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Abstract
Atomic and Molecular Wires

Chongwu Zhou
Yale University
1998

The study of molecular electronics has an ambitious but realistic goal: the use of synthesis,
assembly and miniaturation on the molecular level to achieve a huge density of devices such
as molecular wires, rectifiers. switches, transistors and memories. With a characteristic
length about one nanometer. the molecules are also expected to provide unprecendented
confined systems for the study of quantum confinement effects and single electron

tunneling effects.

This thesis describes work on the electronic transport properties of conjugated molecules.
The expenmental system relies on a thermodynamically driven self-assembling process to
attach molecules onto gold surfaces. We describe two techniques, called a “break
junction™ and a “"nanopore”. to connect the molecules to macroscopic leads. Pronounced
conductance quantization using break junctions is reported. indicating that an atormuc scale
metallic quantum point contact is formed in such structures. Deposition of benzene-1.4-
dithiol is demonstrated to change the current-voltage characteristics of the junction
dramatically. indicative of molecules bridging the tunneling gap between the two gold
electrodes. The "nanopore” technique is developed to construct intrinsically stable metal /
self-assembled monolayer / metal sandwich structures. This technique enables low
temperature transport studies on the molecular junctions and therefore the critical transport
mechanisms can be determined. The so-called gated transport due to conformation changes

s also observed for one type of molecules.
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Bonding in the ethylene molecule.

The electronic structure of acetylene.

Benzene formula showing alternating single and double bonds (the top), the
2p atomic orhitals for each carbon atom in (a) and the delocalized &
molecular orbitals in (b).

Self-assembled monolayers are formed by simply immersing a substrate
into a solution of the surface active molecules.

Hexagonal coverage scheme for Au (111). The open circles represent the
top layer of gold atoms and the gray dots represent the locations of the
sulfur atems of the self-assembled monolayer of dodecanethiol. The S-S
spacing is 4.97 A.

High resolution STM image of the SAM of C6HS5-CC-C6H4-CC-C6H4-
SHon Au(lli (=35 PA, V=200 mV, vertical scale ranges 5.6 A from dark
to bright). The formula of the moecule is shown on the right side.
Top-down view of a v3 X ~/3R30° model for SAMs on Au (111). The
lattice vectors are @ and b . Ovals indicate a possible dimerization scheme.
An STM probe is used tc measure the current-voltage characteristics of the
self-assembled monolayer of oo’ - xylyl dithiol on a gold substrate (only
three molecules of the monolayer is shown for clarity).

Schematic diagram of angle deposition procedure to fabricate lateral
nanoelectrodes with a gap smaller than the resolution of the e-beam
lithography system.

A schematic drawing of the break junction mounted in a three-point bending
configuration showing the unglued section «, the distance L between the
counter supports, and the bending beam thickness A.

(a) SEM micrograph of a conventional break Jjunction (top). The wide beam
is the substrate covered with a thin layer of insulator, on which the metal wire
is mounted with two droplets of epoxy; (b) enlarged view of the center part
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of the metal wire. The notch on the metal is clearly visible; distance between
unglued sections u is 300 um.

Vacuum set-up for the break junctions.

Side- and back view of the MCB and its adjustment components, with 1:
spindle with a fork-blade coupling, 2: screw bolt, 3: ball-keyhole coupling, 4:
piezo mounting, 5: piezo element, 6: counter supports, 7: turning point, §:
mount.

Main processing steps in the fabrication of nanopore.

(a): SEM micrograph of the SiN membrane surrounded by the (111) silicon
sidewalls viewed from the back side of the wafer. (b): SEM micrograph of
the etched nanopore with an diameter of 30 nm.

SEM micrograph of the test pattern etched in the Silicon nitride membrane.
Arrays of pores are used to find the optimum parameters such as pattern
size, pixel size and dosage. The inner part of the square labeled a fall out
once the SiN at the edges is etched through.

(a) Schematics of a long cylindrical constriction between two 3D reservoirs.
(b) The conductance of the above contact plotted versus the dimensionless
parameter kKrR. Roots of the Bessel function ¥,, are marked on x-axis in
increasing order (after Ref. [19]).

Contact with hyperbolic geometry. R is the radius of the narrowest section
and %, is the asymptotic opening angle, which can vary from O (a cylindrical
wire) to 900 ( a circular hole (after Ref. [22]).

Theoretic result of the conductance of the contact in Figure 4 plotted as a
function of the area of the narrowest section and the asymptotic opening
angle ;. as the opening angle increases, sharp transitions betwveen higher
conductance plateaus smear out gradually (after Ref. [22]).

Conductance traces of gold (panel a and b) and copper (panels ¢ and d),
showing clear plateaus separated by abrupt discrete steps. After adjustment
of a contact with a conductance of about 10 times 2¢/h, the contact
spontaneously reduced its size. During the displayed time interval the
Junction evolved from a few atom point contact to a tunneling junction after
breaking. Plateaus near integer values and far from integer values are shown
to be present.

The histograms of gold and copper reflect data of many conductance traces
like the ones in Figure 6. Both histograms are obtained from several MCB
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junctions. The fundamental unit is divided into ten sections: the total number
of data points of all traces in a specific section is represented by a bar.
Conductance traces for gold. Panels (a) and (b) are the same traces shown in
Figure 4.4 (a) and (b). Panel (a) displays prominent plateaus only at
n=0,1,2,4 and a short plateau at n=3. Panel (b) displays n=0,1,2,4 plateaus
with the absence of n=3. Panel (c) shows plateaus n=0,1.2,4,6,8,10. (a), (b),
(c) suggests there are parallel contacts when the traces are taken. Panel (d)
displays plateaus near n=0,1,3, in consistency with the single cylindrical
contact model.

These two conductance traces illustrate that the noise level at a plateau
increases for larger n.

(a) The gold wire defined by e-beam lithography. The smallest width of the
wire is 100 nm, Leff is about 200 nm. (b) Both the aluminum and gold film
are used as an etching mask to etch through the oxide into Si. (c) A cross
section along the gold wire after the pit is etched into the silicon. Silicon
etching is stopped at the concave comers and the intersection between the
<l11> crystallographic surface and the SiO?2 edges. (d) The mounting
configuration of the silicon bending beam in a break junction set-up.

(a) SEM images of two devices suspended above a triangular pit in the Si
substrate before the connecting wire is broken in the break junction setup.
Each device show two SiO2 cantilevers which are covered by gold and
bridged by a small gold wire. (b) A magnification view of the connecting
wire prior to breaking.

The piezo voltage is changed in a triangular wave (the lower curve). The
almost linear behavior of the tunnel current on a logarithmic scale reflects the
exponential dependence on electrode separation. Note the large time scale,
indicating the long term stability of the junction.

Tunnel current plotted versus time with fixed piezo voltage. The tias voltage
is 100 mV. The resistance is about 3.3x106Q. The current noise amplitude
implies about 3 pm fluctuations in the tunnel gap distance.

Two conductance traces recorded with an atornic scale contact, with the cross
section reduced as a function of time. Conductance plateaus are found to be
near multiples of the fundamental conductance unit.

Fabrication process of break junctions. (a) Gold pattern defined by the first
e-beam lithography. (b) The layer structure showing the gold paitern
sandwiched between the top and bottom layers of silicon nitride. (c) Second
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e-beam lithography used to expose the dotted region around the gold
pattern. (d) The exposed SiN is etched through and the subsequent
anisotropic  silicon etching results in the suspended SiN beam. (e)
Schematics of the finished device viewed from an angle.

(a) SEM micrograph of the finished device. The gate electrode covers most
of the suspended beam while the narrow gold wire bridges the beam and the
substrate. (b) Model for the calculation of the beam deflection induced by
the electrostatic force.

Conductance plateaus close to multiples of 2e2/h observed as (a) the gate
voltage is increased to break the junction and (b) the junction is tuned from
tunneling regime to contact regime by reducing the gate voltage.

A schematic of the MCB junction with (a) the bending beamn, (b) the counter
supports, (c) the notched gold wire, (d) the glue contacts, (e) the
piezoelement, and (f) the glass tube containing the solution.

Schematic of the measurement process. (A) The gold wire of the break
Junction, prior to breaking and tip formation. (B) After adding benzene-1 4-
dithiol, a SAM forms on the gold wire surface. (C) After mechanically
breaking the wire in solution, which produces two opposing gold contacts
which are SAM-covered. (D) After the solvent is evaporated, the gold
contacts are slowly moved together until the onset of conductance is
achieved. Step C to D (without solution) can be repeated numerous times. to
test for reproducibility.

A schematic of a benzene-14-dithiolate SAM between proximal gold
electrodes formed in a MCB. The thiolate is normally H-terminated after
deposition; endgroups denoted as X can be either H or Au, the Au
potentially arising from a previous contact/retraction event. These molecules
remain nearly perpendicular to the Au surface, making other molecule
orientations unlikely {21].

(A) Typical I(V) characteristics, which illustrate a gap of 0.7 V, and the first
derivative G(V) which shows a step-like structure. (B) Three independent
G(V) measurements, offset for clarity, illustrating reproducibility of the
conductance values. The measurements were done using the same MCB,
but for different retractions/contacts and thus different contact
configurations. Offsets of 0.01 pS for the middle curve and 0.02 uS for the
top curve are used for clarity. The first step for these three measurements
gives values of 22.2, 22.2, and 22.7 MOHM (top to bottom); the nexi step
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gives values of 12.5, 13.3, and 14.3 MOHM. The middle curve is the same
data as in (A). (C) An I(V) and G(V) measurement illustrating conductance
values approximately twice that of the observed minimum conductance
values. Resistances of ~ 14 MOHM for the first step, and 7.1 MOHM
(negative bias) and 5 MOHM (positive bias) for the second step were
measured.

Fabrication of the heterostructure. (a) Cross section of a silicon wafer
showing the bowl-shaped pore etched in suspended SiN membrane with a
diameter about 300 A. (b)Au-Ti top electrode/self-assembled monolayer/Au
bottom electrode sandwich structure in the nanopore. (c) 4-
thioacetylbiphenyl and detail diagram of the sandwich heterostructure.
Diode-like I-V characteristics at room temperature. Magnified view of the
negative bias part in the inset.

[-V characteristics under forward bias at temperatures from 280 K to 108 K.
I-V characteristics under forward bias at temperatures from 100 K to 57 K.
(a) Plots of [ vs I/T for a series of positive bias voltages. The straight lines
are least square fits to the data points for each bias. (b) Plot of the slope of
the fitted lines in (a) vs V1’2, The slope and intercept of the fitted straight
line give the value of a and q@.

Plots of current vs square root of bias at various temperatures.

(a) Plot of the intercept of the fitted lines in Figure 5.5 vs 1/T. The least
square fit of the data points give the value of the barrier height. (b) Plot of
the slope of the fitted lines in Figure 5.5 vs 1/T. The dielectric constant can
be derived from the fit.

Plot of 'V vs I/T for different negative biases. The data points collapse
onto one line, indicating hopping conduction.

Formulae for biphenyl-selenium (left) and biphenyl-tellurium (right).
Formula for the tolane molecule illustrating two benzene rings separated by
an alkyl group (top). the coplanar configuration (middle) and the
perpendicular configuration (bottom) of the tolane molecule.

Schematic diagram of the nanopore device (top) and the room temperature [-
V characteristics with the negative bias part in the inset (bottom).

(a) Plots of current vs voltage under negative bias at various temperatures.
(b) Plot of the conductance for each curve in (a) vs l/temperature. The dots
are data points and the line is the least square fit.
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Figure 5.13:

Figure 5.14:
Figure 5.15:
Figure 5.16:
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Plots of current under positive bias vs temperature for four different bias
values: 1.0 V, 0.8 V,0.6 V and 0.4 V. A sharp decrease in conductivity is
observed around 25 K.

Three structures for the tolane molecule used in the calculations for table
5.2: scheme 1a for coplanar structure, scheme 1c¢ for perpendicular structure
and scheme 1b for the tolane with two benzene rings at an angle of 45°.
Various structures for benzene dimer: 2a for parallel structure, 2b for
parallel displaced structure and 2¢ for T-shaped structure.

Structures for tolane dimer.

The thiotolane sandwich

Variations of the angles between the two phenyl planes of each tolane
molecule at 10 K.

Variations of the angle between the two phenyl planes for one of the tolane
molecules at 30 K.
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