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in a single-molecule transistor: Emergence of fixed and shifting states

with molecular length
A. A. Farajian

Department of Mechanical Engineering and Materials Science, Rice University, Houston, Texas 77005

R. V. Belosludov, H. Mizuseki, and Y. Kawazoe

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

T. Hashizume

Advanced Research Laboratory, Hitachi Ltd., Hatoyama, Saitama 350-0395, Japan

B. I. Yakobson

Department of Mechanical Engineering and Materials Science, Rice University, Houston, Texas 77005

(Received 16 November 2006; accepted 16 May 2007; published online 9 July 2007)

The quantum transport of a gated polythiophene nanodevice is analyzed using density functional
theory and nonequilibrium Green’s function approach. For this typical molecular field effect
transistor, we prove the existence of two main features of electronic components, i.e., negative
differential resistance and good switching. Ab initio based explanations of these features are
provided by distinguishing fixed and shifting conducting states, which are shown to arise from the
interface and functional molecule, respectively. The results show that proper functional molecules
can be used in conjunction with metallic electrodes to achieve basic electronics functionality at
molecular length scales. © 2007 American Institute of Physics. [DOI: 10.1063/1.2748047]

I. INTRODUCTION

The general field of molecular electronics' ™ is currently
being investigated very intensively in several scientific dis-
ciplines. Switching and negative differential resistance
(NDR) are among the main features used in electronic and
logic circuits nowadays, and are expected to play essential
roles in molecular electronics as well. Theoretical and ex-
perimental investigations of these features at nanolength and
molecular length scales have progressed substantially, pro-
viding better insight into characterization and design of min-
iaturized electronic and logic circuit elements.

Calculating transport in molecular wires including gate
effect has been achieved by semiclassical derivation of trans-
mission coefficient,’ solving Schrodinger equation for the
scattered electrons,’ employing nonequilibrium Green’s
function (NEGF) formalism,”"® or solving Lippmann-
Schwinger equation.11 However, the existence and underly-
ing mechanisms of NDR and swiching in gated molecular-
scale devices are not fully understood, and further
investigations are necessary. Using metallic electrodes such
as gold in molecular field effect transistors (FETs), e.g., is
shown to be problematic as the metal-induced gap states pre-
vent abrupt switching,7 even with ideal gate modulation.
Here we show that a typical molecular FET shows both NDR
and abrupt switching, which are explained based on ab initio
analysis of the conducting states. We also show that the
negative effects of the metal-induced states can be avoided if
the functional molecule is longer than their generic decay
length. Established nanolithography techniques can therefore
be used to pattern metallic electrodes as interconnects be-
tween functional molecules. These results provide further in-

0021-9606/2007/127(2)/024901/5/$23.00

127, 024901-1

sight into some of the basic issues of interest in molecular
electronics.

Il. MODEL AND METHODS
A. Optimized geometry

We consider a single-molecule FET, schematically de-
picted in Fig. 1(a), whose functional part is polythiophene.
Polythiophene12 is a conjugated polymer which has been
studied extensively for possible applications, including mo-
lecular wires'>'* and FETs."> We consider seven thiophene
units (Fig. 1(b)) as they make the molecule long enough to
assess the localization patterns of conducting states, while
the calculations are computationally affordable. The func-
tional molecule is assumed rigid and its vibrations are ig-
nored. The molecule is attached to two semi-infinite gold
electrodes by two sulfur atoms that act as clips. The positions
of 22 gold atoms representing each electrode are extracted
from bulk gold crystal with (111) surface, as depicted in
Figs. 1(c) and 1(d).

The optimal orientations of the sulfur ends of poly-
thiophene relative to the gold electrodes are obtained by
minimizing the energy of a sulfur atom attached to one
thiophene unit on Au(111) surface. Two series of structure
relaxations are performed employing GAUSSIAN 98 program16
with the method/basis B3APW91/LANL2MB, and two clus-
ters of three and six gold atoms. These clusters are taken
from one and two layers parallel to the surface, respectively,
as is seen in Figs. 1(c) and 1(d), and both result in the same
attachment geometry. We find that the sulfur ends of poly-
thiophene are optimally located at hollow sites, i.e., above

© 2007 American Institute of Physics

Downloaded 09 Jul 2007 to 128.42.57.217. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.2748047
http://dx.doi.org/10.1063/1.2748047
http://dx.doi.org/10.1063/1.2748047
http://dx.doi.org/10.1063/1.2748047

024901-2 Farajian et al.

S 00000000000
0o0000QCOOOCO
00000000000

o00000O00COOO
000000QCOQOOCO
H 0000000000

[O)o 0 0
000
00 0
oo
0 0 O

©

CO

o{Oi

oS
1)
000

o

® 0 o
o
2 @) ©)
))
©
® @ o
(]

FIG. 1. (Color) (a) A polythiophene molecule, made up of individual
thiophene units (b), attached to drain and source gold contacts via sulfur
clips. Ideal gate modulation shifts the energy levels of the molecule. Front
(c) and side (d) views of bulk gold crystal with (111) surface. The surface
layer and the first and second underlying ones are distinguished by different
colors. The electrodes of the nanodevice represented in (a) are extracted
from bulk gold crystal with (111) surface, as highlighted by larger atomic
sizes in (c¢) and (d).
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the center of a surface gold triangle shown in Fig. 1(c), in
accordance with other studies.”'” The distance between a
sulfur clip and the center of the underlying gold triangle is
determined to be 2.5 A. After finding the geometry of attach-
ment to the electrodes, a relaxed polythiophene molecule is
introduced between the electrodes. The polythiophene with
sulfur atoms at its ends is separately relaxed using the same
method/basis. Therefore the junction geometry depicted in
Fig. 1(a) is indeed the minimum energy configuration.

B. Quantum transport

For calculating transport properties, we employ the
NEGF approach, implemented in our program TARABORD."®
Using the contact atomic configurations of Fig. 1(a), the
NEGF approach extends the contacts to infinity, causing each
of them to resemble a semi-infinite nanowire. The NEGF
method requires the specification of electronic structure of
the system,18 which is obtained by employing GAUSSIAN 98
program,16 with the same method/basis used in geometry op-
timizations.

Upon applying drain-source bias, charge accumulates at
the tip of each contact nanowire. In conducting atomic force
microscope tips, similar effects have been modeled using
point chargeslg’21 with good agreement with the experimental
results.”*?! Here, we also model the charging effect by intro-
ducing a point charge between the first and the second tip
layers of each electrode, and determine the drain-source po-
tential drop by self-consistent calculation of the entire elec-
tronic structure. It should be mentioned that point charges
less than 0.3e are enough to achieve the bias range reported
here, with e being the absolute value of electron charge.

The Schrodinger equation in the nonorthogonal basis de-
fined by the atomic orbitals of the molecule is Hy;ip=eSy ¥,
where H), is the Hamiltonian of the functional molecule, S,
is the basis overlap matrix, and ¢ and & are molecular eigen-
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FIG. 2. (Color online) Drain-source current vs drain-source bias for differ-
ent gate voltages (a), and drain-source current vs gate voltage for different
drain-source biases (b).

state and eigenvalue, respectively. We consider ideal gate
modulation and assume that the molecular energy levels are
shifted in response to gate bias according to

HMHHM_eVGSM, (1)

where V; is the gate bias. Equation (1) changes neither the
electrode Hamiltonians nor the Hamiltonians coupling the
electrodes to the molecule. This is in accordance with the
fact that electrodes are considered parts of macroscopic res-
ervoirs whose properties are independent of any change that
might occur to the molecule sandwiched between them. The
Hamiltonian and overlap matrices are used to calculate the
transmission probability T(E,Vps,V;) and conductance
G(E,Vps, Vo) =22 W)T(E, Vs, Vi), where h is Planck’s
constant. The drain-source current /g is derived as
o0

Ipg= i dET(E,Vps, Vo) (fp = fs)> (2)

—00

where fp and fy are the Fermi-Dirac distributions of drain
and source, with corresponding chemical potentials shifted
by +V,s/2 with respect to the zero-bias case (taken as refer-
ence potential).

lll. RESULTS AND DISCUSSIONS

A. Current-voltage characteristics

The results of current calculations are shown in Fig. 2.
The two most important features of the /-V curves in Fig.
2(a) are switching and NDR. Gate control is more pro-
nounced at particular values of Vg, such as Vpg=1.27 V, to
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the extent that the current is practically switched off by
proper choice of the gate bias (the current decreases 714
times by changing V; from —1.0 to 1.0 V at V,4=1.27 V).
The gate-induced switching observed here has some resem-
blance to the mechanical switching of current in bent carbon
nanotube junction.22

The gate-induced switching can be observed more quan-
titatively in Fig. 2(b). Subthreshold slope S, a standard mea-
sure for comparison, is defined by the gate-voltage swing
needed to reduce the current by one decade within the sub-
threshold region of I-V curve.” Therefore, smaller S means
better switching. From Fig. 2(b), S is observed to be
100 mV/decade while increasing V; from 1.5to 1.6 V at
Vps=1.27 V, and 90 mV/decade while increasing V; from
1.1to 1.2V at Vpg=1.96 V. These values of subthreshold
slope S are larger than the ideal metal oxide semiconductor
FET slope 60 mV/decade,” but superior to the slope
300 mV/decade calculated for a short (phenyl dithiol) mol-
ecule with ideal gate control.” The assumption of ideal gate
modulation in Eq. (1) makes direct comparison with experi-
mental results, such as nanotube FET slopes
70-80 mV/decade,24 difficult. However, for relatively long
functional molecules the insulating oxide layer can be real-
istically thick’ and effective gate control is achievable, using,
e.g., double® or all-around*® gates. The specific electronic
structure of polythiophene has its signature in the molecule
local density of states (LDOS) within the NEGF approach.
Device optimization, i.e., better subthreshold slopes and cur-
rent on-off ratios, can be achieved by engineering the LDOS
through proper choice of the functional molecule. Doping the
molecule by individual dopant atoms is also effective, as it
takes regions of LDOS with large variation of states under
V,; into the integration window of Eq. (2), i.e., fp—fs.>’

It should be mentioned that although we use specific
drain-source bias values to explain the underlying mecha-
nisms of switching and NDR, these features are observed for
a range of drain-source biases, as is clearly seen from Fig.
2(a). Indeed Fig. 2(a) shows that gate-induced switching, i.e.,
significant change in current caused by changing gate bias
while keeping drain-source bias Vpg fixed, is observed for
the whole range 0.35<Vj,¢<<2.35. Similarly, for the NDR
feature, depending on the gate bias Vg, Fig. 2(a) shows that
NDR is observed for a range of Vjyq, e.g., for V5=0 V NDR
is observed for the range 1.27<Vp¢<1.96, and for
Vs=-0.5V NDR is observed for the range 1.27<Vpg
<{2.35. Particular drain-source biases such as 1.27 and
1.96 V are used in the text, and in Fig. 3, to clarify the
underlying mechanism for typical values of the drain-source
bias. Similar arguments can be used to explain switching and
NDR for other drain-source biases within the ranges men-
tioned above.

B. Switching

The reason for current switching can be seen from the
molecule LDOS and conductance characteristics depicted in
Fig. 3. From Fig. 3(a) we observe that varying gate bias Vj
results in shifting some of the conducting states within the
integration window of Eq. (2). The peak at —0.18 eV for
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FIG. 3. (Color online) Local density of states at the molecule (a) and con-
ductance characteristics (b) at different gate biases, with V¢ fixed at 1.27 V.
Labels F and S indicate fixed and shifting states. (c) is similar to (b) but for
Vps=1.96 V. The curves for V;=0.25, 0.0, —0.25, and —-0.5 V are shifted
vertically for clarity. The zero energy is the Fermi level of the system when
it is under zero bias, as mentioned immediately after Eq. (2). In this figure,
however, we show the properties of the system under bias. Therefore there is
(electrochemical) potential drop along the molecule, which is self-
consistently determined as explained in Sec. II B. The Fermi levels of the
drain and source electrodes are pinned at £1.27/2 V in (a) and (b), and at
+1.96/2 V in (c).

V5=0.0 V corresponds to one of these shifting states. This
peak shifts by the energy corresponding to the gate bias,
AE=—-¢Vg, as is seen for nonzero gate biases in Fig. 3(a),
and expected from Eq. (1). The conductance curves of Fig.
3(b) clearly have the same general pattern as the LDOS
curves of Fig. 3(a), indicating that the peaks of the LDOS
curves represent conducting states through which carriers
tunnel across the molecule. In addition to shifting states,
however, there are some peaks in the curves of molecular
LDOS of Fig. 3(a) and conductance of Fig. 3(b) whose en-
ergies do not change upon varying V; (apart from occasional
relatively small dislocations caused by nearby shifting
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states). An example of these fixed peaks is the one at 0.03 eV
for V;=0.0 V. From Fig. 3(b) it is clear that the shifting and
fixed states determine the behavior of conductance curves at
different gate biases, which result in the /-V characteristics of
Figs. 2(a) and 2(b). At a drain-source bias of 1.27 V, e.g.,
Fig. 3(b) shows that decreasing the gate bias V from
0.0 to —0.5 V brings some extra conducting states into the
integration window of Eq. (2). At the same time, the conduc-
tance peak at the fixed-state energy 0.03 eV increases upon
decreasing V. These effects result in an increase of current
while changing V; from 0.0 to —0.5 V, as is seen in Figs.
2(a) and 2(b). The reverse effect, i.e., substantial reduction of
current, happens upon increasing Vg from 0.0 to 0.5 V, as it
pushes the shifting conducting states out of the integration
window of Eq. (2) and diminishes the conductance peaks
corresponding to the fixed states.

C. Negative differential resistance

The NDR feature that is observed in Fig. 2(a), for ex-
ample at V;=0 can be explained by comparing the conduc-
tance curves at Vpg=1.27 and 1.96 V, depicted in Figs. 3(b)
and 3(c), respectively. Increasing Vg from 1.27 to 1.96 V in
Fig. 2(a) results in a decrease in current. The conductance
curves for V;=0.0 V in Figs. 3(b) and 3(c) indicate that
changing Vp¢ from 1.27 to 1.96 V causes a new set of con-
ductance peaks, with larger interstate gaps and smaller areas
under the peaks, to enter the integration window in Eq. (2).
The current calculated for Vpg=1.96 V is therefore smaller
than the current for Vpg=1.27 V. A similar argument ex-
plains current decrease for V;=—0.5 V while increasing V¢
from 1.27 to 1.96 V. Different energy intervals in Figs. 3(b)
and 3(c) result from different integration window widths for
different drain-source biases.

It should be noticed that the contact-molecule couplings,
used in calculating conductance,'® change upon altering the
potential drop across the molecule. The reason is that by
changing Vg, different energy states of the contacts (both
localized at the surface and extended within) face the energy
levels of the molecule. The energy levels of the molecule are
also affected by the applied bias (we calculate the entire
electronic structure under bias self-consistently, as explained
in Sec. II B). All these effects cause the LDOS at the mol-
ecule and the conductance characteristics to depend on the
applied bias. Accurate inclusion of the electronic structures
of the contacts and the molecule is therefore essential in
reliable transport calculations.

D. Fixed and shifting conducting states

It is natural to expect the energies of the molecule con-
ducting states to shift upon varying V;;, in accordance with
Eq. (1), not only for a finite cluster but also within the NEGF
approach that attaches two semi-infinite electrodes to the
molecule. The behavior of fixed states under applied gate
bias, however, is not trivial. This behavior can be clarified by
considering the length effect, i.e., the distribution of shifting
and fixed conducting states along the molecule. Figure 4,
shows decomposition of two typical shifting and fixed states,
introduced in Figs. 3(a) and 3(b), along the molecule. These
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FIG. 4. (Color online) Squares of the coefficients for the shifting and fixed
sample states introduced in Figs. 3(a) and 3(b) at V;=0, in the expansion
using atomic orbitals of the molecule as basis. The diagram of the fixed state
is shifted vertically for clarity. The atomic orbital index spans the length of
the molecule, as is seen from the correspondence shown at the top.

states correspond to the peaks at —0.18 (shifting) and
0.03 eV (fixed) for V;=0.0 V. In Fig. 4, the horizontal axis
indicates the atomic orbital index. Within the LANL2MB
basis set used here, there are a total of 190 atomic orbitals
(AOs) in the molecule region. These include one 3s and three
3p AOs for each sulfur atom, one 1s and four
2sp3-hybridized AOs for each carbon atom, and one 1s AO
for each hydrogen atom. Orbital number 1 on the horizontal
axis in Fig. 4 indicates the first (3s5) AO of the sulfur atom
attached to the left gold electrode, and orbital number 190
indicates the last (3p) AO of the sulfur atom attached to the
right gold electrode. Therefore, the increase of atomic orbital
index in Fig. 4 from 1 to 190 spans the length of the mol-
ecule from left to right. It is clear that the shifting state is
distributed along the molecule without strong coupling to the
electrodes, while the fixed state decays as one moves away
from the molecule-electrode interface. In other words, shift-
ing states have molecular orbital character, while fixed states
are of the interface type. This observation is consistent with
the application of gate bias V,; through Eq. (1), as the mo-
lecular orbitals are expected to shift and the interface states
to be fixed, corresponding to the electrodes’ characteristics
not being affected by V. It should be noticed that the length
effect, i.e., the length of the molecule being larger than ge-
neric decay length of the interface states, and the shifting
molecular states not being coupled to the electrodes, is the
key to understanding the improved switching behavior com-
pared to short molecules.”

IV. CONCLUSIONS

In conclusion, the existence of two main features of elec-
tronic components are proved for a molecular-based field
effect transistor. These features, i.e., negative differential re-
sistance and abrupt switching, are explained by the localiza-
tion of conducting states along the functional molecule and
their redistribution under gate bias. The improved switching
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character of this device compared to those based on shorter
molecules is explained in terms of molecular length effects,
which can eliminate the negative influence of the metallic
electrodes, and pave the way for their application in molecu-
lar electronics.
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