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Abstract

To realise the miniaturised devices, the precise measurement of nanoscale
tunnelling current in ultrathin films is of utmost importance. For the nanoscale
current measurements, current sensing atomic force microscope (CSAFM) is
one of the most powerful tool. CSAFM allows to map the current distribution
on the film surface and it permits to perform current measurements as a
function of applied bias voltage. It has turned out to be crucial for studies of
organic films. In CSAFM, a physical contact is made on film with a precise
control of the applied force in nanonewton (nN) range. For the preparation
of ultrathin film, Langmuir-Blodgett (LB) technique is known to provide a
uniform film with a good control over the thickness in the molecular level.
In the last two decades, there have been many CSAFM studies for the
tunnelling current measurements. This review is intended to cover the
literature on the tunnelling current measurements using CSAFM.
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Introduction

In the electronic devices, a great amount of energy
is released in the form of Joule heat. This reduces
the lifetime of the devices. To tackle this problem,
one of the approach can be replacing these
devices with quantum devices. Quantum devices
work on the principles of quantum mechanics like
quantum tunnelling, quantum entanglement and

so on. Quantum tunnelling suggests that a particle
with energy less than barrier height can penetrate
the barrier. The probability of the tunnelling decays
exponentially with the width of the barrier. Here, the
width of the barrier corresponds to the film thickness.
Hence, to attain a higher value of the tunnelling
probability one needs films as thin as possible. In this
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context, ultrathin films whose thickness is typically
less than 10 nm are very useful.!

To acquire ultrathin films, there are many techniques
like spin coating, molecular beam epitaxy, atomic
layer deposition and so forth. However, Langmuir-
Blodgett (LB) technique is one of the most demanding
technique. It provides films of uniform thickness
with a good control over molecular orientation.?
Furthermore, it is possible to obtain multilayer film
of various molecular architectures with controlled
thickness.2 The only requirement for LB technique
is that the molecules need to be amphiphilic i.e.,
it should have both hydrophilic and hydrophobic
parts. Amphiphilic molecules floating at the air-water
(A-W) interface to form a monolayer film is called
Langmuir film. The Langmuir film can be compressed
symmetrically to obtain different phases. This film
at the A-W interface can be transferred onto solid
substrate to get a uniform LB film of well-defined
phase.

In recent times, many types of scanning probe
microscope have emerged for nanoscale electrical
measurements of sample. Current sensing atomic
force microscope (CSAFM) is one of the most
promising as it allows to correlate the electrical
property with the surface topography with high
spatial resolution. CSAFM is used in contact mode
and it can give tip-sample junction properties.
Here, the cantilever tip is coated with conducting
film (usually with platinum) and the substrate is
conducting in nature. Thus, they behave as top and
bottom electrodes respectively. Applying a bias
voltage across the films with the electrodes results
in a current that is used for the spatially resolved
current distribution imaging. The current distribution
image is obtained at constant force of tip on the
film. By varying the bias voltage, the contrast of
the current image can be changed. For making top
contact, it is possible to have control on the force
in nanonewton (nN) scale. Further, it is possible
to carry current-voltage characteristics studies.
Also, it is suggested to use CSAFM when small
surface feature is surrounded by the insulating area.
In CSAFM, the tip positioning is decoupled from the
electrical measurements, helping measurement of
wide range of conductivity. For some cases, it is
important to know the variation of electrical property
as a function of load (force). In soft material like

biological systems, applied force is known to be
an important parameter for electrical conductivity
studies. Force-dependent conductivity has been
reported for azurin protein.® Holo-azurin with the
Cu redox group shows good stability in conductivity
with increase in applied force, whereas apoazurin
without Cu group has shown less stability.* In the
proteins, plastic deformation is a common issue with
the applied force. It means there is deformation in
conformation after some point of applied force. After
that it does not revert to previous conformation. This
leads to the variation of conductivity with the applied
force. To investigate such variation of conductivity
with the applied force, CSAFM is indispensable.

The intention of this review is to discuss the
tunnelling current measurements in ultrathin films
by using CSAFM. We first start to describe the basic
understanding of the charge transport in the light of
Simmons’ approach. Afterwards, recent advances
in this field of research are reviewed.

Charge Transport Mechanism

There are different models such as hopping,
tunnelling via superexchange, sequential tunnelling,
flickering resonance model and so forth to
describe the charge transport.® When we have
metal-insulator-metal (M-1-M) type of junctions, to
analyse the charge transport through these junctions,
Simmons’ equation has been a successful approach.
Basically, this is applicable for ultrathin films where
tunnelling is a dominant process. Simmons has given
the following generalized equation for tunnelling
through M-I-M junction®

I= qAc
T 2mhad?

pexp (7 dnd 2 \/21n'(¢+qV))
h

4md.
7 —(p+qV)exp| ————— =

..(1)
Here, A_is area of contact between sample surface
and electrode, m* is effective electron mass, ¢ is
mean barrier height, d is mean barrier width, q is the
electronic charge, h is the Planck's constant and V
is the applied voltage.

The barrier, at the low bias regime has rectangular
shape and Eq. (1) yields
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Here, o, is height of rectangular barrier and d is the
distance between two electrodes.

With the increase of applied bias voltage, the barrier

changes from rectangular to trapezoidal shape and
Eq. (1) reduces to

( qV) 4mdv2m* qV
Po— 5 )exP| — n Po 5

qV 4mdN2m* qV
—(tﬂo+—)exp - @0+

1=
" 2nhaz

2

(3)

In this situation, tunnelling happens from one
electrode to another directly and this is called direct
tunnelling.

With further increase in applied bias, the barrier
shape changes from trapezoidal to triangular when
the bias voltage is higher than the barrier height.
Then, Eq. (1) becomes

Aq®V2m, ( 8nd,f2m"goa?')
= exp | -

 8rhe,d?m e 3hqV

(4)

Here, m_ is the electron rest mass. In this situation,
electron from one electrode gets injected into
insulator in first step and then the electron reaches
to another electrode in next step. The whole process
is called injection or Fowler-Nordheim tunnelling.

Eq. (4) can be rearranged to give

zn(l): _(@)(g) z ( Ag®m,

3hg v n 8m‘1goud2m*) ...(5)

Thus, one has straight line in the plot of In (I/V?) vs
1/V for injection tunnelling mechanism. For direct
tunnelling mechanism, In (I/V?) varies logarithmically
with 1/V. The applied bias voltage, corresponding
to the transition from direct to injection tunnelling is
called transition voltage (V-

Resonant tunnelling is another important mechanism
for charge transport in ultrathin films. In this,
molecular energy levels are used for tunnelling.
It can lead to phenomenon like negative differential
resistance (NDR) which has many technological
applications. There are some reports discussing
NDR in organic as well in inorganic systems.”"
However, most of the reports are at low temperature.

For device applications, it is desirable to get low
values of NDR voltages. Hence, there has been
interest on how to decrease the NDR voltages.

Discussion

Understanding the charge transport through
tunnelling junctions is relevant for successful
molecular electronic devices. In tunnel junctions,
molecules or molecular film of monolayer thickness
form the metal-molecules-metal junctions
(a type of M-1-M junctions). In alkyl-based junctions
the charge transport mechanism is reported to be
direct tunnelling in the applied voltage range of 1
V.2 In alkyl systems, due to large (8 eV) highest
occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) gaps, direct
tunnelling is dominant mechanism when the applied
bias voltage has less value than the barrier height.
Direct tunnelling is a kind of non-resonant tunnelling.
A decreased value of the HOMO-LUMO gap for the
conjugated systems opens the possibility of other
transport mechanisms like resonant tunnelling,
electron hopping and so on. A transition was
found from direct tunnelling to field emission at
applied bias voltage (less than or equal to 1 V) for
few m conjugated thiols.”® They have shown that
gold-molecule-gold junctions formed of & conjugated
thiols gives current-voltage characteristic in
accordance with a transition of a trapezoidal barrier
to a triangular barrier at moderate applied bias
voltage.'® These experiments were carried out
using CSAFM. In these cases, Simmons equation
was employed for the analysis and extraction
of parameters like effective mass and barrier
height which are useful for the tunnelling device
applications. Similar kind of experiments were
performed using CSAFM for ultrathin monolayer
films (prepared by LB technique) of technological
relevant molecules.

The room temperature liquid crystalline phases of
n-alkyl cyanobiphenyls (nCBs) have made it suitable
for the liquid crystal displays. Liquid crystalline phase
possesses properties of both liquid and crystalline
phases. Hence, there is a lot of interest in the
research of nCBs since its synthesis.' They are
known to be surface active and can form Langmuir
monolayer.'®¢ Electrical conductivity studies
(at optimized force) on the monolayer films of
9CB and 10CB were reported by using CSAFM."”
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The monolayer films were prepared by using LB
technique. In both cases highly oriented pyrolytic
graphite (HOPG) was used as a bottom conducting
substrate. They found tunnelling mechanism for the
charge transport (Figure 1(a) shows for 9CB)."”
They reported a transition from direct tunnelling to
injection tunnelling with increase in applied voltage
(Figure 1(b) shows for 9CB). The effective mass
of electron was estimated to be 0.021 m_ and
0.065 m_ for 9CB and 10CB respectively.'” Also,
they found the barrier height in 10CB for electron
transport is lower compared to that in 9CB. Barrier
height is obtained from the voltage corresponding to
the transition point as shown by dashed line in Figure
1(b)."” This interesting behaviour was explained by
the odd-even effect and the molecular interaction
with the substrate.' It is known that the molecules
with even number of methylene groups possess
lower barrier height than that with odd number of
methylene groups.'® The odd-even effect is known to
play vital roles for other physical properties t00.%2
For bioelectronics applications, understanding the
charge transport mechanism through biomaterial is
crucial. Charge transport studies in ultrathin films of
ionic disk-shaped liquid-crystal molecules pyridinium
tethered with hexaalkoxytriphenylene (PyTp) and
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its complex with DNA (PyTp-DNA) is reported.?!
Fowler-Nordheim (FN) model was used to fit the
|-V curves.?' This indicates that the transport occurs
through injection tunnelling mechanism. The barrier
height for PyTp-DNA complex film was three times
higher than that of pure PyTp film. The barrier heights
were 0.45 eV and 0.15 eV respectively.?! Recently,
cholesterol monolayer on graphene oxide monolayer
was investigated for charge transport.?2 They found a
transition from direct tunnelling to injection tunnelling
at a voltage of 0.72 V. Parameters like barriers height
and effective mass were estimated for this system
to be 0.72 eV and 0.021 m_. Charge transport in a
liquid crystalline polymer, 2,6-dihydroxy-3,7,10,11-
tetraalkoxytriphenylene (PHAT) is reported to occur
through direct tunnelling mechanism (Figure 2).28
The analysis suggested that the barrier height was
about 1.22 eV. In all these cases, physical adsorbed
films have been used. Normally, the current density
for the chemisorbed film is higher than that for
physical adsorbed film.® There is an interest in the
dependence of resistance on the molecular length.
Due to non-resonant tunnelling, an exponential
dependence of the resistance on the length of the
molecule is reported for the aromatic systems.?*
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Fig. 1: (a) Current-voltage (I-V) characteristics for monolayer film of 9CB on HOPG. (b) In (I/V?)
vs (1/V) for 9CB film showing direct to injection tunnelling transition. The dashed line shows the

transition voltage (V

trans

). Reproduced from [H. N. Gayathri and K. A. Suresh, J. Appl. Phys.117,

245311 (2015)], Ref. 17 with the permission of AIP Publishing

Proteins (azurin, bacteriorhodopsin etc.) are
promising for future bioelectronics. There is a
requirement for understanding of charge transport
in proteins. The cofactor in the proteins can affect
the transport behaviour significantly.2>% In solid
state measurement, electron conductivities are
reduced in the apo (redox is absent) form by

one to two orders of magnitude compared to the
holo-protein (redox is present).2” Removing
the Fe from the heme group, does not affect
electron transport in Cytochrome C.% Cofactors
aid in superexchange-mediated tunnelling and
biomolecule-electrode electronic coupling.?®
Electron transport is affected under compressive and
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tensile stress.®® Force-dependent current—voltage
investigation has shown that holo-azurin (Cu redox is
present), shows higher stability with increase in force
(until ~30 nN) than the protein, apo-azurin
(Cu redox is absent).*° For protein bacteriorhodopsin,
the junction conductance increases linearly in the
applied force range of 3—10 nN reversibly.®! In applied
forces greater than 10 nN, the protein exhibits an
irreversible change in conductance with force due
to structural deformations (i.e. plastic deformation).®!
In general, the range of decay length constant is
between 0.12-0.30 A-' as estimated for protein
monolayers films.® The decay length constant is
obtained from an exponential equation where the
current varies exponentially with the thickness of the
film in electron transport measurements.®?
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Fig. 2: Current-voltage (I-V) characteristics of
monolayer film of PHAT on gold coated mica.
Inset shows (a) increase of dl/dV as a function
of | and (b) variation of In(I/V?) as function of

1/V. Reproduced from [H. N. Gayathri, B. Kumar,

K. A. Suresh, H. K. Bisoyi and S. Kumar,
Phys. Chem. Chem. Phys. 18,12101-12107
(2016)], Ref. 23

NDR is an important phenomenon having many
technological applications like resonant tunnelling
diode, oscillator and so on.%*34 Hence, there is a
lot of interest in NDR research. In NDR, the current
decreases with the increase in applied bias voltage,
whereas in normal resistor the current increases
with the increase in applied bias voltage. Noble
laureate Leo Esaki has contributed a lot in this field
for inorganic systems.® Recently, there have been
some studies on NDR in organic systems.®% NDR
was found in ultrathin film of metal-phthalocyanine
(MPc) on HOPG substrate (Figure 3).%” In current-

voltage (I-V) curve, four dips correspond to the NDR.
In dI/dV-V curve, negative values of dl/dV indicate
NDR. The corresponding voltages (here, + 0.98
V, +1.33V and -1.43V, - 1.93 V) are called NDR
voltages (Figure3). The ultrathin film was prepared
by using LB technique. In this technique, a film is
deposited on solid substrate by vertical dipping
of the substrate through the Langmuir film at A-W
interface. It was argued that molecular resonant
tunnelling to be the reason for NDR. Using the
concept of resonance and off-resonance condition it
was explained successfully. At positive applied bias
voltage, when the Fermi level of platinum (Pt) tip and
LUMO level of MPc molecule are aligned in same
level, there is increase in current due to resonance
phenomenon.®” Further, increase in applied bias
voltage creates an off-resonance condition between
the Fermi level of Pt tip and LUMO level of molecule
(Figure 4(a)). This causes a fall in the current
value.®” With further increase in voltage there will
be resonance and off-resonance situation where
the LUMO+1 level takes part to cause second NDR
(Figure 4(b)). Similarly, in negative applied bias
voltages, HOMO and HOMO-1 levels cause NDR
(Figure 4(c) and (d)). All this was possible because
of the very thin nature of the film. Other important
aspect is NDR voltage value which is relevant to
device applications. Graphene oxide is found to
reduce the NDR voltage values behaving as hole
dopant.®”
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Fig. 3: Current-voltage (I-V) (continuous line)
and dI/dV-V (dashed line) characteristics for
the junctions PtYMPc/HOPG. The negative value
of dI/dV occurs at + 0.98V, + 1.33V and -1.43V,
- 1.93 V. Reproduced from [A. Sarkar and K. A.
Suresh, J. Appl. Phys. 123, 155501 (2018)],
Ref. 37 with the permission of AIP Publishing
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Fig. 4: Energy level diagram for NDR effect in
Pt/MPc/HOPG junction. Decrease in the energy
level overlap between (a) LUMO level of MPc
and Fermi level of Pt tip causes first NDR, (b)
LUMO+1 level of MPc and Fermi level of Pt tip
causes second NDR in positive bias direction.
Decrease in energy level overlap between (c)
HOMO level of MPc and Fermi level of Pt tip
causes first NDR, (d) HOMO-1 level of MPc and
Fermi level of Pt tip causes second NDR in
negative bias direction. Reproduced from [A.
Sarkar and K. A. Suresh, J. Appl. Phys. 123,
155501 (2018)], Ref. 37 with the permission of
AIP Publishing

Current-voltage measurements were carried out
on Pd(Il) alkanethiolate nanostructures (of bilayer
thickness) for hexyl to hexadecyl by using CSAFM. %8
They have reported the NDR effect due to Pd-S
charge transfer mechanism. Also, they found that
the resistance in the lower current region changes
exponentially with the thickness (indicating a
non-resonant tunnelling) giving a decay parameter
value of about 0.2 A-'.

Conclusions

In summary, we have discussed the studies on
tunnelling current measurements performed by
CSAFM. The thickness of the film or tunnelling path
length was less than 10 nm. For understanding the
tunnelling current, Simmons’ equation was reviewed.
Barrier height and effective mass of electron,
obtained from Simmons’ equation are discussed
for films of 9CB, 10CB, PyTP, PyTP-DNA, PHAT
etc. Charge transport through proteins is reviewed.
The importance of applied force (by AFM tip on
proteins) is described for charge transport studies.
Also, decay parameter for non-resonant tunnelling
is mentioned for different systems. Some reports on
NDR phenomenon are described. It was explained
that how molecular resonant tunnelling can lead to
NDR in ultrathin film of MPc. At the end, it can be
envisioned that the knowledge of tunnelling current
will be very useful for the miniaturised device
applications.
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