in an orientation-dependent
Ž .anisotropic etchant 858C 35% KOH solution

Žthrough to the top surface, leaving a suspended 40
˚.mm=40 mm silicon nitride membrane. 1000 A

SiO was thermally grown on the Si sidewalls to2

improve electrical insulation. A single hole of size
30–50 nm is made through the membrane by elec-
tron beam lithography and RIE. Because of the
constrained geometry, the RIE rates are substantially
reduced so that the far side opening is much smaller
than that actually patterned rendering the cross-sec-

1 w xtion bowl-shaped geometry 15 . A Au contact of
200 nm thickness was evaporated onto the top side
of the membranes, which filled the pore with Au.
The sample was then transferred immediately into 1

Ž .mM 1,4-phenylene diisocyanide in toluene Aldrich
under an Ar atmosphere. The self-assembly of diiso-

w xcyanide 16,17 onto the gold substrate was allowed
for 48 h under an inert atmosphere of Ar. The

1 Note that the process employed here was slightly modified
Ž . w xthe bowl is inverted over that employed in Ref. 4 .
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Ž .Fig. 2. Schematics of device fabrication: a cross-section of a silicon wafer with a nanopore etched through a suspended silicon nitride
Ž . Ž . Ž .membrane; b Au–SAM–Au junction in the pore area; c blowup of b showing 1,4-phenelyene diisocyanide sandwiched in the junction;

Ž . Ž . Ž .d scanning electron microscope SEM picture of pyramid Si structure after anisotropic Si etching; e SEM micrograph of an etched
Ž . Ž .nanopore through silicon nitride membrane; and f I V of Pd–SAM–Pd junction at 290 K.
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sample was then rinsed and quickly loaded into a
vacuum chamber and mounted onto a liquid-nitrogen
cooling stage for the opposing gold electrode evapo-
ration, where 200 nm Au was evaporated at 77 K at

˚a rate of -1 Ars. The devices were then diced into
individual chips, bonded onto packaging sockets and

Ž .loaded into a variable-temperature cryostat Janis
and measured with a HP4145 Semiconductor Param-

Ž .eter Analyzer SPA . A series of control experiments
have been done using alkanethiol molecules, silicon
nitride membranes without pores and membranes
with pores but without molecules, respectively. Both
the Au–alkanethiol–Au junctions and the Au–silicon
nitride membrane–Au junctions showed current lev-

Ž .els at the noise limit of the apparatus -1 pA for
both bias polarities at both room and low tempera-

Ž .tures. The Au–Au junctions gave Ohmic I V char-
acteristics with resistances of -2 V.

3. Results and discussion

Previous work on self-assembled thiol-terminated
Ž .but asymmetric oligomers illustrated that one can

Ždeduce the basic transport mechanisms illustrated in
. Ž .Fig. 1 by measuring the I V, T charac-teristics. In

the previous work, it was found that the physisorbed
aryl–Ti interface gave a thermionic emission barrier

w x Žof ;0.25 eV 8 , whereas the Au–thiol and other
.Group VI termini such as Se and Te bond exhibited

w xa hopping barrier of ;0.2 eV 18 . Surprisingly, this
is consistent with other transport measurements on a

w xsingle molecule 9 that implied a barrier of ;0.7
eV, since the current from the 0.2 eV defect-media-

Žted hopping barrier not present in the single-mole-
.cule experiment is significantly larger than that

from the 0.7 eV barrier. It should be noted that such
an asymmetric contact structure is useful to create
large rectification character-istics arising simply from

Žthe different contact potentials versus the more
w x.complicated zwitterionic mechanism 19,20 ; sym-

Ž .metric structures should not and do not show such
Ž .rectification, as seen in this study Fig. 2f .

In this work, we investigate two new aspects of
through-bond electronic conduction in the nanopore

Ž .configuration, namely: a the transport through the
self-assembled functional termini of isocyanide, and

Ž .its effective electron transport barrier; and b a
symmetric termini-metal contact structure. To deter-

Ž .mine the effective transport characteristics, I V, T
measurements are performed from 300 to 4 K with
voltage swept between y1 and q1 V. Fig. 3a

Ž .illustrates reduced I T characteristics at various
voltages when the junction is biased in the direction
that electrons are injected from the chemisorbed
Au–isocyanide contact; one sees that the dependence

Ž . Ž 2 . Ž . Ž Ž 2 .Fig. 3. Au–SAM–Au junction: a series of plots of ln IrT vs. 1rT at biases from y0.01 to y1.0 V; b plot of the slope of ln IrT
. 0.5vs. 1rT vs. V shows a linear dependence. Thermal barrier height of the Au–SAM–Au junction can be deduced from the interception of

the straight line. All the straight lines are x 2 fits for respective data sets.
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Ž . Ž 2 . Ž . Ž .Fig. 4. Au–SAM–Au junction: a series of plots of ln IrT vs. 1rT at biases from 0.1 to 1.0 V at 0.1 V increment; b ln IrV vs. 1rT
Ž . Ž Ž 2 . . 0.5at biases less than 0.1 V; and c plot of the slope of ln IrT vs. 1rT vs. V : at 0-V-0.1 V, no bias dependence; at V)0.1 V,

linear dependence. Thermal barrier height of the Au–SAM–Au junction can be deduced from the interception of the straight line. All the
straight lines are x 2 fits for respective data sets.

Ž 2 . Ž .of ln IrT vs. 1rT y0.01 to y1 V has a clear
linear dependence. This dependence is characteristic

w xof thermionic emission 13,14 , where

'qFya V
) 2IsA T exp y ,ž /kT

qF
asq ,(4p´ ´ d0

where A) is the effective Richardson constant multi-
plied by the current injection area, F the thermal
emission barrier height, k is Boltzmann’s constant, q
the electron charge, ´ the vacuum dielectric con-0

stant, ´ the relative dielectric constant of the SAM,
and d the thickness of the film. The barrier height
was determined in Fig. 3b, where the slope of
Ž Ž 2 . . 0.5ln IrT vs. 1rT was plotted against V . The
interception of the line fit gives a thermionic barrier
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Ž .of Fs0.35 "0.01 eV. When the junction is bi-
ased in the reverse direction such that electrons are
injected from the evaporated Au–isocyanide contact,
similar activation behavior was observed above 0.1

Ž . Ž .V Fig. 4a . For V)0.7 Ef7 MVrcm , deviation
from a linear dependence is observed and is probably
due to high-field breakdown effects. Below 0.1 V,
the dependence does not have the voltage depen-
dence characteristic of thermionic emission, and in-

Ž .stead one finds a linear dependence of ln IrV vs.
1rT. This dependence is characteristic of hopping
conduction, where

ln IrV s f N yD Er kT ,Ž . Ž . Ž .
where D E is the activation energy to hop from one

Ž .site to another and f N is a function of the trap
w xconcentration 14 . Fig. 4b shows this dependence in

the regime of bias less than 0.1 V. Whereas the

Ž . Ž . Ž . Ž 2 .Fig. 5. Pd–SAM–Pd junction: a ln IrV vs. 1rT at biases larger than y0.1 V; b series of plots of ln IrT vs. 1rT at biases from
Ž . Ž Ž 2 . . 0.5y0.1 to y1.0 V at y0.1 V increment; and c plot of the slope of ln IrT vs. 1rT vs. V : at y0.1 V-V-0, no bias dependence; at

V-y0.1 V, linear dependence. Thermal barrier height of the Pd–SAM–Pd junction can be deduced from the interception of the straight
line. All the straight lines are x 2 fits for respective data sets.
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physical interpretation of the thermionic transport
barrier is clearly the molecule–metal contact poten-
tial, the physical sites giving rise to hopping trans-
port is less well defined. Structural defects in the
nanopore, or edge defects are potential candidates for
the low-bias defect-mediated transport.

To determine the energetic barriers, we plot the
Ž Ž 2 . . 0.5 .slope of ln IrT vs. 1rT vs. V in Fig. 4c . For

the isocyanide–Au contact, we obtain for 0 V-V-
Ž .0.1 V, a hopping barrier of D Es0.3 "0.01 eV;

and for 0.1 V-V-1 V, a thermionic emission
Ž .barrier Fs0.38 "0.01 eV. As schematically de-

noted in Fig. 1, the observation of the various mech-
anisms in a given junction will depend on both the
magnitude of the various barriers and the defect
density. For negative bias, we only observe
thermionic emission, with an unobservable defect
component. For positive bias, the defect component

Žis larger, and we observe both simultaneously. We
note that if the thermionic emission barrier is too
large, such as in the case of thiol-like termini onto

.Au, only the hopping barrier would be observable.
As defect-mediated conduction is a complicated
function of trap concentration and details, a signifi-
cantly more extensive study would be necessary to
elucidate the nature and effects of process on the
defects. The present study serves to identify the
characteristic energy, although the origin and density
Ž .and thus the current magnitude is not well con-
trolled.

Because the fabrication technique is generalizable
to different termini and metals, it is easy to compare
the effects of different contacts. Utilizing the same
fabrication technique but instead substituting the
metal Au with Pd, Pd–1,4-phenylene diisocyanide–
Pd junctions were fabricated and measured as before.

Ž . Ž . ŽFig. 5 shows plots of: a ln IrV vs. 1rT low
.bias , illustrating hopping conduction when electrons

were injected from the chemisorbed Pd–isocyanide
Ž . Ž 2 . Ž .contact; and b ln IrT vs. 1rT high bias , illus-

trating thermionic emission. Fig. 5c illustrates the
Ž Ž 2 . . 0.5slope of ln IrT vs. 1rT vs. V at negative

Ž .bias, and we obtain: a for y0.1 V-V-0 V, a
Ž .hopping barrier of D Es0.19 "0.02 eV; for V-

y0.1 V, a thermionic emission barrier Fs0.22
Ž ."0.02 eV. In this case, the unidentified defect
component was large such that both thermionic and
hopping are observed. When electrons are injected
from the evaporated Pd–CN contact, the defect com-
ponent was so large that only hopping is observed.

4. Conclusions

Table 1 summarizes the results of the transport
barriers of through-bond transport of isocyanide on
the metals measured in this study. It is observed that
thermal emission is the dominant conduction mecha-
nism in chemisorbed metal–isocyanide junctions,
while in the evaporated metal–isocyanide contact,
both hopping and thermal emission can play an
important role depending on the defect level intro-
duced during the fabrication process. The barriers of
both the chemisorbed and the evaporated contact are
approximately the same, which is expected given the
symmetry of the structure. It appears that the hop-
ping component in the chemisorbed metal–molecule
junction is less significant than that in the evaporated
metal–molecule junction. Overall, the Pd–CN con-
tact barrier is smaller than that of a Au–CN junction.
The technique reported here elucidates the relevant
electronic transport barriers and conduction mecha-
nisms of through-bond metal–molecule contacts,
which have been possible through the implementa-
tion of microfabricated electronic devices utilizing
SAMs. The technique should be applicable to a large

Table 1
Summary of the barriers and conduction mechanisms for various metalrSAM interfaces

Metal Au Pd

Chemisorbed contact 0.35 eV, thermionic 0.22 eV, thermionic
Ž .0.19 eV hopping at low bias

Evaporated contact 0.38 eV, thermionic 0.21 eV, hopping
Ž .0.3 eV hopping at low bias
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range of inorganic and biomolecular transport mea-
surements, to quantitatively measure the dominant
electron transport mechanisms.
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