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Abstract: Nanometal-semiconductor contacts in the sub-
20-nm range have shown some deviations in electrical char-
acteristics compared to conventional diodes. We have used a
finite element simulation software to build and analyze a pro-
posed geometrical model. We used two different theoretical
approaches to study the enhancements of the electric field at
the interface, and then the total current across nano-Schottky
junction. The results revealed a significant tunneling current
at the reverse bias for low n-doped semiconductor substrates
and low current at the forward bias. However, in the case of
high n-doped semiconductor substrates, the thermionic cur-
rent is significant at forward biases and the current is low at
the reverse bias. We have used our finite element simulation
models based on both approaches to fit the existing experi-
mental data of nano-Schottky contacts.

Keywords: nanodevices; nanometal particles; nano-
Schottky junctions; thermionic current; tunneling current.

1 Introduction

As the demand on compact electronic devices increases,
growing numbers of research projects are being directed
toward scaling down the size of basic device components,
targeting the range of sub-20 nm. The size reduction of elec-
tronic devices is needed to increase the number of compo-
nents on the same wafer, and to provide faster transmission
of data at low power [1]. In fact, the smaller the device, the
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less energy is consumed, as the required operation voltage
and current become much less [2]. Reducing the circuit
capacitance, as the basic components (transistors) become
smaller with shorter interconnections, leads to a decrease
in the circuit delays. Moreover, the electronic devices
become cheaper as the number of transistors on a single
semiconductor wafer increases [3]. Therefore, researchers
are interested in scaling down electronic devices, especially
complementary metal oxide semiconductor devices, as they
are the dominant components of existing technologies [4].

However, scaling down the size of basic device compo-
nents is affected by several obstacles such as overlapping
of the depletion regions of consecutive semiconductor
junctions, the increase of gate leakage current, and the
inability to control dopant concentrations on extremely
small areas [5]. Devices based on nano-Schottky junctions
could be an option to help in solving the previous issues [6,
7]. However, the conventional theory used for planar metal
semiconductor contacts, which assumes planar physical
boundary conditions at the interface, might not be appli-
cable when the size of the contact is reduced to the sub-
10-nm scale [8-10]. A new approach has been considered
to account for metal-semiconductor (M-S) contacts at this
range. The new analysis is based on the alignment of Fermi
levels between metal and semiconductor bulks [11, 12].

The theoretical model for nano-M-S interfaces is built
based on having nanometal particles embedded on the
surface of semiconductor substrates. The theoretical model
of the nano-Schottky junction is established to extract the
important interface parameters, such as the electric field
and the built-in potential, based on the conventional and
new approaches [13-15]. Due to the enhanced electric field
at the nano-M-S interface, the barrier width is narrowed and
found to be within the range of the nanometal particle size.
This, in turn, results in an enhancement in the tunneling
current through the junction [13-15]. We have utilized a finite
element simulation tool (COMSOL) to perform simulation
analysis based on the previous model. The built model is
used to calculate the total current at the interface and fit the
experimental data to demonstrate the validity of this model
[13-15]. The theoretical results showed good agreement with
the experimental data of nano-Schottky junctions.
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Before discussing the analysis of the new nano-M-S
contact model, we briefly review the theory of the planar
M-S contacts as follows: when a metal and n-doped semi-
conductor materials, for example, are brought into physi-
cal contact, the free electrons at the conduction band of
the n-type semiconductor transfers to the metal, leaving
behind a depletion region of positive charges in the semi-
conductor side, adjacent to the junction [6, 7]. This region
continues to extend in the semiconductor bulk until an
equilibrium state of Fermi levels is reached on both sides.
This results in accumulation of a negative charge of the
same amount on the surface of metal contact to main-
tain the charge conservation. The surface charge density
on the metal side determines the maximum electric field
at the interface. However, solving Poisson’s equation is
important to find the electric potential distribution, and
hence the electric field profile, over the depletion region
knowing the charge density and boundary conditions [16,
17]. Figure 1 schematically represents the energy band
diagram of a planar M-S contact, where V. is the built-in
potential at the interface and @, is the barrier height of the
Schottky contact.

Solving Poisson’s equation over the depletion region
to find the electrostatic variables, like the depletion width,
the built-in potential, and the induced electric field at the
interface, are crucial for describing the behavior of planar
M-S contacts and the current transfer through the junc-
tion [16, 17]. In this work, we focus on special cases of M-S
contacts, especially when the metal contact is in the sub-
20-nm range, as we stated earlier.

2 Simulation model

To analyze M-S contacts at the nanoscale, the most feasi-
ble model is visualizing the metal contact as a nanosphere
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Figure 1: A schematic of a planar M-S contact at the equilibrium
state.
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embedded in a semiconductor bulk. A similar approach
was adopted by Smit et al. [8-10], in which the spherical
symmetry of the model is utilized to solve Poisson’s equa-
tions. Figure 2 schematically shows a two-dimensional
(2D) representation of the physical contact between
a hemispherical metal surface and a semiconductor
surface, where W is the depletion width of the nano-M-S
contact model, V(R) is the potential at the surface of the
metal particle, and V(R+W ) is the potential at the end of
the depletion width.

Two approaches are introduced for the analysis. The
first approach (approach 1) is based on the conventional
analysis, where the potential at the interface is fixed at
the barrier height, and inside the bulk (at the end of the
EE)

E
depletion region) the potential is ¢ _(where ¢_ =( £
These boundary conditions are used in Poisson’s equa-

tion to solve for the depletion region and for finding the
electric field at the interface. The calculations of W, are
done for several metal radii, to ensure that the model
converges to the planar M-S contact. Figure 3 shows cal-
culations for a low n-doped semiconductor substrate,
where W increases smoothly from a small value (3 nm)
until it reaches the conventional range (50 um) at large
radius [12].

The second approach is based on the alignment
between the Fermi levels of the metal with the semicon-
ductor and on the evolution of the potential profile, as the
size of the interface decreases from the planar range into
the nanoscale range [11, 13]. This model is referred to as
the modified approach (approach 2), where the potential
is not fixed at the interface, particularly when the metal
contact has a limited nanoradius or <30 nm (this value
depends on the bulk dopant concentration). Although the

Semiconductor bulk
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Figure 2: A schematic showing the top view (2D model) of a hemi-
spherical nanoparticle embedded in the surface of a semiconductor
substrate [11].
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Figure 3: The depletion width values for model 1 as the metal
radius increases from 3 nm to 50 um for low n-doped substrate.
The horizontal scale is logarithmic.

amount of charge transferred from the semiconductor to
the nanometal particle is much less than that in planar
M-S contacts, the surface charge density will be higher
[11]. The electric potential also drops faster, as the radius
of the spherical contact decreases, which means higher
electric field at the interface. The evolution of the potential
energy diagram is illustrated schematically in Figure 4,
where ¢ denotes the new surface potential energy. The
potential drop inside the bulk denoted by AV in Figure 4 is
assumed to be proportional to the decrease of the contact
size radius. Therefore, in our assumption, we relied on the
evolution of the potential profile, as the fast drop of the
potential is proportional to the nanometal radius sphere,
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Figure 4: The effect of having high surface charge density on
nanometal particle to the reduction in the depletion width over
the planar value, which results in an improvement of the potential
energy at the interface to a maximum value as ¢__ [11].
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and the high surface charge density. This increase in the
surface charge density results in an enhancement of the
potential at the interface and hence an enhancement in
the electric field as shown in Figure 5 [13].

As the model contains nanospherical metal contact,
Poisson’s equation in the spherical coordinate system is
used to solve for the depletion width (W ):
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where p is the space charge density of the semiconductor
bulk and & is the semiconductor permittivity. The model
is assumed to be symmetric in the spherical coordinate
system. Hence, the potential and the electric field do not
change with the change of 6 or &. Consequently, the equa-
tion can be reduced to be dependent on one variable (r):
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whereris the variable referred to as (R+W ), as in Figure 11,
that is solved for to get the depletion width of the junction.

For the model analysis, a Matlab program is gener-
ated to calculate the depletion width for different metal
particle radii spanning a range from nanoscale (3 nm) to
conventional scale (50 um). The calculations are done for
low n-doped (in the order of 1x10*® cm?) and high (in the
order of 1x10"” cm?®) n-doped semiconductor substrates.
The results showed that the modified approach produces
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Figure 5: A schematic showing the maximum electric field at the
M-S interface for a low n-doped substrate when the metal particle
radius increases.
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better data fit than the conventional one for nanometal
contacts <30 nm on low n-doped Si substrates. This is
because the potential at the interface is assumed to be pro-
portional to the charge density on the nanometal surface,
unlike the conventional approach, which assumes the
potential to be pinned at the barrier height value. For metal
nanoparticles of radii >30 nm, the depletion width for the
modified approach converges to the values obtained by
the conventional approach.

Figure 5 shows the calculated electric field at the
nano-M-S interface, where the modified approach of
nano-Schottky contact (approach 2) results in higher
electric field at the interface compared to the conven-
tional approach (approach 1). This is due to the relatively
higher depletion width found from approach 2 compared
to approach 1, and hence higher surface charge density on
the metal surface. This higher electric field results in gen-
erating higher tunneling current at a reverse bias, as it will
be demonstrated in the next section. Now for the case of
high n-doped substrate, it is found as in Figure 6 that the
depletion width of the nano-M-S contact for both models
is the same, as the interface potential is found to be the
same even for metal nanoparticle radius as small as 5 nm.
This, in turn, leads to the same calculated I-V data, as we
demonstrate in the next section.

3 Simulation analysis

The simulation models are generated using a COMSOL
multiphysics program. The process included defining
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Figure 6: A schematic showing the changes in the depletion width
of nano-Schottky junction for a high n-doped substrate as the metal
particle radius increases.
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the geometry, meshing, specifying physical parameters,
running the solutions, and then visualizing the results.
Figure 7 shows a 3D model of the nano-Schottky contact
geometry. COMSOL includes several predefined physics
modules used for different applications. For example, the
type of physics package used toimplement the M-S contacts
is Electrostatic Physics, which has Gauss’s laws of flux and
electric displacement fields. Charge distribution equations
are available for defining the surface and space charges,
and for conservation of charges. After building the geo-
metrical model, materials for the two domains (metal and
semiconductor) are defined. The metal domain material is
set to gold, while the semiconductor material is silicon.
After that, the parameters and variables used for finding
the depletion width, electric field, and electric potential
at the interface of the model are inserted in the program.
Two different dopant concentrations were considered
for n-doped semiconductor substrates (N,=1x10' cm?
and N, =1x10" cm” for low n-doped and high n-doped
substrates, respectively). The next step is defining the
physics and mechanisms that COMSOL should solve
for plotting the results. The program is set to solve for
the electric field at the interface, after considering the
main parameters like space charge density and surface
charge density, the potential at the end of the depletion
region.

The model is simulated to find the electric field at
the interface. Figure 8 shows a 2D model of the nano-M-S
junction with the variation of the electric field along the
interface. The red color in Figure 8 indicates the maximum
value of the electric field, and it decreases exponentially
inside the semiconductor bulk. The main focus in the
analysis is to get the maximum electric field value at the
interface, which determines the tunneling current across
the junction. Therefore, the program is set to select the

Nano metal pairicl: -
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Figure 7: A schematic showing a 3D model for nano-M-S contacts
created in COMSOL [15].
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Electric field variation through the interface

Figure 8: A 2D model showing the electric field inside the silicon
bulk along the x-z plane [15].

maximum electric field to be used in the calculations of
the total current. Then, the simulation model is set to vary
the applied voltage along with its corresponding deple-
tion width (w), as inferred from the theoretical model. The
applied voltage is varied from -V to +V values, according
to the range of the applied voltage used in the experi-
ments, and the corresponding electric field is calculated
using the established current theories, as explained in the
next section.

4 Experimental measurements and
data fitting

Nano-M-S contacts are experimentally investigated by
using atomic force microscope (AFM) tips in the conduc-
tive mode. In the experiment, to ensure a conductive AFM
tip, the tip is coated with 5-20 nm layers of gold using
physical vapor deposition method under modest vacuum
conditions [13]. The tip is then characterized in the helium
ion microscope, which is known for its higher resolution
and better image contrast compared to electron micro-
scopes [13]. Tips with a well-defined shape structure and
a radius around 10 nm have been selected for the meas-
urements. The experimental setup is illustrated schemati-
cally in Figure 9. When the tip is making contact with the
substrate surface, there is spreading contact resistance
referred to as a spreading resistance (R,) [19-25]. There is
also a chance of having a surface leakage current due to
the surface conductance with a resistance referred to as
R, which is inversely proportional to surface conductance
(G,) [18]. These parameters are included in the simulation
analysis to provide a better I-V data fit.

The I-V measurements are performed using the previ-
ous setup for two types of n-doped Si samples: low n-doped
Si (5-10 Q-cm) and high n-doped Si (0.02-0.04 Q-cm),
where the direct current voltage is applied on the silicon
substrate [13-15]. The measurements are done in two dif-
ferent sample preparation environments and classified
into two categories: low contact resistance (where there
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Figure 9: A schematic showing a nano-tip in contact with a semi-
conductor substrate and the contribution of series resistance and
surface resistance with an equivalent circuit representation.

is a relatively good physical contact between the nanotip
and the surface of the substrate) and high contact resist-
ance (due to a poor physical contact between the nanotip
and surface, which is probably due to some contamina-
tions on the surface of the substrate).

4.1 Low contact resistance

The I-V measurements are performed on low n-doped and
high n-doped Si substrates. The voltage is swept between
-0.8 V and 0.8 V. The experimental data for low n-doped
substrate is represented in Figure 10 (denoted by red line),
which shows a reversed rectification behavior compared
to conventional nano-Schottky contact with n-doped Si
substrates.

The same measurements are performed on high
n-doped Si substrate, and the data are presented in
Figure 11. One can easily notice that the experimental I-V
behavior (red solid curve) is similar to the conventional
I-V characteristics, where the current in the reverse bias
is almost negligible and the current in the forward bias is
significant.

4.2 High contact resistance
For this category of I-V measurements, the current value is

much less than that obtained for low-resistance contacts.
The I-V measurements are conducted for low n-doped and
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Figure 10: |-V data of the nano-Schottky junction between a nanotip
and a low n-doped semiconductor substrate.
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Figure 11: |-V data of the nano-Schottky junction between a nanotip

and a high n-doped semiconductor substrate.

high n-doped Si substrates. This time, the voltage is swept
between -1.0 V and 1.0 V. The experimental data for low
n-doped Si substrate is presented in Figure 12 (denoted
by red solid curve). The data clearly show that the tun-
neling current in the reverse bias is enhanced, leading to a
reversed rectification behavior compared to conventional
nano-Schottky contacts, which is consistent with the pre-
vious observations.

The same measurements are performed on high
n-doped Si substrates, and the data are presented in
Figure 13. It can be easily noticed that the experimental
I-V behavior (red solid curve) is similar to the conventional
Schottky diode I-V characteristics, where the current in
the reverse bias is almost negligible and the current in the
forward bias is significant.
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Figure 12: |-V data of the nano-Schottky junction between a nanotip
and a low n-doped semiconductor substrate. The data show high
contact resistance.
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Figure 13: |-V data of the nano-Schottky junction between a nanotip
and a high n-doped semiconductor substrate. The data show high
contact resistance.

4.3 Data fitting and simulation results

By fitting the data using the simulation model, we can
extract the main parameters such as the contact area (4),
series resistance (R), surface resistance (R,), and ideality
factor (n) as follows. The data fitting starts by looking at
the experimental I-V in the forward bias, as the thermi-
onic current is expected to be dominant, especially at a
forward bias >0.1 V. The estimation of the contact area is
made from the tip radius and the thermionic current in the
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forward bias. The ideality factor affects the turning point,
and it is assumed to be of value 1, which is consistent with
the value used previously in the literature [18, 19]. The
surface leakage current has an ohmic behavior, and it can
be observed from the linear part at a small voltage range
around the origin. The surface resistance is estimated to
be around 500 MQ for low contact resistance measure-
ments and in the order of 1 GQ for high contact resistance
measurements.

Referring to our model in Figure 9, the diode and
contact resistance are arranged in series; hence, the
applied voltage is divided between them. This means that
the experimental current value at a given applied voltage
in the forward bias is actually due to an effective voltage
on the diode (V,), which is less than the applied voltage.
In other words, the total applied voltage (Vapp) equals the
effective applied voltage on the diode plus the voltage
applied on the series resistance. To find the effective
applied voltage, we first used the summation of the tun-
neling current and thermionic current as follows:

Thermionic current equation [6, 7]:

{L”b}[ q(V'I/hRs) :| V
1,=AAT?e e w1l 3)

L

Tunneling current equation [6, 7]:

87 fom (a(a, ))3}

2 2 [
e 3hgE .

qE
I =A,—max
fun 87h(P,)

) (4)

where A is the cross-section area of the metal parti-
cle inside the semiconductor bulk, A* is Richardson’s
constant (A*zllzz4 2), ®, is the potential barrier
cm”xK

height, V is the bias voltage, k is Boltzmann’s constant
(k=1.3806488x10% m? kg.s? K'), m" is the effective mass
of the semiconductor, n is the concentration of electrons,
E_. is the maximum electric field at the interface, h is
Planck constant (h=6.62606957(29)x103* ].s), and T is the
absolute temperature (T=300 K).

The value of R, is estimated by considering the effec-
tive applied voltage on the diode (V,), which gives the same
experimental value of the total current. The series resist-
ance is found to be around 20 MQ for low contact resist-
ance measurements and around 650 MQ for high contact
resistance measurements. These parameters (mainly,
R, A, R, n) are then used to find the total current in the
reverse bias, which is dominant by tunneling current. The
estimated values of R, are used to calculate the effective
voltage on the diode in the reverse bias, by considering
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the difference between the experimental applied voltage

(Vapp) and the voltage drop on the series resistance (V,),
as follows:
Vd :Vapp -ItotRS ‘ (5)

The same procedure is repeated for high n-doped sub-
strate and for both set of measurements. Figures 10-13
show the best data fit for the experimental measurements.
The high tunneling current observed on low n-doped sub-
strate indicates an enhancement of the electric field at the
nano-interface, hence a very thin tunneling barrier. Both
approaches (the conventional approach and the modified
approach) show a strong dependence of the electric field
on the reduction of the size of the metal contact. However,
the modified approach (approach 2) shows a better data
fit in the reverse bias, particularly for low n-doped sub-
strates. However, for high n-doped substrates, we have
not seen any difference between both approaches. Both
approaches show no effect when fitting the data in forward
biases, as the current is dominant by thermionic current,
which does not depend on the radius of the metal contact.

5 Conclusion

The I-V characteristics of nano-Schottky junctions are
simulated using COMSOL multiphysics software. Two
approaches are implemented on the theoretical model.
The first approach is based on the conventional boundary
conditions when solving Poisson’s equation (assuming
the potential at the interface is locked at the barrier height
value, referred to as approach 1). The second approach is
the modified approach of nano-Schottky junctions analy-
sis, referred to as approach 2, which is based on the align-
ment of Fermi levels between the semiconductor and the
metal at the nano-interface, and the evolution of the poten-
tial profile, as the contact size is reduced to nanoscale.
Approach 2 shows better match with the experimental
results compared to the conventional approach (approach
1), especially for low n-doped substrate, particularly at
the sub-20-nm M-S contact scale. For low n-doped semi-
conductor substrate, a reversed rectification behavior is
observed due to the enhancement of the electric field at
the interface, and thus an enhancement in the tunneling
current. Whereas the thermionic current in both models
is calculated the same way for low n-doped and high
n-doped semiconductor substrates, as it is independent
on the contact size of the nanoparticle, which is dominant
in the forward bias. This concept of nano-Schottky junc-
tions can be used to build new types of basic electronic
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devices and logic gates [19, 20]. These devices would be
considered as low-power devices because the operation
voltage and current are very small in the reverse bias.
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