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Application of the field-effect transistor principle to novel materials to achieve electrostatic doping is
a relatively new research area. It may provide the opportunity to bring about modifications of the
electronic and magnetic properties of materials through controlled and reversible changes of the
carrier concentration without modifying the level of disorder, as occurs when chemical composition is
altered. As well as providing a basis for new devices, electrostatic doping can in principle serve as a
tool for studying quantum critical behavior, by permitting the ground state of a system to be tuned in
a controlled fashion. In this paper progress in electrostatic doping of a number of materials systems is
reviewed. These include structures containing complex oxides, such as cuprate superconductors and
colossal magnetoresistive compounds, organic semiconductors, in the form of both single crystals and
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thin films, inorganic layered compounds, single molecules, and magnetic semiconductors. Recent
progress in the field is discussed, including enabling experiments and technologies, open scientific
issues and challenges, and future research opportunities. For many of the materials considered, some
of the results can be anticipated by combining knowledge of macroscopic or bulk properties and the
understanding of the field-effect configuration developed during the course of the evolution of
conventional microelectronics. However, because electrostatic doping is an interfacial phenomenon,
which is largely an unexplored field, real progress will depend on the development of a better
understanding of lattice distortion and charge transfer at interfaces in these systems.

DOI: 10.1103/RevModPhys.78.1185

CONTENTS
I. Introduction 1186
II. Conventional MOSFETs 1187
III. Correlated Oxide Compounds 1189
A. Enabling experiments and technologies 1189
B. Scientific issues and challenges 1193
IV. Organic Semiconductors 1195
A. Enabling experiments and technologies 1195
B. Scientific issues and challenges 1196
V. Inorganic Layered Semiconductors 1199
VI. Single Molecules 1200
A. Enabling experiments and technologies 1200
B. Scientific issues and challenges 1203
VII. Magnetic Semiconductors 1206
VIII. Future Research Opportunities 1207
IX. Discussion 1209
Acknowledgments 1209
References 1209

I. INTRODUCTION

Silicon semiconducting field-effect transistors (FETs)
are ubiquitous in microelectronics, with ~10'® FETs be-
ing manufactured every year (Ahn et al., 2003). Applying
the FET principle to new materials offers appealing
prospects, and electrostatic modulation of the carrier
density in novel materials can lead not only to changes
in resistivity but at a deeper level to modification of the
fundamental electronic properties of materials. These
perspectives and ongoing efforts on the field effect in
several materials systems will be discussed in this review.
The usual approach to properties modification involves
changing chemical composition (chemical doping). This
approach, although very successful, has two drawbacks:
it is not tunable (essentially a new sample must be cre-
ated for each doping level desired), and in general
changing chemical composition induces disorder or al-
ters the level of disorder. Electrostatic doping is an at-
tractive alternative as it allows, in principle, controlled
and reversible changes of the carrier concentration with-
out altering the level of disorder in the material. It is
now becoming possible to electrostatically add carriers
to materials other than conventional semiconductors at
a level that can have a significant effect on material
properties.

Figure 1 illustrates several of the material properties
as a function of their sheet charge density (Ahn et al.,
2003). In many of the thin-film and single-crystal mate-
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PACS number(s): 73.90.+f, 72.90.+y, 73.43.Nq

rials of interest the electrostatic screening lengths are
short (of the order of a lattice constant), so that the in-
duced charge remains within one or two unit cells of the
interface. This is a result of the relatively high carrier
densities in these materials. For correlated oxides such
as high-7, superconductors and manganites, where lat-
tice constants are of the order of 4 A, one electron per
unit cell corresponds to an areal density of 6
% 10'*/cm?. Reference to the phase diagrams of corre-
lated systems (Imada, Fujimori, and Tokura, 1998) sug-
gests that to electrostatically induce phase transitions it
is typically necessary to change electron concentrations
by an amount of the order of 0.1-0.3 electron per unit
cell. However, if materials are fine-tuned to the close
proximity of a critical point, much smaller changes in
carrier concentration would suffice. In organic com-
pounds the unit cells are larger and interesting phenom-
ena may occur at relatively low charge transfers. It is
now techncially possible to supply a level of charge
transfer of (1-3) X 10'*/cm? or about 0.3 carrier per unit
cell to the surface region of several novel materials, us-
ing either the surface charge of a high dielectric constant
material (Mannhart, 1996) or of a ferroelectric (Ahn et
al., 1999). In the case of cuprates, which are of particular
interest, changing the density by ~0.2 electron per unit
cell would convert a material from an antiferromagnetic
insulator with a 2-eV gap to a superconductor with a
transition temperature of ~100 K. Recent experiments
(Ahn et al., 1999) have demonstrated changes in elec-
tronic properties corresponding to modulations of mo-
bile carrier density of ~10'* charges/cm?, indicating that
charges of this density have been added to electron lev-
els relevant to superconductivity, rather than to trap
states. As a consequence, significant modulation of elec-
tronic properties has already been demonstrated. The
status of electrostatic doping of the following materials
systems will be discussed in this review: (1) complex ox-
ides such as cuprate superconductors and colossal mag-
netoresistance compounds, which demonstrate remark-
able correlation physics depending upon carrier
concentration; (2) organic semiconductors, both in single
crystals and in thin films (Jerome and Caron, 1987; IBM,
2001); (3) layered inorganics (Podzorov et al., 2004a,
2004b), where the basic physics of electrical conduction
and carrier injection is largely not understood; (4) single-
molecule devices where the field effect allows one to
tune molecular levels and examine a host of interesting
physics issues as a function of such a tuning parameter,
and for completeness; and (5) magnetic semiconductors,
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where electrostatic charging has been used to tune mag-
netization. In this paper we discuss enabling experi-
ments and the scientific and technological opportunities.
For some of the systems considered in this review, re-
sults can be anticipated by employing earlier knowledge
of materials and devices, drawing on what was learned
in the development of microelectronics. However, fun-
damentally new issues are likely to arise. Electrostatic
doping is a surface effect, and much remains to be un-
derstood about surface properties of complex materials.
Furthermore, as presented in Sec. IL.B, for the systems
discussed here the injected charge is concentrated within
one to three unit cells of the interface with the gate
insulator (in contrast with semiconductor FETs, which
are characterized by screening lengths of hundreds of
angstroms or more), leading to large gradients in the
charge density and thus in the electrical potential. De-
pending upon the materials system, gradients of the ar-
eal carrier density of 10*°/cm?/cm may be reached. It
seems very likely that the physics of this situation will
differ in many ways from the physics of bulk materials.
Finally, unlike conventional compounds, in complex ma-
terials electrostatic doping can alter fundamental prop-
erties of the electronic system, by inducing phase transi-
tions (thereby, for example, forming or destroying an
energy gap at the Fermi level) or less dramatically by
changing the value of magnetic or superconducting tran-
sition temperatures. We begin with a review of the op-
eration of conventional FETs, to provide a baseline for
our discussion of the new effects which may be induced
by electrostatic charging of novel materials.

II. CONVENTIONAL MOSFETs

In semiconductor field-effect devices such as
MOSFETs (metal-oxide-semiconductor field-effect tran-
sistors), the geometry consists of source and drain termi-
nals, a conducting channel between them, and a gate
terminal that modulates the conductance of this channel
(Sze, 1981). The channel could be, for example, a thin
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FIG. 1. (Color) Illustration of the zero-
temperature behavior of various correlated
materials as a function of sheet charge den-
sity. Silicon is shown as a reference. The ex-
amples for high-temperature superconductors
and for colossal magnetoresistive manganites
reflect YBa,Cu;07 and (La,Sr)MnOs, respec-
tively. Top bar shows schematically the rich-
ness of materials available for field-effect tun-
ing and the spectrum of their phases. AF, FM,
I, M, SC, FQHE, and Wigner stand for anti-
ferromagnetic,  ferromagnetic, insulator,
metal, superconductor, fractional quantum
Hall effect, and Wigner crystal, respectively.
From Ahn et al., 2003.

layer at the surface of a doped semiconductor, a thin film
of semiconducting material, or a two-dimensional elec-
tron gas in a quantum well. Ideally, the source and drain
contacts to the channel should be low resistance and
Ohmic. The gate electrode and channel are isolated
from one another by an insulating dielectric and form
two electrodes of a parallel plate capacitor. Application
of a voltage (V) across this capacitor induces charge
into the channel near the semiconductor-dielectric inter-
face. The electric field penetrating the semiconductor
causes the energy spectrum of the states near the inter-
face to shift (band bending). This changes the relative
position of the Fermi level with respect to the delocal-
ized bands, changing the density of mobile carriers and
the conductance of the interfacial region. Depending
upon the direction and extent of the shift in the energy
levels induced by the gate, the carrier density of the in-
terfacial region can be enhanced (accumulation), re-
duced (depletion), or reversed in sign (inversion) com-
pared to the density in the bulk. This is illustrated in Fig.
2. The carrier density in the bulk of a doped semicon-
ductor is typically 1017-10'8/cm?, and this translates to
an areal carrier density of 10'2-10'3/cm? for a channel
thickness of 100 A. Changes in carrier density of the
order of 10'2~10'3/cm? can be induced in the channel by
a gate before dielectric breakdown occurs in typical di-
electrics like SiO,, and densities in excess of 10'4/cm?
have been obtained using SrTiO5 and ferroelectrics such
as lead zirconate titanate (PZT). This may be much
larger than the carrier density in the material itself, caus-
ing large changes in conductance. The ratio of currents
in the presence and absence of a gate voltage is often
referred to as the on-off ratio. In many instances, the
induced charge initially populates localized states, and
no change in the channel conductance is obtained until a
threshold voltage V; is reached. The value of this
threshold depends upon factors such as the density of
localized states in the semiconductor, traps at the oxide-
semiconductor interface, and immobile charges or de-
fects in the dielectric.
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FIG. 2. Accumulation, depletion, and inversion at an MOS
interface: the left side shows the gate voltage with the conduc-
tion electrons of the gate shown by the shaded region. Energy
is plotted vertically. On the right side are shown the bands in
the semiconductor, with doping producing hole-type carriers in
the lower band. The accumulation and depletion conditions
show increased and decreased carrier density at the interface.
Under inversion conditions electron carriers appear in the up-
per band.

The current-voltage characteristics of a MOSFET
may be understood in terms of Shockley’s gradual chan-
nel model for the conducting channel, where the density
of carriers is modulated by the gate voltage V. In the
presence of a bias voltage between the source and drain
(Vp), the charge density induced by the gate at a given
point in the channel depends upon the local channel po-
tential V(x) [0<V(x) <Vp]. In the limit where the po-
tential in the channel varies very little over lengths on
the order of the insulator thickness, the current at a

point in the channel may be expressed as
dV(x)
Ip=pCl(V=V) = V()W PR (1)

where x is a coordinate along the length of the channel,
w is the carrier mobility, C; is the capacitance per unit
area of the gate insulator, and W is the width of the
channel. Upon integrating this expression over the
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FIG. 3. (Color online) MOSFET on a p-type (hole-doped) sub-
strate, with the conducting channel being an inversion layer of
electrons. The source and drain contacts are made through
heavily doped n-type (electron-doped) regions that ensure
Ohmic contact through a very thin Schottky barrier. The three
stages of operation are (a) linear, (b) near pinch-off, and (c) in
saturation.

length L of the channel, we obtain an expression for the
current-voltage characteristic,

w
Ip=pCl(Vg-VpVp - Vé/z]z. )

At small source-drain bias, where Vp<V5;-V, the I
vs Vp curves are linear, with a slope proportional to
V-V At higher bias, as V), approaches V-V, the
density of carriers induced near the drain electrode gets
depleted to zero, a condition known as “pinch off.” At
higher values of Vp, the undepleted length of the chan-
nel where there are free carriers becomes shorter, but
the accompanying lower carrier density causes the inte-
grated resistance of this region to remain unchanged. In
the depleted region of the channel, the carriers are
swept into the drain by a longitudinal electric field that
exactly compensates for the energy barrier seen by the
carriers in the depleted region. Thus the I, vs V|, curve
becomes flat, or saturates. (See Fig. 3 for a cartoon of
the stages of operation.)

Typically, the mobility of carriers in saturation may be
different from that in the linear regime. In this regime,
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the I vs V) curve is assumed to remain constant at the
maximum value that can be attained by Eq. (2), when
Vp=Ve=Vr,

_ 2
(Vg=Vp) ] w )

Ipsar = :“CI|: 2 I

From Eq. (2) at low bias, and Eq. (3), values of linear
and saturation mobility may be extracted. Curves of I
vs Vp calculated from the above equations are shown in
Fig. 4. This treatment does not take into account the
effects of the variation in V(x) on the position of the
bands relative to the Fermi energy (band bending) along
the channel. This and other effects relevant to modern
MOSFETs such as short-channel effects are treated in
many standard texts (Sze, 1981; Shur, 1990). It will be
seen in what is presented in subsequent sections that
additional physics may be relevant to the development
of an understanding of field-effect doping of novel ma-
terials.

III. CORRELATED OXIDE COMPOUNDS
A. Enabling experiments and technologies

The study of correlated oxide compounds has been an
active area of research for some time (Imada, Fujimori,
and Tokura, 1998; Tokura, 2000). The main scientific
drivers are the multiplicity of new and interesting effects
(for example, high-temperature superconductivity and
“colossal” magnetoresistance) and the observation that
many of the ideas central to the understanding of simple
metals and semiconductors seemingly fail, indicating the
need for new theoretical and experimental approaches.
It is not our purpose here to air all of the open questions
in this field, but to focus on the opportunities for
progress offered by the electrostatic charging technique.

A generic feature of correlated electron systems is the
close competition of two or more electronic phases with
small changes in chemical composition, strain, or exter-
nal fields changing the system (or a small region of the
system) from one to the other (Millis, 2003). This moti-
vates research on FET configurations with the goal of
employing electrostatic modification with charge density
as a tuning parameter. Succeeding with electrostatic
doping would open up opportunities for fundamental in-
vestigations and might also lead to novel devices. With
the long history of advances in the growth of thin-film
oxides and the enormous diversity of compounds and
properties, there is a huge phase space that might be
explored.

For oxides with complex electronic properties that are
embedded in heterostructures, new issues of physics,
chemistry, and materials science also arise. The presence
of the interface is known to affect the chemical and elec-
tronic environment strongly (Altieri ef al, 2002), that
can change basic electronic parameters, such as the
Hubbard energy U, the electronic bandwidths, or the
exchange energies. These can furthermore be altered by
applying a polarization via the gate electrode. In addi-
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FIG. 4. Ip-Vp curves calculated from the equations in the text.
The linear (low V) regime, pinch-off, and saturation are indi-
cated for the V-V ;=6 V curve.

tion, gating can create charge density gradients of un-
precedented magnitudes (Ahn et al., 1999; Okamoto and
Millis, 2004a); the effects of these on the behavior of
interest must be understood. Further, the field-induced
phases are not neutral, but electrically charged, and may
therefore display uncommon properties.

In this section we describe a few recent studies which
show that interesting levels of electrostatic doping are
achievable in high-temperature superconductors, colos-
sal magnetoresistive materials, and oxide channel field-
effect transistors. The studies we describe have all relied
on the use of evaporated dielectric oxides as the insula-
tor, on altering the polarization of a deposited ferroelec-
tric compound to effect change in the surface carrier
concentration, or on the use of thinned single-crystal
substrates with high dielectric constants in a manner that
combines the gate insulator with the substrate. A
complementary approach is to use the rapidly develop-
ing techniques of oxide epitaxy (Izumi et al., 2001) to
engineer at the atomic level interfaces with the desired
properties. For example, Ohtomo et al. (2002) have dem-
onstrated the fabrication of atomically precise
(LaTiOs3);(SrTiO;),, multilayers comprised of a control-
lable number n=1,2,3,... of (001) layers of the nearly
ferroelectric material SrTiO; (see Fig. 5). These authors
have presented longitudinal and Hall resistance data
showing that the structures (although comprised of two
insulators) are metallic for n<7, and have used TEM
and electron-energy-loss spectroscopy (EELS) tech-
niques to investigate the variation of the Ti d-electron
density across the structures (see Fig. 6). Qualitatively
similar heterostructures involving colossal magnetoresis-
tance manganites (Warusawithana et al., 2003; Oh et al.,
2004; Bhattacharya et al., 2005) and high-7, supercon-
ductors (Bozovic et al., 2004) are now becoming avail-
able. These new classes of materials make possible con-
trolled studies of interface effects in correlated
materials.
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FIG. 5. (Color online) Dark-field image of LaTiO; layers
(bright lines) of varying thickness separated by varying thick-
nesses of SrTiO; (darker regions) layers. The view is along the
[100] zone axis of the SrTiO; substrate which is the dark re-
gion on the right. After the deposition of calibration layers, the
growth sequence is 5Xn, 5 layers of SrTiO; and n layers of
LaTiOg3, 20 Xn, nXn, and finally a capping layer of LaTiOs.
The numbers in the image indicate the number of LaTiOj3 unit
cells in each layer. The total field of view is 400 nm. Upper
panel: magnified view of the 5 X 1 region. From Ohtomo et al.,
2002.

We begin with experiments on high-temperature
superconductors (Bednorz and Miiller, 1986). To under-
stand the prospects for electrostatic doping of high-
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FIG. 6. Charge modulation in atomic scale LaTiO3/SrTiO3
heterostructures. Left panel: Top shows the variation of the
electron energy-loss spectra for La and Ti across a single
LaTiOg layer. Inset: The image of this single layer correspond-
ing to layer 1 in Fig. 5. The Ti signal is considerably wider than
that of the La. The lower panel on the left shows the decay of
the Ti signal away from monolayers and bilayers of LaTiOs3.
(In bulk this is 0 for SrTiO5 and 12 for LaTiOs.) Right panel:
Carrier density from Hall resistivity for a variety of hetero-
structures, showing interface-induced metallic behavior from a
mixture of two insulating components.
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FIG. 7. (Color online) Schematic phase diagram of a hole-
doped cuprate showing the superconducting (S), anti-
ferromagnetic (A), and pseudogap (PG) regimes as a function
of doping x. The dashed line labeled 7" designates the tem-
perature at which the pseudogap opens.

temperature superconductors it is first necessary to un-
derstand the chemical doping of these compounds and
certain aspects of their structure. Their carrier concen-
trations can be changed by chemical substitution of an
insulating parent compound such as La,CuQy, which on
doping with Sr becomes La,_,Sr,.CuQOy, or in compounds
such as (RE)Ba,Cu;0g,,, for which the doping level and
carrier concentration are determined by the oxygen con-
tent x. (Here RE is one of the rare-earth elements.) At
low doping levels, the compounds are antiferromagnetic
insulators; at higher doping levels, they become super-
conductors. The transition temperature-doping relation-
ship, which is illustrated in Fig. 7, is well characterized
and is quite common. Crucially, the relevant range of
carrier concentrations is small, roughly 0 <x=0.2 carrier
per unit cell corresponding to an areal density 0<<n,,
=10 cm™2 so that large changes in carrier concentra-
tion are not needed. The second attractive feature of
high-temperature superconductors is the layered crystal
structure, in which the key ingredient is believed to be
the CuO, plane, a structurally robust feature whose
properties, one may hope, are not strongly affected by
the gate layer and the charge distribution.

The second feature of high-temperature supercon-
ductors that makes them attractive systems for FET
doping is their layered crystal structures with electronic
properties that are relatively insensitive to perturbations
that do not affect the integrity of the electronically im-
portant CuO, planes.

There have been a number of successful electrostatic
doping studies of high-temperature superconductors.
Charge has been introduced by reversing the ferroelec-
tric polarization of a layer of PZT (Ahn et al., 2003), or
through the use of an FET configuration with a high
dielectric constant insulator (Mannhart et al, 1991;
Mannhart, 1996). In the case of the former, analyses of
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FIG. 8. (Color) Field effects in superconducting films: in each case, the blue curve corresponds to depletion of the carrier density
and the red curve to enhancement of the carrier density in the source-drain channel. (a) Change of the dc resistance of an
approximately 8-nm-thick YBa,Cu3O; channel with a 300-nm-thick Ba, 1551, 3sTiO5 gate insulator. The scatter in the data results
from the noise of the measurement system. From Mannhart, 1996. The green curve in this panel shows the resistance with no field.
(b) Resistance change of a 2-nm-thick GdBa,Cu30-_, film induced by a 300-nm-thick PZT layer, with polarization P acting as a
ferroelectric gate. The two curves have been normalized in the normal state. (c) Resistance change of a 2-nm-thick GdBa,CuO_,
film whose doping level has been chosen to be close to the superconductor insulator transition, induced by a
300-nm-thick PZT layer acting as a ferroelectric gate. These data have been measured in a magnetic field of 1 T. From Ahn,

Triscone, and Mannhart, 2003.

the resistivity variation upon polarization reversal as
well as Hall-effect measurements show that the changes
observed in the electronic properties were consistent
with an alteration in the average carrier density equal to
the measured polarization divided by the film thickness.
Mannhart and Frey shifted the transition temperature of
a YBa,Cu;0,_; film by 8 K [see Fig. 8(a)] (Mannhart,
1996). Matthey, Gariglio, and Triscone (2003) were able
to enhance the superconducting transition temperature
of a NdBa,Cu30-_s film by 3.5 K in a configuration in
which SrTiO; served as both the substrate and gate in-
sulator. An enhancement of 7. was observed in a Ca-
doped SmBa,Cu30, film by the addition of electrons
(Matijasevic et al., 1994). See Fig. 8 for some examples of
direct modulation of superconductivity. More recently
Cassinese et al. (2004) and Salluzzo er al. (2004) de-
scribed an FET device consisting of a Nd;,Ba; 3sCus0,
film grown on a (100) SrTiO; substrate, overlaid with an
Al,O5 insulator and a Au gate. They demonstrated re-
versible changes of the hole density and were able to
induce superconductivity in an insulating film that was
eight unit cells in thickness. Parendo et al. (2005) were
able to induce superconductivity electrostatically in
amorphous Bi insulating films in a configuration in
which a high dielectric constant material (SrTiOs;)
served as both the substrate and gate insulator (Bhatta-
charya et al., 2004a). In effect, in these experiments the
ground state of a film was changed from insulating to
superconducting by tuning an external parameter. In this
instance the carrier density, in other words, the density
modulation, induced a quantum phase transition (Sach-
dev, 1999).

The FET doping approach has been extended to other
strongly correlated materials. Colossal magnetoresis-
tance (CMR) manganites exhibit varying properties as
the carrier concentration is changed, including forma-
tion and coexistence of ferromagnetic metallic, charge
ordered antiferromagnetic insulating, and nonordered
pseudogap phases (Uehara et al., 1999; Tokura, 2000;
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Salamon and Jaime, 2001). Field-effect experiments
have shown reversible modulation of colossal magne-
toresistance, revealing that charge modulation at fixed
disorder influences the CMR effect (Tanaka et al., 2002;
Hong et al., 2003, 2005). Unlike high-7,. materials, most
of the CMR materials studied to date are electronically
three dimensional, and with relatively short screening
lengths, so that the induced charge is likely to be con-
fined to within a few unit cells of the interface. The ef-
fect of this charge variation on the physical properties of
the manganites is an open and interesting question.

In previous work on field-effect measurements in
CMR materials, the resistance was found to change sub-
stantially upon gating (Wu et al, 2001). This was done
using films much thicker than the estimated Debye
length, suggesting that effects other than straightforward
charge modulation may be active. Recently films of
LaygCay,MnO3;, a composition close to the phase
boundary between a ferromagnetic metal and a charge
ordered insulator, were grown on single-crystal SrTiO;
substrates that had been thinned mechanically and pro-
vided with a gate on the back surface of the substrate
(Bhattacharya et al., 2004). The gate electric field was
found to produce an ambipolar decrease in resistance at
low temperatures attributed to the development of a
pseudogap in the density of states (Eblen-Zayas et al.,
2005). The magnetic coercivity of a CMR material has
also been shown to be altered electrostatically, although
not reversibly (Bhattacharya et al., 2005). Reversible
tuning of the magnetic coercivity with a gate electric
field was first demonstrated in the dilute magnetic semi-
conductor system (In,Mn)As (Chiba et al., 2003).

It has been possible to produce FET structures that
are entirely of oxides (Mannhart et al, 1991). We de-
scribe here the work of Ueno ef al. (2003) in which a
sputtered Al,O; dielectric insulating layer was used to
make FET devices on both undoped SrTiO5; and KTaOj
substrates by inducing charge at the interface between
the insulating layer and perovskite. Although chemical
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FIG. 9. Source-drain current-voltage characteristic of a KTaOj
FET device at 300 K. The gate dielectric is Al,O3.

doping that introduces electrons is known to induce
semiconducting and eventually metallic behavior in
KTaO; and SrTiO; [see, for example, Leitner et al.
(1998)], in this instance the KTaO5 and SrTiOj; crystals
are believed to be undoped band insulators. This work is
important because it shows that it is possible to fabricate
high-quality FET, including oxide layers with high
breakdown voltages and negligible leakage current, and
deliver large amounts of charge to the interface region.
The structures were prepared by placing source and
drain electrodes of Al on the (100) surface of these sub-
strates. A 50-nm-thick amorphous Al,O; film served as
the insulator for the gate, and the gate itself was a layer
of Au painted on the insulator. The average breakdown
voltage of the Al,O; films was 20 V, which corre-
sponded to an electric field of 4 MV/cm, and the leak-
age current at breakdown was several nA over a 100
X 400-um? area. The capacitance per unit area was
0.16 uF/cm?. Although there were serious attempts to
optimize the properties of the Al,Oj layer, the maxi-
mum breakdown field never exceeded 10 MV/cm.
The source-drain current-voltage characteristics of an
Al,03-KTaO; FET were measured for different gate
voltages. This device exhibited what appears to be typi-
cal n-channel FET behavior as shown in Fig. 9.

This behavior appears to be the same as that of a
conventional Si MOSFET, but may be very different if
the substrates are truly insulating with large band gaps.
In conventional Si MOSFETS the electric field only
modifies the charge distribution of a previously doped
semiconductor. The SrTiO; and KTaO; substrates of
these experiments are transparent, and little current
flows between the source and drain electrodes without
applying the gate electric field. The on-off ratios of these
devices are in excess of 10*. The caveat is that despite all
of this supporting evidence for different operation, it is,
nevertheless, possible that carriers are doped into the
perovskite during the deposition of the Al,O5 gate insu-
lator. As a consequence, the nature of the operation of
these devices is somewhat unsettled. Nevertheless, it is
useful to employ similar technologies to electrostatically
dope channels which are Mott insulating instead of band
insulating, in an attempt to realize a gate-voltage-driven
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FIG. 10. Characteristics of an FET device involving accumu-
lation of charge at the interface between a SrTiOj single crys-
tal and a film of SrZrO;. Left top: The drain-source current I
at 2.1 K plotted against the drain bias V. The experiment was
done by scanning I from —0.4 to 0.4 wA while applying a gate
voltage Vs from —20 to 60 V. Left bottom: The sheet resis-
tance R in units of quantum resistance i/e?>=25.8 kQ. Right
top: Ip-Vp for Vpg from 60 to 120 V. Right bottom: Rp
reaches as small as //e? for Vg of 120 V.

metal-insulator transition. This appears to have been
achieved in certain oxide systems, and there have been
a number of efforts directed at producing room-
temperature oxide channel FETs that would exploit this
phenomenon (Newns et al., 1998; Ueno et al., 2003, 2004,
and for a recent review, see Inoue, 2005).

Another type of a gate-voltage-driven metal-insulator
transition was reported by Inoue et al. (2004) at low tem-
peratures in a two-dimensional system produced by ac-
cumulating charge electrostatically at the interface be-
tween a SrTiO; single crystal and a SrZrO; thin film.
The interface was fabricated by heteroepitaxial deposi-
tion of a capping layer of three-unit-cell film of SrZrO;
(~10 A) on the step-and-terrace surface of SrTiO; using
pulsed laser deposition, followed by sputter deposition
of 1000-A-thick amorphous Al,Oj3 film which works in
this case as a passivation layer. Drain and source elec-
trodes with a channel length of 3 um and channel width
of 400 um were made by evaporating Al metal into the
trench formed by conventional Ar-ion-beam etching.
The bottom of the electrode reached the SrZrOs;/
SrTiO; interface.

The gate electric field V5 was applied through the
0.5-mm-thick SrTiOj; single crystal between the source-
drain electrodes and a Au gate electrode which covers
the whole area (10X 10 mm?) of the back of the SrTiO;
single crystal. Because of the large band gap difference
(SrTiO; is about 3 eV, while SrZrO; 6 eV), the carriers
are considered to be accumulated mainly at the SrTiO;
side of the interface.

A strong nonlinearity was observed in the current-
voltage (Ip-Vp) curve at 2.1 K as shown in upper panels
of Fig. 10. This /-V characteristic can be due to the back-
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to-back formation of Schottky barriers at the source and
drain electrodes. However, a simple one-step tunneling
between the source and drain electrodes is ruled out
because of the large channel length of 3 um. A possible
explanation for conduction is that microscopic charge
inhomogeneities (charged domains) develop in the chan-
nel region in response to the gate electric field, and that
transport is due to tunneling or hopping of carriers be-
tween these domains. When the gate electric field Vg is
increased, resulting in the accumulation of more charge
at the SrZrO;/SrTiO; interface, the gap in the Ip-Vp
curve disappears dramatically and the curve becomes
Ohmic. This occurs when the sheet resistance R falls to
the quantum resistance h/e’=25.8 kQ) at Vz5=120V,
where 4 is Planck’s constant and e is the elementary
charge. The fact that Ro<h/e’ together with the linear-
ity of the Ip-Vp curve suggest that the interface area
may have become metallic.

In this scenario for the insulator-to-metal transition in
the two-dimensional system at the SrZrO;/SrTiOj; inter-
face, the appearance of charge domains is concomitant
with the collapse of Schottky barriers. We suggest that
this can occur in transition-metal oxides because there
exist competing ground states, which exhibit different
types of order. The large fluctuations between these dif-
ferent ground states may give rise to microscopic inho-
mogeneities such as electronic phase separation. These
inhomogeneities may be regarded as disadvantages if
correlated materials are to be applied in electronics.
However, if the electrostatic control of these inhomoge-
neities can be achieved in these correlated electron sys-
tems and understood, it may become an advantage, and
its active utilization is a possible key to realizing concep-
tually new correlated electron devices operating in
a completely different manner than conventional
MOSFETs.

B. Scientific issues and challenges

Field-effect doping of novel materials raises important
new issues of chemistry, physics, and materials science.
In particular, the electronic properties of many novel
materials are strongly affected by changes in local chem-
istry, in strain, and in disorder (Imada, Fujimori, and
Tokura, 1998), so that an understanding of the physical
and chemical structure of the interface is needed.
Achieving the requisite characterization and control
over FET structures is the key challenge to progress in
this area. In the case of correlated oxides, it would be
highly desirable to develop fabrication techniques that
parallel those currently used for either GaAs or Si FETs.

For devices involving doping of correlated oxides, ac-
cumulation and depletion levels of the order of 10
charges/cm? are needed to modify the properties of the
material (cf. Ahn e al., 2003). Devices incorporating
thin, high dielectric constant insulators allow this to be
done at relatively low voltages <10 V; however, the ef-
fect of gate electrodes and induced carriers themselves
are likely to produce significant effects.
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A fundamental issue is that screening lengths are typi-
cally very short, so that the details of the interface be-
come important. To see this, consider the charge distri-
bution induced in a high-7, superconductor by a voltage
applied at an (001) interface. In high-7, superconductors
relevant electrons are tightly bound to weakly coupled,
well-separated CuO, planes (Chu, 2002). We therefore
idealize each plane as an infinitesimally thin but uniform
charge sheet of areal density p,, determined along with
the electrochemical potential eV, from

Pn= n(/*l’oc + evn)’ (4)
4re Vi =2V, +V,_
(=)= - . L. (5)

Here e~5-10 (or much more in nearly ferroelectric ma-
terials such as SrTiO;) is the background dielectric con-
stant of the oxide, b~4 A is the interplane spacing, u..
and p,, are the electrochemical potential and electron
density far from the interface, and n(w) is the electron
density given as a function of electrochemical potential.

The characteristic length scale of Egs. (4) and (5) is
the Thomas-Fermi length Mg which may be estimated
by linearizing the equations in p,—p, and assuming slow
spatial variations. One finds

Nt = \eb/(4me’onl ). (6)

These equations reveal the crucial role played by the
chemical potential dependence of the density n(u). In
oxides, unlike in conventional semiconductors, n(u) is
expected to be controlled by correlation physics and is
not well understood. A number of interesting theoretical
proposals have been made (Vohlhardt, 1984; Furukawa
and Imada, 1992; Moeller, 1995; Si and Varma, 1998);
indeed one of the by-products of electric-field doping
experiments may be a better understanding of this quan-
tity. Further, in correlated oxides such as high-7. super-
conductors, unlike conventional semiconductors, dn/du
is believed to be large [a rough estimate comes from
band theory, implying dn/du~0.5-1/(eV unit cell)],
yielding a Thomas-Fermi length of order the unit-cell
dimension. In contrast to conventional Si FETs operat-
ing at carrier densities of 10'>~10'* cm™2, where screen-
ing lengths are large, in correlated oxides the induced
charge is concentrated within a few atomic layers of the
surface. This estimate relies in an essential way on the
weak interplane coupling of high-7,. superconductors,
but more detailed analyses suggest that the basic orders
of magnitude are similar in electronically three-
dimensional correlated oxides (Okamoto and Millis,
2004a).

Thus, in correlated oxides, a clear understanding and
precise control of the physical and chemical structure of
the interface is crucial. Important issues include
interface-induced physical changes in the structure
(changes in bond lengths, atomic positions, and phonon
frequencies), driven both by the presence of the gate
layer and by the large electron density gradients near
the interface, and interface-induced changes in the elec-
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tronic structure. This latter problem although crucial to
the underdstanding of the behavior of FET-doped sys-
tems, is as yet little studied. In a pioneering theoretical
work, Duffy and Stoneham (1983) argued that changes
in local environment could lead to significant changes in
the many-body interaction parameters, and this effect
was demonstrated experimentally by Altieri et al. (2002)
in scattering studies of Cg films grown on different sub-
strates. Important recent work on heterointerfacial lay-
ers has also been done by Koerting et al. (2005). The
known sensitivity of the behavior of correlated electrons
to small changes in parameters including charge density,
strain, magnetic field, and chemical composition (Millis,
2003) suggests that changes in physical and electronic
structure will lead to dramatic changes in near-surface
collective behavior. Warusawithana et al. (2003) have
shown that new kinds of collective order can appear at
heterointerfaces.

Further development of theory is required in three
areas. The first is a combination of band theory and
quantum chemical calculations to provide information
on the interface and electric-field-induced changes in
electronic states and electronic structure; the second is
more extensive many-body calculations to begin to ex-
plore the electronic phase reconstructions driven by
these changes. Early attempts to study the second ques-
tion in the context of model systems have appeared
(Potthoff and Nolting, 1999; Liebsch, 2003; Schweiger,
Potthoff, and Nolting, 2003; Okamoto and Millis, 2004a,
2004b, 2004c) and have been compared to experiments
on surfaces (Maiti et al.,, 1998) and buried interfaces
(Ohtomo et al., 2002), and it seems likely that this area
of research will grow rapidly in the future. A third im-
portant problem relates to the understanding of the
chemical synthesis of heterointerfaces. They are formed
using nonequilibrium growth processes in which chemi-
cal reactions are sequenced. In general, the best condi-
tions for the growth of one slab will be different from
the best conditions for the growth of the other one. In
addition, the best condition for the synthesis of the in-
terface can also be different. It has been found that het-
erovalent interfaces are more difficult to form than ho-
movalent interfaces, but there is no theory to follow.
Growth conditions are known to strongly affect the or-
der at interfaces. How to control the conditions of sur-
face chemical reactions in order to obtain the most or-
dered interface is a question theoretical chemistry
should address. This would provide a new level of pre-
dictability for the multidimensional growth process and
would help to distinguish fundamental phenomena from
extrinsic effects.

Experimentally, there are many challenges to growing
intrinsic interfaces and control of intrinsic behavior of
collective states at such interfaces. Growth of an abrupt
crystalline interface between the dielectric and field-
modulated layer is particularly important for complex
materials whose properties are sensitive to disorder. It is
very helpful to have real-time analysis of the chemical
reactions occurring during synthesis. Currently, reflec-
tion high-energy electron diffraction (RHEED) (see Fig.
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FIG. 11. (Color) RHEED patterns observed during epitaxial
growth of field-effect doped CuO, planes. Interface layers are

sequenced to be the natural layer stacking found in equilib-
rium phases.

11) is the most powerful tool in use in stand-alone syn-
thesis chambers. As long as the surface is nearly flat, the
specular reflection provides quantitative information re-
garding surface flatness, and the observation of trans-
mission spots or diffuse reflection provides a measure of
transient chemical intermediate states or surfaces with
spoiled epitaxy, evidenced by the nucleation of second
phase nanocrystals and atomic disorder, respectively.
The difference between these two cases is found in the
time history of the diffraction patterns observed. Figure
11 illustrates this for a particular atomic oxide layering
architecture grown by molecular beam epitaxy (MBE)
(Oh et al., 2004). Panel 1 shows the diffraction pattern
observed along the Cu-O bond direction after the
completion of two BiO monolayers terminating a
Bi,(La,Sr;_,),CaCu,0g, s molecular layer. The stretch-
ing of the specular reflection into a streak indicates a
characteristic surface flatness length of ~40 nm. Panels
2 and 3 show that even during the growth of equilibrium
phases intermediate surface states occur (panel 2) in
which one component, in this case SrO, balls up into
nanograins. But subsequent deposition of a monolayer
of CuQO, dissolves these grains and a smooth two-
dimensional surface similar to that seen in panel 1 is
obtained. In this experiment a junction between cuprate
layers and an epitaxial insulator SrTiO; was formed us-
ing a monolayer of LaO at the interface, in order to
provide the charge transfer required to put the top
CuO, plane in an insulating state, free of holes. The
RHEED images indicate a crystalline interface was
grown. The scattered electrons, however, contain much
more information and a theoretical effort to explore this
by modeling should be undertaken.

An interesting experimental prospect would be the in-
stallation of an in situ MBE system at a synchrotron
facility. Such a capability, movable between several end
stations, would allow the whole range of scattering tech-
niques including in situ photoemission to be applied to
the problem of understanding how to achieve more per-
fect synthesis and properties of each atomic layer. In
particular, this could be used to study how the electronic
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structure and resulting collective behavior of field-effect
doped layers evolve with thickness.

Further developing techniques to characterize the
electronic or magnetic structure at buried interfaces of
completed devices would be highly desirable. Recently
there has been considerable progress on characterizing
the performance of magnetic tunneling junctions.
Yamada et al. (2004) have used nonlinear magneto-
optical techniques, specifically magnetization-induced
second harmonic generation, to probe interface magne-
tization. They have been able to optimize the interface
to the perovskite ferromagnet Lag4St),MnO;3; with a
nonmagnetic insulating layer as employed in spin-
tunneling junctions. The use of this diagnostic was com-
bined with tailored film growth using MBE techniques.
This approach could also be used effectively to charac-
terize magnetic interfaces in FET structures fabricated
with magnetic materials. There would be considerable
value in employing other approaches capable of probing
buried interfaces, e.g., magneto-optical techniques such
as circular magnetic dichroism and resonant x-ray scat-
tering (Lussier et al, 2002), or neutron reflectometry
(Stahn et al., 2005).

An advance in synthesis that could broadly impact the
field would be incorporation of organic sources in a
chamber connected to an oxide MBE system. This
would allow interfaces between high dielectric constant
layers and organic semiconductors to be formed without
exposure of the dielectric interface layer, which contains
the polarization charge, to air. This would eliminate the
accumulation of potentially reactive water, CO,, and or-
ganic layers from the interface between the two materi-
als. Since the role of trapping defects in organic semi-
conductor transistors is known to be important, carefully
controlling the synthesis of these interfaces using all in
situ growth seems to be necessary. This would be a rela-
tively simple step as multichamber MBE systems are
commonly used when there is a need to incorporate
chemically incompatible layers in single structures, or
when one of the constituents of a particular structure is
a “poison” for the growth of other constituents. Such a
system would be useful in general for the integration of
organic materials with oxides as might be needed for
hybrid organic-inorganic electronics (Mitzi, Chondrous,
and Kagan, 2001).

IV. ORGANIC SEMICONDUCTORS
A. Enabling experiments and technologies

Work on organic semiconductors is motivated by the
potential development of plastic electronics. This is
within the realm of possibility because organic materials
can be processed at low temperatures (e.g., solution-
based coating), which permits low-cost printing of elec-
tronic circuitry on large-area flexible substrates. One of
the products of such technology might be an all-plastic
roll-up display (Forest, 2004), with an organic thin-film
transistor (OTFT) as the pixel-controlling element. Both
inorganic and organic field-effect transistors operate in a

Rev. Mod. Phys., Vol. 78, No. 4, October—December 2006

10

106

fwd / /
rev
108

10-10

lp (Amps)

10-12

20 0 -20 -40 -60 -80 -100

Vs (V)

FIG. 12. (Color) The room-temperature Ip-V characteristic
(transconductance) of a thin-film transistor based on a poly-
crystalline film of the organic semiconductor pentacene (the
black patch of material). The gate dielectric is SiO,. The dis-
tance between the source and drain electrodes (large horizon-
tal bars in the inset) is 200 um. The hole mobility ~1 cm?/V's.
The device turns on at negative gate voltages indicating hole
conduction.

similar way: Application of a gate voltage induces a con-
ducting channel at the interface between organic semi-
conductor and gate dielectric and reduces dramatically,
by many orders of magnitude, the resistance between
the source and drain contacts. However, the similarity
stops here. The electronic properties of organic semi-
conductors are profoundly different from those of well-
studied inorganic semiconductors such as Si and GaAs.
Because of weak van der Waals bonding between mol-
ecules, the electronic bands in organic semiconductors
are unusually narrow: a typical bandwidth ~0.1 eV is
two orders of magnitude smaller than that in Si. The
mobility of charge carriers, which are usually treated
within the small-polaron model (Silinish and Apek,
1994; Pope and Swenberg, 1999), is also much lower
than in inorganic semiconductors. Unlike conventional
Si MOSFETs, organic transistors are based on undoped
organic semiconductors, so that charge in the channel
originates in the source and drain contacts. The charge
carriers are injected into the conduction channel from
the metallic contacts, which have rather high resistance
owing to a large potential barrier at the interface be-
tween an undoped semiconductor and a metal. An ex-
ample of a drain current-gate voltage characteristic is
shown in Fig. 12. It shows that the injection mechanism
and contact current-voltage characteristics continue to
be active areas of research (Biirgi et al, 2002, 2003;
Meijer et al., 2003; Hamadani and Natelson, 2004; Pesav-
ento et al., 2004).

The sheet resistance of the conduction channel R
=(enu)~! is determined by the density of field-induced
charges n and the charge-carrier mobility . The mobil-
ity in thin organic films has been increased dramatically
over the past ten years due to the improved morphology
of organic films. These films are either cast from solution
or deposited from the vapor phase. They can be 100%
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crystalline with grain sizes ranging from 100 nm to more
than 10 um depending on deposition conditions. In the
best organic films (vapor-deposited pentacene), the mo-
bility can be as high as 3 cm?/V s (Bulovic, Burrows, and
Forest, 2000), which is comparable with that for the
a-Si:H OTFTs commonly used in the active-matrix
flat panel displays. [For a recent review on OTFTs, see
Dimitrakopoulos and Mascaro (2001).]

The path to further improvement of OTFTs will in-
volve perfection of organic semiconductor materials, as
well as the development of new materials for the gate
dielectric. For many OTFT demonstrations, the
dielectric-gate assembly has been amorphous SiO, on Si,
primarily because this is a readily available substrate.
However, the oxide-coated Si wafers compromise the
idea of low cost flexible electronics, and, consequently,
there are growing efforts to identify suitable vapor- or
solution-deposited polymeric gate dielectric materials.
Two key considerations in dielectric selection are the
dielectric properties (the dielectric constant and dielec-
tric strength) and the density of defects at the interface
between the gate dielectric and organic semiconductor.
The density of states of organic materials studied by
photoconductivity and optical absorption combined with
FET properties has emerged as a useful diagnostic of
defects near the interface between the oxide and insula-
tor (Lang et al., 2004a, 2004b).

Investigations of organic semiconductors have been
focused on low-molecular-weight materials such as poly-
acenes. It is especially important to understand the phys-
ics of charge transport on the surface of these materials.
The field-effect technique applied to single crystals
rather than films is quite effective in addressing this is-
sue: a relatively low density of surface states in weakly
bonded organic molecular crystals facilitates observation
of the field effect. The recent fabrication of field-effect
structures using single crystals of organic materials has
been an important step towards an understanding of in-
trinsic charge transport on organic surfaces. In the fol-
lowing we discuss several developments that have fur-
thered the program of developing the science base of
organic electronics. The developments include improve-
ments in single-crystal growth technology and new ap-
proaches to developing field-effect structures on fragile
organic surfaces, which have led to transistors with en-
hanced mobilities.

The ability to make organic single-crystal FETs hinges
on the development of vapor phase growth techniques
in the past two or three years. It has been possible using
this approach to grow large free-standing single crystals
of organic materials (up to 1 cm in the a-b crystallo-
graphic plane, but more typically a few mm) with a low
surface trap density (e.g., <10'°cm™). Vapor phase
growth is relatively simple and large crystals can be pro-
duced in a matter of days.

The main obstacle to the realization of organic field-
effect structures (OFETs) has been in the development
of robust techniques to make field-effect structures on
fragile organic surfaces without introducing a large den-
sity of surface defects. The solution has been nontrivial,
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because conventional thin-film processing irreversibly
damages surfaces of van der Waals bonded compounds.
Two techniques of OFET fabrication have been success-
fully developed. The first approach is based on electro-
static bonding the surface of an organic film or crystal to
a source-drain-gate structure that is prefabricated on a
separate substrate (de Boer et al., 2003; Takeya et al.,
2003; Sundar et al., 2004). Two types of transistor stamps
have been used so far: one based on conventional
Si/Si0, technology (de Boer et al., 2003; Takeya et al.,
2003) and another one that uses flexible elastomer
(PDMS) substrates (Sunder et al., 2004). The process of
lamination using a PDMS stamp is illustrated in Fig. 13.
The second approach to forming FETs on the surface of
organic crystals and films uses thin films of polymer
parylene as the gate dielectric (Podzorov, Pudalov, and
Gershenson, 2003). The interface between this polymer,
deposited at room temperature onto the surface of a
crystal or thin film, appears to have a low density of
interface defect states.

Another major impediment to the realization of
single-crystal OFETs is the lack of a heteroepitaxial
growth technique for the van der Waals bonded organic
films. In this situation, the only viable option to study
the intrinsic charge transport on the surface of organic
semiconductors is to fabricate field-effect structures on
the surface of free-standing organic molecular crystals
(OMCs). As emphasized above, this poses a serious
technological challenge because these surfaces can be
damaged much more easily than that of their inorganic
counterpart. Also organic materials are largely incom-
patible with conventional microelectronic processing
techniques such as sputtering, photolithography, etc.
This is why the first single-crystal OFETs have been re-
alized only recently (Butko et al., 2003; de Boer et al.,
2003; Podzorov, Pudalov, and Gershenson, 2003; Podzo-
rov, Sysoev, et al., 2003; Takeya et al., 2003; Hasegawa
et al., 2004). This remarkable progress is due to a num-
ber of novel fabrication schemes. Figure 14 shows the
transconductance characteristic of an organic field-effect
transistor fabricated on a single crystal of rubrene with a
1-um-thick parylene gate dielectric. Higher mobilities
have been achieved (up to 20 cm?/V's) with rubrene
transistors using air-gap stamps (Podzorov et al., 2004a).

B. Scientific issues and challenges

The consistency of the experimental results obtained
using single organic crystal FETs investigated by differ-
ent research groups and fabricated by different tech-
niques marks a critical step in the science of organic
semiconductors. Such reproducibility has never been
achieved in thin-film transistors that are known for their
large spread of parameters, even in devices prepared un-
der nominally identical conditions. Nevertheless, this
first generation of organic single-crystal FETs is still af-
fected by the presence of considerable imperfections
that need to be eliminated.

The exponential decrease of the carrier mobility at
low temperature points to the presence of substantial
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FIG. 13. (Color) Organic crystal transistor fabrication. (A)
Schematic view of a transistor stamp on a PDMS substrate. (B)
Transistor fabrication by lamination of an organic crystal
against the transistor stamp. Initiating contact (first frame) be-
tween these two surfaces results in a wetting front that
progresses across the semiconductor-stamp interface (second
frame), until the entire crystal is in intimate contact with the
stamp (final frame). The right insets show top views. From
Sundar et al., 2004.
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FIG. 14. (Color) The transconductance characteristic of an or-
ganic field-effect transistor fabricated on a single crystal of ru-
brene with a 1-um-thick parylene gate dielectric. Rubrene
crystals are typically a few mm across with the gap between
source and drain contacts varying from 10 um to a few hun-
dred pwm. The intrinsic mobility is the field-effect mobility.
From Podzorov, Sysoev, et al., 2003.
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trapping. As single crystals are characterized by a high
degree of structural perfection, chemical impurities are
likely to be the dominating cause of trapping (Karl and
Marktanner, 1998). For each molecular material of inter-
est it is then necessary to understand what are the domi-
nant molecular impurities and to decrease their concen-
tration to the lowest possible level. Currently, there are
no well-established methods that can be routinely used
to achieve these goals and the development of new ex-
perimental techniques or the adaptation of techniques
employed to study traps in Si is required.

The vapor phase transport technique that has been
used to grow the organic crystals used in FETs can also
be used to purify organic molecules. So far this tech-
nique has not been systematically optimized. Recent re-
sults indicate that significant increase in purity can be
reached by keeping the molecular materials close to
their sublimation temperature, in vacuum, for a suffi-
ciently long period of time. It remains to be determined
what is the ultimate level of purity that can be achieved
in this way. A zone-refinement technique similar to that
used to process Si can also be used for those organic
materials that possess a coherent liquid phase (i.e., mol-
ecules that decompose at a temperature higher than
their melting point). It is probably not a coincidence that
the highest, low-temperature mobilities obtained in
time-of-flight experiments have been observed in single
crystals grown with zone-refined materials. It is also
worth noting that the development of analytical tools
and techniques that can be used to determine the chemi-
cal purity in this concentration range (estimated to be
~10 ppb in the purest zone-refined anthracene) will be
required. Infrared spectroscopy, capable of identifying
vibrational modes associated to specific chemical bonds,
or photoluminescence experiments can be used as a
starting point in this direction.

Other aspects of fundamental and applied relevance
for organic FETs that need a systematic investigation
concern the properties of the organic/dielectric and of
the metal/organic interface (Scott, 2003). This is neces-
sary in order to understand better the dynamics of
charge injection at contacts. For disordered organic
semiconductors such as polymers, charge injection
seems to be diffusion limited (Hamadani and Natelson,
2004). However, a simple model of incorporating injec-
tion barriers is insufficient to explain the temperature
dependence of the observed injection (Biirgi et al., 2003).
For small organic molecules the situation is not clear,
partially because of experimental irreproducibility origi-
nating from interfacial defects introduced during the
contact fabrication. Recent progress, however, indicates
that extrinsic effects can be overcome. It is worth noting
that the issue of contact quality is also of direct rel-
evance for thin-film devices. As these devices have nor-
mally a rather short channel (1-10 wm), contact effects
can account for a large fraction of the device resistance
and limit the device performance (i.e., on-off ratio,
switching speed).

One specific aspect of contact between metallic elec-
trodes and organic semiconductors that urgently re-
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quires systematic investigation is the dependence of the
contact resistance on the work function in metallic elec-
trodes (Pesavento ef al., 2004). This dependence appears
to be unexpectedly less crucial for organic semiconduc-
tors than for inorganic ones. This difference between
organic and inorganic semiconductors may derive from
different microscopic mechanisms responsible for charge
injection at a metal/organic interface, which may not be
as simple as the well-known Schottky barrier picture
valid for inorganic semiconductors. Progress on this is-
sue does not seem to be possible without systematic
investigation  performed on  high-quality, well-
characterized molecular systems. In terms of experimen-
tal configurations, this would mean deposition chambers
with controlled vacuum environments in which tradi-
tionally incompatible materials (organic compounds and
metals) could be deposited in a controlled manner.

In comparing the behavior of the contacts in inorganic
and organic semiconductors, it should also be realized
that in inorganic FETs heavy doping at the metallic elec-
trodes is commonly used to suppress the contact resis-
tance. In Si-based electronics, this is essential for many
technological applications. A similar strategy cannot be
presently implemented in molecular materials, since
control of the doping level in these materials is outside
the reach of current technology. Finding ways to intro-
duce stable dopants into organic semiconductors with-
out drastically altering the structural properties of the
material is one of the outstanding challenges for future
work in applied organic electronics. Research aiming at
controlling chemical doping in organic materials also has
the potential for a substantial impact in plastic electron-
ics, an area which is already technologically significant.

In contrast with metal/organic interfaces, it seems that
high-quality dielectric/organic interfaces can be obtained
in single-crystal FETs in a rather reproducible way. High
quality is suggested, among other things, by the behavior
of the subthreshold slope which is often dominated by
the quality of the contacts even in FETs with rather long
channels (>1 mm). The development of experimental
techniques for investigating the quality of buried inter-
faces, not presently available, is needed to reach a more
quantitative understanding. This understanding (i.e., un-
derstanding the factors that determine the electronic
quality of the organic/dielectric interface) is essential for
the optimization of thin-film transistors, since in these
devices the quality of the organic/dielectric interface
critically determines the device behavior and is very sen-
sitive to the fabrication process. It seems likely that im-
proving thin-film devices will ultimately require the
growth of crystalline organic films, where the structural
order extends up to the first molecular layer in contact
with the dielectric (since it is in this layer that most
charge is accumulated during the FET operation). This
presents a technological challenge for actual applica-
tions, as in this case the choice of the substrate material
and of the organic film deposition technique may be re-
stricted by different considerations.

This last point illustrates once again the more general
issue of the relation between fundamental work and
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practical device applications. An improved understand-
ing of the intrinsic electronic properties of organic semi-
conductors, which will be achieved by investigating elec-
trical transport through single-crystal devices, will be
beneficial to understand the properties of applied de-
vices based on thin films. Improving our fundamental
knowledge will allow the selection of the most appropri-
ate molecules for practical applications and may permit
determining the ultimate limits of organic electronics.
An even bigger impact on applications will be due to the
technological progress originating from single-crystal
work. The development of techniques for the purifica-
tion of molecular materials can be directly used in the
fabrication of thin-film devices and there is little doubt
that this will result, for most materials, in an improve-
ment of the charge carrier mobility. Similar consider-
ations are relevant to techniques that will be developed
for the fabrication of high-quality metallic electrical con-
tacts or for other aspects of the FET fabrication. The use
of parylene as a flexible gate insulator of exceptional
quality illustrates this last statement. In short, an effec-
tive and rapid technological transfer between the work
based on single-crystal and thin-film devices is highly
beneficial at this time, which underscores the tight rela-
tionship between fundamental and applied research.

Future technological efforts will focus on a number of
different issues. It is desirable to find new organic mate-
rials that are promising for single-crystal FET fabrica-
tion. Comparison between different (sufficiently pure)
organic materials provides an effective tool to under-
stand basic aspects of conduction in molecular crystals
(e.g., the dependence on the molecular crystal structure).
In addition, exploring a large range of materials facili-
tates the identification of molecules for which the carrier
mobility is particularly high. Recent work on rubrene
single-crystal FETs clearly illustrates this point. On the
more technical side, experimental work will need to fo-
cus on a detailed comparison of transistor characteristics
in devices fabricated with different techniques. This will
lead to a deeper understanding of the functioning of or-
ganic transistors, which depends crucially on the electri-
cal contacts and the dielectric/organic interface. Both is-
sues are of fundamental interest (e.g., the physics of
charge injection at a metal/organic interface is unknown)
and of clear applied relevance.

Though the research on single-crystal organic transis-
tors is less than five years old, the progress has been
remarkably rapid. The technological advances have en-
abled realization of organic transistors with record pa-
rameters: the p-type mobility up to 20 cm?/V s at room
temperature has been reported for rubrene OFETs,
along with the 1,,/I.; in excess of 10® and the normal-
ized subthreshold slope as small as 1.7 V nF/decade cm?
(Podzorov, Sysoev, et al., 2003; Sundar et al., 2004).
These parameters are an order of magnitude better than
what has been achieved so far for the OTFT and a-
Si:H FETs. However, it should be mentioned that
single-crystal OFETs are not practical devices yet: there
is a long way to go from these proof-of-concept experi-
ments to the viable technology of single-crystal OFET
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FIG. 15. (Color) Directional dependence of the mobility of
rubrene crystals. (A) Polar plot of the mobility at the rubrene
a-b surface (angle measured between the b axis and the direc-
tion of current flow). The maximum and minimum mobility
values occur along b and a axes, respectively. (B) The four-
probe measurements of the conductivity as a function of gate
voltage along the b and a axes. Intrinsic mobilities measured
along the b and a axes are 15.4 and 4.4 cm?/V s, respectively.

fabrication that would be compatible with large-scale
applications. At present, transferring the knowledge and
technology developed from the study of single-crystal
FETs to thin-film devices seems a more viable route to
improve applied devices.

One of the important practical implications of single-
crystal OFET fabrication is the opportunity to study the
effect of molecular packing in organic crystals on carrier
mobility. Indeed, the mobility of carriers in organic
semiconductors depends critically on the intermolecular
charge transfer in these strongly anisotropic materials.
The anisotropy of charge transport has been well docu-
mented in the time-of-flight (TOF) experiments and,
more recently, in experiments with rubrene FETs. Ex-
periments with single-crystal OFETs facilitate testing of
a wider variety of organic materials: such experiments
do not require ultrapurification (as in the TOF experi-
ments), or refinement of the thin-film deposition tech-
niques (as in the OTFT experiments). Synthesis and
identification of organic materials with high carrier mo-
bility is an important direction of future research, which
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requires combined efforts of chemists and physicists.

As far as the fundamental transport mechanisms in
organic semiconductors are concerned, the intrinsic po-
laronic transport on the organic surface has been ob-
served over a temperature range ~200-300 K. The sig-
natures of this transport regime are (a) the mobility
growth with cooling, and (b) the mobility anisotropy (see
Fig. 15). In this respect, the OFET results are still less
impressive than the results of the TOF experiments with
bulk ultrapure crystals. However, taking into account
that the transistor experiments address the charge trans-
port on the surface, the realization of the intrinsic trans-
port even over a limited temperature range can be con-
sidered as important progress. It also offers hope that
with further technological advances intrinsic transport
will be observed at lower temperatures—this will be cru-
cial for realization of new phases driven by polaron-
polaron interactions (it is worth emphasizing again that
the FET experiments enable probing of the polaron
densities by many orders of magnitude greater than in
the TOF experiments).

V. INORGANIC LAYERED SEMICONDUCTORS

Recently, a new type of field-effect device involving
the use of layered inorganic semiconductors has been
introduced (Podzorov et al., 2004b). The idea is to use a
transition-metal dichalcogenide (TMD) as the active ma-
terial for FETs. The transition-metal dichalcogenides be-
long to the class of layered inorganic semiconductors
with a chemical formula MX,, where M stands for a
transition metal and X stands for Se, S, or Te (Lieth,
1977; Bucher, 1992). The TMD crystals are formed by
stacks of X-M-X layers. Atoms within each layer are
held together by strong covalent-ionic mixed bonds,
whereas the layers are weakly bonded to each other by
van der Waals forces. Similar to graphite, the layered
TMD can form nanostructures, such as fullerenelike
nanoparticles (Tenne et al., 1992), nanocrystals (Zhang
et al., 1996), and nanotubes (Remskar et al., 2001). The
semiconducting TMDs are considered to be promising
materials for solar cells, photoelectrochemical cells, and
p-n junctions (Spiah et al., 1983, 1985; Tenne and Wold,
1985).

Because of their layered structure, the TMD semicon-
ductors are uniquely positioned for field-effect applica-
tions. These layered materials combine the advantages
of organic and inorganic semiconductors, providing sur-
faces with an intrinsically low density of traps and high
carrier mobility.

The transconductance characteristics of a WSe, FET
device are shown in Fig. 16. Recent experiments (Pod-
zorov et al., 2004b) have demonstrated that the room-
temperature carrier mobility in the TMD-based transis-
tors can be very high (at least 500 cm?/V s) due to the
strong covalent bonding of atoms within the layers: this
value is comparable to that for the best (nonflexible) Si
MOSFETs and exceeds u in organic and «-Si:H thin-
film transistors (TFTs) by about two orders of magni-
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FIG. 16. (Color online) The transconductance characteristics
of the WSe, FET measured at 7=60 K. The observed hyster-
esis corresponds to sweeping V, in the opposite directions
shown by arrows (Vg=+10 V). The insets illustrate bending of
the valence (Ey) and conduction (E.) bands of the semicon-
ductor at the interface with the injecting contact within the
plane of the conduction channel; E is the Fermi level in this
contact.

tude. The weak interlayer bonding results in an intrinsi-
cally low density of surface traps, and, thus, in a low
field-effect threshold.

For applications it is crucial that metal chalcogenide
films can be fabricated by the low-temperature spin-
coating technique compatible with flexible substrates:
the TFTs based on spin-coated SnSe, films exhibited
n-type transport with mobility of the order of
10 em?/V s (Mitzi et al., 2004).

Very recently, progress has been reported in the fab-
rication of field-effect devices based on individual (or
small numbers of) graphene sheets (Berger et al., 2004;
Novoselov et al., 2004; Bunch et al., 2005; Zhang et al.,
2005). Since graphene is predicted to be a semimetal
with carriers possessing a nearly linear dispersion &(k)
~k, magnetotransport properties of these devices
are expected to be rich. Very high room-temperature
mobilities (10* cm?/V 's) have already been reported
(Novoselov et al., 2004).

The realization of FETs using inorganic layered semi-
conductors with a unique combination of characteristics
(high mobility in combination with mechanical flexibility
and ambipolar operation) might have a high impact on
several fields of modern electronics. To bridge the gap
between the proof-of-concept experiments that have
been already done and the fabrication of viable devices,
a wide range of fundamental issues needs to be ad-
dressed in future studies—from basic electronic pro-
cesses in layered semiconductors, where the charge
transport is confined within a few top layers, to mecha-
nisms of the TMD doping. One of the essential steps
towards commercialization of these devices would be
development of the technique of epitaxial growth of
single-crystal TMD films on various substrates, including
flexible ones.
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FIG. 17. (Color) Schematic of a molecular structure sand-
wiched between two bulk metallic electrodes. An additional
gate electrode capacitively coupled to the molecule would be
necessary for three-terminal experiments.

VI. SINGLE MOLECULES

A. Enabling experiments and technologies

Recent experimental investigations of gated electronic
transport in molecular systems at the single nanometer
scale have been enabled by advances in experimental
techniques, particularly in device fabrication. Estab-
lished methods exist for measuring two-terminal con-
duction through single (or small numbers of) molecules,
including nanopores (Chen et al., 1999), crossed wires
(Collier et al., 1999, 2000; Reed et al., 2001; Zimmerman
and Agnolet, 2001; Kushmerick et al., 2002), mechanical
break junctions (Ruitenbeek et al, 1996; Reed et al.,
1997; Scheer et al., 1998), scanning probe approaches
with scanning tunneling microscopy (STM) (Joachim
et al., 1995; Yazdani, Eigler, and Lang, 1996; Datta et al.,
1997; Stipe et al., 1998; Donhauser et al., 2001; Reichert
et al., 2002; Smit et al., 2002) or conducting probe atomic
force microscopy (AFM) (Cui et al., 2001; Wold and
Frisbie, 2001; Ramachandran et al., 2003). Extending
these approaches to three-terminal devices has been ex-
tremely challenging because of geometrical and electro-
static constraints. Electrochemical gating of atomic-scale
junctions and individual small molecules has also been
demonstrated (Shu et al., 2000; Chen, Zwolak, and
Di Ventra, 2005; Xiao et al., 2004, 2005; Albrecht et al.,
2005; Xu et al., 2005a, 2005b).

We note that significant progress has been made in
fabricating transistors based on carbon nanotubes.
These macromolecules may be considered as one-
dimensional semiconductor or metallic crystals, and ex-
hibit a number of remarkable properties, including bal-
listic conduction. For a detailed review, see Dresselhaus,
Dresselhaus, and Avouris (2000). In the following, how-
ever, we discuss devices based on single-nanometer-scale
molecules rather than these macromolecular systems. A
schematic of a single-molecule junction is shown in Fig.
17. Clearly it is unreasonable to expect such devices to
act like standard MOSFETs. Modeling the channel like
a classical electronic fluid that may be accumulated or
depleted is manifestly unwise at the single-molecule
scale. Nevertheless, these devices do function as transis-
tors, with a third terminal capacitively modulating the
electronic population of the channel and producing cor-
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FIG. 18. (Color) Fabrication of single molecule transistors.
Left: Schematic of electromigration technique [based on the
approach of Park et al. (1999)] for fabricating single-molecule
transistors. Prepatterned metal constrictions are decorated
with molecules and then separated into distinct source and
drain electrodes by electromigration in a cryogenic environ-
ment. Right: An electron micrograph of such a device, showing
the underlying gate electrode. From Liang et al., 2002.

responding changes in the source-drain conductance.

The particular method that has had the most success
in producing functioning three-terminal nanometer-scale
devices for the electrostatic tuning of single molecules is
based on electromigration of lithographically defined
constrictions in thin metal films (Park er al, 1999) as
shown in Fig. 18. These constrictions are typically sepa-
rated from a gate electrode by a thin dielectric layer.
The constrictions are decorated with molecules of inter-
est (e.g., deposited by solution-based self-assembly), and
are then placed in a cryostat and cooled to cryogenic
temperatures. In the cryogenic UHV environment cur-
rent is ramped through the constriction until electromi-
gration breaks the metal into distinct source and drain
electrodes separated by a nanometer-scale interelec-
trode gap.

All functioning molecular devices produced with this
technique have performed as single-electron transistors
(SETs) (Grabert and Devoret, 1992) with transport
dominated by Coulomb blockade effects (Glazman,
2000). Single-electron transistors operate in a mode dis-
tinct from the conventional MOSFET and organic FETs
discussed in previous sections. The channel is an island
coupled to the source and drain electrodes by tunnel
barriers. The island is sufficiently small that its single-
particle level spectrum should be considered discrete
rather than continuous. In equilibrium, single-particle
states with energies below the chemical potential of the
source or drain are filled, while higher energy states are
empty. The energy required to promote an electron from
the highest occupied island state, in a molecule, called
HOMO, or highest occupied molecular orbital, to the
lowest unoccupied island state, the LUMO, or lowest
unoccupied molecular orbital, is A, the single-particle
level spacing. Neglecting many-body effects, this is the
energy of the lowest electron-hole excitation of the is-
land. The energy required to add an additional electron
to the island includes another contribution E, the Cou-
lomb charging energy. An additional energy scale rel-
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evant to electronic transport in this regime is I', the
width of a given single-particle state of the island; this
results from lifetime broadening of the island states due
to couplings with the source and drain states. Clearly I
<A is necessary for this description of the system in
terms of island single-particle states to be physically rel-
evant.

If the thermal energy scale kzT<<A, E., and I'<E
then the discrete island spectrum strongly affects elec-
tronic transport through the island. When this condition
is fulfilled, and the chemical potential of the source or
drain typically lies in the gap between occupied and un-
occupied island levels, to first order no current may flow
under an infinitesimal source-drain bias Vgp. In metal
SETs, E->A, and this suppression of conductance near
Vsp=0 is called Coulomb blockade. The charging en-
ergy is typically approximated by that of a classical ca-
pacitor, with a total island capacitance including contri-
butions from couplings to the source, the drain, and the
gate.

The Coulomb blockade may be overcome either
through increased |Vp| or by using a gate potential ca-
pacitively to shift the island single-particle states relative
to the source-drain chemical potential. As a result, in the
Coulomb blockade limit for kz7T<E, the conductance
as a function V5 has periodic peaks that correspond to
the energetic alignment of unoccupied island single-
particle states with the source-drain chemical potential.
Each such value of Vi corresponds to charge degen-
eracy, when two charge states of the island (differing by
one electron) are energetically equal. For fixed V;, the
drain current /p as a function of Vg, does not exhibit the
saturation at large Vp seen in conventional FETs.

Comparing energy scales immediately establishes that
single molecule transistors (SMTs) operate in a com-
pletely different regime than most SETs. A typical all-
metal SET will have E-~0.5 meV, A~100 meV. For a
small SET defined in GaAs/AlGaAs two-dimensional
electron gas, E-~2 meV, while A~0.5 meV. Smaller
semiconductor quantum dots have been prepared, either
from discrete semiconductor nanoparticles or by oxida-
tion of nanopatterned Si wires, with resulting energy
scales in the tens of meV. In a generic single-molecule
transistor A, E-~hundreds of meV. The most important
consequence of these comparatively enormous energy
scales is that processes that are ordinarily irrelevant in
SETs due to energy constraints (e.g., optical phonon
emission and absorption) can have profound effects in
SMTs.

A further difference between SMTs and nonmolecular
devices is revealed by considering the effects of island
charge on chemical stability. In a metal or semiconduc-
tor SET there are comparatively few restrictions (except
for breakdown fields of dielectrics, for example) on the
number of charge degeneracy points that may be ex-
plored. With a sufficiently large compensating gate volt-
age, any number of additional electrons may be added
to a metal SET island one at a time by sweeping V; to
further positive potentials. However, chemical stability
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imposes limits on the ability to add or remove electrons
(reduce or oxidize, in chemical vernacular) from small
molecules.

The comparatively large energy scales in SMTs im-
posed by confinement and Coulomb interactions have
led to the observation of vibrational effects in SMT con-
duction. “Vibronic” resonances due to sequential tun-
neling through vibrationally excited molecular states
have been observed (Park et al., 2000, 2003; Yu and Na-
telson, 2004b; Yu et al., 2004; Pasupathy et al, 2005;
Chae et al., 2006; van der Zant et al., 2006). Higher order
inelastic tunneling features have also been reported (Yu
et al., 2004), and these are discussed further in the next
section.

Conduction based on the Kondo effect is also relevant
in SMTs. The Kondo effect is an archetypal many-body
problem in which a localized spin degree of freedom
becomes entangled with the spins of a conduction elec-
tron bath (Kondo, 1964). Because of on-site Coulomb
repulsion, double occupation of the localized site is pre-
cluded; however, virtual processes result in an antiferro-
magnetic exchange between the spin and conduction
electrons, with a characteristic energy scale given by Tk,
the Kondo temperature. The ground state of this
coupled system is a singlet, the formation of which is
accompanied by an enhanced density of states at the
Fermi level called the Kondo resonance.

Semiconductor quantum dots have proven extremely
useful for studying the Kondo problem (Cronenwett,
Oosterkamp, and Kouwenhoven, 1998; Goldhaber-
Gordon et al., 1998), since all parameters relevant to de-
termining the Kondo state (the on-site repulsion energy;
the difference in energy between the localized spin and
the source-drain chemical potential; the lifetime broad-
ening of the localized state) are tunable via gate volt-
ages. The signature of the Kondo resonance in such
three-terminal devices is a peak in the zero-bias differ-
ential conductance that appears for odd electron occu-
pancy of the dot when T<<Ty. In the zero-temperature
limit for a dot symmetrically coupled to source and
drain, the peak conductance in the Kondo regime
reaches the unitary limit of 2¢?/h. The peak is observed
(van der Wiel et al, 2000) to have a width in Vg, of
approximately 2kgTk/e.

Kondo conduction in SMTs has been reported by
three groups in devices containing transition-metal com-
plexes (Liang et al., 2002; Park et al., 2002; Yu et al.,
2005) and Cg, (Pasupathy et al., 2004; Yu and Natelson,
2004a, 2004b). Because of the comparatively large en-
ergy scales in the SMTs, the Kondo temperatures can be
correspondingly higher, with T values reported in ex-
cess of liquid-nitrogen temperatures (Yu et al., 2005).
Given recent STM observations of transition-metal com-
plexes on noble-metal surfaces with Kondo tempera-
tures approaching 300 K (Wahl et al., 2005; Zhao et al.,
2005), it is not unreasonable to consider SMTs operating
in the Kondo regime at room temperature. There is evi-
dence (via anomalous dependence of Tk on gate volt-
age), however, that Kondo physics in SMTs may require
a more complex description than the comparatively
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simple treatment that is so successful in semiconductor
quantum dots (Yu et al., 2005).

Single-molecule transistors also allow the measure-
ment of Kondo systems with ferromagnetic leads (Pa-
supathy et al., 2004). These devices can have very large
magnetoresistive effects based on the relative magneti-
zation orientations of the source and drain electrodes.
Such Kondo systems with ferromagnetic electrodes have
been the subject of a number of theoretical treatments
(e.g., Sergueev et al., 2002; Zhang et al., 2002; Bulka and
Lipinski, 2003; Lopez and Sanchez, 2003; Martinek et al.,
2003) and have been suggested as model systems for ex-
amining many-body physics relevant to quantum criti-
cality (Kirchner et al., 2005).

Kondo transport has also been observed in electromi-
grated junctions in the absence of molecules (Houck et
al., 2005; Heersche et al., 2006). While the observation of
Kondo physics in those cases depends crucially on the
precise electromigration procedure, such experiments
emphasize the importance of control experiments in
SMT investigations. Improved fabrication and character-
ization methods would be most welcome.

It is worth considering whether single-molecule FETs
are capable of operating in a mode similar to conven-
tional FETs, rather than as Coulomb blockade devices.
According to the simple picture discussed above, such
operation would require either E- or A values small
compared to kzT, or comparatively large I' coefficients
relative to the discretization of the molecular single-
particle spectrum (good contacts). Even so, to achieve
significant gate control of the channel potential in such a
confined geometry, molecule-lead couplings would have
to remain poor enough that screening in the molecule
would be inferior to that in the metal source and drain
electrodes. Such a conventional SMT has been realized
recently by Tao and co-workers (Xu et al., 2005a) using
electrochemical gating. Transport in this regime may not
be easily described with only few energy parameters. In
very short molecules the broadening of molecular single-
particle states induces a nonzero local density of states
in the molecular region at the equilibrium chemical po-
tential. The finite spatial distribution of these states in
the molecule allows for direct tunneling from one elec-
trode to the other, making transport similar to the one
observed in resonant-tunneling devices. Details (in en-
ergy and real space) of the states induced by the
molecule/electrode interface become important and mi-
croscopic theories (see below) are quite necessary to de-
scribe electron conduction. These issues become particu-
larly relevant when localized interface states in the
proximity of the molecule/electrode interface, and in the
relevant energy range for scattering, are present. Charge
transport then becomes a complicated function of the
self-consistent charge redistribution under current flow.
Analyses along these lines have been performed by sev-
eral groups (Di Ventra et al., 2000a; Lang and Solomon,
2005). We note that the extremely small molecular size
and the resulting screening properties of highly discrete
molecular spectra imply that conventional FET opera-
tion (e.g., saturation of drain current due to channel
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pinch-off) is not relevant in these devices.

Because of the stochastic nature of the electromigra-
tion and molecule deposition processes, every SMT is
different at the nanoscale. Device yields are typically
reported to be ~10-15 %, with the remaining electrode
pairs exhibiting transport characterized by no gate re-
sponse (Yu and Natelson, 2004a, 2004b). Gate coupling
of the SMT channel is generally poor compared to the
source-drain coupling, presumably due to device geom-
etry and screening effects of the source and drain elec-
trodes. Accessing more than two charge states of a SMT
is generally extremely challenging, even in devices incor-
porating ultrathin aluminum-oxide gate dielectrics (Park
et al., 2000, 2002; Liang et al, 2002), though multiple
accessible redox states have been reported in a related
technique (Kubatkin et al., 2003).

We note that the current lack of direct analytical tech-
niques to probe the interelectrode gap at the atomic
scale mandates a statistical approach to determining
whether measured conduction results from individual
molecules or other effects. One potential artifact of sig-
nificant concern is the accidental formation, during junc-
tion fabrication, of metal nanoclusters (Yu and Natelson,
2004a, 2004b). In such a system, conduction can be a
combination of intergrain and intermolecular tunneling,
and Coulomb blockade via metallic grains (Zhitenev et
al., 2004). Another concern in nanojunction experiments
is the adsorption of unintended contaminants during
fabrication or measurement. As has long been known
from scanning tunneling microscopy, surface adsorbates
can significantly alter the conduction properties of a
nanoscale junction (Lang and Avouris, 2002; Yang,
Lang, and Di Ventra, 2003). This can be an issue in
single-molecule transistor measurements, but may be
mitigated through appropriate vacuum system and
sample handling precautions. While there are techniques
such as STM and nanotube-tip or chemical recognition
AFM, none really have the necessary resolution or
working conditions to examine the junction region di-
rectly. Clearly the development of better nanoscale
probes of the junction region would enable much
progress, as we discuss further below.

B. Scientific issues and challenges

There are a number of fundamental issues that need
to be addressed relating to nanoscale structures, which
may have an impact in future applications of molecular
electronics. It is important to realize that there must be a
natural (but so far unexplored) evolution of microscopic
molecular material properties and concepts as the size
or number of nanoscale components is increased from
the single molecule limit to bulk molecular materials.
Such a connection is not yet known and, if fully under-
stood, it would allow us to progress considerably in this
field.

A key and quite general issue, which affects single-
molecule electronics as well, is the interaction between
molecules and surfaces of metals and/or dielectrics. As
has been shown to be the case for correlated oxides (Al-
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tieri et al., 2002) this interaction influences the charge
transfer from or to the electrodes with consequent
changes of electronic and transport properties. Such
charge transfer can be easily modulated, for instance, by
selectively choosing particular molecular terminating
groups (Yaliraki et al., 1999; Di Ventra and Lang, 2002;
Patrone et al., 2003). This suggests that tuning the con-
ductance of these systems may be quite easy while se-
verely constraining the experimental control of such
structures. This also raises questions regarding the
chemical doping of systems with such length scales: The
charge transfer from or to the electrodes can be a sub-
stantial fraction of an electron charge. [See, for example,
Ujsaghy et al. (2000), where charge transfer between a
Au(111) surface and a physisorbed Co atom is approxi-
mately 1e™.] This already constitutes a sort of doping of
the molecular structure (Di Ventra et al., 2000b; Di Ven-
tra and Lang, 2002). In addition, large differences in
transport properties are expected when comparing
chemisorption and physisorption of molecules on metal
contacts. These differences reflect strong versus weak
coupling of the isolated molecule electronic states to the
electrode continuum of states. From simple electrostat-
ics considerations, it appears that field-effect modifica-
tion of the charge distribution in single-molecule devices
is easier to achieve in the weak-coupling regime. How-
ever, gating effects in the strong-coupling regime could
influence quantum interference effects between con-
ducting channels thus leading to experimentally observ-
able effects (Di Ventra er al., 2000a; Yang, Lang, and
Ventra, 2003; Xu et al., 2005a). This is an area of re-
search that has not been explored in depth. The differ-
ent coupling strengths also influence the time electrons
spend in the molecular junction (Nitzan, 2001) thus
modifying electronic interactions with the molecular
structure (electron-vibration coupling). In the weak-
coupling limit, the average residence time of a carrier on
the molecule is enhanced relative to the strong-coupling
case; this may lead to relative enhancement of the cou-
pling of charge and mechanical degrees of freedom of
the molecule. A study of this transit time, while chal-
lenging to perform independent of other physics, would
certainly shed new light on current-induced effects.
Other fundamental questions related to field-effect
behavior of single molecules are the concept of capaci-
tance and role of screening at the nanometer scale. The
classical notion of capacitance at the molecular scale has
to be replaced by a quantum-mechanical counterpart.
Some ideas regarding this issue have been developed in
mesoscopic physics (Buttiker, 2000) but further work has
to be done in the present context. Similarly, systematic
studies of screening and related issues have not yet been
carried out. These issues are relevant, for instance, in
understanding how impurities or surface states affect the
conducting properties of single molecules. For instance,
it has been shown (Lang and Avouris, 2002; Yang, Lang,
and Di Ventra, 2003) that co-adsorption of impurities in
proximity to a molecular junction can dramatically
change its transport properties. This effect is partly due
to electrostatic effects induced by the presence of the
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impurities, and partly to the formation of bonds between
the co-adsorbates and metal electrodes. Such bonds then
act as extra scattering centers.

Electrical current can affect substantially the me-
chanical properties of a nanojunction. This is due to
both atomistic rearrangements and diffusion of atoms
due to the steady-state current density and to inelastic
electron-phonon coupling. For instance it is well known
that in metal nanowires substantial local heating of the
structure can occur due to electron-phonon coupling
(van den Brom, Yanson, and Ruitenbeek, 1998; Mont-
gomery et al., 2002; Yang et al., 2005). Similar effects
have been studied in single-molecule junctions (Chen,
Zwolak, and Di Ventra, 2003; Troisi, Ratner, and Nitzan,
2003). Both current-induced forces and local heating can
contribute to structural instabilities of molecular junc-
tions, possibly at different ranges of the external bias
(Yang et al., 2005). These instabilities can pose severe
limitations in the fabrication of reliable and reproduc-
ible devices. It is thus desirable to undertake a system-
atic study of these effects, in particular the relative role
they play in a given nanostructure (Yang et al., 2005). To
stress even further the importance of heating in these
structures, let us point out that, in general, in systems of
nanoscale dimensions each electron, on average, re-
leases only a small fraction of its energy to ions during
the time it spends in the junction, making transport qua-
siballistic. However, the current density and, conse-
quently, the power per atom are much larger in the junc-
tion compared to the bulk. This is at the origin of
substantial local heating at very low voltages (Chen,
Zwolak, and Di Ventra, 2005) as a direct consequence of
the interplay between electron and phonon statistics.
Dissipation of this heat away from the molecular junc-
tion into bulk electrodes is therefore an equally impor-
tant issue. For instance, vibrational modes that are local-
ized in the molecular region and are weakly coupled to
the electrode phonon bath can easily appear in nanos-
cale systems (Montgomery and Todorov, 2003) (see Fig.
19). Such modes can be pumped by incoming electrons,
making the structure unstable (Aji, Moore, and Varma,
2003; Chen, Zwolak, and Di Ventra, 2003; Mitra,
Aleiner, and Millis, 2004). A thorough study of the
steady-state temperature profile in nanoscale systems is
thus necessary. This study would shed new light on the
electron-phonon coupling in molecular systems as well
as suggest ways to make these structures more stable
under current flow. In addition, close to an electronic
resonance, higher-order electron-phonon processes can
contribute to specific inelastic features in the current-
voltage characteristics (Galperin et al., 2005) which can
be observed with inelastic electron tunneling spectros-
copy (IETS). This technique can also provide informa-
tion on the actual geometry of a nanoscale junction, in
particular its contact structure (Chen, Zwolak, and Di
Ventra, 2004). Some IETS studies have been carried out
on molecules on surfaces (Lorente et al., 2001), but fur-
ther work is needed (Stipe et al., 1998, 1999; Luhon and
Ho, 1999). Treating the weak-coupling regime requires a
basic understanding of contact reconstruction and con-
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FIG. 19. (Color online) Differential conductance (left axis) and
absolute value of the derivative of the conductance with re-
spect to bias (right axis) as a function of bias for an unde-
canethiolate molecule between bulk electrodes. The schemat-
ics show some modes contributing to the inelastic features.
Some of these modes have low coupling with the modes of the
bulk electrodes. From Chen et al., 2004.

formational changes due to the large fields generated
between the source and drain electrodes. In the same
vein, the role of a gate field in affecting the atomic ge-
ometry has not been explored. Recently IETS in nanos-
cale ensembles of molecules has been reported (Kushm-
erick et al., 2004; Wang et al., 2004). There have been a
few experimental reports on Kondo-like physics in mol-
ecules (Liang et al., 2002; Park et al., 2002; Pasupathy et
al., 2004; Yu and Natelson, 2004a, 2004b) but it is not at
all clear to what extent these interactions affect both the
electronic spectrum and transport properties of the sys-
tem, and, vice versa, how the atomic structure of a mo-
lecular junction determines the extent of electron-
electron interactions. The study of electron interactions
in single-molecule systems is much in its infancy. The
gate dependence of IETS in single-molecule transistors
(Yu et al., 2004) has shown indications that the electron-
vibrational coupling can be modified by gate tuning near
molecular charge transitions. Nontrivial interplay be-
tween electronic correlations and vibrational effects
have been suggested by several groups (Braig and Flens-
berg, 2003; Flensberg, 2003; Cornaglia, Ness, and Grem-
pel, 2004; Mitra, Aleiner, and Millis, 2004).

The first experimental reports on transport in molecu-
lar junctions have sparked considerable theoretical ef-
forts to understand the current-voltage characteristics of
these systems. As previously discussed, details of the
electronic and structural properties of the molecule-
electrode interface have been found to be important so
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that a large number of theoretical work has focused on
the description of transport at the atomic level. Several
theoretical techniques have been employed (Lang, 1995;
Di Ventra and Lang, 2002; Xue, Datta, and Ratner, 2002;
Baer and Neuhauser, 2003; Pecchia and Di Carlo, 2003)
to solve the static scattering approach to electrical con-
duction. These can be grouped mainly into two sets: one
that solves the Schrodinger equation in its integral form
directly (the Lippman-Schwinger equation) and one that
uses the nonequilibrium Green’s function formalism
(Keldish formalism). Apart from specific technicalities in
their practical implementations and in absence of strong
electron-electron interactions, both approaches describe
the same physics. The common theme of these theoret-
ical approaches is to use scattering potentials obtained
from static density-functional theory (DFT) (Kohn and
Sham, 1965). While this is of practical advantage, it is
clearly not fundamentally correct: Static DFT is a theory
of the ground state not suitable to describe nonequilib-
rium properties. This raises fundamental questions on
the reliability of theoretical schemes based on static
DFT, even in linear response (Sai et al., 2005). In prin-
ciple, a time-dependent formulation of the problem
should be the natural way to address this issue (Di Ven-
tra and Todorov, 2004; Burke et al., 2005). However, it is
not clear yet which theoretical approach is both rigorous
and leads to a practical computational scheme. The use
of the time-dependent formulation of DFT (Runge and
Gross, 1984) in transport is still at its infancy and we
believe that research in this direction is necessary. Such
research can also unravel several fundamental issues re-
lated to the actual formulation of transport in atomic-
scale conductors. For instance, a time-dependent study
may allow the investigation of the onset, microscopic
nature, and dependence on the initial conditions of
steady states, the connection between different sources
of noise, and possible variational properties of steady-
state conduction (Di Ventra and Todorov, 2004).

Numerous experimental challenges exist when consid-
ering single-molecule field-effect experiments at the
single-nanometer scale. Investigations at these length
scales are in their infancy, and much room exists for im-
provement. Of particular importance are the difficulties
of reproducible, well-controlled device fabrication. As
has been described above, electronic transport at these
scales is strongly influenced by charge transfer at inter-
faces. As a consequence the electronic structure of
molecule-metal junctions can depend critically on the
morphology and crystallographic orientation of the
metal. Current approaches for fabricating three-terminal
devices at these scales typically yield complicated metal
morphologies, with the nanoscale electrode structure es-
sentially a matter of chance determined by the micro-
scopic details of polycrystalline physical vapor deposited
metals. The challenge is twofold: to achieve reproduc-
ible contact morphology, and to assess the obtained con-
figuration at the molecular scale.

As has been mentioned above, theory indicates that
individual adsorbates near a molecular junction can
strongly influence the resulting electronic transport. Per-
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forming the device fabrication (e.g., electromigration)
procedure and subsequent measurements in a cryogenic
UHYV environment can mitigate some concerns about
unintentional adsorbates. However, particularly in mea-
surements on molecules too large to be deposited by
physical vapor deposition, one must be concerned about
material and solvent purity, and the effects of co-
adsorbed contaminants. While some molecular attach-
ment schemes (thiol-based self-assembled monolayers)
are believed to displace such contaminants, the surface
environment local to the molecule of interest is cur-
rently impossible to assess directly in real devices due to
a lack of appropriate analytical tools.

Currently no independent characterization techniques
exist that can determine, in situ, the presence, orienta-
tion, bonding, or charge state of a single small molecule
between nanospaced source and drain electrodes. While
STM has proven incredibly useful for examining single
molecules on clean metal surfaces, the geometry of
SMTs is not amenable to such investigations. As a result
this crucial information can only be inferred from indi-
rect methods like transport measurements as a function
of temperature, gate voltage, and source-drain bias. This
is a severe limitation. Just as in larger organic devices,
SMT investigations would be enhanced tremendously by
the development of local diagnostic probes independent
of electronic transport measurements.

Molecular sizes and level spacings are sufficiently
large (~100 meV) that noncryogenic operations are con-
ceivable. However, transport properties of SMTs are ex-
ponentially sensitive to 0.1-nm variations in device ge-
ometry, and the motion of molecules and metal atoms
on surfaces at noncryogenic temperatures severely limits
the temporal stability of current devices. The electrode
morphology after electromigration is typically disor-
dered and in a metastable state, subject to reconstruc-
tion and annealing upon thermal cycling. The irrevers-
ible structural changes and local defects associated with
electromigrated electrodes can be significant obstacles
to device measurements over broad ranges of tempera-
ture and bias voltage.

Similarly, the conductance of a single-electron device
is sensitive to the local charge environment. Uncon-
trolled changes in the occupancy of traps near the active
region of SMTs are of significant concern and must be
controlled (see Fig. 20). Such traps could be present in
the gate oxide, or could be surface states of the disor-
dered source and drain electrodes. Many interesting
studies on the effects of molecule-lead couplings on the
electronic spectrum of SMTs are hampered by the rela-
tively poor gate coupling necessitated by typical device
geometries. Gate oxides that permit extremely large
variations in the surface charge density near the mol-
ecules would be of great use, enhancing the accessibility
of multiple charge states.

Just as in macroscopic devices based on molecular
materials, the nature of the molecule-metal contact is
currently far from clear in single-molecule devices.
While thiol-based molecule attachment chemistries are
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FIG. 20. Source-drain differential conductance map of a
Cgo-based single-molecule transistor showing an example of an
instability (near 5-V gate voltage) due to an uncontrolled
change in state of a nearby charge trap. From Yu and Natel-
son, 2004a.

popular, results indicate that SMTs are possible even in
the absence of such chemical bonding.

VII. MAGNETIC SEMICONDUCTORS

The control of ferromagnetism using the electric-field
effect has been demonstrated in several magnetic semi-
conductor materials. This was demonstrated first in
III-V based InMnAs (Ohno et al., 2000), and later in
II-IV based MnGe (Park et al., 2000) and II-VI based
MnCdTe (Boukari et al., 2002). In each instance electric-
field control of ferromagnetism has been achieved using
an insulating-gate field-effect transistor structure. Hole-
induced ferromagnetism has been isothermally and re-
versibly varied.

The first work involved the use of (In,Mn)As, a ferro-
magnetic II-V semiconductor, which exhibits hole-
induced ferromagnetism at relatively low carrier concen-
tration. It is epitaxially grown within nonmagnetic
InAs/(AlGa)Sb heterostructures. Manganese substitutes
for indium in (In,Mn)As and provides localized mag-
netic moments and holes as it is an acceptor. The mag-
netic interaction between Mn ions is mediated by these
holes, bringing about ferromagnetic order (Dietl et al.,
2000). The application of a negative gate voltage in-
creases hole concentration, whereas positive gate volt-
age has an opposite effect. The former increases the
magnetic coupling between localized Mn spins, whereas
the latter decreases it.

Detecting the change of magnetization is complicated
by the small dimensions of the devices studied along
with the diamagnetism of the GaAs substrate, which
would swamp the small ferromagnetic signal. Ohno et al.
(2000) employed the anomalous Hall effect, which is
sensitive to magnetization to sense the magnetic proper-
ties of the channel. The sheet Hall resistivity is given by
the sum of the ordinary Hall effect and the anomalous
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FIG. 21. Field-effect control of the hole-induced ferromag-
netism in magnetic semiconductor (In,Mn)As field-effect tran-
sistors. Shown are the cross sections of a metal-insulator-
semiconductor structure under various gate biases V. This
controls the hole concentration in the magnetic semiconductor
channel (solid circles). Negative gate bias increases hole con-
centration, leading to enhanced ferromagnetic interaction
among magnetic Mn ions. Positive bias has the opposite effect.
Arrows show schematically the magnitude of the Mn magneti-
zation. From Ohno et al., 2000.

Hall effect stemming from asymmetric scattering in the
presence of magnetization. The Hall resistance Ry can
be written as

Here R is the ordinary Hall coefficient, B and M are the
magnetic field and magnetization perpendicular to the
layer, Ry is the anomalous Hall coefficient, and d is the
thickness of the channel.

In Fig. 21 we show a schematic of field-effect control
of hole-induced ferromagnetism in one of these struc-
tures. In Fig. 22 we show the variation of Ry with mag-
netic field under different gate biases. There will be a
spontaneous Hall resistance which is proportional to the
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FIG. 22. (Color online) Magnetic-field dependence of the
sheet Hall resistance Ry, proportional to the magnetization
of the magnetic semiconductor layer. Ry, is used to measure
the small magnetization of the channel. Shown are Ry, as a
function of field perpendicular to the layer at temperatures T
=5-50 K of one sample at V=0 V. Clear hysteresis observed
at T=<20 K is evidence of ferromagnetism. Inset: The tempera-
ture dependence of the remanence of Ry, (solid circles),
showing that the Curie temperature is above 20 K. Open
circles indicate the channel sheet resistance R, at zero field,
which shows moderate negative temperature dependence.
From Ohno et al., 2000.
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FIG. 23. Temperature dependence of the spontaneous Hall
resistance Ry, under three different values of V. Ry
proportional to the spontaneous magnetization Mg indicates
+1-K modulation of 7'~ upon application of V5=+125 V. T is
the temperature at which the spontaneous Hall resistance, and
hence My, vanishes. Data at V=0 V before and after appli-
cation of £125 V are shown by squares and downward pointing
triangles, respectively. In order to minimize the effect of do-
main rotation and magnetic anisotropy, the spontaneous Hall
resistance is determined by extrapolation of Ryy,; from moder-
ate fields (0.1-0.7 T) to zero using Arrot plots (Riy,y Vs B/ Ry
plots shown in the inset). From Ohno ez al., 2000.

spontaneous magnetization Mg. The Curie temperature
is that at which Mg and the spontaneous Hall resistance
falls to zero. These curves, shown in Fig. 23, demon-
strate that an applied gate bias can change the Curie
temperature and that ferromagnetism can be turned on
and off with a gate.

The effect in the II-IV based magnetic semiconductor
Mn,Ge,_, is very similar. In this material, which is p
type, there is again hole-mediated exchange. Magnetic
ordering arises from long-range ferromagnetic interac-
tion that dominates a short-range antiferromagnetic in-
teraction. Here ferromagnetic order was modulated at
higher temperatures, 50 K rather than 22 K, and smaller
gate voltages (0.5 V as compared with 125 V) than re-
quired for InMnAs based devices. The implication is
that electric-field controlled ferromagnetic order might
be incorporated into conventional low voltage circuitry.
The origin of the ferromagnetism in Mn,Ge;_, was in-
vestigated using electronic structure calculations based
on density-functional theory.

A third example of electric-field control of ferromag-
netism in semiconductor heterostructures is the work of
Boukari et al. (2002). In this instance a modulation-
doped p-type CdyosMngp,Te quantum well was placed
in various built-in electric fields. Bias voltages generated
isothermal and reversible crossovers between paramag-
netic and ferromagnetic phases. This was also done by
illumination by photons of energy greater than the band
gap. The effects were carried out at a temperature of
1.3 K. Recently Nazmul et al. (2004) demonstrated con-
trol of magnetism in semiconductors at temperatures the
order of 100 K in structures consisting of Mn J-doped
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GaAs and p-type AlGaAs, where the overlap of the
hole wave function with the Mn é-doping profile leads to
high ferromagnetic Curie temperature. They were able
to achieve a modulation of the Curie temperature as
large as 15 K.

The practical application of tuning ferromagnetism re-
quires that progress be made in the synthesis of room-
temperature ferromagnetic semiconductors whose mag-
netic properties depend upon carrier concentration.

VIII. FUTURE RESEARCH OPPORTUNITIES

There are several future research opportunities that
are available in correlated oxide systems. The ability to
reversibly tune phase transitions in these strongly corre-
lated systems may not only allow novel devices to be
realized, but also provides new ways to investigate quan-
tum critical phenomena, a subject of great current inter-
est (Sachdev, 1999). Moreover, nanoscale manipulation
of properties can be achieved using the electric-field-
effect approach. Control of the ferroelectric polarization
in ferroelectric or complex oxide heterostructures using
scanning probe microscopy allows the generation of
local-field effects in magnetic and superconducting ox-
ides (Ahn et al., 1997; Gariglio et al., 2002). This ap-
proach can be used for nanoscale control of correlated
behavior to create artificial correlated structures within
the plane of a material. Issues such as charge ordering
and electronic phase separation may be amenable to
study using the electric-field effect (Ahn et al, 2003;
Mathur and Littlewood, 2003).

In highly polarizable crystals of organic semiconduc-
tors, strong electron-lattice coupling results in the for-
mation of self-trapped electronic states with a size com-
parable to the lattice constant, the so-called small
polarons (Pope and Swenberg, 1999). The polaronic ef-
fects shape both the dc transport and optical properties
of these materials. Because of a very complicated char-
acter of the many-particle interactions involved in po-
laron formation, many fundamental issues remain
poorly understood. Among them are (a) the effects of
the molecular structure (intramolecular modes) and mo-
lecular packing (intermolecule modes) on the charge
transport, (b) strong asymmetry in properties of negative
and positive polaronic charge carriers, and (c) realiza-
tion of coherent polaronic motion in extended states.
Experiments performed in the past have not been ca-
pable of determining such important parameters as the
concentration of mobile charge carriers, the effective
mass, and the size of polaronic excitations, the charac-
teristic energies involved in polaronic formation and
polaron-polaron interactions.

The study of intrinsic (not limited by disorder) charge
transport in these systems is hindered by very strong
interactions of small polarons, the charge carriers with
dimensions comparable to the lattice constant, with
many types of lattice defects, including chemical impuri-
ties, vacancies, etc. Until recently, the intrinsic polaronic
transport was observed only in the time-of-flight (TOF)
experiments with bulk ultrapure organic crystals (Karl,
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1999). These experiments established an important
benchmark in our understanding of the charge transport
in organic semiconductors. However, these experiments
are limited in several respects. For instance, they tell us
nothing about processes on the surface. Recent ad-
vances in fabrication of organic field-effect structures
open a new avenue of the organic semiconductors re-
search.

Development of single-crystal OFETs enables investi-
gation of several aspects of the charge transport in or-
ganic materials that could not be addressed in the TOF
experiments. In particular, the OFET-based experiments
enable exploring much broader range of charge carrier
densities, inaccessible in the TOF experiments. In this
high-density regime, where accumulation of the order of
one carrier per molecule seems to be feasible with the
use of high-« dielectrics, the polaron-polaron interac-
tions play a major role; due to these interactions, real-
ization of the new electronic phases might become pos-
sible. Indeed, it is known that at a sufficiently high
density of chemically induced carriers, the potassium-
doped fullerene K,C¢, exhibits superconductivity (x=3)
and a Mott-Hubbard insulating state (x=4). This ex-
ample illustrates a great potential of experiments with
the single-crystal OFETs.

Though realization of the disorder-free transport is
one of the primary goals of organic semiconductor re-
search, the detailed characterization of interaction of
polarons with crystal defects is equally important.
Deeper understanding of interaction of polarons with
defects will be crucial for the progress of organic elec-
tronics, in the direct analogy with the Si-based electron-
ics, where realizing the importance of surface states by
Bardeen in the late 1940s, and invention of the tech-
niques for passivation of these states in the early 1960s
(Riordan and Hoddeson, 1997) were two critical steps in
developing Si MOSFETs. In this respect, development
of new methods of trap spectroscopy in organic semi-
conductors seems to be very important.

Field-effect structures formed from layered inorganic
semiconductors may be able to fulfill an important niche
in modern electronics: the one in which there is a re-
quirement for a combination of high charge carrier mo-
bility («) and mechanical flexibility. Neither of the de-
veloped FETs satisfies these requirements. For example,
the fabrication of silicon FETs with a relatively high u
~200-400 cm?/V s (Shur, 1990; Takagi et al., 1994) is
incompatible with flexible substrates. The organic-based
FETs that provide basis for flexible electronics (Horow-
itz, 1998; Katz and Bao, 2000; Rogers et al., 2001) are
notoriously known for their low w. Although several
nanostructured materials have been recently considered
for FETs (Buitelaar, Nussbaumer, and Schonenberger,
2002; Smakov, Martin, and Balatsky, 2002; Avishali,
Golub, and Zaikin, 2003) the demand for high-mobility
flexible devices has not been satisfied.

Transition-metal dichalcogenide-based FETs can be
bent without degradation of their characteristics. This
mechanical flexibility of TMD-based FETs and a re-
markably simple fabrication process (Podzorov et al.,
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2004a, 2004b) make these devices very attractive for ap-
plications in the low-cost flexible electronics. Also, these
transistors demonstrate ambipolar operation (very rare
for high-mobility devices), which might be important for
a broad range of applications, including light emission.
Optimization of the performance and the development
of simple fabrication techniques is an important direc-
tion for future research. Many of the problems encoun-
tered with correlated electron systems will also be rel-
evant in this context.

There are several natural opportunities in the study of
single-molecule devices. These involve a concerted ef-
fort combining theoretical and experimental research.
To better control the resulting device properties, a sys-
tematic examination of the fabrication process and
metal-molecule interface is a natural step. Variables
available for control include source and drain electrode
metal (particularly the work function), gate dielectric,
and molecule termination chemistry (ranging from thiol-
gold covalent bonding to van der Waals physisorption).
These investigations will explore the effects of the
molecule-metal interaction on electronic conduction,
and may yield devices with improved stability as a func-
tion of time, bias, and temperature.

Another promising approach recently demonstrated
would be the development of mechanical break junc-
tions in a configuration that allows significant gate cou-
pling. Two-terminal experiments (Smakov, Martin, and
Balatsky, 2002; Champagne, Pasupathy, and Ralph,
2005) demonstrate the versatility of the tuning capability
of break junctions, and gate-dependent studies of such
systems would result in an improved understanding of
metal-molecule contacts. Refinements of SMT fabrica-
tion methods that produce significantly increased device
yields would be of great value, enabling far more studies
than are currently possible.

The fabrication methods used to produce SMTs may
also be applied to examine conduction on the single-
nanometer scale in organic semiconductor devices of the
type discussed earlier. Examining the nature of conduc-
tion in, e.g., rubrene or polythiophene as the channel
size is increased from single molecules to the bulk limit
would be a sensitive probe of the nature of conduction
in such materials.

Given the early successes in implementing many-body
correlated states in single-molecule devices (Liang et al.,
2002; Park et al., 2002; Pasupathy et al., 2004; Yu and
Natelson, 2004a, 2004b) it is natural to examine such
states in more detail. In particular, molecules with com-
plicated internal spin structure due to their valence and
ligand crystal fields are candidates for implementing
novel quantum impurity problems. Similarly, a natural
extension of present work would employ source and
drain electrodes with nontrivial electronic correlations.
Superconducting (Buitelaar, Nussbaumer, and Schonen-
berger, 2002; Avishai, Golub, and Zaikin, 2003) and fer-
romagnetic (Pasupathy et al., 2005) contacts to single
molecules are likely to lead to rich physics in the Kondo
regime.

In the longer term, scientific investigations of gated
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single-molecule devices are likely to include measure-
ments of higher correlations of electronic transport (e.g.,
noise and higher cumulants). Other areas likely to be
explored are high-frequency dynamics (Kohler, Leh-
mann, and Hanggi, 2005), spin effects (Zwolak and Di
Ventra, 2002), optical response, and quantum interfer-
ence phenomena. Eventual applications of gated single-
molecule devices are likely to be many years in the fu-
ture, and would require significant advances in device
yields, reproducibility, and stability. Sensor applications
taking advantage of chemically specific binding are an
example of a reasonable possible application.

In the case of magnetic semiconductors the size of the
effects has been quite small. This is an area in which the
development of new materials as with superconductivity
may have a profound effect on future progress.

IX. DISCUSSION

The electrostatic modification of the electronic prop-
erties of materials is seen to have important conse-
quences in the exploration of fundamental properties as
well as the promise of new types of electronic devices
for several rather different materials systems. The phase
space of configurations that may be of interest is grow-
ing rapidly so that in a short introduction such as this
one all possible configurations cannot be visited. It is
quite clear that this is an active subfield of science that
crosses several disciplines, with many challenges not yet
met, but with substantial open opportunities.
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