
Controlling charge transport in single molecules using

electrochemical gate

Xiulan Li,
a
Bingqian Xu,

a
Xiaoyin Xiao,

a
Xiaomei Yang,

b
Ling Zang

b
and

Nongjian Tao
a

Received 22nd April 2005, Accepted 12th May 2005
First published as an Advance Article on the web 8th September 2005
DOI: 10.1039/b505666g

We have studied charge transport through single molecules covalently bound to two gold

electrodes in electrolytes by applying a voltage between the two electrodes and a reference

electrode (gate). This electrochemical gating can effectively control the current through the

molecules, depending on the electronic properties of the molecules. For electrochemically

inactive molecules, such as 4,40-bipyridine and 1,40-benzenedithiol, the gate voltage

influences the transport current only slightly (less than 30%). This lack of significant gate

effect is attributed to the large LUMO–HOMO gaps of the molecules and the screening of

the gate field by the two electrodes. For nitro-oligo(phenylene ethynylene) (OPE-NO2),

which undergoes multiple irreversible reductions at negative gate voltages, the current

through the molecules can be modulated several folds by the gate. This gate effect is

irreversible and associated with the reduction of the NO2 group to different products that

have different electron withdrawing capabilities from the conjugate backbone of the

molecule. The most interesting molecules are perylene tetracarboxylic diimide compounds

(PTCDI), which exhibit fully reversible redox reactions. The current through PTCDI can

be reversibly varied and controlled over three orders of magnitude with the gate. Such a

large gate effect is related to a redox state-mediated electron transport process.

1. Introduction

The building blocks of silicon-based microelectronics are field effect transistors (FET) whose basic
function is to control electrical current between two electrodes (source and drain) with a third
electrode (gate). The ability to control electron transport through a single molecule is thus
considered to be a crucial task in the development of molecular electronic devices.1–3 This ability
also provides one with a rather unique opportunity to study charge transport, a phenomenon that
plays vital roles in many chemical, electrochemical and biological processes, on a single molecule
basis. Most works in molecular electronics to date have focused on two-terminal devices.4–7 A three-
terminal FET-like device is highly desired, because it provides power gain, an essential requirement
for large-scale integrated circuits. FET-like behavior has been demonstrated in carbon nanotubes8,9

and semiconductor nanowires.10 Interesting Coulomb blockade11–14 and Kondo effects12,13 have
also been observed in molecular systems using a back gate at low temperatures. Theoretical models
have predicted that the conductance of a single molecule can be modulated with a gate electrode in a
fashion of conventional FET.15,16 However, experimental demonstration of this FET behavior at
single molecule level has been a challenge due to the following reasons:
First, the gate electrode has to be placed within a few angstroms distance from the molecule in

order to achieve a large enough gate field, which is not an easy task using conventional solid-state
device configurations. One method to overcome this difficulty is to use electrochemical gate in which
the molecular junction is immersed in an electrolyte and the source and drain potentials are biased
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with respect to a reference electrode inserted in the electrolyte. This reference electrode is called
electrochemical gate. An applied gate voltage falls across the double layer at the reference electrode–
electrolyte interface, the electrolyte between the gate electrode and the source/drain electrodes, as
well as the double layer at the electrolyte-source (drain) electrode interface. Since the current
between the gate and the source/drain electrode is negligible, the voltage drop in the electrolyte is
practically zero. The effective gate–molecule distance is thus determined by the double layer
thickness at the electrode–electrolyte interfaces, which is of the order of the size of a few solvated
ions. This allows the electrochemical gate to create a rather large field in the molecule. Such a
electrochemical gating method has been applied to control charge transport in conducting polymer
films17,18 and nanojunctions,19,20 metal oxide semiconductors,21 carbon nanotubes22,23 and mole-
cular junctions.24–29

Second, the screening of gate field by the source and drain electrodes must be minimized. This
screening effect becomes serious when the distance between source and drain electrodes is small in
comparison to the distance between the molecule and the gate electrode. For a molecular FET, the
source–drain distance is determined by the molecule size, and thus it is a challenge to avoid
the screening problem for small molecules using the solid state device configurations. Even for
the electrochemical gate approach, the molecule used has to be longer than the thickness of the
double layer. One obvious solution to this problem is to choose relatively long molecules. However,
since the conductance of a molecule often decreases exponentially with its length, highly conductive
conjugated molecules are clearly among the best choice.
Finally, a reliable method is needed to measure electron transport in single molecules connected

to the source and drain electrodes. To date, many experimental methods have been developed, but
most methods measure either a large or unknown number of molecules. A scanning tunneling
microscope (STM) can perform electrical measurements on single molecules, but the measured
conductance is complicated by the uncertain contact between the molecule and the STM tip.
Nevertheless, these measurements, together with theoretical efforts, have provided the bulk of our
current knowledge about electron transport in molecules. In order to reliably measure the
conductance of a single molecule, one must: (1) provide reproducible contacts between the molecule
and two probing electrodes,30–33 (2) identify a ‘‘signature’’ that the measured conductance is due to
not only the sample molecules but also a single sample molecule, and (3) perform statistical analysis,
which is required because of the sensitive dependence of the molecular conductance on the
microscopic details of the molecule–electrode contacts.
In this paper, we discuss electrochemical gating effects on the charge transport through single

molecules covalently bound to two metal electrodes. We focus on three types of molecules:
electrochemically inactive molecules, electroactive molecules that undergo irreversible redox reac-
tions, and electroactive molecules that undergo reversible redox reactions. These molecular systems
exhibit rather different electrochemical gating behaviors.

2. Experimental method

The experimental method used in this work is based on statistical analysis of many individual
molecular junctions.34 The individual molecular junctions are created using a modified scanning
tunneling microscope (STM) which repeatedly moves a Au tip (source electrode) into and out of
contact with a Au substrate (drain electrode) in a solution containing sample molecules (Fig. 1). The
sample molecule chosen has two terminal groups that can bind strongly to Au electrodes, and thus
has a chance to bridge the two electrodes and form a well defined molecular junction during the
separation of the tip and the substrate electrode.
The process can be divided into three steps.
(1) A piezoelectric transducer drives the STM tip into contact with the substrate electrode.
(2) The tip is then pulled away from the substrate, during which a small Au neck forms between

the tip and the substrate due to large metallic cohesion. The neck becomes thinner and thinner, and
eventually approaches atomic scale. The conductance monitored during the pulling process
decreases in discrete steps near integer multiples of a fundamental constant, G0 ¼ 2e2/h ¼ 77.4
mS, where e is the electron charge and h is the Planck constant (Fig. 1a and 1c). This phenomenon,
called conductance quantization, occurs only when the neck is decreased to atomic scale.35–41 As
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such, it is a useful indicator of when the tip and the substrate are connected by only a few Au
atoms.42

(3) The tip is pulled further away to break the atomically thin neck, after which a new sequence of
steps with much lower conductance values appears (Fig. 1b). In the case of 4,40-bipyridine, a
molecule with two nitrogen terminals that can bind to Au electrodes, the steps are near 0.01G0,
0.02G0, 0.03G0, . . . , two orders of magnitude lower than those due to the conductance quantiza-
tion. We ascribe the new conductance steps that appear after breaking STM tip–substrate contact to
the formation of molecular junctions, and the corresponding peaks in the histogram (Fig. 1d) to
one, two and three molecules in the junctions.
This interpretation is supported by simultaneous measurement of the conductance and the force

using a modified conducting atomic force microscope (AFM).43 The measurement shows that each
stepwise decrease in the conductance is accompanied by an abrupt drop in the force, corresponding
to the breaking of contact between a molecule and the electrodes. Like the conductance histogram
described above, the force histogram also reveals well-defined peaks at integer multiples of a
fundamental force quantum, which corresponds to the force required to break a single molecule at
the junction. For dithiol molecules that are bound to Au electrodes via S–Au bonds, the force is 1.5
nN. This force is the same as that required to break a Au–Au bond under the same conditions,44

which indicates that the breakdown takes place likely at the Au–Au bond. The force to break a 4,40-
bipyridine obtained with the same pulling rate is only 0.8 nN, corresponding to the breakdown of a
N–Au bond. In addition to AFM, several other control experiments also support the above
conclusion. First, in the absence of molecules, no peaks below G0 appear in the histogram. Second,
in the presence of 2,2-bipyridine or alkanemonothiol molecules which cannot simultaneously bind
to two electrodes, there are no well defined peaks in the conductance histogram either. Third, the
peaks are located at different conductance values for different molecules. For instance, the
conductance of alkanedithiol decreases exponentially with the molecule length.34

The histogram analysis shown in Fig. 1d provides an unambiguous determination of single
molecule conductance averaged over a large number of measurements. Once the conductance of a
single molecule is determined, pull the source and drain electrodes apart until the conductance
drops to the lowest step, corresponding to the value of a single molecule conductance. We then

Fig. 1 Measurement of single molecule conductance. Step 1: A piezoelectric transducer (PZT) drives an
electrode into contact with another electrode in a solution containing sample molecules. Step 2: The first
electrode is then pulled back to form an atomic-scale neck between the two electrodes, which is signaled by
conductance quantization (a,c). Step 3: After breaking the atomic-scale neck, the sample molecules start to
bridge the two electrodes via chemical bonds. Further pulling breaks the individual molecules, which leads to a
new series of steps in the conductance (b). Conductance histogram (d) constructed from more than a thousand
measurements reveals well-defined peaks near integer multiples of a fundamental value (0.01G0 for
4,40-bipyridine shown here), which is identified as the conductance of a single molecule.
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freeze the electrodes and record the current (Isd) while sweeping the source–drain voltage (Vsd) or
gate voltage (Vg) (Fig. 2). We refer to these procedures as the pull–hold–measure method. This
approach is useful but requires good STM stability. We have been able to routinely hold the tip for
many seconds to a few minutes using our setup.
The electrochemical gate was controlled by either a homemade or commercial bipotentiostat

(PicoStat, Molecular Imaging Co.) using a Pt wire as counter electrode and a Ag wire as quasi-
reference electrode (Fig. 2). The quasi reference electrode was calibrated against the more
commonly used Ag/AgCl (in 3.5 M KCl) reference electrode. The substrate was prepared by
thermally evaporating 100 nm gold on mica in a UHV chamber. Prior to each experiment, the
substrate was briefly annealed in a hydrogen flame. The STM tip was prepared by cutting a 0.25 mm
gold wire (99.999%), which was then coated with Apiezon wax in order to reduce ionic conduction
and polarization currents. The leakage current, due to ionic conduction and polarization, was
on the order of picoamperes. The STM cell was cleaned with piranha solution (98% H2SO4: 30%
H2O2 ¼ 3 : 1, v/v) and then sonicated in 18 MO water three times (Caution: piranha solution
reacts violently with most organic materials and must be handled with extreme care). The
electrochemical experiment was conducted in an argon atmosphere.

3. Results and discussion

3.1. Electrochemically inactive molecules

We have studied 4,40-bipyridine and benzenedithiol molecules, both are electrochemically inactive
within the potential windows studied here. These molecules can bind to two Au electrodes and form
molecular junctions via N–Au and S–Au bonds, respectively. We have measured cyclic voltammo-
grams of the two molecules adsorbed on Au electrodes in aqueous electrolytes, and found no
electrochemical reactions within the potential windows studied here. The upper limit of the windows
is fixed by the oxidation potential of gold, which is about 0.5 V, and the lower limit is determined by
the desorption of the molecules, which is �0.5 V for 4,40-bipyridine and �0.9 V for the thiol
compounds.
To measure the gate effect of 4,40-bipyridine, we first obtained a 4,40-bipyridine molecular

junction in 50 mM NaClO4 supporting electrolyte and then we swept the electrochemical gate
voltage while maintaining a constant bias voltage between the source and drain electrodes at 0.1 V.
Fig. 3a is a typical source–drain current (Isd) vs. gate voltage (Vg) curve. It shows a B25% increase
in the source–drain current as the gate voltage was swept negatively. To examine the reproducibility
of the observation, we performed the same measurement on different molecular junctions prepared
under the same conditions. Fig. 3b plots the histogram of the gate-induced current change, showing
that the small gate effect is reproducibly observed despite of the run-to-run variations. We have
performed the measurement by sweeping the gate voltage at different rates, and found no obvious
dependence of the source–drain current on the sweep rate, which indicates that the gate effect is not
due to a capacitive charging process. We can also rule out ionic leakage current as a possible cause
for the gate effect because it is much smaller than the conduction current through the molecular
junction.

Fig. 2 Schematic illustration of a single molecule transistor with an electrochemical gate (a reference electrode
in electrolyte). The gate and the source–drain bias voltages are controlled with a bipotentiostat (a Pt counter
electrode not shown for clarity). Note that the gate voltage, Vg, cited here is the potential of the source electrode
with respect to the reference electrode, so the sign convention is opposite to the solid state FET.
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We have also studied the electrochemical gate effect on the conductance of benzenedithiol in a
similar way. This molecule was used initially in the theoretical modeling of molecular FET.15,16 The
conductance of a single benzenedithiol bound to Au electrodes was previously determined in our lab
using the STM break junction approach.45 A typical source–drain current vs. gate voltage curve is
plotted in Fig. 4. Within the electrochemical gate voltage window, the current through the
benzenedithiol molecule changes only slightly (B5%) with the gate voltage.
The lack of significant gate effect on the conductance of 4,40-bipyridine and benzenedithiol are

not fully understood yet. A possible reason is that both HOMOs and LUMOs of the two molecules
are far away from the Fermi levels of the Au electrodes, and the applied gate voltage is not enough
to shift the HOMOs or LUMOs close to the Fermi levels. This argument is consistent with the lack
of electrochemical activity of these molecules. Another possible reason is the screening effect. In
order to achieve effective gate control with a single gate electrode, the gate thickness has to be much
smaller than the molecular length.16 In the case of electrochemical gating, the gate thickness is given
by the double layer thickness, which is comparable with the lengths of 4,40-bipyridine and
benzenedithiol (B0.7 nm). This may result in substantial screening of the gate field.

3.2. Molecules with irreversible redox reactions

We have extended the above electrochemical gating measurement to oligo(phenylene ethynylene)
(OPE) dithiolated molecules. In contrast to benzenedithiol and 4,40-bipyridine, the OPE molecules
are much longer and electroactive in their nitro-substituted form, which should lead to a large gate

Fig. 3 (a) A typical source–drain current (Isd) vs. gate voltage (Vg) curve of a 4,4
0-bipyridine molecular junction

in 0.05 M NaClO4. The gate voltage is swept from �0.2 V to þ0.6 V. (b) Statistic of the current change of 17
individual curves shown in (a). The source–drain bias is fixed at 0.1 V.

Fig. 4 A typical source–drain current (Isd) vs. gate voltage (Vg) curve of a benzenedithiol molecular junction in
0.05 M NaClO4.
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effect according to the above argument. Fig. 5a shows the cyclic voltammogram of nitro-substituted
OPE (OPE-NO2) on a gold electrode in anhydrous acetonitrile containing TBAP as supporting
electrolyte (with a small amount of aqueous NaOH solution to remove the protection groups). It
resolves three reduction peaks located near �0.5 (C1), �1.1(C2)46 and �1.16 V (C3), respectively.
The peaks, C1 and C2 are assigned to the electrochemical reduction of the nitro group, while third
peak C3 is, however, due to the reductive desorption of the adsorbed molecules because it
diminishes with potential cycles.
Because the reduction of the OPE-NO2 molecule is irreversible, we could not record the source–

drain current by repeatedly sweeping the gate voltage. In order to study the gate effect, we
determined the conductance histograms by holding the gate voltage at different values between�0.9
V and 0.3 V, starting at a positive gate voltage. We extracted the source–drain current vs. gate
voltage by plotting the position of the lowest peak in the conductance histograms as a function of
the gate voltage (Fig. 5b). Unlike 4,40-bipyridine and benzenedithiol, the conductance of OPE-NO2

is sensitive to the applied gate voltage. In 0.1 M NaOH, it increases fromB0.6 nA at 0.1 V toB1.6
nA at �0.9 V (Fig. 5b). This gate effect depends on the pH of the electrolyte. We have measured the
gate effect in 0.1 MNaClO4 and 0.1 MNH4Ac, both have much lower pH than 0.1 MNaOH.When
holding the gate voltage above the reduction potentials, the conductance is the same in different
electrolytes. However, if lowering the gate voltage below the reduction potentials, the conductance
first increases and then decreases, which is different from that in NaOH solutions. This difference is
related to the protonation of the amine group (reduced from the nitro group) in NaClO4 and
NH4Ac.
We believe that the change in the conductance of OPE-NO2 upon irreversible electrochemical

reduction is due to the substituent effect on the central benzene ring based on the following
considerations. The reduction processes in aqueous solution can be described as the following steps:

–NO2 - –NO - –NH(OH) - –NH2.

Fig. 5 (a) Cyclic voltammogram of thiol-deprotected OPE-NO2 in MeCN/H2O containing 0.1 M TBAP and
0.001 M NaOH solution. (b) Source–drain current (Isd) vs. gate voltage (Vg) for single OPE-NO2. (c)
Conductance vs. Hammett parameter (s) plot. The location of the substituent is indicated with red circle in
the structure of OPE-NO2.
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The substituent group changes with the successive reductions. The chemical nature of a substituent
can shift the frontier molecular orbital, and thus alter the electron transport efficiency through the
molecule.1,47 Fig. 5c shows that the measured conductance decreases linearly with the Hammett
substituent parameter (s), which is in good agreement with theoretical estimation by Vedova-Brook
et al.48 The decrease of the conductance with s is expected because a larger s corresponds to a
higher electron withdrawing capability of the substituent.49

3.3. Molecules with reversible redox reactions

The gate effect observed in OPE-NO2 is related to the electrochemical reductions of the NO2 group,
but the reactions are not reversible. Perylene tetracarboxylic diimide (PTCDI) is known to exhibit
reversible redox reactions. To wire the molecule to two gold electrodes, we have synthesized two
PTCDI derivatives, one is terminated with two thiol groups (PTCDI-dithiol) and the other with two
pyridine groups (PTCDI-bipyridine). Both terminals can spontaneously bind to gold electrodes
(Fig. 6a). The energy gap between LUMO and HOMO is only 2.5 eV. Such an energy gap implies a
semiconductor-like molecule.
The cyclic voltammogram (Fig. 6b) of PTCDI-dithiol bound on gold electrodes shows two pairs

of peaks at �0.55 V and �0.8 V, respectively, corresponding to two reversible reduction processes,
so the levels of the empty molecular states are close to the Fermi level. The redox behavior of the
surface bound molecule is similar to that in bulk solution, which indicates that the strong molecule-
electrode binding does not significantly alter the molecular electronic states. The nominal lengths of
the rigid molecules are about 2.3 nm, much greater than the gate thickness (B0.7 nm), so the
screening of gate field due to the proximity of source and drain electrodes is significantly reduced,
compared to the cases of 4,40-bipyridine and benzenedithiol. These attributes make PTCDI an
excellent candidate for molecular FET.
The conductance of the thiol-terminated PTCDI determined by the STM-break junction method

is B1.2 � 10�5 G0, while the conductance of the pyridine-terminated PTCDI is B5 � 10�5 G0. The

Fig. 6 (a) Molecular structure of pyridine-terminated PTCDI and thiol-terminated PTCDI. (b) Cyclic
voltammogram of thiol terminated PTCDI molecules adsorbed on gold electrode in DMF containing 0.1 M
TBAP (red) and in 0.1 M NaClO4 aqueous solution (black). To avoid reductive desorption of the molecule, the
lower limit of the potential was kept at �0.8 V in aqueous solution. The arrows point reduction and re-oxidation
peaks of two redox processes. (c) Source–drain current (Isd) vs. gate voltage (Vg) for single molecule transistors
consisted of pyridine-terminated PTCDI and thiol-terminated PTCDI. The squares were determined from the
peak position of the conductance histograms and the solid lines were obtained by directly recording the source–
drain current while sweeping the gate voltage. (d) Sweeping the gate voltage to more negative values, the current
through the thiol-terminated PTCDI increases by several orders of magnitude.
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difference between the two derivatives may be attributed to the shorter length of the pyridine-
terminated PTCDI. Although pyridine-terminated PTCDI molecule has same linkers as 4,40-
bipyridine does, the magnitude of the conductance is three orders lower than that of the latter.
This indicates the molecular conductance does depend on the length. The ring structure in the
middle of PTCDI molecule dominates the molecular resistivity. On the other hand, the charge
transport through PTCDI molecule shows strong dependence on gate with the ring structure in
PTCDI molecule. Fig. 6c plots the source–drain current vs. the gate voltage for both the thiol- and
pyridine-terminated PTCDI in 0.1 M NaClO4. Despite the run-to-run variations, all the curves
reveal a rapid increase in Isd when Vg is decreased below �0.1 V. Unfortunately, the pyridine-
terminated PTCDI desorbs from gold electrodes below B�0.5 V, which prevents us from studying
the gate effect below �0.5 V. For thiol-PTCDI, however, we were able to continuously record Isd–
Vg curves down to B�0.8 V (Fig. 6c). It reveals a large gate effect on the conductance of the
molecule. For example, the conductance increases to 5 � 10�3 G0 at Vg ¼ �0.8 V, which is B500
times greater than that at 0 V. It also reveals a peak at Vg B �0.65 V.
The large gate effect obtained with these redox molecules resembles the n-type solid state FET

(the gate sign convention here is opposite to that in solid state electronics), but the mechanisms are
different. The current peak observed here is located at Vg B �0.65 V, close to the redox potential of
the molecule. This leads us to believe that the current enhancement is due to an empty molecular
state-mediated electron transport process.50 One mechanism is resonant tunneling which predicts
that the current reaches a peak when the empty state is shifted to the Fermi level by the gate (inset of
Fig. 6d).15,24,51 Since the Vsd is 0.1 V, the potential of the redox center isB�0.6 V at the resonance if
considering the symmetry of the molecular junction. This potential is close to the first reduction
potential (B�0.55 V) of PTCDI adsorbed on gold electrodes (Fig. 6b). By considering the
stochastic dynamics of solvent polarization and internal vibration modes, Kuznetsov and Schmick-
ler52 have shown recently that the resonant enhancement in the current through a redox molecule
reaches the maximum near the redox potential, which supports the interpretation above. An
alternative mechanism that predicts a maximum current near the reduction potential is a two-step
electron transport in which an electron from one electrode tunnels into the empty state to reduce the
molecule and then tunnel out into the second electrode.53

The on–off current ratio observed in the present system is B103. The peak current is determined
by the coupling of the empty states to the vibration modes and polarization of the surrounding
environment.54 So by designing a molecule to minimize the coupling, one may achieve higher on–off
current ratio. Another way to further increase the on-off ratio is to decrease the off-resonance
conductance by increasing the linker group length between the redox center and the source/drain
electrodes.

4. Summary

In summary, we have measured electrochemical gate effect on single molecules covalently bound to
gold electrodes using two methods. The first one is to create individual molecular junctions by
repeatedly bringing a gold STM tip (source electrode) into and out of contact with a gold substrate
(drain electrode) in the presence of molecules terminated either with two thiols or two pyridines.
The conductance decreases in a stepwise fashion when pulling the source–drain electrodes apart,
which is attributed to the breakdown of individual molecules from contact with the electrodes. The
conductance histograms constructed from many individual measurements reveal pronounced peaks
near integer multiples of a fundamental conductance value, which is assigned to the conductance of
the single molecule. By performing the measurement at various gate voltages, the molecular
conductance vs. gate voltage is determined. The second method is built upon the first one. It starts
by bringing the tip electrode into contact with the substrate electrode, and then pulling the tip out of
contact with the substrate during which the conductance (current) is continuously monitored. We
freeze the tip as soon as the conductance drops to the last step, corresponding to a single molecular
junction, and record the conductance as we sweep the gate voltage.
Using the two methods, we have studied the gate effect on three types of molecules: electro-

chemically inactive (4,40-bipyridine and benzenedithiol), electrochemically active but with irrever-
sible redox reactions (OPE-NO2), and electrochemically active with fully reversible redox reactions
(PTCDI). The gate effects on the first type of molecules are rather small. We attribute this weak gate
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effect to two possible reasons. The first one is that the LUMO and HOMO of these molecules are far
away from Fermi energy levels of the drain and source electrodes. The second reason is the
screening of the gate field from the proximity of the source and drain electrodes since both 4,40

bipyridine and benzenedithiol are small in comparison to the double layer thickness. In the case of
the second type of molecules, the conductance changes irreversibly by several folds, which is
correlated with the irreversible reduction of the NO2 moiety. The conductance decreases linearly
with the Hammett parameter which describes the electron withdrawing capability from the
conjugated backbone of the molecule. The third type of molecules is most interesting since the
conductance can be reversibly controlled over nearly three orders of magnitude. The conductance
also reaches a peak that resembles resonant tunneling via the empty state of the molecule. While the
resonant tunneling model seems to explain qualitatively the experimental observation, more
sophisticated theories are needed for a complete understanding of the large gate effect.
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