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Abstract: The geometric aspects for the functionality of a molecule-based field effect transistor (FET) are
analyzed. A computational study is performed on molecular models involving a well-defined conjugation
plane coupled to gold-based electrodes through thiol bonding. Transport gating of the FET is shown to
depend on a symmetry-breaking effect induced by the gating field. This effect is also related to the orientation
of the field relative to the gold—thiol bonds, the molecular conjugation plane, and the overall symmetry of
the device. First, it is found that the presence of a center of inversion in the bulk-coupled molecular system
results in the cancellation of the transisting response. Second, a mirror plane of the molecule—bulk system,
which includes the transport vector, will cancel the gating response to fields oriented perpendicular to that
mirror plane. The symmetry properties are determined for the bulk contacted molecular junction.

Molecular electronics have recently been in the center of
increasing experimental and computationa research efforts. This
interest stems mainly from the prospect of fabricating highly
efficient electronic devices utilizing the unique properties of
single molecules.* " A range of fabrication techniques have

been employed to achieve molecule-based field effect transistors
(FETs).2"2831:3238 Thegretical studies have modeled the be-
havior due to a gating field at the molecular level as well 3746
In addition, the study of electron transmission through molecular
systems using symmetry analysis of the transmission function
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has been shown to provide fundamental insight into the
molecule-based transport.*”~*° However, due to the formidable
practical challenges, it till remains to achieve a reproducible
and robust scheme that can scale up the fabrication of single-
molecule devices to an industrial scale. Here we concentrate
on the functionality of molecular scale electronic devices as
field effect transistors to illuminate the key structural requirments
for enhancing gating behavior.

We study fundamental symmetry-based aspects that underlie
the gating functionality by employing an idealized model to
analyze the effect of a gating field. In this simplified picture
the potential bias is dropped over the molecular system in a
uniform fashion perpendicular to the transport vector. Thisisa
reasonable approximation when considering gating devices
which span a source drain distance that is longer than the length
across which the gating field is generated. Although thisis not
the case for molecular scale devices, symmetry aspects explored
here will still impact the functionality of devices where the
electrode screening of the gating potential isimportant. We point
to the study by Ghosh et al.*? that provides for a fundamental
approach to address gating potential contacts in addition to the
source drain contacts. The transmission functions of each model
system are computed under the same strength applied electric
fields, which allow for direct comparison of the efficacy of the
gating fields in shifting the transmission.

We previously reported by means of computational modeling
a symmetry-breaking effect, which is crucia for gating func-
tionality.>® This effect is related to the contact geometries and
the gating field orientations. The molecular model device is
shown in Figure 1. This conjugated system resembles the widely
studied device based on functionalized three phenyl ring
molecules for which current-switching properties have been
reported.® The molecule is bonded to the metal leads through
thiol groups on both ends. We explored two geometric isomers
of the conjugated molecule bonded to gold-based bulk material,
in which the two gold—thiol bonds form a plane perpendicular
to the conjugation plane. The two isomers differ in the relative
position of the two gold—thiol bonds to the conjugation plane,
leading to either a cis or trans arrangement relative to the
transport vector, which lies in the conjugation plane. The gating
was observed only for the cis isomer with fields oriented
perpendicular to the current flow direction and the conjugation
plane.*® We have attributed this important structure—function
relation of the FET to a fundamental symmetry-breaking effect
on the electronic orbitals that is produced by the applied gating
field.

Further understanding at the atomic level is still necessary
to optimize the functionality of molecular scale FETs. We use
as models thiol—metal contacted systems. In this study we
provide the general symmetry relations that must be satisfied
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Figure 1. (@) lllustration of the general molecular configuration of the
device region, where the electrodes are represented only by the single
contacted thiolated gold atom. (b) Legend for the projected representations
of the system and axis convention for the 3D representations. The molecular
axisand gold wires are parallel to the z axis; the conjugation planeis parallel
to the xz plane. The projected representations are projected onto the xy plane.
(c—j) Contact geometries of considered model systems. Two representations
are shown for each model. The first representation is a pseudo-three-
dimensional (pseudo-3D) drawing of the system in which the sulfur and
gold atoms of each contact are shown and the sz system of the conjugated
molecule is represented by p orbitals on the sulfur atoms. The second
representation is a projection of the pertinent aspects of the device onto the
xy plane.

by the configuration of the molecular bridge and the bulk
material to achieve optimal response to a gating field, and more
specifically those which will quench gating. The gating response
is eliminated by the presence of either a center of inversion
symmetry (i) or amirror plane that includes the flux vector and
which is perpendicular to the gating field orientation. This mirror
plane is parallel to the current flow direction and is therefore
here denoted as oy, whereas mirror planes perpendicular to the
transport vector are labeled as o, . Fabrication schemes, which
satisfy the indicated symmetry conditions, are, therefore,
indicated to yield enhanced functionality.

The geometries for the organic molecules are optimized at
the DFT level using the B3LYP®%? functional and the
LANL2DZ> basis set by employing QChem 3.1.>* Inthe single
gold atom wire models (see Figure 1) a single Au atom is
bonded to the terminal thiols in the optimization. The bond
lengths and angles of the optimized geometries are then kept
fixed, while the dihedral angle is adjusted to generate the various
orienations of the bulk model to the contacted molecule as
illustrated in Figure 1. Additional models involve flat gold
surfaces, where the geometries are obtained by connecting each
end of the optimized organic portion of the system to a perfect
Au(111) surface through the thiol at a perfect hollow site.
Electronic integrals used for the electron transmission calcula-
tions are evaluated with severa gating field strengths at the DFT
level indicated above. For the transport properties, we follow
the scattering-based picture of molecular conductance (Landauer
formalism)®> >’ based on the Green function formalism as
described in detail by others.%®54
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Figure 2. Transmission functions of four model systems illustrated in 0 & :
Figure 1c—f. The functions are drawn for no gating electric field, a +0.153 -1 05 0 05 1
VIA electric field paralel to the x axis, and a +0.153 V/A electric field E-E¢ (eV)

parallel to the y axis. The corresponding model systems are drawn for (a)
in Figure 1c, for (b) in Figure 1d, for (c) in Figure 1e, and for (d) in Figure
1f.

The previously studied cis and trans contact geometries are
illustrated in Figure 1c,d. As a result of the symmetry aspects
summarized above,* the transmission through the trans con-
former does not change by application of an electric field
directed paralel to either the x or y axis (see Figure 1 for a
definition of these axes). The cis isomer, on the other hand,
features a gating response only for afield oriented perpendicular
to the conjugation plane (along the y axis). The electronic
transmission of these trans and cis configurations is plotted in
parts a and b, respectively, of Figure 2. To generalize the
previously reported symmetry requirements for a gating re-
sponse, we consider a more elaborate set of geometric aspects
of the molecular FET model with a well-defined conjugation
plane. Additional considered configurations involving single
gold atom wires are represented in Figure 1e—g. In (€) and (f)
the thiol bonds lie within the conjugation plane to form another
pair of cisand trans configurations, whereasin (g) the two bonds
are placed aong the line defined by the two sulfur atoms.

Briefly, we find that for the cig/trans pairs of configurations,
which areillustrated in parts ¢ and d and parts e and f of Figure
1, the gating response is noted only for one gating field
orientation for each cis configuration, and no response is
observed in the trans isomers (Figure 2). The effective gating
direction is determined by the relationships of the symmetry of
the system, the field orientation, and the thiol bonding config-
uration. As discussed above, a gating field oriented perpen-
dicular to the conjugation plane gates the cis configuration of
the isomer illustrated in Figure 1d. However, it is only thefield
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Figure 3. Transmission functions of model systems illustrated in Figure
1g—j. The functions are drawn for no gating electric field, a +:0.153 V/A
electric field parallel to the x axis, and a +0.153 V/A electric field parallel
to they axis. The corresponding model systems are drawn for (&) in Figure
1g, for (b) in Figure 1h, for (c) in Figure 1i, and for (d) in Figure 1j.

oriented parallel to the conjugation plane that gates the cis
isomer, illustrated in Figure 1f. In this cis isomer (Figure 1)
the conjugation plane is coincident with the plane formed by
the gold—thiol bonds. To complete these observations, the
transmission through a model system in which all of the gold
atoms lie along the molecular axis (z axis) which contains the
two sulfurs (see Figure 1g) is considered. It is found that the
transmission as shown in Figure 3a for this higher symmetry
configuration is unaffected by an electric field parallel to either
the x axis or y axis. This is similar to the considered trans
isomers, where the application of any gating field is unable to
cause a symmetry-breaking effect.

To summarize the conditions for the gating response for the
above wire models, we find that if the contact gold atoms are
trans to each other (or along the molecular axis itself), then
any gating field perpendicular to the transport direction will fail
to shift the transmission of the molecular device. Each of these
trans models contains a center of inversion in the contacted
molecule—bulk system, which negates the gating effect. In the
cases of reduced symmetry where the contact gold atoms form
acis relation with respect to the conjugation plane, an applied
field in the corresponding direction (i.e., in the plane formed
by the gold—thiol bonds) will gate the transmission. Therefore,
the cis and trans orientations of the contact gold atoms in the
wire models and the relative orientation of the electric field
define the direction of a functional gating field for a molecular
FET.

To continue and further generalize the identified conditions
for agating response in molecular FETS, we consider additional
interaction schemes between the organic molecule and the
electrode. In each of the above model systems, the gold—thiol
bonds are either parallel or perpendicular to both the conjugation
plane and the applied electric field. For complete analysis of
the molecular FET structure function relations, additional
configurational aspects involving the conjugation plane and the
thiol —gold bonds need to be considered.
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We next extend the wire models to explore the effect of the
relative orientation of the conjugation plane and the electrode
models. We examine three wire model systems with the
gold—thiol bonds at an angle of 60° with respect to the
conjugation plane. These three models are shown in Figure
1h—j. The model in Figure 1h has gold atoms which are trans
to each other in both the x and y directions. Similarly, the model
shown in Figure 1j has gold atoms which are cis to each other
in both the x and y directions. Though these models are of lower
symmetry than those discussed above, it is found that they
respond to the application of an electric field similarly to the
higher symmetry cis and trans systems. The transmission of
the fully trans model (Figure 1h), which contains a center of
inversion, shows no response to a field either paralel or
perpendicular to the conjugation plane (Figure 3b). The
transmission through the fully cis model (Figure 1j) shifts
through the application of either orientation of an electric field
(see Figure 3d). These observations confirm the criteria stated
above. The model system in which the gold atoms are cis to
each other along the x direction but trans to each other along
the y direction (Figure 1i) contains no center of inversion. This
model responds only to the electric field oriented parallel to
the x axis (Figure 3c), which is the direction in which the gold
wires are cis to each other.

These geometry relations are also reflected quantitatively in
the strength of the gating response. For example, under the
influence of a0.153 V//A gating field the transmission function
of the model in Figure 1c is shifted only by 0.05 eV, while that
of Figure 1i is shifted by 0.12 eV and that of Figure 1d is shifted
by 0.25 eV. The corresponding drop in current due to the same
gating field for the models in parts ¢ and d of Figure 1 under a
potential bias of 0.50 V are 10.8% and 70.3%, respectively.

We next explore surface bulk models. The interactions of a
molecule with a surface are more complicated, in general, than
can be fully identified by labels as simple as cis and trans, and
we therefore must rely on more sophisticated symmetry analysis.
To determine the transisting response upon bonding to surfaces,
four additional systems were examined in which the wire models
are replaced by perfect Au(111) plane models. These are drawn
in Figure 4 using the same projection scheme as in Figure 1.
The gold surfaces (electrode models) contacting the two sides
of the molecular system are parallel in each case. In two of the
models these surfaces are mirror images of each other and are,
therefore, associated with cisisomers. For the other two models
the surfaces are rotated 180° relative to each other; this results
in atrans-like arrangement as illustrated in the figure. For both
these trans and cis surface configurations there are two isomers
where each differs by a 90° rotation of the conjugation plane
about the current flow axis.

The corresponding computed transmission functions under
various gating fields for the surface models are plotted in Figure
5. Aswith the simpler gold wire model systems, for both trans
surface models the transmission is not shifted under the influence
of any gating field oriented in the xy plane (perpendicular to
the current flow axis). It is again only for the cis models that
an orientation of the gating field which shifts the transmission
can be identified.

For the cis surface models each surface atom has a corre-
sponding atom on the opposite side; i.e., a mirror plane (xy)
exists between and parallel to the surfaces and perpendicular
to the transport vector (o). In both cis models, there is also a
mirror plane parallel to the transport vector (oj) and the yz plane.
A oj mirror planeis present for the cis arrangements of both of
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Figure 4. (@) lllustration of the general molecular configuration of the
device region, where the electrodes are represented by a perfect (111) plane
of gold atoms. (b) Legend for the atoms designated in the projected
representations of the system (the z coordinate value of the gold—thiol atoms
is noted in parentheses). The same designation of the axisasin Figure 1 is
employed in these models. (c—f) Contact geometries of the models are
represented on the xy plane. (c—e) Contact geometries of the considered
model systems, where a projection of the pertinent aspects of the device
onto the xy plane is provided.
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Figure 5. Transmission functions of model systems where the electrodes
are contacted to the molecule through a perfect Au(111) plane illustrated
in Figure 4c—f. The functions are drawn for no gating electric field, a+0.153
V/A electric field paralel to the x axis, and a +0.153 V/A electric field
parallel to the y axis. The corresponding model systems are drawn for (a)
in Figure 4c, for (b) in Figure 4d, for (c) in Figure 4e, and for (d) in Figure
4f.

the considered bulk models (atomic wires and perfect Au(111)
systems). This gj mirror plane (yz) eliminates the gating response
for both models when the electric field is aligned parallel to
the x axis (perpendicular to the oy mirror plane).
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Figure 6. (@) lllustration of the general molecular configuration of the
device region, where the electrodes are represented by a an adatom on a
Au(111) plane. The adatom is used to contact the molecular thiolated system.
(b) Legend for the atoms designated in the projected representations of the
system. The same designation of the axis as in Figure 1 is employed in
these models. The projected representations are projected onto the xy plane.
(c—e) Contact geometries of the considered model systems, where a
projection of the pertinent aspects of the device onto the xy planeis provided.

Finally, we consider models that extend the contact geom-
efries by including thiol bonding to surface gold adatoms. Model
systems of this type, which are more representative of experi-
mental surface structures, are shown in Figure 6. In these models
asingle adatom is added to each of the parallel Au(111) surfaces
at a perfect hollow site, and the molecular portion of the device
is bonded to this adatom at the optimized bond length and angle
of the model in Figure 1d. Three related models are shown in
Figure 6 and are &l cis-like in character; namely, there is no
center of inversion for these models, and a o, mirror plane lies
between and parallel to the gold surfaces (perpendicular to the
flux vector). The configurations shown in Figure 6d,e differ in
the specific contact geometry, but have the same ¢ plane of
symmetry (yz plane). In both of these models, as in many of
the models discussed above, the transmission function is shifted
only under the influence of an electric field directed along this
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oy plane and therefore parallel to the y axis. An electric field
directed paralléel to the x axis for these models and perpendicular
to the oy plane has no effect on the transmission. The model
drawn in Figure 6¢ has no g plane of symmetry, as well as no
center of inversion, though it does still contain the o, plane.
An electric field directed at any angle in the xy plane affects
the transmission function; however, this response is not aclean
shifting of the transmission function, as it is in the systems
containing a oy plane of symmetry.

The presence of a center of inversion leads to a symmetry
where the gating response is eliminated for any field oriented
perpendicular to the flux vector. All models with a center of
inversion do not respond to the applied field with a shift of the
transmission function (see Figures 2a,c, 3a,b, and 5b,d). While
al purely trans configurations contain a center of inversion,
the cis configurations do not. The models which display gating
behavior do not contain a center of inversion, but many of them
are still highly symmetric. In both the wire and surface models,
agating response is obtained only for an electric field oriented
so that it is not perpendicular to any o mirror plane in the system
(Figures 2b,d and 5a,c).

To conclude, there are two symmetry criteria that determine
the gating response to a field aligned perpendicular to the flow
axis. First, the presence of a center of inversion will cancel the
gating response to the field. Second, the gating response will
be eliminated if the applied field is perpendicular to a oy mirror
plane of symmetry of the molecule—bulk system which lies
paralel to the transport vector. Finaly, a uniform and robust
shifting of the transmission function of the system occurs when
an applied electric field lies in a ¢ plane of symmetry of the
contacted system. It is found that models that satisfy the
symmetry criteriafor gating activity and for enhanced response
are indeed associated with a larger shift in the transmission
function and therefore a larger gating effect.
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