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Abstract In this work, we have performed first principle
study on a single-molecule pentacene field effect transistor
and studied various oxygen- and hydrogen-induced defects
in the same device configuration. Further, we have inves-
tigated the effect of these defects on the various electronic
transport properties of the device and compared them with
those of the original device along with reporting the neg-
ative differential region window and the peak-to-valley
ratio in different cases. For this purpose, we have applied
the density functional theory in conjugation with non-
equilibrium green’s function (NEGF) formalism on a
14.11 A pentacene device to obtain the I-V characteristics,
conductance curves and transmission spectra in various
device scenarios.
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Introduction

In the recent times, organic semiconductors have generated
significant interest in the research and academic commu-
nity. Due to the extensive application, possibilities of these
materials in various areas such as organic flexible displays,
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smart devices and cards, solar cells and light-emitting
diodes (OLED) among many others as well as the advantage
of having low-cost, simpler processing and manufacturing
techniques have led to an immense pace of development of
these materials [1-5]. Moreover, consistent and rapid
improvements in both device function and efficiency of
organic-based devices have been promising in realizing
“completely organic” (i.e., inorganic less) solutions [6]. So
much so, that it would not be surprising to see organic-based
mainstream commercial products in the coming few years.
With this, organic electronics is already dubbed as being the
next big revolution in the field of microelectronics.

Out of these, aromatic hydrocarbons have gained much
attention with regard to their application in molecular
devices [7]. Pentacene has been one of the most encour-
aging materials in realizing organic transistor, as it offers
better reliability, mobility, stability and on—off ratio than
many other organic materials [8]. Pentacene (C,,H;4) is an
aromatic organic molecule with planar geometry having
five benzene rings fused alongside each other as shown in
Fig. la. It generally occurs in a herringbone pattern to form
a triclinic structure having two molecules in a single unit
cell. There are many different types of pentacene polytypes
[9-11]. The electronic and structural properties of pen-
tacene have been studied in some detail for single molecule
and molecular solid systems [12]. In [13], authors study the
physics of electron transport in single molecule. In [14],
authors perform theoretical investigations of transport
behavior in single molecule covalently bonded to gold
electrodes. Although the effects of defects and impurities
on mobility in pentacene crystal have been studied earlier
in some detail, there has not been any study on pentacene
single molecule field effect transistor (FET) [15].

In this work, we have applied non-equilibrium green’s
function (NEGF) formalism in conjugation with density
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Fig. 1 a An isolated pentacene (C,,H;4) molecule. b Single-molecule pentacene FET with a pentacene molecule between the two gold
electrodes

H

functional theory (DFT) to carry out first principle studies
of the effect of oxygen- and hydrogen-induced defects on
the electronic transport properties of a single pentacene
molecule-based FET. We have also investigated additional
properties in the I-V characteristics such as negative dif-
ferential resistance (NDR) behavior, which is defined as the
region on the I-V curve where an increase in the applied
potential results in a decrease in the corresponding current
(negative slope) and peak-to-valley ratio (PVR), which
is the ratio of maximum peak current to the minimum
valley current through the device, under different device
scenarios.

Model

In our model, we have sandwiched a pentacene molecule
between two gold electrodes thus making a FET config-
uration as shown in Fig. Ib. The nature of chemical
bonding of a pentacene to gold is a van der Waals type.
We find a supercell that can hold pentacene crystal on the
Au(111) surface. A very good match with a mean strain
below 2 percent is obtained through repetition of the
Au(111) into a (2 x 3\/ 3) structure. For pentacene on the
Au(111) surface, we obtained work function difference of
0.97 eV. The difference in work function arises from the
charge transfer from gold to pentacene which gives rise to
an interface dipole. This shows up in the electrostatic
difference potential. The gate voltage (V,) is applied only
on top of the pentacene molecule. The entire device has
three parts: the right electrode (R), central scattering
region (SR) and left electrode (L). The gold electrodes are
extracted along (111) direction from bulk gold, [16—18].
The pentacene molecule is attached to the two electrodes
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on either side. The bond lengths between the molecule
and the electrodes along with the overall geometry of the
configuration are determined by total energy optimiza-
tions in which the distance between electrodes is fixed. In
this manner, the configuration is completely optimized
such that the maximum atomic force between the atoms
in less than 0.05 eV/A, without disturbing the electrode
gold atoms. Device channel length is 14.11 A and width
is 4.93 A. The size of the supercell in the y-direction is
taken as 26.66 A. Also, HfO, (¢, = 25) is used as the
gate dielectric material with oxide thickness equal to
5.5 A.

We have studied three types of defects in the pentacene
(C2H4) molecule device which are namely, C-H, defect,
C-0O defect and C-HOH defect. The C—H, defect is created
by adding one H atom to any one of the C—H units thus
making it C—H; unit and the C,,H;4 molecule, a CyH; 5
one. Although the H atom can be connected to any of the
corner C atoms, the most stable configuration is formed
when it is attached as shown in Fig. 2a [19]. Similarly, the
C-O defect is created by replacing an H atom with an O
atom thus forming a double bond with that C atom and
making it fourfold coordinated. In the same fashion, the C—
HOH defect is formed by adding an OH group to the same
C as mentioned above and further shown in the Fig. 2d. All
the three defect configurations are optimized for geometry
and bond relaxation. Next after the geometrical optimiza-
tions, all the three configurations are studied for electronic
transport properties.

For all the electronic transport and geometry optimiza-
tion study-related calculations of the configuration, we
have used Atomistix ToolKit (ATK) simulator which is
based on the combined theories of NEGF and DFT
(NEGF + DFT) [20-22]. The exchange—correlation
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Fig. 2 a Bottom view of the device showing the C atom (site 1) where the most stable defects are formed. b device with C-H, defect. (C,,H;5)
¢ device with C-O defect (C,,H30) d device with C-HOH defect (C,,H;50)

potential in our model is described by the Perdew—Zunger
functional of the local density approximation (LDA.PZ).
The basis set used is a double zeta polarized (DZP) basis
for all the atoms. First principle norm-conserving Fritz-
Haber-Institute (FHI) pseudo-potentials are employed and
the energy correlation functional is spin independent [23].
The electrode Poisson solver calculations are carried out
with boundary conditions as periodic and the Brillouin
zone integration is carried out with 1 x 10 x 100 k-point
sampling. A real space grid is used for computing elec-
trostatic potentials, with mesh cutoff energy equal to 75
Hartree. The electron temperature is taken as 300 K.
Moreover, a large supercell dimension is taken in the
perpendicular direction of electronic transport so that there
is minimal or no interaction among the pentacene molecule
and its images.As per the NEGF formalism, the current /;_g4
flowing between the source and drain terminals of the
device resulting from applying a source—drain bias V_4 is
given by the following formula [22]:

L= [ TEVDIFE = ) - FE ~ woldE:

(1)
where e and h are electron charge and Planck’s constant,

respectively, 1y g = Er £ eV /2 represents the electro-

chemical potential of the two electrodes and Eg denotes the
Fermi level of the configuration which is taken to be zero.
The electron Fermi distribution function of the electrodes is
represented by f(E — ). The total transmission prob-

ability is denoted by T(E,V,_4) at energy E and source—
drain bias V,_4, and can be evaluated using:

T(E,V,_q) = Tr[I'.GRT'xG"], (2)
where G denotes the retarded (advanced) Green’s func-

tion, and 'y = i le(R) —Z?(R)] denotes the contact

R A
broadening function with > and > being the self-energy
L(R) L(R)
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terms containing the effect of the electrodes. By shifting the
SR terms of the Hamiltonian along with V,, the effect of gate
voltage is accounted for. Further details on such a theoretical
arrangement can be studied in Refs. [20, 22].

Results and discussions

In all the cases, the applied gate voltage is taken 0.4 V
while the drain voltage is taken over a range of 0-0.8 V.
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In Fig. 3a, the I-V characteristic of the original pen-
tacene device without any defect is shown. The device
exhibits square-law-type characteristics, with saturated
output curves, negative differential resistance regions and a
low on-current. As can be clearly seen from the plot, the
channel current shows a rising edge at zero bias voltage.
The maximum current through the channel is of magnitude
2350 nA which is achieved at 0.42 V bias voltage. Also,
the minimum channel current is observed at 0.74 V bias
voltage and is equal to 1200 nA. Another important
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Fig. 3 a I-V characteristics of normal device (V, = 0.4 V) b conductance of normal device (V, = 0.4 V)
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Fig. 4 a I-V characteristics of device with C-H, defect (V, = 0.4 V). b Conductance of device with C-H, defect (V, = 0.4 V)
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observation is to note the NDR region which extends from
042 to 0.74 V drain voltage with PVR window of
1150 nA. The conductance vs bias voltage plot is shown in
Fig. 3b, in which the peak conductance is seen at 0.25 V
bias voltage which then decreases until it attains minima at
0.55 V bias voltage and increases afterwards.

Figure 4a shows the I-V curve of the device with C-H,
defect. As can be seen from the plots, the channel current
shows a rising edge at zero bias voltage. In this case, the
maximum current is achieved at a bias voltage of 0.36 V,
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of magnitude 116 nA. The channel current then decreases
with increasing bias voltage until achieving a minimum at
0.64 V bias voltage with corresponding channel current of
86 nA and increases afterwards. The NDR region is seen to
extend from 0.36 to 0.64 V bias voltage and PVR windows
of 30 nA. As the drain voltage is increased beyond 0.36 V,
some of the transmission modes close to the Fermi level are
suppressed. This leads to NDR behavior in -V curves.
Also, conductance decreases till it reaches 0.5 V at which
point it starts to increase as shown in Fig. 4b.

dlfdv (nS)

4000 ! T T

3000 R S —
o rrrrr

-3000} -

_4000 I | L | 1
00 01 02 03 04 05 06 07 08

Drain Voltage (V) pesth

(b)

Fig. 5 a I-V characteristics of device with b conductance plot of the device with C-O defect (Vy = 0.4 V) C-O defect (V, = 0.4 V)
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Fig. 6 a I-V characteristics of device with b conductance plot of the device with C-HOH defect (V, = 0.4 V) C-HOH defect (V; = 0.4 V)
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Fig. 7 Transmission spectra corresponding to all the four cases: a normal device with no defect b device with C—H, defect ¢ device with C-O
defect d device with C-HOH defect
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In Fig. 5a, the I-V characteristic of the device with C-O
defect is shown. As the plot shows, the channel current
shows a falling edge at zero bias voltage. In this case, the
channel current first decreases till 0.1 V at which point its
magnitude is 60 nA in the reverse direction and then
increases till it reaches the bias voltage of 0.55 V where it
attains a maximum of 530 nA and then decreases further
on. The NDR region in this case can be seen to exist in two
intervals, i.e., from O to 0.1 V and from 0.55 V onwards
with PVR window of 590 nA. Figure 5b shows the con-
ductance curve which attains a maximum of 2100 nA at
bias voltage of 0.33 V.

In Fig. 6a, the I-V characteristic of the device with C—
HOH defect is shown. As is evident from the plot, the
curve shows a rising edge at zero bias voltage. In this case,
the channel current increases till it achieves a maximum at
0.6 V bias voltage with corresponding current of 2475 nA
after which it decreases further right being 550 nA at
0.8 V. The NDR region can be seen to start from this point
(0.6 V) onwards with PVR window of 1925 nA. Also,
Fig. 6b shows the conductance plot which decreases until
it reaches 0.3 V where it attains minima and then
increases slightly till 0.46 V and then decreases steadily.
As the drain voltage is increased beyond 0.6 V, some of
the transmission modes close to the Fermi level get sup-
pressed and as explained earlier this results in drop in the
transmission transparency of the channel, thus exhibiting
NDR behavior.

The transmission spectra corresponding to all the four
cases are shown in Fig. 7.

Conclusion

We have studied the effect of various hydrogen (H)- and
oxygen (O)-induced defects, namely, C-H, defect, C-O
defect and C-HOH defect on the I-V characteristics,
conductance and transmission spectrum of single-molecule
pentacene FET and compared them with the results of the
device with no defects. We found that the channel current
shows a significant decrease in the case of C—-H, and C-O
defect, while the results of C-HOH defect are comparable
to those of the normal device with no defects. We have also
reported the NDR region in all the four cases and learned
that its range is comparable in the case of no defect and
C-H, defect, while that of C—O defect is comparable to C—
HOH defect along with reporting the PVR window. These
properties of the single-molecule FET can be used in

various applications such as in the development of SRAMs,
high-frequency oscillators and sensors.
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