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1.1 Schematic representation of various applications of organic molecular devices as 3
electronic component.
1.2 Classification of organic molecules based on their structure. 4
1.3 Schematic representation of various conduction mechanisms (Yu et al., 2011). 4
1.4 Schematic representation of bonding and anti-bonding orbitals derived from linear 6
combination of atomic orbital (LCAO) of s and p orbitals.
1.5 Schematic representation of delocalization of electrons in a graphene structure. 6
1.6 Schematic representation of molecular devices. (a & b) corresponds to self-assembly 7

of multilayers and monolayers of functionalized hydrocarbon
chains/oligomers/polymers. (c) represents a typical theoretical 2 terminal modal
device to characterize electrical properties of a molecule. (d) shows the
characterization module used in mechanically controlled break junction system. (e)
gives the typical modal of material characterization in scanning tunneling microscopy
by means of an atomically sharp tip.

1.7 Energy band diagram representation of an organic molecule deposited on a metal 8
surface separated from a metal tip few angstroms apart in an STM system
(Schouteden et al., 2013).

2.1 (a) Schematic representation of Energy diagram, (b) schematic representation of tip 14
and sample at a tunneling distance of ‘2’, (c) a reduced tunneling distance ‘ze’ between
tip and substrate leads to Quantum conductance Go as single atom contact as in free
electron metals.

2.2 Schematic representation of the inside design of scanning tunneling microscope. 15

2.3 Front and back view of LT-STM system along with highlighted key components. 16

2.4 (a) Schematic representation of e-beam evaporator in STM system. (b) Picture of the 17
EFM system with slots of three crucibles.

2.5 Schematic diagram and actual images of crystal monitor used in LT-STM system. 18

2.6 Schematic and real picture of a direct current heating place with silicon substrate 18
mounted on manipulator.

2.7 Schematic diagram of the argon ion sputtering system along with photographs of 19
mounted system.

2.8 Schematic representation of cryostat and image of cryostat mounted on top of LT- 20
STM while transferring liquid nitrogen from Dewar.

2.9 (a) Schematic diagram of electrochemical setup for Pt-Ir wire etching. (b) Microscopic 20

images of PtIr wire before and after etching. (c) Experimental setup for
electrochemical etching.

2.10 (a) Inner section of Tip preparation unit within LT chamber. (b) Pt-Ir Tip mounted on 21
STM tip holder. (c) Tungsten tip glued on flexible quartz prong of Q Plus sensor. (d)
Outer section of tip preparation tool.

2.1 (a) Schematic diagram of deposition of molecule from precursor to substrate through 22
pulse valve. (b) Image of pulse valve.

2.12 (@) Schematic diagram of an IGP pump. (b) Image of ion gauge. (c) Schematic diagram 23
of Titanium sublimation pump and (d) image of turbo system connected in STM

2.13 (a) Schematic representation of a four-probe sample plate (b) Image of four probes 23
labeled from A-D inside scanning area

3.1 (a) Schematic representation of spread of field of dominance of a single electron in an 25

isolated system represented as wavefunction of the electron. (b) Resultant
wavefunction by the interaction of wavefunctions of two electrons in an isolated
system. (c) Confined motion of an electron around the nucleus of an atom in an
isolated system over the span of time yield a time independent wavefunction of
electron in a hollow spherical shell also known as a s-orbital. Similarly, a dumbbell
shape in (d) corresponds to p-orbital. The wavefunction is a complex quantity
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therefore two distinctive colors in (d) corresponds to phase change. The central red
dot in (c & d) represents nucleus of the atom.

VNL tool is divided into three main sections: geometry, Scripting and analysis. 1 is
responsible for defining the exact geometry of the atoms. 2, 3, 4 and 5 corresponds to
scripting section and 6 corresponds to data evaluation section.

Builder window of VNL for describing geometry of molecule and device.

Script generator window in VNL GUI includes bulk, new calculator and analysis
technique in a sequence.

Editor window for viewing and modifying of the python script.

Job manager for execution of python scripts in queue.

The eigen state depiction of DDQ molecular device in viewer.

Two probe molecular device configuration. The left and right probes consist of gold
atoms arranged periodically along <111> plane. While the central region also known as
scattering matrix consists of molecule under study

(a) The schematic diagram of gold-DDQ-gold device. A schematic representation of
the energy level distribution in the electrodes and the molecule is also shown below
it. (b) The I-V characteristic curve for the device. (c) Transmission spectrum at zero
bias from the device. (d) The HOMO, LUMO, and HOMO-1 levels with the change in
voltage. The shaded region within the dotted line represents the energy window
corresponding to the voltage bias of interest (-2 to 2 V).

The experimental I-V curve from an Au/DDQ/Pt-Ir device configuration studied. The
upper inset shows an STM image of a 50 x 50 nm2 area scan of the DDQ molecule
deposited gold <111> surface. The lower inset shows the schematic of the study of a
single DDQ molecule under the STM tip.

(a) The transmission spectra from the device at positive peak and valley voltages. The
peak voltages are 0.18 V, 0.84 V, and 1.66 V whereas the valley voltages are 0.39 V, 1.42
V, and 2.15 V respectively. The inset shows the normalized spectra for positive peak
and valley voltages. (b) the transmission spectra from the device at negative peak and
valley voltages. The peak voltages are -0.2 V, -0.77 V, and -1.46 V whereas the valley
voltages are -0.44 V, -1.13 V, and -2.1 V respectively. The inset shows the normalized
spectra for negative peak and valley voltages. The dot-dashed lines in all the figures
encompass the energy window.

(a) and (b) represent the local device density of states (LDDOS) for positive and
negative peak and valley voltages. The electrodes are represented by the yellow
blocks at the bottom with L and R written on them, representing the left and right
electrodes respectively.

(a) and (b) represent the eigen states of MPSH for the positive and the negative peak
and valley voltages. The peak and valley voltages in the positive side are 0.18 V, 0.84
V,1.66 Vand 0.39V, 1.42V, 2.15 V respectively. Similarly, for the negative side the peak
and valley voltages are -0.2V,-0.77V, -1.46 V and -0.44 V, -1.13 V, -2.1 V respectively.
(a) 1-V characteristic curve of a device having singly reduced DDQ molecule. The top
inset shows the plot for conductance variation with respect to the voltage. The
bottom inset shows the charge density of the neutral and singly reduced molecules.
(b) the transmission spectrum from the device consisting of singly reduced molecule
(c) I-V characteristic curve of a device having doubly reduced DDQ molecule. The top
inset shows the charge density of the neutral and doubly reduced molecules. The
bottom inset shows the plot for conductance variation with respect to the voltage.
(d) the transmission spectrum from the device consisting of doubly reduced molecule.
The various possible molecular transitions between the neutral, singly, and doubly
reduced DDQ molecules orbitals are shown by the numbers from 1 to 9 and
represented by the green arrows. Here the abbreviation used for neutral, singly
reduced, and doubly reduced molecules are N, S, and D respectively.

(a) The Au {111} surface with herringbone on the surface. The two fcc layers are
sandwiching the hcp layer to form the herringbone structure. The two ridges which
represent the soliton waves have atoms arranged in two crystal planes as shown in
the figure. The scale bar for the figure is 4 nm. (b) and (c) magnified images of the
same surface with atomic resolution and the corresponding scale bars are 2 nm and
0.5 nm respectively.

(a) Schematic diagram of the scanning process in STM. The tip is at a tunneling
separation from the substrate. The blue ellipse shows an individual molecule laying on
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the Au {111} substrate. (b) and (c) two orientations of the DDQ molecule on the Au (111)
substrate: horizontal, and 30°, (d) and (e) simulated scanning tunneling microscope
images of DDQ molecule on Au (111) monolayer in two configurations: horizontal, and
30°. The corresponding experimental line profile of the molecule is shown below each
frame. (f) The stick and ball structural representation of DDQ molecule having carbon
(Q), nitrogen (N), oxygen (0), and chlorine (Cl) atoms represented by the grey, blue,
red, and green balls respectively. (g) The experimental I-V characteristic curve
measured from a single DDQ molecule within a voltage range of +2 to -2 V. The inset
shows the absolute differential conductance plot obtained from the same molecule
within the same voltage range in which the dotted lines correspond to the HOMO
(left) and LUMO (right) energies. (h) The experimentally observed HOMO (-1.15 eV)
and LUMO (+0.86 eV) energy levels of single DDQ molecule extracted from the
differential conductance plot.

(a) The Au (111) surface after the deposition of 1 monolayer thick DDQ molecule. The
molecules are scattered at the edges but are arranged regularly to form a self-
assembled structure at the middle of the Au surface. (b) The scanned area showing
the self-assembled layer of the molecules. The white dotted circle shows a loose
molecule on the surface laying flat. (c) The magnified image of the surface with clear
arrangement of the molecules on the herringbone to form a zig-zag pattern for the
self-assembled layer. The scale bar for the three images is 10 nm

(a) A uniformly self-assembled single layer of molecules on Au {111} surface which is
the most favorable arrangement of the molecules on the surface. (b) Another
arrangement of molecules which is found on the surface but least preferred. (c) and
(d) The surface in image (b) is rotated at some angle about the z-axis to see the
molecules from a different perspective.

Topographical images of DDQ deposited on Au {111} surface. Here each bright dot
represents a DDQ molecule. These blocks numbered from 1 to 16 represent the image
taken at voltages starting from -0.95 V to -0.2 V with a gap of 0.05 V. The blue arrows
guide the direction of the decrement of voltage. The white circle represents the
focused area of change under the applied bias. The scale bar in each represents 5 nm.
The white circle in the topographic image has been tracked by using the coordinates
(x,y) of arandom point on the circumference of the circle. (a) The topographic image
of the molecule scanned at -0.95 V. (b) The topographic image of the molecules
scanned at -0.1 V. (c) The change in the coordinates of a particular point on the
circumference with the applied scanned voltage (magnitude only). (d) The change in
the x-coordinate with respect to the y-coordinate. The left top inset shows the change
in slope with applied scanned voltage (magnitude only) after each movement, where
the dotted line shows the average movement for the circle. The bottom right inset
shows the overlapped image of all the circles giving a perspective on the phase change
due to each movement.

The effect of rotation on the topographic image. (a) The topographic image obtained
at a scan voltage of -0.95 V. (b) The same topographic image after 30° rotation in the
clockwise direction by the z-axis. The white rectangle is a group of three molecules,
and the green circle is a single molecule. (c) The simulated image of (a) with the most
likely orientation of the molecules. (d) The simulated image of (b) with the most likely
orientation of the molecules. (e) Schematic representation of the change in
orientation of a single molecule after an anticlockwise rotation of 30° about the z-axis.
The white line in the topographic images represents a length scale of 5 nm.

The molecules which are rotated at an angle of 30° from its original position showed
the planar structure of the molecule. The surface showed an arrangement of
molecules where three molecules are almost strongly bonded (gray box filled with
green color) with each other whereas the fourth molecule (blue circle filled with
purple color) is relatively far apart from the other 3 molecules. The two-unit vectors
are shown by the vectors @ and b .The scale baris 5 nm and the X, y, and z coordinates
are shown by blue, yellow, and red arrows

(a) Four I-V characteristic curves obtained from the Cl ends (two from each Cl end) of
the molecule within the voltage range of -1to 1V. The orange color dotted arrow from
the red ellipse is pointing towards the I-V curves obtained from the Cl ends. The order
of the current at 1V is almost same for all the four curves and all of them show NDR
effect in them. (b) The structure of the molecule with the red ellipse represents the
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two Cl end producing same current at a given bias. The green and the magenta circles
represent the cyanide functional group ends of the molecule which give different
orders of current in the output. (c) Two groups of |-V characteristic curves and each
having four I-V curves from each CN end of the molecule. The |-V curves obtained from
the top and bottom CN groups are shown by the red and green dotted lines
respectively.

() The IV curves from the Cl functional group of the molecule scanned between -1V
to +1V. The standard deviation for the |-V curves is also shown by using the error bars.
(b) The I-V curves from the upper CN functional group of the molecule within the range
of -2 to +2 V. Here also the standard deviation is shown by the error bars. (c) The I-V
curves from the lower CN functional group of the molecule in the voltage range of -2
to +2 V. the two CN functional groups have one order difference in the current value
(a) a small section of the rotated topographic image in which four molecules are
connected to form a four-bit counter. The orientation of the molecule can be
understood by looking at the overlapped stick and ball molecular structure. (b) A
schematic of how the four-bit counter is formed by the four DDQ molecules. The input
signal is given to the oxygen atoms. The orbital of the nitrogen atom of each molecule
is overlapped with the orbital of the chlorine atom of the adjacent molecule. The
output is obtained from the nitrogen atom end of the molecule. The clock signal is
connected to the chlorine atoms. (c) a schematic of the digital representation of the
four molecules as four flip-flops named as A, B, C, and D. Each flip-flop has one input
and two (inverting (Q’) and non-inverting (Q)) outputs. (d) The truth table of the
counter with the four outputs from the four flip-flops along with the clock signal. The
LSB and the MSB of the outputs are collected from the leftmost and the rightmost
flip-flop in the series.

(a) Energy relaxed structure of Ligand molecule. The molecular modal of ligand having
carbon (C) atoms in pink (big size), hydrogen (H) atoms in pink (small size), oxygen
(O) atoms in red and nitrogen (N) atoms in blue colors. The transparent cloud
corresponds to electron density of molecule. (b) Stick diagram of Ligand molecule.
Change in the sample surface after treating the surface at high temperature. (a)
Shows the 300nm x 300nm area scanned without heating while (b) with 244nm x
244nm area, formed monolayer polymerization on gold surface.

(a) 11.4nm x 11.4nm image scanned with -1V between the tip and the substrate and
current set-point of 1nA with a Q+ tip. (b) Selective portion of (a) at which benzene
rings can be spotted aligning with the scanning plane. (c) 3D hologram image of (a).
(d) Roughness measurement plot of (c) along the line. The black dotted data
corresponds to the roughness of ligands deposited on top layered gold surface and
red dotted data is for top gold layer while the blue colored data depicts the
morphology of ligands on bottom layered gold surface.

(a) Schematic representation of relative separation between tip and substrate. From
(i) to (iii) the tip is approaching towards substrate, whereby, (i) and (ii) respectively
are low and high tunneling regime, (iii) Tip touching the substrate. (b) and (c) are IV
characteristics for Tungsten and Pt-Ir tip respectively corresponding to the tip
location.

(a) Depiction of difference in distance between tip and substrate. Inset (i) to (iv)
corresponds to current-voltage plots when tip-substrate distance is high to low (b)
46.3 nm x 46.3 nm region scanned with Q+ tip with -1V gap voltage. Several IV’s were
taken along the blue line. (c) Statistical distribution of different IV Plots along the blue
line is shown in (b).

(a) Schematic representation of formation of dative bonds between tungsten atom at
the tip with ligand molecule during positive biasing at the tip. (b) Breaking of
coordination bonds between metal-ligand complex in the presence of negative
biasing at W-tip. (c) Microscopic image of Q-plus sensor with mounted W-Tip. (d)
Schematic representation of Q-plus sensor.
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Table Title page

1.1 Mathematical relation between current voltage and temperature for various 5
conduction mechanism in molecular devices.

1.2 A brief comparative summary of rise of organic materials-based electron devices from 9

theoretical studies to most recent molecular studies. The brief study includes the
change in the performance of the organic devices, the device type, the techniques used
for device preparation, device structure and electronic application of organic devices

4.1 The peak and valley voltages, currents along with the peak to valley current ratio (PVR) 39
in both positive and negative side.
4.2 The frontier orbitals along with the higher (LUMO+1, and LUMO+2) and lower (HOMO- 45

1, and HOMO-2) orbitals of neutral, singly, and doubly reduced molecules of DDQ and a
SOMO for the singly reduced DDQ.
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