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Molecular Organic Self-Assembled
Monolayers Function as Field-
Effect Transistors

Due to their low cost, nanometer-scale
dimensions, and potential for self-assembly,
molecular organic materials may someday
replace their conventional, inorganic counter-
parts in electronic and optoelectronic
devices. Working toward this objective,
researchers from Lucent Technologies in
Murray Hill, N.J. have fabricated field-
effect transistors (FETs) based on self-
assembled monolayers (SAMs) of molec-
ular, organic insulator/semiconductor
heterostructures (σ– π SAMs) by attaching
π-electron moietics on insulating molecules
(σ bonded).

In the January 7 issue of Applied Physics
Letters, J.H. Schön and Z. Bao report the
preparation of FETs based on σ–π SAMs,
that demonstrate large in-plane conduc-
tance variations with applied gate voltage,
high mobilities at room temperature, and
high on/off ratios. The σ– π SAMs were
formed on highly doped Si substrates (see
Figure) through a three-step process
including the self-assembly of a vinyl-
terminated monolayer of tertadecyl-1-
enyltrichlorosilane (TETS, SiCl3–(CH2)12–
CH=CH2), subsequent oxidation of the
vinyl end groups resulting in –COOH end
groups and pyrene methanol, and an
esterification reaction between these end
groups and the methanol. In the re-
searchers’ FETs, the molecules’ alkyl
chains acted as the gate insulator, and the
π-electron moieties acted as the active
semiconductor. Gold electrodes were

evaporated through a mask at 100 K onto
the σ–π SAMs to define channel lengths of
25 μm, and contacts were formed using Pt
wires and eutectic InGa. By applying a neg-

ative voltage to the gate electrode, or the Si
substrate in this case, the researchers were
able to modulate the in-plane conductance
of the devices by more than 5 orders of
magnitude. They measured room-tempera-
ture mobilities of up to 0.05 cm2/V s and
achieved on/off current ratios that exceed-
ed 105. They also discovered that the mobil-
ity was thermally activated with an activa-
tion energy of 45 meV, a behavior that
they attribute to defects, disorder, and
domain boundaries in the SAMs. Addi-
tionally, since the channel length can be
controlled by varying the SAM thickness,
Schön and Bao were able to use SAMs to
pattern transistors with ultrashort (2 nm)
channel lengths. For these nano-FETs, a
current modulation of 3 orders of magni-
tude and a room-temperature mobility of
2–3 × 104 cm2/V s were achieved.

“Our results reveal that different
groups of the same molecule can be used
as the gate insulator and the active organ-
ic semiconductor,” said Schön, “which is
a step toward realizing molecular-scale
transistors.”

STEFFEN K. KALDOR

ZnO Microtubular Arrays Prepared
by Solution Chemistry

Researchers in the Department of

Figure. Structure of the σ– π self-assembled monolayer field-effect transistor (σ– π SAM
FET). The silane is grafted on the highly doped silicon substrate, which also serves as the
gate electrode. The conjugated pyrene moieties are attached to the silane by esterification
of the SAM. Two gold source and drain electrodes are thermally evaporated through a
shadow mask. Reprinted from Appl. Phys. Lett., January 7, 2002, 88. Copyright 2001
American Physical Society.
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Physical Chemistry at the University of
Uppsala, Sweden, have prepared highly
ordered arrays of hollow crystalline ZnO
microtubes 1–2 μm in diameter and 10 μm
in length. The preparation, carried out by
Lionel Vayssieres and co-workers, consist-
ed of the growth of oriented crystalline
ZnO microrods by controlled precipitation
of ZnO, and the selective etching of these
rods to produce microtubes. The one-step
synthesis was carried out in aqueous
solution using common reagents and
without the use of a template. This syn-
thetic method allows for a simple, safe,
and inexpensive production of purpose-
built materials on a variety of substrates.
According to the researchers, similar
microrod arrays have demonstrated
high-UV photoresponse and excellent
electron-transfer properties with poten-
tial applications as catalysts, sensors, and
other photovoltaic devices.

As reported in the December 17, 2001,
issue of Chemistry of Materials, the
researchers prepared the microtube arrays
by thermal decomposition of a Zn2+

methenamino complex precursor in aque-
ous solution to produce ZnO. The arrays
were grown on polycrystalline F-SnO2
glass, silicon wafers, and indium-tin-
oxide-coated polyester substrates. The
substrates were covered with the precur-
sor solution, and the reaction was kept at
90°C for two days. The precursor solution
was prepared by dissolving Zn(NO3)2

*

4H2O and methenamine (both 0.1 M) in
MilliQ + and water. Following the synthe-
sis, the product materials were washed
with water to remove any unreacted com-
plex and salts. Microtube arrays covering
several tens of square centimeters may be
produced by this method.

The formation of the microtubes in the
arrays exploits the chemical and structur-
al metastability of the (001) face of the
ZnO wurtzite structure. A ZnO microrod
consists of a hexagonal single crystal
elongated along the [001] direction
(Figure, left). This elongation is the result
of preferential growth of the (001) face
during conditions of high precursor con-
centration on the first day of the synthe-
sis. When the precursor concentration
drops, the resultant Ostwald ripening,
combined with the preferential dissolu-
tion of the (001) face, results in a net
transfer of material from the (001) face to
the more stable crystal faces, producing a
hollow structure (Figure, right side).

Scanning electron microscopy of the
product materials showed a uniform
array of hexagonal microtubes 1–2 μm in
diameter and 10 μm in length, oriented
perpendicular to the substrate. X-ray and
electron-diffraction studies confirm that
the microtubes are crystalline and exhibit
the wurtzite structure and lattice spacing
of bulk ZnO. The crystallinity of the arrays
allows the use of flexible and temperature-
sensitive substrates by eliminating the
need for high-temperature annealing nor-
mally required for materials grown at low
temperatures.

GREG KHITROV

Array-to-Array Transfer 
of Microspheric Sensors 
Stable over Time 

Researchers from Tufts University’s Max
Tishler Laboratory for Organic Chemistry
and the Johns Hopkins University’s
Department of Mathematical Sciences
have devised a method to manufacture
artificial noses by using microsensors that
are typically 3 μm in diameter. Due to the
sensors’ small size, literally billions of them
can be made from the same feedstock. The
microsensors are made of silica micro-
spheres or polymer beads of variations of
polystyrene. The microsensors are unique
from other artificial-nose-array con-
stituents in that they are relatively simple
to make reproducibly, which allows for
basically the same classifier training, an
involved process typically done separately
for each artificial nose array, to be used
for all artificial-nose arrays made from the
same baseline materials. The researchers
said, “A conservative estimate puts the
number of nose arrays made from 1 g of
3-μm feedstock at 10,000. Thus, we have
essentially eliminated the need to retrain
the classifier, thereby saving time and
increasing accuracy.” 

As reported in the November 1, 2001,
issue of Analytical Chemistry, the re-
searchers led by David Walt at Tufts

University used 3-μm IB-Sil (C1), 3-μm
Phenosphere (OH), 3-μm Luna (OH), and
5-μm Selectosil (SCX) silica microspheres;
in addition to polymer beads of 3.12-μm
P(S/55% divinylbenzene) and the copoly-
mer PS802. The silica or polymer beads
were first dipped in Nile red (a fluorescent
indicator) and dyed in a batch process
using fluorescent materials. Next, the sen-
sors were placed in a vacuum-filtration
system before being rinsed with toluene or
chloroform to remove excess dye. In the
final step, the researchers dried the sen-
sors in a 100°C oven for ~1 h. The sensors
were stored in the dark prior to use.

Once the dye process was complete, the
researchers made a slurry of the five dif-
ferent bead/sphere types, which they then
sandwiched between two glass cover
slides. In addition to making these ran-
domized arrays, the researchers also made
five different arrays from each type of
microsensor, in order to determine the
characteristics of each. Using a fluores-
cence imaging system based upon a
charge-coupled device camera, the nose
arrays were tested for their ability to
detect explosive nitroaromatic-compound
(NAC) vapors in the presence of other
volatile organic compounds (VOC). NAC
vapor sources included 1,3-dinitrobenzene
and 4-nitrotoluene. VOC vapor sources
included acetone, benzene, chloroform,
ethanol, ethyl acetate, heptane, methanol,
toluene, and air carrier gas (control).
Fluorescence was excited at 530 nm and
monitored at 630 nm. Maps of sensor type
were obtained by characterizing sensor
interaction with air. Changes in fluores-
cence were then monitored for each sensor
type upon exposure to other test samples.
The researchers made many of the vapor
mixtures overwhelmingly VOC, yet the
artificial-nose arrays were almost always
able to detect the NAC vapors. Indeed, the
first artificial-nose array tested had a 98.2%
correct classification rate, and the second
nose array tested six months later had a
93.8% correct classification rate. Thus,
these tests showed that the artificial-nose
arrays produced using this scheme were
not only accurate, but also stable over time.

PAMELA JOHNSON

A Particle Constrained in an
Optical Trap Allows 3-D Imaging
of Transparent Materials

Three-dimensional imaging of trans-
parent materials can be achieved with a
scanning probe microscope based on a
dielectric particle trapped by optical
tweezers. Its resolution is affected by ther-
mal variations of the particle within the
optical trap since the forces acting on this
dielectrical particle are weaker than those

Figure. Crystal faces of hexagonal 
ZnO microrods and microtubes.
Reprinted with permission from 
Chem. Mater., December 17, 2001, 13,
4395–4398. Copyright 2001 American
Chemical Society.
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