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Molecular Electrostatic Potential Devices on Graphite and Silicon Surfaces

Norma L. Rangel and Jorge M. Seminario*

Department of Chemical Engineering, Department of Electrical and Computer Engineering,
Texas A&M Uniersity, College Station, Texas 77843-3122

Receied: July 26, 2006; In Final Form: August 29, 2006

We demonstrate that molecular gates using molecular electrostatic potentials (MEP) can be used on hydrogen-
passivated silicon substrates without any disturbance of their behavior in vacuum; however, the use of graphite
as a substrate strongly affects such behavior. As expected, the substrate may become one more design variable.
The ability to have several substrate alternatives is very important for the practical implementation of this
new scenario based on molecular potentials. In general, the effect of the substrate can be predetermined by
calculating the MEP of the surface as this indicates how strongly its intrinsic potential is.

1. Introduction 2. Computational Methods

It has been demonstrated using reliable ab initio techniques 2-1. Ab Initio Calculation of MEP Digital Devices. The
that information can be coded using molecular electrostatic electron density in a molecule or molecular systems is defined
potentials (MEP}:® This represents a new alternative to the S
conventional chargecurrent approach used in standard elec-
tronics. Few molecules were found to function as molecular p(Ty) =

OR!0 and AND logical gated! Present computers perform N fw*(fljzy ce e TOW(F LT, e F)dr, - - - dry (1)
calculations reducing the information to binary notation whereby
the only two binary digits (bits) are 1 and 0, which also can be \where W(FuT2, + + - Tn) and y*(ryfz, - + - Tn) are the wave

assigned to pairs of logical variables or states such as TRUEfunction and its complex conjugate ahtis the total number

or FALSE, ON or OFF, HIGH or LOW, POSITIVE or of electrons. The MEPY(P), is calculated from the nuclei and
NEGATIVE, respectively. In binary notation, the number nine electron density contributiorig,

can be written as 1001, requiring at least four binary digits (bits).

Operations between binary variables are performed using logical N Z o(T")

gates such as the NOT, AND, OR. For instance, the simplest V(T) = Z — — f —dr’ 2

gate is the NOT, which yields 0 if the input is 1 and yields 1 if IR =T T T

the input is 0. The AND gate has two or more inputs, and ) . . ~

its output is 1 if all inputs are 1 and O if any input is 0. The WhereZ is atomic number of atomlocated atR. The MEP
OR-gate yield a 0 when all inputs are zero and 1 when any €an be cal_culated_usmg pure wave function metkbd$ or
input is 1. Interestingly, these gates can be combined to makeUsing density functional theory-*” The actual molecular gate
adders, multipliers, integrators, etc. In principle, we can solve Was optimized with ghe water molecules as inputs (Figure 1)
numerically, using binary logic gates, any operation that we USing the B3PW9E~20 functional and the 6-31G(d) basis set
can imagine. Earlier calculations of molecular devices using @S Shown inref 7. For studying the effect of the substrate, layers
electrostatic potentials were performed with the molecular gate f 9raphite and hydrogen-passivated silicon are optimized first,
in vacuum and excited by the electrostatic potential of small ?hned ;nﬁ:g;hzurggfgtlgse '5": iieatllst Atfk.]?eo I\)jl\ég ?Qecglr?l?lgltt: daﬂgi;(;r
molecules. In this work, we show how the substrate affects the : ’

MEP device. We test substrates on a molecule, which has beer{'”:/STO'E’G _and the B3RW91/LANL2DZ to st_udy the effect
demonstrated to be an OR-gate in vacuiihe effect of the of the graphlte and the silicon hydrogen-passivated substrate,
substrate on the molecular devices is of paramount importancereSpe.Ct'Vely' Th(g%(ilt\é\iozlevels of theory hgve been successfully
in the theoretical proof-of-concept for this new scenario for used in the pagt®712L2All these calculations are performed

molecular computing. In general, any approach that uses 4SINY the GAUSSIAN 03 prograft.

molecules or nanosized devices should consider the effect of 2.2, ME.P of the Components of a Computational Lpglc
X X ) . . System.Figure 2 shows the MEP of the molecular device and
the environment in their behavior as forces from the environment

may be of the same order of magnitude as those used tOthe water molecule used as the input to the_device. The color-
. L coded scale ranges from0.2 to 0.2 V covering colors from

represent the information in small molecules. red to blue, respectively. Any potential smaller thaf.2 V

We test the effect on a molecular OR-gate of two substrates, s represented by red. Potentials larger than 0.2 V are repre-

planes of graphite and a hydrogen-passivated surface of silicon.sented by blue. This color scale allows us to precisely deter-

the inputs to the logical gate. potentials. As expected, potentials in the neighborhood of the
nuclei are positive showing a blue region when the atoms are
* Corresponding author. E-mail: seminario@tamu.edu. exactly on the MEP plane. The selection of the electrostatic
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Figure 1. The OR-gate based on 1,1-diethynylethene (DEE) also
known as 1,4-pentadiyne, 3-methylene. The two water molecules in

the figure provide the negative and positive potentials to the gate inputs,
A and B. The output is read from the “Output site”.
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Figure 2. MEP of DEE (a) and water (b) molecules.

potentials of water to simulate an input in the molecular gates
is simply based on its dipole moment. There is no special
constraint other than the need to have a simple dipolar molecule,
which unambiguously shows its polarity. In principle, any pair
of positive and negative molecular potentials could be used for
proving the concept.

Figure 2a shows on the left the MEP of the 1,1 diethy-
nylethene (DEE) molecule on a plane containing the molecule
(horizontal plane). The perpendicular view on the right side of
Figure 2a shows the MEP on a plane perpendicular to the
molecular plane that includes tk, axis of the molecule. Thus,
only two carbon atoms lay on this perpendicular plane; all other
atoms are above or below the plane. Therefore, the two lower
hydrogen atoms show a full blue color on the left view of Figure
2a. However, on the right view, they show a mix of red and
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blue colors, because these hydr(_)ge_n atoms are not on the pIanle—igure 3. The MEP of the graphene used as the substrate: (a) one
of the MEP. The MEPs clearly indicate the effects of charge layer and (b) two layers. The MEP for H-passivated silicon used as a

accumulation in a molecule. For instance, the red regions aregpgtrate: (c) one layer and (d) two layers. As a reference for the size,
due to the presence of double and triplet bonds in the DEE the C-H bonds are 1.07 A, the €C bonds are 1.42 A, the SH
molecule or to the two lone pairs in the water molecule. bonds are 1.47 A, and the-S8i bonds are 2.34 A.
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Figure 4. The molecular logic device on a substrate of (a) graphite
and (b) H-passivated silicon. The molecule is 4.00 A above of the
substrates. For each case, calculations are performed with one and twc
layers. ’

Unambiguously, for the simple case of water, the oxygen side
can be used as a negative potential probe and the hydrogen sid
can be used as positive.

Figure 3 shows the MEP of graphene and silicon sheets. The
most striking difference between the two surfaces is the potential

distribution on the active sites. For graphene, we calculate the = 0.2V ®) 0.2V

MEP on a surface of one sheet and two sheets. The results are
very similar. Both show a strong positive potential on the plane
of the sheets and a strong negative potential above and below
the surfaces. We can notice the negative potential between sheet
in Figure 3b; this channel becomes a conduction path for positive
ions such as Ui in lithium-ion batteries. Notice that the top
view in Figure 3b shows all atoms from the two sheets. In this
case, the separation between sheets is chosen to be 3.35 A
which corresponds to the experimental value in graghitdhese
strong changes in the MEP at neighborhoods of graphite require
that the substrate be fully considered in the design of the gates
to unambiguously determine the behavior of molecules passing
information encoded in molecular potentials.

On the other hand, the silicon sheets show a more relaxed _q 5 v
potential distribution at the neighborhood of the surfaces. Figure
3, panels c and d, corresponding to one and two silicon sheets,
respectlve_ly,_ yield a potential practically near to Zero for both and over substrates of (b) graphite and (c) H-passivated silicon when
cases. This is confirmed by the green regions, which show up iha o inputs to the gate are negative.
near the sheets in the case of Figure 3, panels ¢ and d, as
opposed to the red regions in Figure 3, panels a and b.

Figure 5. The MEPs for (a) the isolated molecular gate in a vacuum

Figure 5a shows the isolated molecule in vacuum. The applica-
tion of the 00 inputs using the negative side of the water
molecule in the inputs of the gate yields a slightly negative

Figure 4 shows the supported molecular gates in graphite andpotential at the output site. The green-yellow region is unam-
silicon sheets. biguously negative in the range 0.1 V. The introduction of

Figures 5-7 show several of the results of this work; a the two negative potentials of water changes the MEP of the
complete summary is given in Table 1. The so-called truth tables isolated molecule (Figure 2a), which had only three small
define the operation of each gate. Since the OR-gate has tworegions of negative potential, covering most of the molecule
inputs, A and B, there are four possible input combinations: with negative regions. The strong negative potential when one
00, 01, 10, and 11. Thus, for an OR-gate, the outputs are 0, 1,small graphene sheet is used washes out the potential at the
1, and 1, respectively. For an AND gate, the outputs are 0, 0, output (not shown) because of the border effects; however,
0, and 1, respectively. By symmetry considerations, the 01 is potentials are back to normal if one or two sheets of graphene
identical to the 10, and thus we just need to analyze three are used, as shown in Figure 5b. This is perhaps a more realistic
combinations of inputs for the gate in each substrate. situation as a few layers of graphene would be present in

Figure 5 shows the case when the two inputs are negativepractice. Surfaces not shown in this paper can be seen in
(00) for the molecular gate with and without the substrates. Supporting Information.

3. Results and Discussion
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(©) Figure 7. The MEPs for (a) the isolated molecular gate in vacuum
Figure 6. The MEPs for (a) the isolated molecular gate in vacuum and over substrates of (b) graphite and (c) H-passivated silicon when
and over substrates of (b) graphite and (c) H-passivated silicon whenthe two inputs to the gate are positive.

one input is negative and the other is positive. .
TABLE 1: Truth Tables for the MEP Gate with and

On the other hand, the passivated silicon substrates do notW'thOUt Substrates

change much of the MEP distribution obtained with a single potentials logical
molecule. Figure 5c shows the MEP when a double layer of 73— (%~

one two one two
sheet sheets sheet sheets

. I . . ! B A B isolated graphene graphene silicon silicon

passivated silicon atoms is used. The results are identical as
when one layer of passivated silicon atoms is used (not shown). — J_r 8 (1) 2 8 8 2 2
This is because of the low potentials shown by the isolated . _ {1 g 1 0 0 1 1
silicon layers in Figure 3, panels c and d; thus, the effecton + + 1 1 1 1 1 1 1
the molecular gate is minimum. OR AND AND OR OR

Figure 6 shows the MEPs when one input is positive and the
other is negative (01). The isolated molecule yields a well-  Finally, Figure 7 shows the case when the two inputs are

defined positive potential at the output. However, when two positive (11). The isolated molecule and the molecule with the
sheets of graphene are used, the molecule yields a negativéwo substrates yield a positive potential at the output site.
potential due to the strong negative potential of the graphene Graphite is the most difficult, as the graphene layer tends to
layers able to shift the positive values to the negative side. The shift potentials to negative values.

silicon substrate does not affect strongly the molecular potentials Results of all these calculations are summarized in Table 1.
at the output site; practically, the potential distribution is very We can conclude from Table 1 that the use of graphite as
similar to the one produce by the isolated molecule. substrate requires the redesign of the molecular device because
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of the strong effect of the negative potential on its surface. The
OR-gate in vacuum becomes an AND gate on graphite.

Rangel and Seminario

(5) Jeffrey, G. A.The Application of Charge-Density Research to
Chemistry and Drug DesigrPlenum Press: New York, 1991.
(6) Molecular Electrostatic Potentials. Concepts and Applications

However, hydrogen-passivated silicon surfaces do not changeMurray, J.S. Sen, K., Eds.: Elsevier: Amsterdam. 1996: Vol. 3.

the behavior that is shown in vacuum.

4. Conclusions
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on hydrogen-passivated silicon substrates without any distur-
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however, the use of graphite as a substrate strongly affects such (11) Seminario, J. M.; Yan, L.; Ma, YProc. [IEEE2005 93, 1753.

behavior. As expected, the substrate becomes one more desigB §12) Chemical Applications of Atomic and Molecular Electrostatic
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variable if it strongly affects the potentials on its surface. The

ability to have several substrate alternatives is very important

for the practical implementation of the molecular potentials

scenario. In general, the effect of the substrate can be determine

by calculating the MEP of a surface as this indicates how
strongly its intrinsic potential may affect the molecular device.
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