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Insertion of methylene groups to functional molecule

for high thermal stability and superior functionality of
single-molecule transistors: first-principles study’

Miku Furushima,** Mitsuharu Uemoto,% Dongbao Yin,? Seiichiro Izawa,” Ryo Shintani,¢ Yu-

The 7m-conjugated rigid molecule Bph is a candidate for use as a channel system of single-molecule

transistors. In this first-principles study, the practicality of the chemical modification of the channel

molecule Bph for enhancing stability and improving performance is discussed. The insertion of
methylene groups into the edges of a channel is suggested to enhance the stability of the cross-linking

structures between electrodes because of the relaxation of S bonds. The calculation of electronic

states and transmission indicates the sufficient on current of the methylene-inserted Bph derivative

(Bph—CHy) in transistors through resonant tunneling. These results suggest the practicability for

high stability and large on currents of inserting methylene groups as a method of modifying channel

cated simultaneously with 17-A-scale precision since 201281 and
channel molecules are expected to cross-link the electrodes.

One of the candidates for cross-linking channel molecules
is a m-conjugated highly fused oligosilole derivative with two
biphenyl groups (Bph; shown in Fig. )@ mainly for the fol-
lowing reasons:

 its conductivity originating from the rigid =-
conjugated systern,

* the spontaneous strong bonding of S atoms on
both sides of the Bph molecule to Au elec-
trodes,

¢ the stability of the backbone structure derived
from Si atoms,

* the possible effect of lowering Fermi level pin-
ning by biphenyl groups, and

* the matching of the molecule length and the elec-
trode nanogap, which possibly results in a self-
assembled cross-linking structure.

The present method developed by Lee et al. 18 and Yin et al.z?
achieved several improvements, but the yield of the two-side-
bonded structure is not sufficient. That is, it is important to real-
ize a high thermal stability of the structure in which thiol groups
on both sides of the molecule bond to the electrodes.

To increase the stability, the strict matching of the molecule
length and the nanogap, which is a challenging undertaking in the
ELGP method, is required. Therefore, another method of flexibly
adjusting the molecule length, especially that providing flexibil-
ity for the molecule length with a spontaneous matching system
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;? molecules to realize single-molecule transistors.

28 1 Introduction

;g One of the strategies to realize high-speed operation, high-degree

31 integration, and low energy consumption for electronic com-

32 puting systems is to develop smaller devices?. This strategy,

33 which has the ultimate goal of realizing transistors with a single

34 molecule, is attracting growing interest these days2®. Single-

35 molecule transistors, as the term implies, are transistors in which

36 a single molecule is used as a channel to cross-link the source and

37 drain electrodes, and the channel current is controlled by the gate

38 electrodes nearby.

39 There are several methods of fabricating single-molecule junc-

40 tions, such as the mechanically controllable break junction

41 method®, electromigration, and the scanning tunneling mi-

42 croscopy break junction method?8. However, for practical ap-

43 plications, many electrodes with nanoscale gaps should be fab-

44 ricated simultaneously and these methods, in which human ef-

45 forts should be put into an every single junction one by one, are

46 unsuitable. Recently, Majima’s group has developed a suitable

47 technique by combining lithography@ and electroless Au plating

48 (ELGP). In this method, electrode nanogaps have been fabri-
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Fig. 1 Chemical structural formula of n-conjugated highly fused
oligosilole derivatives in this work. (a) Molecule named Bph. (b) Modi-
fied molecule, noted as Bph—CH,. “Me”, “iPr", and “tBu" indicate methyl,
iso-propyl, and tert-butyl groups, respectlvely.

is required. In this paper, on the basis of first-principles calcu-
lation, a method providing flexibility for the molecule length by
inserting methylene groups between edge thiols and biphenyls is
suggested and discussed, as illustrated in Fig.[Ip. A single o bond
is easy to rotate and thus has a high degree of freedom of rota-
tion. On the other hand, the extent of the increase in stability
and the change in the performance of a transistor are unknown.
In this study; first, the stability of both-side-bonded structures are
discussed with respect to the energy stability of the Bph molecule
and the methylene-inserted Bph molecule (Bph—CH, molecule).
Second, electronic states are determined by density functional
theory (DFT) calculation®?. Then, the local density of states
(LDOS) and the ballistic electronic transmission®! are obtained.
From the results, the applicability of inserting methylene groups
is confirmed where both higher stability and sufficient on currents
are revealed.

2  Method

The structures and total energies of Bph and Bph—CH, molecules
in vacuum and between two Au(111) electrodes with a gap length
of 47.66 A are obtained. The supercell sizes are 14.71 x 16.98 x
65.00 A3 and 14.71 x 16.98 x 53.92 A3 when in vacuum and be-
tween two electrodes, respectively. The obtained atomic geome-
tries between two electrodes are shown in Fig. During ionic
relaxation, the positions of all Au ions and cell shapes are fixed.
The binding energy Ep of the molecules and electrodes is defined
as

Ep =3 X Eele +Em01*Elink72><EH/elea 1

where Eele, Emol, Elink, and Ey Jele are the total energies of elec-
trodes, molecules, the cross-linking system, and a system of a H
atom adsorbed on an electrode, respectively. DFT calculations<?
are carried out using the Vienna ab initio Simulation Package22
The pseudopotential generated by the projector augmented wave
method?? is used to describe electron—ion interactions. The
Perdew-Burke-Ernzerhof functional within the general gradient
approximation is employed?®. The plane-wave basis set is used
with a cutoff energy of 500 eV. I'-centered 2x2x1 k-point sam-
pling is performed for x-, y-, and z-directions, where z is the di-
rection of the channel current. Ionic relaxation is performed until

2| Journal Name, [year], [vol.], 1

the norms of all the forces on the ions except Au become lower
than 0.05 eV/A.

The LDOSs of the channel molecules between the electrode
shown in Fig. 2| are calculated under the following conditions us-
ing the RSPACE code2228] which employs the real-space finite-
difference method?? in the framework of DFT. The periodic
boundary conditions are imposed on all directions of the super-
cell. The electron—ion interactions are described using norm-
conserving pseudopotentials“® of Troullier and Martins2?. The
exchange-correlation interaction is treated with in the local den-
sity approximation (LDA)=CY. Integration over the Brillouin zone
is carried out using the I" point. The supercell size is the same
as the ionic relaxation condition for the molecules between two
electrodes and the grid spacing in real space is taken to be 0.20
x 0.18 x 0.19 A3. The self-consistent field calculation is con-
tinued until the change of the total energy becomes lower than
2.72x1077 eV, the common value as a threshold. Note that we
confirmed that this grid spacing is fine enough for the electronic
states to converge. The LDOS along the z-axis (the long axis of
the molecules) is visualized. The LDOS is defined as

p(E,z) =Y Ne (E-8) //I‘Pi(x,y,Z)lzdxdy, 2

where E is the energy level, x, y, and z are the cartesian coordi-
nates, ¥; and ¢; are respectively the wavefunction and its eigen-
value of the i-th eigenstate, « is the smearing factor set to 135.1
eV~2, and N is the normalization factor (= 2\/a/7).

On the basis of the calculated electronic structure mentioned
above, the electron transport properties of the molecule junc-
tion are investigated. The overbridging boundary-matching
method2231832lin the framework of DFT is adopted for transport
property calculations. The models for such calculations are shown
in Fig. 2, where the scattering region, which corresponds to the
supercell to obtain the LDOS, is connected to the left (right) elec-
trode on the left (right) side. The k-point mesh, the grid spacing,
and the lateral length of the supercell in the electrode regions
are chosen to correspond to those in the scattering region. Using
the Kohn-Sham effective potential obtained under the periodic
boundary condition, we computed the properties of the transport
of the incident electrons originating from the left electrode under
the semi-infinite boundary condition non-self-consistently>3 with
energy values ranging from —0.8 eV to 2.0 €V in increments of
0.05 €V. It has been reported that this procedure is as accurate as
that in the linear response regime but significantly more efficient
than performing computations self-consistently on a scattering-
wave basis. The transmission spectra are plotted using the trans-
mission coefficients and group velocities obtained by the over-
bridging boundary-matching method.

3 Results and discussion

When the molecules are placed between the electrodes, each S
atom locates near a bridge site of the first layer of Au(111) with
chemical bonding. Moreover, the molecule long axis is almost
vertical to the surfaces of the electrodes. The Eg values are —1.46
and —0.41 eV for Bph and Bph—CH; molecules, respectively. The
main reason why the Eg of the Bph—CH, molecule is 1.05 eV
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Fig. 2 Atomic geometries of Bph and Bph—CH; molecules between the
electrodes. (a) Bph molecule. (b) Bph—CH; molecule. An enlarged view
of surrounding S is exhibited in the circle on the upper right in each panel.
The black thick straight lines are the boundaries of supercells. Note that
the sticks between atoms do not always indicate chemical bonds but
nearness.

higher than that of the Bph molecule is the distortion of the thiol
groups in the anchor region, which form bonds to the electrodes.
When a S atom locates at a bridge site, the natural angle of a
S-C bond to the surface normal is about 60°, as revealed by a
DFT study of the benzene thiolate bonding on Au(111)2#, There-
fore, the Bph molecule, which is rigid between S atoms at the
both-side edges, cannot locate perpendicular to the surface with-
out any distortion. Such an inevitable distortion can be found
in the cross-linking structure in Fig. 2h. On the other hand, the
Bph-CH; molecule, which has flexible methylene groups at the
edges because of its easy rotation, can locate with the natural an-
gle without any distortion. The structure in Fig. |2p also shows
the chemical bonding with less distortion.

The twist of biphenyl groups is also affected by the distortion.
The biphenyl twist angle 0s, defined as the twist angle between
the planes which include six C atoms of each benzene ring as
shown in Fig. |3} are 27° (30°), and 40° (40°) for left-side (right-
side) of Bph and left-side (right-side) of Bph—CH,, respectively.
The angle 6 of the free biphenyl molecules in gas phase is 45°2,
which indicates that 6 approaches the angle of free biphenyl
molecules for Bph—CH, because of the less distortion and rota-
tional degree of freedom derived from inserted methylene groups.
The effect of twist angle 0 on the electronic states and the trans-
port property will be discussed later.

New Journal of Chemistry
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Ring A Ring B

Fig. 3 Schematic image of the definition of the twist angle of the biphenyl
groups 6. The top, center, and bottom panels show the over views of
the biphenyl groups with 8 =0°, 0° < 8 <90°, 8 =90°, respectively. The
angle 0 is defined as the twist angle of planes A and B, where planes
A and B are the planes which include six C atoms of benzene rings A
and B, respectively. When planes A and B are parallel or equivalent,
6 =0°. Note that six C atoms of each benzene ring are not completely
flat, therefore planes A and B are defined with use of least-square method
where the sum of the square distance between the plane and each C atom
is minimized.

For a qualitative discussion on transport properties, the LDOSs
of Bph and Bph-CH, models are shown in Figs. [4h and c, respec-
tively. For both molecules, the LDOS in the region where |z| <
15 A shows several horizontal bands corresponding to molecu-
lar orbitals (MOs), as is also shown in the contour curved lines in
Figs.[4p and c. Such electronic states based on MOs can be clearly
identified by converting the LDOS to one-dimensional profiles of
density of states (DOS) of channel molecule regions. DOS of the
channel molecule region (|z] < 15 f\), defined as,

Zmax

d(E) = p(E,z)dz, 3)

' Zmin

where 7y, = —15 A and Zmax = 15 10\, are shown in Figs. and
d. These profiles exhibit several peaks originated from MOs. The
levels of HOMO—1, HOMO, LUMO, and LUMO+1 of the isolated
molecule calculated by the Becke three-parameter Lee-Yang—Parr
functional®®38 are shown in Table [1} where HOMO (LUMO) is
the highest occupied (lowest unoccupied) MO and the notation
—1 (+1) represents the next level below (above). Considering the
trend of LDA, which underestimates the band gaps, MOs, LDOS,
and DOS are consistent. These MO band structures are expected
to contribute to the transmission of electrons via resonant tun-
neling®?, which will also be discussed later with the transport
properties.

The ballistic transmittance of electrons in the range of £ = —0.8
- 2.0 eV is calculated and shown in Figs. 4b and d. The trans-
mittance spectrum of the Bph molecule shows two peaks above
and two peaks below the Fermi level (Eg). The transmittance
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Fig. 4 LDOSs, DOSs, and transmission spectra. LDOSs of Bph and
Bph—CH; models are shown in (a) and (c), respectively. Black contour
curves, which correspond to p = 0.65 eV~'A~!, are also shown on the
maps to clearly identify the MO levels. For (a) and (c), the horizontal
(vertical) axis shows the position z (the energy level E). The Fermi level
Er is equal to 0 €V. The density of states d (purple curves) and the
transmission spectra (green curves), as functions of energy, of Bph and
Bph—CH; models are shown in (b) and (d), respectively. For comparing
the LDOS and spatial position, the atomic geometries are exhibited above
the LDOSs with the z axes all the same. Moreover, for comparing the
band levels of LDOS, DOS and transmission, the maps and spectra are
placed with the heights of energy axes all the same. Considering the
consistency of the MO levels and the transmission peaks, four of the
peaks are attributed to HOMO—-1, HOMO, LUMO and LUMO+1 as
shown on the right side of the peaks. Note that linear interpolation is
applied for spectra (b) and (d).

Table 1 MO levels in units of eV. MOs of an isolated molecule are cal-
culated without periodic boundary conditions.

Molecule  Bph Bph-CH,
LUMO+1 —-190 -1.93
LUMO —2.53 -2.53
HOMO —4.76 —4.76
HOMO-1 522 —-5.22

4] Journal Name, [year], [vol.], 1

spectrum of the Bph—CH, molecule exhibits two peaks above and
two peaks below Eg. The peaks below Ep are dominant for both
molecules considering the transmission. These peak structures
are consistent with our experimental results (see also, section
S1 in ESL). A m-conjugated highly fused oligosilole molecule
with terphenyl and phenyl groups (Tph—ph) and its methylene-
inserted derivative (Tph-ph—CH,), which resemble Bph and Bph-
CH, respectively, show several transmission peaks and nontrans-
missive band gaps. This consistency suggests the reliabilities of
both theoretical and experimental results.

The energy levels of the transmission peaks in Figs. [4b and d
roughly correspond to the MOs shown in the backbone regions
in LDOS in Figs. [4h and ¢ and in DOS in Figs. [@p and d. This
result suggests that MOs function as transport paths of resonant
tunneling=?, as briefly mentioned above. Moreover, interpeak re-
gions have almost zero transmission, especially for the Bph—CH,
model. This may make it easy to control the channel current by
applying gate biases.

The heights of the HOMO and HOMO-1 peaks of the Bph-
CH; molecule are 4% and 700% of those of Bph molecule, re-
spectively®?, We find that the transmission of Bph-CH, can be
increased and decreased. From the obtained spectra, the channel
currents are estimated by the following equation.

0
I=1 /E T(E"dE', @

where I is the constant of proportionality and £ = —0.8 eV corre-
sponding to the drain bias of —0.8 V. The channel current ratio of
Bph-CH, to Bph, Igph—cH, /Ispn = 0.20 is sufficiently large though
of insulating property of methylene groups.

The channel current estimated above is sufficient, but we
would like to seek for higher value. For this purpose, the mech-
anism of the transmission peak heights change is analyzed and
discussed. In this paper, we focus on the insulating methylene
groups, the twist of biphenyl groups, and the electronic states of
biphenylthiol and biphenylmethanethiol which are the moieties
at the edges.

Methylene groups, more generally, alkyl groups were revealed
to be insulatiing®l. For Bph, m-conjugated system is thought to
underly on the area of five- or six-membered rings sharing x-
electrons and 7-electron-like lone pair electrons of S atoms“2. For
Bph-CH,, however, n-conjugated system lies on only the area be-
tween the two biphenyl groups. Inserted methylene groups may
have lowering effects on transmissions.

The twist angle of biphenyl groups also can be the origin
of the transmission lowering. Biphenyl groups, which have -
conjugated electronic structures, is most conductive when it is
flat and quantitatively, conductivity is proportional to cos2 43743l
As mentioned above, because of the rotational freedom of in-
serted methylene groups, the angle 6 of Bph—CH, approaches
45°, the value of an isolated biphenyl molecule, which has steric
hindrance between H atoms. The relation of the trade-off of the
increasing the stability and decreasing the conductivity by the ro-
tational degree of freedom of methylene groups is suggested.

These two factors mentioned above cannot explain the increase
of HOMO—1 transmission by methylene insertion. To under-
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Table 2 Fermi level Egs and orbital energies with respect to Eps of
biphenylthiol and biphenylmethanethiol molecules, which are the moi-
eties of Bph and Bph—CH,, respectively, in units of V.

biphenylthiol biphenylmethanethiol
Er —455 —4.02
HOMO —1.07 —1.58
HOMO-1 —1.50 —-1.99
HOMO-2 -2.11 —2.68
HOMO-3 -2.12 =271

Fig. 5 Biphenyl molecule and chemical modification examples for
biphenyl molecule. (a) Biphenyl molecule. (b) Alkyl-bridged molecule.
(c) Molecule after methylation. (d) Molecule after halogenation. The
character X indicates a halogen atom.

stand the origin of this, the relation between the changes of the
electronic states and conductivities is discussed. Comparing the
LDOSs in Fig.[4h and c, the regions of biphenyl groups (|z| = 10—
20 A) exhibits difference. That is, for Bph, the energy level of the
relatively high-p area (E = —0.5-0.0 €V) is higher than HOMO-1
(E = —0.60 eV), while for Bph—CHj, the level of relatively high-
p area is almost equal to HOMO—1 (E = —0.60 €V). To under-
stand the origin of this difference, the orbital of the biphenylthiol
and biphenylmethanethiol molecules are calculated and summa-
rized in table|2| (See also the section S2 in ESI for computational
details.). The latter biphenylmethanethiol molecule has 0.5 eV
higher Eg and thus the orbital energies with respect to Eg are
0.5 eV lower comparing from the biphenylthiol molecule. These
shifts, especially the shift of HOMO—1, are in agreement with
the difference of LDOS. These facts suggest that methylene inser-
tion increases the transmission of HOMO—1 via adjusting Eg of
biphenyl moiety.

We find the effect of insulating alkyl groups and furtherly, the
two nontrivial effects on the transport property. One is the effect
via the twist of biphenyl groups and the other is the effect via
the orbital energy shift of edge moieties. These findings indicate
that conductivity can be controlled by chemically modifying the
biphenyl moieties. Examples of such chemical modifications in-
clude control of the twist angle by adding alkane bridge as shown
in Fig. and control of an orbital energies of edge moieties to
match to that of backbone structure by introducing functional
groups such as electron-donating methyl groups or an electron-
withdrawing halogen as shown in Fig. [5c and d. The increases
of the yields and conductivities upon these modifications is our
futuristic topics.

New Journal of Chemistry

4  Conclusion

We found that the Bph—CH, molecule with the both-side-bonded
structure is more stable in energy than the Bph molecule and
methylene groups insertion can be the method of designing a
single-molecule transistor with sufficient on current. The bind-
ing energy of the Bph—CH, model is 1.05 €V larger than that of
the Bph model, indicating the stability of the both-side-bonded
structure. The origin of the difference in binding energy is the
distortion of the bonding network around S atoms. The Bph—CH,
model has the higher rotational degrees of freedom resulting in
smaller distortions. The LDOSs show horizontal band structures,
confirming that the transmission originates from resonant tun-
neling. The magnitudes of transmission can be larger or smaller
depending on the MOs. The estimated on current of Bph—CH, is
20% that of Bph, indicating the sufficient on current of Bph—CH,.
The factors which change the peak heights in the transmission
spectra are insulating methylene groups, twist angles of biphenyl
groups affected by the molecule distortion, and Egs of the edge
moieties. These finding are guides for not only increasing the
yield but also increasing the transmission.
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