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ABSTRACT 
 
Nano gap capacitors have recently received significant interest as a key component in a wide range of implementations including 
photonics, Nanoelectronics, and sensing applications. Many exploratory research projects are being conducted to investigate the 
electrical characteristics of these nano capacitors. One essential issue that this paper addresses is the need for highly sensitive nano 
gap capacitors which can be adopted for ultra-low power sensing implementations. In this paper, gold is utilized as the electrode 
material owing to its superb chemical stability, electrical conductivity, and biocompatibility. The fabrication process is started by 
designing the mask namely nano gap pad electrodes using AutoCAD software. Subsequently, the designs are finally transferred and 
fabricated onto a chrome glass surface. In this work, after a combination of conventional photolithography and size reduction 
approach used to fabricate the device, conventional photolithography is applied to transfer the nano gap pattern onto the gold 
surface. In order to achieve the desired dimension of the nano gap, a size reduction technique is employed. Describe the most 
important thing in 2-3 sentences only). Visual inspection using a High Power Microscope (HPM), 3D nano profiler, X-Ray diffractions 
(XRD), and Field Emission Scanning Electron Microscope (FESEM) have been employed to observe and validate the fabricated 
structures.  Results show that a 2.5 nano Ampere is measured as the applied voltage increases to 10 mV. This firmly demonstrates 
the ultra-low power consumption, several Pico watts, of these nano gap capacitors.  Further, our findings show that the fabricated 
4nm gap structure can achieve an approximately 300 nano farad capacitor at low frequencies, which is advantageous for adoption in 
highly sensitive biosensors. 
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1. INTRODUCTION 

 

Over recent years, there has been substantial research in 
the fabrication and testing of high-frequency micro-
electro-mechanical system (MEMS) resonators, whereby 
significant progress has recently been achieved [1]. In the 
case of parallel plate electrostatic transducers, increasing 
the resonant frequency of MEMS resonators to the 
gigahertz scale often causes the gap spacing between the 
resonator and the electrodes to diminish. Dimension of the 
gap of less than 100nm for films thickness larger than 2µm 
(of aspect ratio ~ 25 to 1) is required to minimize the 
kinetic resistance, accordingly decreasing the insertion 
loss of the device. Such an aggressive requirement has 
recently been employed with the photoresist etching 
technique [2]. However, the gap dimension achieved, for 
the most part, was still greater than 100nm. Many other 
fabrication techniques have been previously proposed and 
demonstrated to optimize the gap size between the 
electrodes [3-5]. Nano gap is extensively investigated 
because these transducers can operate in an on–off 
manner, which allows them to have improved sensing 
proficiencies, comprising rapid response, short recovery 
time, high sensitivity, and efficient reliability [6]. In 
addition, this investigation, for instance, includes 
conduction of electricity or storage of charge which leads  

 
 
 
to an improvement in capacitive behavior [7]. For most of 
the measurements to be performed an electric voltage can 
be applied over the two electrodes causing the existence of 
an increment of free electrons in the material of nano gap 
dimension, as it is reported in [8]. 

 
Nowadays, the nanostructure is considered as an 
important part in the detection of chemicals and 
biomolecules because the size of these molecules is less 
than 10nm. Therefore, any improvements in the 
fabrication process of these nano gap structures can 
drastically lead to the incorporation of them in a wide 
range of nanostructure implementations, especially in 
biosensor detection. remarkably, the materials are an 
attractive research area in nanotechnology and biosensor 
detection, for instance, gold particles can significantly 
increase the biosensor sensitivity [1].    
 
Improving the methodology of the reproducible and 
reliable fabrication for nanoscale gaps is totally 
advantageous because contact electrodes are one of the 
significant obstacles confronted by molecular electronics. 
Even though a variety of unconventional techniques has 
recently progressed over the last few years [9-12], to the 
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best of our knowledge, there is no practical technique to 
fabricate nanoscale gaps with spaces in less than 5 nm 
dimensions by using the controlled side by side process as 
demand for manufacturing molecular circuits in very large-
scale integration (VLSI). Thus far, the formation of multiple 
nanoscale gaps demands that each experience the 
materials regime process separately, a constraint imposing 
fabrication process is extremely time-consuming for 
manufacturing of very large complex circuitry. To tackle 
this challenge, an approach adopting size reduction that 
allows the simultaneous manufacturing of enormous 
numbers of nanoscale gaps in a single processing step has 
been developed [13-15]. Our multi-device approach, as 
expected, balances the power consumption through the 
materials regime procedure so that every nanoscale gap 
encounters size reduction in unison. The ultimate design 
characteristic is that the inter-junction impedance is 
maintained below the junction resistance which 
guarantees that none of the individual nanoscale gaps 
undergo thermal runaway [16]. It is found that the size 
reduction technique of the parallel combination of Nano 
electrodes manufactured in this novel geometry functions 
similarly to that of single nanoscale gap junctions. This 
includes approximately similar processing time, voltage 
levels, and current that scale with the number of nanoscale 
gaps. As an illustration, this process has been adopted to 
fabricate nanoscale gaps with less than 5nm nanoscale 
gaps in parallel with the same structure. 
 
Otherwise, gold electrodes in combination with an oxide 
insulator layer/SOI substrate are equally excellent for 
reducing the complexity of the processing as well as cost. 
In principle using electron beam lithography for defining 
the nano gap is simplest but very expensive and processing 
is more involved [1]. Whereas, controlled etching of the 
electrode to define inter-electrode separation is much 
simpler and low cost as compared to e-beam lithography. 
However, the resultant geometry of the nano gap after 
controlled wet etching of the electrode material is much 
smoother as compared to that involving only one step 
etching in electron beam lithography addition to its offset 
by the cost and process complexity [1-3]. The simple 
planar nano gap fabrication using SOI wafer, conventional 
optical lithography, and wet etching of Au material and the 
use of Ti layer as sacrificial or combination of Titanium and 
gold metallization is a viable and economical way of 
producing these Nano biosensors at affordable cost. In the 
case of the sacrificial layer, it is necessary that the film 
involved is etched easily, preferably at room temperature 
and the etching rate should be higher so that the sacrificial 
layer is dissolved before the etchant starts affecting other 
structural layers used [1-3]. Even if one is able to dissolve  
this layer, one has to heat the etchant which is bound to 
affect other thin films already present in the fabricated 
structure. 

2. MATERIAL AND METHODS 

2.1. Mask Design 
 

A 100-mm p-type SOI wafer is utilized as a substrate to 
manufacture the nanoscale gap structure 
(SiThickness1200nm, SiO2= 150± 5nm, Si=15 µm) as 
shown in Figure 1. After we design a mask for the gold 

nano gap terminals by using the AutoCAD simulation 
toolbox, the mask is printed onto a chrome glass surface. It 
is worth noting that this mask is obtained from a 
commercial corporation named (Photonic Pte. Limited, 
Singapore) [17]. Wet etching is applied to fabricate the 
desired gap and pattern the electrode structures by using 
an aqua regia solution (HCl 1:3 HN3). The designed mask 
for nano gap generation comprises 160 dies with 6 various 
layouts. The angle dimension at the end electrode is of 
1/6th scale beginning from 100 µm, with an increment 
step of 100 µm, to 1100 µm for every unit of length [18]. 
This process has been adopted to simply investigate the 
optimum angle dimension for the perfect nano gap 
formation after the etching process. In our work, the angle 
dimension which has been adopted is presented as shown 
in Figure 2(f). 
 
2.2. Fabrication of Nano Gap Structure  
 
The fabrication process flow of gold nanoscale gap 
electrodes with the preferred scale of gap regime on the 
insulator-silicon substrate is schematically demonstrated 
in Figure 1. Cleaning the SOI wafer is the first step in the 
fabrication process, before depositing 100nm SiO2 as an 
insulator layer for the coming design, using PECVD 
equipment, as illustrated in Figure 2(a). This step is 
followed by the evaporation of the 120nm Ti layer as a 
sacrificial layer, and also to enhance the adhesion between 
the silicon oxide substrate and the coming gold layer as 
demonstrated in Figure 2(b), before evaporating 200nm 
Au layer as can be seen in Figure 2(c). The next is the 
photolithography process, where a 1200nm thickness 
layer of positive photoresist is employed on the Au/Ti 
layers as illustrated in Figure 2(d), and then it is exposed 
to ultraviolet light across the designed chrome mask. After 
the development process, the uncovered area will remain 
intact as shown in Figure 2(e). Subsequently, a wet etching 
for the Ti/Au substrate is applied using aqua regia 
solution, by controlling the etched time to get the desired 
size of gap as demonstrated in Figure 2(f).  Finally, the 
regime nano gap electrodes are applied and fabricated 
using gold material on the SOI substrate as shown in 
Figure 2(f). The proposed structures are optically 
characterized with a ZEISS FESEM ULTRA55 for the pre 
and post-wet etching process. 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Cross sectional view of SOI wafer with thicknesses labelled 
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Figure 2.  Cross-sectional view of the proposed fabrication process flow of Au/Ti nano gap structure: (a) deposition of 100nm SiO2 
layer, (b) Ti deposition layers, (c) Au 200nm deposition layer, (d) chrome mask exposure and photoresist removing from Au/Ti 

structure, (e) uncovered area remain intact with zero gap dimension, and (f) gold nano gaps after aqua regia wet etching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.   Designation of desired gap; (a) before wet etching, (b) 1st cycle of 3 minutes wet etching using Aqua Regia, (c) the desired 
4nm gap after 2nd cycle of 6 minutes wet etching, and Finally, (d) and (e) before consuming the etching time with 9mins, 12mins to get 
8nm and 25nm gaps respectively. 

 
2.3. Electrical Characterization  

 
The proposed devices with less than 30nm of gap length 
have been applied to a Dielectric Analyzer (Alpha-A High 
Performance Frequency Analyzer, Novocontrol 
Technologies, Handsangen, Germany), as shown in Figure  

3. It is worth mentioning that electrical characteristics 
including capacitance, resistivity, conductivity, and 
permittivity are quantified at room temperature with air in 
the nanoscale gap spaces. In addition, for future work, it 
can be characterized with different materials and solution 
percentages to show the whole performance and  
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Figure 4. Demonstrates that the gap size rises with the time of the wet etching process 
 

determine the required criteria for biosensor application 
and biomolecule detection.   
 

3. RESULTS AND DISCUSSIONS 
 

This paper discusses developing an approach via 
optimizing the fabrication process for reliable nanoscale 
gaps on very large-scale arrays at a desired length of less 
than 5nm with superior reproducibility and yield. In 
addition, this research discusses integrating nanoscale 
components within them. Primarily, in the cleanroom, 
metallic gaps on silicon (Si) substrates have been 
demonstrated, as their properties were widely known. For 
instance, metals such as gold do not visibly corrode, nor 
incorporate depletion region. In this study, a recently 
devised approach has been optimized for carving materials 
made from a layer with well-controlled thickness. This 
facilitates the fabrication of arrays of nanoscale gaps in the 
range of 4–25nm. Gold gap arrays have been optimized to 
achieve relatively adequately sized gaps without excessive 
leakage current. Wet etching with a number of 2-3 cycles 
was applied on the fabricated structure using aqua regia 
solution with time controlled as shown in Figure 3. 
 
A selective approach to produce nanoscale gaps of width 
lower than 5nm, analogous to the dimension of 
nanocrystals and conjugated organic molecules, has been 
proposed and a patent has been granted. In this work, we 
have reliably produced nanoscale gaps between Au/Ti 
electrodes of nearly 2nm to 20nm depending on the time 
for the wet etching process as can be seen in Figure 4. 
However, the schematic shows an increment in the gap 
dimensions during the etching time. The fabricated nano 
gap structure with 2nm has been characterized optically 
using a 3D-Nano profiler and XRD detector to confirm the 
size of the gap and the sequence of the sandwich layers 
respectively, as shown in Figure 5, before applying the 
electrical characterization process. 
 
In Figure 5(a) using an interference microscope, a 
microscopic surface is measured in three dimensions. For 
scale, the three-dimensional surface measurement above 
maps characterize within a 20-nanometer range of height, 
and the designated pit defect is lower than 8 nanometers 
deep. Notably, the area of the measured microscopic 
surface is 100 × 200 microns. Defects, however, may 
appear either in material surfaces during processing or 

afterward upon usage. Therefore, failure analysis is crucial 
for yielding detailed information to enhance the efficiency, 
effectiveness, and durability of the surfaces. Moreover, 
optical surface measurement approaches have been 
adopted, in this work, to observe these and other physical-
quality surfaces including reflectivity, and the roughness of 
the design edges which is demonstrated significantly 
perfect as we utilized gold material. In the figure of a 3-
dimension surface map as can be seen above, a little of pits 
present in a step height calibration standard, which is 
made of quartz and then plated with chrome. These pits 
may occur as a result of physical processes or chemical 
impacts. If enough of these pits have appeared, the 
surface's appropriateness as a step-high standard can be 
compromised. Optical profilers should be capable of 
resolving the defect adequately to designate its sizes and to 
characterize its height or depth as illustrated in Figure 
5(a). However, XRD has been used to identify the 
nanocrystal phases present in a material and thereby 
reveal chemical composition information as seen in Figure 
5(b), while, showing the sequence of the layers 
approximately in the fabricated nano gap device. 
 
Au/Ti nano gap fabrication will be examined, adopting 
various chemical treatments to activate the nano gap in 
future work. Currently, current-voltage (I-V) properties 
have been measured of such nano gaps, with a tiny contact 
area to reduce leakage current impacts, without 
incorporated nanocrystals. In this study, the leakage 
currents have been investigated, and it is shown that they 
are not presented with gold nano gap electrodes. For the 
proposed device, an electrical characteristics model (I-V) 
has been developed and optimized, as can be shown in 
Figure 6. 
 
The fabricated nanoscale gap structure was electrically 
characterized using a Dielectric Analyzer to measure its 
current-voltage response as shown in Figure 6. An 
interesting current-voltage (I-V) characteristic has been 
demonstrated in this study for each gap, which 
significantly reveals the charge and discrete-energy levels 
in the nanoscale array elements. The properties of I-V for 
several devices comprising nanocrystals at nanoscale 
diameters illustrate steps, indicative of quantized energy 
levels within the nanoscale gap structure, or Coulomb 
blockade of an electron tunneling through a double barrier 
structure. 
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Figure 5.  Optical characterization of nano gap structure fabrication using: (a) 3D-Nano profiler, (b) X-Ray Diffraction.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  I-V characterization for the nano gap structure fabrication. 

 
This sort of switching behavior can be advantageous in 
electronic components or it can be adopted in ultra-power 
consumption implementations, as it can be demonstrated 
in figure 6. This figure significantly illustrates a drastic 
increment of current for a specific range of voltages, in 
which a current of 2.5 Nano amperes has been measured at 
a voltage equal to 0.01V. However, the functioning devices 
are the major challenges, and the inadequate reproduction 
for the specified sample, and between equivalent samples, 
but the overall behavior for a nanoscale gap fabricated 
device of sample is consistent. In this work, the 
characteristics of less than 5nm nanoscale gaps have been 
studied, to significantly reduce the leakage current through 
the supporting space insulator. Further, an approach of 
employing the selectively etched gap served as a template 
to form a gap between the metal electrodes even optimized 
the selected materials have been developed [19-20]. This 
facilitates the prospect of effortless attachment of 
molecules between the gold electrodes, without 
necessitating implementing sophisticated chemistry to 
attach the molecules directly to the nano gap structure. 

 
It has been proven that nano gap electrochemical sensors 
are superior among several approaches used to detect the 
presence of biomolecules in different morphologies 
including chemically compatible variants. Especially, 
molecular species having dimensions in the range of a few 
nanometres influence the electrochemical conditions to a 
nano gap very prominently causing an improved detection 
without involving labeling as employed in other 
techniques. The comparative magnitude of influence of 
these two conditions i.e. ionic properties and double layer 
formation as mentioned above is decided by the actual 
inter-electrode separation and the geometrical 
configuration of the gap. However, the improvement of 
gold materials and the planar geometry design of the nano 
gap device may confuse these two requirements. 
Supplementary, in the case of the planar type of nano gap, 
using some kind of FESEM imaging is also advantageous to 
ascertain the presence of molecular species along with the 
detection of electrochemical variations relying on either 
admittance or conductance variations. In this context, 
planar type nano gap is better versatile for detection  
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(a)                                                                                             (b) 

Figure 7. (a) Capacitance-Frequency, and (b) Permittivity-frequency analysis for the fabricated three sizes of nano gap. 
 
point of view compared with the other geometrical 
designs. 
 
In a biosensor application, the advantages of a nanoscale 
sensor are ultimately estimated by the following 
parameters. Ease in fabrication, flexibility in designing 
different inter-electrode gaps, compatibility of materials of 
the electrode with the molecular kinds under study, reuse 
of sensing elements by easily eliminating the electrolyte in 
the prior measurement [21], higher sensitivity, and finally 
the cost. Various methods used to fabricate nano gap 
structures ultimately indicate towards the supremacy of 
the method based on CMOS processing involving 
conventional IC processes. The use of gold electrodes 
shows advantages in several cases including better affinity 
to DNA strands by thiol radical attachment as will be 
confirmed in future work. 
 
In this case, the structure is a metal oxide semiconductor 
and the capacitance has been characterized, as shown in 
Figure 7 (a), to show the effects of the upper and lower 
frequencies responding with different sizes of gaps 4, 8, 
and 25nm of gold nano gap structure. However, the 
applied voltage at the electrodes will be influenced by the 
metal of the electrodes because the carriers are one type 
on which the electric field (E-field) is terminating. Under 
these conditions, an MOS capacitor is considered as the 
valance band that is closer or interface to the conduction, 
and thus electrons are donated or accepted easily to move 
through the conduction area. Moreover, a parametric study 
has been performed to show the effect of gap size on 
capacitance as demonstrated in Figure 7 (a). Capacitance-
frequency curves, as shown in Figure 7 (a), at different 
sizes of gaps provide a great deal of information about the 
nano gaps structure which is of primary interest when one 
investigates the MOS process.  
   
In low-frequency area >10Hz or quasi-static measurement 
sustains thermal balance at all times. This capacitance can 
be estimated by dividing the charge rate over the change in 
applied voltage while the capacitor is in balance at each 
voltage for this range of low frequency. A typical 
measurement has been implemented with a dielectric 
analyzer which evaluates the increased charge per unit of 
period as the frequency changes gradually towards small 
values.  
 
The frequency range >10 Hz shows a delay in the 
capacitance values obtained from measuring the 

capacitance of a small signal at a higher frequency. Under 
such conditions, one finds that the depletion layer 
affections decreased after using gold materials [22]. 
Therefore, the high band frequency capacitance indicates 
the rate of change in charge in the depletion layer and the, 
even small, movement of the inversion layer charge. Non-
ideal impacts in MOS capacitors comprise fixed, surface 
states and mobile charge. Nevertheless, as the applied 
voltage is changed, the fermi energy at the oxide-
semiconductor substrate between two electrodes interface 
varies accordingly and impacts the occupancy of the 
surface states. The transition in capacitance measurement 
will be less severe due to the interface states. However, the 
smallest size of gap the less abrupt can be achieved as seen 
in Figure 7 (a). The evaluation of the surface state density 
in full measure has been facilitated by the combination of 
high and low-frequency capacitance. 
 
A significant obstacle to utilizing resistance spectroscopy 
in sensing the electrode polarization impact arises from 
the movement of free ions to the electrode–edge interface, 
forming an electrical double layer (EDL) by different ions 
classified in the polar fundamentals area. The dielectric 
response is screened by the electric double layer, and the 
response of the low-frequency signal is dominated by the 
dielectric response and large capacitance. It thus conceals 
the most relevant information about isolated species, 
including the hybridization of DNA and changes in 
molecular conformation. The manufacturing of nanoscale 
gap capacitors with electrode spaces smaller than the EDL 
thickness would drastically decrease electrode 
polarization impacts and facilitate tremendous 
improvement in sensitivity owning to the perfect matching 
of the sensing volume with the size of the target entities. In 
this study, the manufacturing of a horizontal thin film 
nanoscale gaps capacitive sensor with electrode space of 
less than 5nm, which demonstrates hardly any electrode 
polarization impacts when measured with water and ionic 
buffer solutions, has been reported.  This will be informed 
in future works, thereby facilitating direct quantification of 
their relative dielectric constant at low frequencies. 
 
Moreover, characterization of the permittivity for the 
nanogap structures with the frequency is the most 
important step to identify the sensitivity of the fabricated 
nano gap structure and supports its coming applications 
with Biosensor detection. However, the permittivity 
behavior changes with the frequency followed by the 
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instruction of the capacitance characterization with low and high frequencies related to the following equation: 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                                              (b)                   

Figure 8.  Characterization for different sizes of fabricated nano gap structures: (a) Resistivity, (b) Conductivity. 

 

С= ε Α/d                                                                                            (1) 

Where ε = εo * εr. Here, εo illustrates the dielectric 
constant for air (~8.854 x 10-12 F / m), εr denotes the 
relative permittivity of the dielectric materials in the free 
space between the electrodes, A denotes the surface area 
of the nanoscale gap electrode structures, C refers the 
capacitance value, and d represents the length between the 
two electrodes or the size of the gap. Defiantly, the 
reduction of gap size should increase the capacitance as 
well as the permittivity of a nano gap device [23] as shown 
in Figure 7 (b). The above equation similarly indicates that 
capacitance (C) and permittivity (ε) have a linear 
relationship, implying that any increase in permittivity 
leads to an increment in the total capacitance, seeing that 
permittivity is the numerator of the equation (1). 
 
In Figure 7(b), proceedings at different frequencies 
illustrate variations in permittivity for the different sizes of 
the nano gaps structure and measurements of standard 
deviation across the frequency spectrum. Remarkably, the 
standard deviation to the bottom in the low-frequency 
region is high owning to measurement noise at extremely 
high system impedance. However, at high frequency, 
system response is constrained by parasitic capacitance, 
and the dependence on nanoscale gap device is largely 
decreased the permittivity variations, which is a critical 
parameter in estimating the opportunity of using nano gap 
capacitors in an attempt to map changes with the 
biosensor molecules in detection issues. 
 
In Figure 8, the resistivity represents the capacitive 
reactance with frequencies variable values as 
demonstrated in Figure 8(a). However, the permittivity 
indicates the index of a material's capability to transmit 
current without incurring an impedance [24]. Conversely, 
conductivity reflects the substance's capacity to permit the 
flow of current. Therefore, the conductivity and 
permittivity are directly proportional. Consequently, any 
increment in conductivity, and permittivity as can be seen 
in Figure 8(b) (use the style consistently), with gap-size 
reduction postulates the fabricated nanoscale gap 

structure can be adopted in biosensing implementations 
with significantly minimum power consumption. While,  

the conductivity amount rises progressively as the 
frequency increases. When the charge alternation 
increases, the contact between them progressively 
increases, as a result increasing the conductivity between 
the two terminals [25].   
 
4. CONCLUSIONS 
 
In this work, an approach has been developed to utilize the 
selectively etched gap as a template to form a gap between 
metal plates. Gold is an attractive material to facilitate a 
well-characterized surface for the self-assembly of 
elements in nanoscale dimensions terminating in anchor 
particles. This provides the potential for effortless 
attachment of molecules to a gold nanostructure, without 
necessitating the implementation of sophisticated 
chemistry to embed the molecules directly into the gold 
electrodes. The accomplishments of this work package are 
mainly due to advancements in a number of substantially 
promising approaches for fabricating arrays of nanoscale 
gaps relatively replicable, and the capability to self-
assemble functional molecules and nanocrystals within 
metal gaps by adopting a size reduction approach. This 
study, interestingly, has taken a shorter time than 
predicted, with reproducibility of the measurements being 
a minimal challenge. Nanocrystals are not stable in such E-
field without being anchored in the gap, therefore it is 
essential to promote mechanisms of embedding them in 
prestige material such as gold. This capability is similarly 
necessary to self-assemble molecules in gold nanoscale 
gaps. Metal evaporation does occur, causing adequately 
indefectible electrical contacts and significantly minimal 
surface leakage charges. This can make it a promising 
candidate for nano gap contact improvement. The 
fabricated device has been characterized by FESEM, XRD, 
and electrical measurements. However, the results show 
decreasing the capacitance with high frequency and this is 
promising adoption for gold electrode structures of 
molecular electronic devices comprising either conjugated 
molecules or nanocrystals. This has demanded the 
development of substantially smaller nanoscale gaps than 
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at first predicted, delaying the time in which electrical 
measurements of the molecules could be made. 
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