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Abstract
Sher, O. 2022. Nanoparticles based molecular electronic devices with tunable molecular
functionalization shell and gas sensing measurements. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 2156. 75 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-1519-5.

The idea to use molecules as a basic building block in electronic circuits was developed about
50 years ago when a molecular rectifier was developed, but it has been a challenge for this field
to make its way to real-world application. Now, due to the advancement in technologies, the
properties of single molecules are better understandable and controllable. Some of the main
motivations to build molecular electronics devices are that the conductive molecules can be as
small as about 1 nm, that they are stable objects and can be tailor-made with desired electronic
properties. This small size of molecule poses a challenge in their usage, one solution is to develop
the hybrid devices whose properties are based on single and few molecules.

In this study, a portable hybrid device is used and further developed called a nanoMoED
device, a nano-molecular electronic device. These devices consist of gold nanoparticles
(AuNPs), gold nanoelectrodes and conjugated organic molecules. The electrical resistance of the
device depends on the molecules functionalizing it and, in this work, they contain phenyl rings
such as 4,4’-biphenyldithiol (BPDT), p-ter-phenyl-4,4''-dithiol and oligo phenylene-ethynylene.

The 20 nm wide nanogaps are fabricated by a focused ion beam (FIB) creating thus
true nanodevices. The molecular nanojunctions are formed by dielectrophoretic trapping of
molecule functionalized AuNPs into a nanogap. The distance between the NPs, measured from
transmission electron microscopy images is similar to the size of the targeted functionalizing
organic molecule that shall bridge the NP-NP gap. We have reported that the primary molecular
ligand shell of the AuNPs can be tuned in the synthesis process by the secondary molecular
functionalization process. The experimental results showed that this process depends on the
interparticle spacing and the structure of the primary functionalizing molecules. The nanoMoED
devices showed a successful cyclic molecular place exchange process where alternately BPDT
and octanethiol (OT) were moved into the devices. This is confirmed by a change in the electrical
resistance of devices showing higher conductance for BPDT than OT.

The nanoMoED devices when tested in NO2, ethanol, and NH3 gas atmosphere showed
a significant change in device electrical resistance. Density functional theory calculations
explain this observation. The analyte molecules bind with the aromatic conjugated molecule
and induce additional charge transport channels near the Fermi level of the sensing molecule. In
graphene-based, i.e., 2D, micron-sized devices, we could show that the non-covalent molecular
functionalization of graphene improves its NH3 gas sensing response by 3 times as compared to
pristine graphene. Further experiments are required to understand the device properties under
different working conditions as well as to evidence different functionalities for example as a
switch.
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1. Introduction 

Hybrid materials have been synthesized since the early 20th century and con-
sist of a mixture of different materials at submicron and often nanometer level. 
The demand of robust devices is very high. The sustainable solution to revo-
lutionize the electronic devices would be the development of molecular func-
tionalized hybrid devices where the device active components are organic con-
jugated molecules.  Applications can range from improving, mechanical and 
electrical properties with higher energy efficiency.  

The electrical resistance of such devices depends on the type of molecule 
and the molecule-electrode junction. The latter is determined by the electronic 
properties of the electrode material, the anchoring group that binds the mole-
cule to the electrodes as well as the electronic properties of the molecule itself. 
In such molecular electronics devices, the impact of different types of anchor-
ing groups has been studied by using break junction techniques [1]. In such 
break junctions, during the measurement of the electrical current, one or both 
electrodes are gradually moved with respect to each other until a supposed 
molecule is stretched between the electrodes. Molecular electronic measure-
ments have been realized using scanning tunneling microscope (STM) and 
mechanical control break junction (MCBJ) [2], [3]. These measurements set-
ups have yielded excellent results, though, they are complex and specially de-
signed laboratory based equipment is required for characterizing the electrical 
properties of single molecule; hundreds of measurements are performed be-
fore the results are concluded by statistical analysis of the measurements [4], 
[5]. Using these setups, several electronic properties of molecules and the re-
lated junctions have been analyzed such as the dependence of conjugated mol-
ecule length and its conformation geometry on the charge conduction [6], mo-
lecular vibrational excitations [7], Peltier effect and Seebeck effect [8].   

The research work presented in this thesis is based on a nano-device which 
consists of molecule functionalized gold nanoparticles and gold electrodes. 
These devices can, in principle, be used for similar measurements as described 
for the break junction devices mentioned above  [9]. These nano molecular 
electronic devices (nanoMoED) are based on organic molecules, which act as 
functional unit and such nanoMoED devices have the ability to change the 
electrical behavior when interacting with environmental gases such as NO2 
gas [10], thus acting as molecule based gas sensor. The molecular vibrational 
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signatures have been observed in these devices by performing the inelastic 
electron tunneling spectroscopy (IETS) measurements [11].    

     

 1.1. Use of molecules in electronics 

Molecules are the stable smallest structure containing a few atoms  bound to-
gether and to use the molecule as the building block in electronics is quite an 
old idea and has now a long history [12]. Different questions need to be an-
swered before we can use the molecules for the electronics application such 
as how charge is transported through the molecules? Can the molecule act as 
a basic active unit in the microelectronics components? How the molecule can 
be incorporated in the electrical circuitry? The present status of silicon tech-
nology is that it lies in the nanotechnology field in terms of size of the transis-
tors which are in nanometer scale. In view of these achievements of semicon-
ductor industry, the molecular based electronics in principal has following 
benefits [13]: 

1) Size. The molecules have lengths in range of 1 to several nm which 
will lead to greater packing density of devices, lower cost of fabrica-
tion, higher efficiency and lower power losses. 

2) Assembly and recognition. By self-assembly of nanoscale structures, 
we can exploit the special intermolecular interactions to form the elec-
trical circuit or a part of it. Molecular electronic devices provide 
switching and sensing possibilities at the single-molecule level. 

3) Novelty. Molecular electronic devices have been used as switches 
[14], [15], rectifiers [16], diodes [17], [18], transistors [4], [7], [19], 
sensors [10] and thermoelectric components. The nearly unlimited re-
source of different organic conducting molecules allows for building 
novel devices and bring novel functionalities to the existing devices 
and their applications. 

4) The interesting properties of a molecule such as discrete geometric 
structures provide unique electronic functionalities, which are not 
achievable in standard solid-state devices. 

5) Synthesis. Molecules can be tailor made with specific magnetic, opti-
cal, electrical and binding properties. This enables them to be an at-
tractive candidate for electronic components. 

There are different techniques to study the properties of molecular devices 
based on single and few molecules. In this thesis, hybrid devices consisting of 
nanoelectrodes bridged by functionalized gold nanoparticles (AuNP) are uti-
lized for the study of the low bias electrical resistance of different types of 
molecules.  
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1.2. The nanoMoED device platform 

The basic idea for the development of nanoMoED device platform is to  enable 
the study of the molecular properties at standard temperature and pressure 
conditions in portable devices [9]. The components of nanoMoED devices are 
nanoelectrodes, nanoparticles and molecules. The nanoMoED devices contain 
large contact pads leading to a nanowire. The nanowire is broken creating thus 
highly resistive nanoelectrodes with a nanogap size between 20 to 25 nm wide. 
To date, despite of the test of many different electrode materials and anchoring 
groups on the molecules, the most used combination is still to have Au as 
electrode material and a thiol endgroup of the molecule as an anchoring group 
due to the Au-S bond strength [20]. The drawback of using Au is though, that 
on the nanoscopic scale, the Au electrodes will change their shape on a time 
scale of days and this makes it difficult to produce stable Au nanoelectrodes 
with a 1 nm spacing. The 20 nm nanoelectrodes used in this work show struc-
ture changes which are small as compared to the nanogap spacing [21]. There-
fore, we use functionalized gold nanoparticles to bridge the nanogap. Molec-
ular junctions are made by placing functionalized AuNPs inside the nanogap. 
The specific molecule is incorporated in the junction by a secondary molecular 
functionalization process [22]. The low bias electrical resistance of the mole-
cule is then measured in this platform. The nanoMoED devices are capable of 
environmental gas sensing with high sensitivity making them the smallest gas 
sensor devices based on few molecules [10].  

Figure 1.1 shows the schematic diagram of a nanoMoED device where the 
functionalized AuNP bridges the nanogap; this is the ideal case when the 
nanogap is bridged by single AuNP. In this case, there are four metal molecule 
junctions: Au electrode-molecule/molecule-AuNP/AuNP-molecule and mol-
ecule-Au electrode. Typically, the AuNPs are synthesized by a wet chemical 
method in an organic solvent. During the synthesis process, the AuNPs are 
functionalized with a ligand shell containing alkane molecules. This ligand 
shell is though a result of the optimization of the AuNP synthesis process, and 
therefore often it can not be modified, or it can only be modified to a very 
small extent. Thus, other conductive molecules are required that have the elec-
tronic structure corresponding to the functionality of the devices. These con-
ductive molecules will then be brought into the devices by a secondary func-
tionalization process. This process is optimized in Papers I and II. In research 
papers of molecular electronics, this process is called ligand or place exchange 
process. Though, as also noted by one referee of Paper I, we did not analyze 
in our work if in this process, a primary ligand molecule is replaced by the 
secondary ligand molecule, or, if the secondary ligand molecule moves into a 
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vacancy in the ligand shell. Therefore, throughout the thesis text, we have used 
ligand functionalization process to describe this modification of the devices.  

 

 
Figure 1.1: Schematic diagram of nanoMoED device, ideal case bridged by 
a single AuNP, the center yellow dot represents the AuNP and blue color 
presents the surfactant molecules.  

 

1.3. Gas sensing on nanoMoED device 

Our environment has been contaminated by the emission of various types of 
pollutant gases due to human activities during last few decades. This pollution 
is posing threat to human health, plants, other creatures and eco system. The 
main contribution to this is from particulate matter (PM), oxides of nitrogen 
(NOx), Sulfur dioxide (SO2), carbon monoxide (CO), lead (Pd), benzene 
(C6H6) and ozone (O3) [23]. The NOx contaminants causes various health is-
sues, specially NO2 produced by combustion process taking place in industry, 
automobiles and houses [24]. Ammonia (NH3) gas production has increased 
in last few decades due to the increase in the world population which has in-
creased the agriculture and meat demand, which are the main source of NH3 
production. The increase in NH3 level in atmosphere is impacting the biodi-
versity and human health [25]. Monitoring of these toxic gases is very im-
portant for the sustainable future on the earth.  

The human nose can sense about 1 trillion different types of odors but it is 
hard for most of us to distinguish between the different types of gases, espe-
cially toxic gases and to measure their concentrations; therefore development 
of the gas sensors is necessary to meet the situation [26], [27]. So we need to 
develop gas sensors for the measurement of change in concentration level of 
toxic gases in our living and working premises and natural environment as 
well to stay healthy [28]. By effective monitoring of toxic gases using sensors, 
we can maintain the system safe and avoid undesired harms [29]–[31]. 
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A sensor is basically a device whose sensing part is modified by a physical 
change in the environment and this modification is then transduced into a use-
ful output signal. A device that changes its property when exposed to different 
gas environment is called as gas sensor. The main parameters of gas sensor 
performance are operating temperature, sensitivity level, selectivity, response 
signal, response time and recovery time [32]. There are various types of gas 
sensor depending on the sensing materials and operating principals. 

In nanoMoED devices sensing is based on the chemiresistor principle. The 
electrical resistance of the device changes when the sensing material, which 
is a molecule in this case, interacts with environmental gas such as NO2 and 
NH3.  

1.4. Motivation and aim of thesis 

The size of electronic components determines the volume and performance of 
devices. Though the status of silicon based electronic devices has reached in 
nanometer scale, the further miniaturization of silicon-based devices is quite 
challenging not only due to technological restrictions but also since devices 
reached to the theoretical limits. Furthermore, the top-down approach to make 
small structures using lithography techniques has achieved resolution in na-
nometer and cannot hold the Moore law anymore. The further miniaturization 
of the electronic components requires enormous cost and innovative ideas as 
well [15], [33].  

The bottom-up approach can still enable us to further reduce the device 
size resulting in less energy consumption and loss. Richard P. Feynman said: 
‘there is plenty of room at the bottom’ in his famous talk to American Physical 
Society in 1959. The field of molecular electronics uses molecule as the build-
ing unit for electronic devices. For molecular electronics to be the future of 
electronic technology, the following goals must be achieved: basic research to 
understand the charge transport properties, device stability and reproducibly. 
Single molecule based devices are fundamental to understand these properties, 
but the future molecular electronic devices will be multi-molecular [34]. 

The aim of this thesis is to better understand the charge transport across the 
molecular junction made up of few molecules and fabricate molecular based 
devices that can operate in real world applications. How do different types of 
molecular functionalization affect the electron transport across the devices? 
How can nanostructures formation be controlled in nanogaps?  The monitor-
ing of toxic gases which are harmful to living organisms and earth climate is 
very vital; the development of nanoscale molecular based gas sensor will help 
this cause.  
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In this thesis nanometer size gold wires are used which are cut apart by 
FIB to achieve the nanogap sizing 20 to 25 nm. As the size of gap is quite big, 
we used functional gold nanoparticles to bridge the gap. Different molecules 
are introduced in the nanogap by secondary molecular functionalization pro-
cess [22], [35]. Investigation is done how different types of molecules change 
the electrical resistance of devices [36]. Secondly the device molecule inter-
action with the atmospheric gases causing the change in the electron transport 
is studied (Paper III).         

1.5. Thesis structure 

This thesis contains two groups of work, one related to the understanding of 
functionalization of AuNPs that are immobilized in nanoMoED devices (Pa-
per I and Paper II), and the second group of projects is related to building 
and testing gas sensor devices. The work published in Paper III is related to 
a gas sensor device that is based on a nanoMoED platform and where the 
functionalization techniques developed in the first two papers are used. Then, 
we propose to use organic conjugate molecules to functionalize a graphene 
surface in order to enhance sensing of NH3 gas Paper IV. 

There are four chapters in total. The second chapter is about the experi-
mental and characterization techniques used to carry out this study. The third 
chapter explains the components and theoretical background of nanoMoED 
devices. The fourth chapter contains the summaries of the research papers.     
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2. Experimental and analysis procedure 

The nanoMoED stands for nanoparticle molecule nanoelectrode based de-
vices. The nanoelectrodes fabrication is a combination of electron beam li-
thography, photo lithography, and focused Ion beam (FIB) structuring. The 
nanoelectrode fabrication process is explained in section 2.1. The molecular 
junctions inside the nanogap are formed by dielectrophoretic trapping experi-
ment, explained in section 2.2. Different concentrations of AuNPs were used 
in the dielectrophoretic (DEP) trapping experiments to observe the concentra-
tion effect on number of trapped AuNPs inside the nanogap explained in sec-
tion 2.3. Different characterization techniques utilized to understand the phys-
ical properties of nanoMoED devices are explained in last part of this chapter.      

2.1. Device preparation methods 

The two terminal nanoMoED devices are prepared by top-bottom approach. 
The P-doped silicon substrate, chromium (Cr) and gold (Au) are the raw ma-
terial used for device preparation. The central part of the device is a nanowire 
made by electron beam lithography and the contact pads are structured by 
photolithography. 

Electron beam lithography 

Electron beam lithography (EBL) is a direct writing technique by using a fo-
cused electron beam. By optimization of the EBL process, sub 10 nm resolu-
tions can be achieved [37]. Here, SiO2 having thickness of ≈285 nm was 
grown on Si wafer. Then, a 150 nm thick layer of  poly(methylmethacrylate) 
(PMMA)  was deposited as an EBL resist onto this wafer by spin coating [38]. 
The PMMA resist layer, when exposed to the e-beam, undergoes a breakdown 
of chemical bonds in the polymer molecules [39]. The 2 µm long and 200 nm 
wide lines which broaden up to 10 µm on either end close to the contact pads 
were patterned by EBL. PMMA resist was developed in 1:3 methyl isobutyl 
ketone:isopropanol (MIBK:IPA) for 1 minute and rinsed for 45 s in IPA. The 
conducting material (Au/Cr) was deposited by physical vapor deposition tech-
nique. As the gold material does not adhere on SiO2, chromium or titanium 
layer of 3 nm was deposited as an adhering layer and a 70nm thick layer of 
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gold is deposited then on top of the adhering layer. The metal lift-off was done 
by putting the sample in acetone bath for few hours and then rinsed by IPA.      

 

 

 

 

 

 

 

Photolithography 

The nanoelectrodes made by EBL cannot be used for probing during the elec-
trical characterization of the devices, as it needs to be connected with the mi-
crometer diameter tip of probe needles for electrical characterization in a 
probe station. Therefore, contact pads of micrometer dimension are made by 
photolithography (PL) technique. In the PL technique, the micron sized pat-
terns are transferred to the substrate by optical means. 

The 200 µm long and 100 µm wide Au contact pads are patterned by PL. 
A 5 µm thick photoresist (AZ 4562) layer was deposited by spin coating. The 
contact pads patterns were transferred to photoresist by mask alignment and 
later exposed to the light intensity of 12 mW cm-2 for 11 seconds and devel-
oped in 1:4 (351, Shipley):H2O developer for 2 to 3 minutes, then rinsed by 
deionized water and finally dry blowed by nitrogen gas [38]. 

Metal was deposited by physical vapor deposition method. The 70 µm thick 
gold contact pads were made to connect the nanowires for electrical measure-
ments. The sample overview and single device with nanoelectrode and contact 
pad are shown in Figure 2.2.     

 

 

Figure 2.1: Optical microscope images of nanoelectrode; left 
side image with scale bar 10 µm and right side image with scale 
bar 500µm. 
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Focused ion beam milling 

The nano structuring to create the gap size of 20 to 25 nm is achieved by fo-
cused ion beam (FIB) milling. The FIB (FEI Strata DB235 
FIB/SEM/EDS/Cryo dual beam instrument) is equipped with both electron 
beam column and an ion beam column. The electron beam column operating 
as a scanning electron microscope (SEM) is used to visualize the sample with 
nanometer resolution while with the help of the focused ion beam, the 
nanogaps are structured. Gallium ions (Ga+) are emitted from the ion beam 
source, and then, accelerated in a high voltage of 30 kV. These Ga+ ions have 
enough energy to knock out the gold atoms creating a gap in the nanowire. 
The nanogaps are created with applied voltage of 30 kV and the beam current 
of 1 pA. The beam diameter is larger than 5 nm under these applied conditions. 
The achievable milling resolution is larger than the beam diameter of the ion 
beam. Figure 2.3 shows a focused ion beam milled gap.  

Figure 2.2: Left optical microscope (OM) image shows nanoelectrodes in columns on 
a sample (scale bar 500µm), right image shows contact pads and nanowire of a nano-
electrode (scale bar 20 µm). 
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Figure 2.3: SEM image of nanogap milled by FIB imaged at U = 15 KeV. 

2.2. Dielectrophoretic trapping of functionalized AuNPs 

The nanogaps created by FIB have much larger size than the size of molecules 
which ranges from 1 to 10 nm. Therefore, we used functionalized AuNPs to 
bridge the gap. Dielectrophoretic trapping technique is used to trap the nano-
particles inside the gap and has been widely used for nanostructure formation 
[40]. This technique produce an electro kinetic force capable of attracting or 
repelling neutrally charged particles into a non-uniform electric field [41]. The 
frequency of DEP signal plays a key role for the nanostructure formation [42]. 
There may be either positive DEP where particles are attracted in the region 
of the highest electric field gradient or negative DEP where particles are re-
pelled from the region of the highest electric field gradient [43].  

Particles suspended in a solution are subjected to numerous external forces. 
Some forces can be attributed to the presence of an applied electric field, while 
others are due to the Brownian motion of particles. These forces are often non-
linear along the trajectory of the nanoparticles trapped for example in the 
nanoelectrode gap.  

The neutral particle gains the electrical dipole moment under applied elec-
tric field. The polarized particles experience a translational force towards the 
higher field gradient which is in between the nanogap. The dielectrophoretic 
force is directly proportional to the square of the electric field gradient, as well 
as the cube of the radius of the particles involved. The relationship is as fol-
lowing: 
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𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑟3(𝑘(𝜔))∇|𝐸|2……………………………2.1 

where r is the particle radius, |𝐸| is the electric field magnitude, 𝜀𝑚 is the 
suspending medium permittivity and 𝑘(𝜔) is the Clausius-Mossotti (CM) fac-
tor. The CM factor depends on the medium and particle permittivity given by 
this relation 

  𝑘(𝜔)  =  
𝜀𝑝−𝜀𝑚

𝜀𝑝+2𝜀𝑚
    …….…………………………………2.2 

The CM factor has numerical limits between –0.5 to +1 and defines the 
effective electrical polarizability of particle with respect to surrounding me-
dium. When the value is greater than zero the particle’s electrical polarizabil-
ity is greater than the surrounding medium and its moment is aligned with the 
applied electric field known as positive DEP. When the value is negative, the 
opposite effect happens; the electrical polarizability of particles is less than 
the surrounding medium and the induced moment is aligned against the ap-
plied field which is known as negative DEP.   

The nanogap created by FIB, having size between 20 to 25 nm is filled by 
functionalized AuNPs with the help of DEP trapping. DEP trapping of AuNPs 
was carried out as follow: first, the devices were connected with the help of 
probe needles to the AC source meter, pouring a drop of 8 to 10 µL of func-
tionalized AuNPs on the sample, applying electrical signal of 1 to 2 Vp-p with 
1 MHz frequency for 60 to 90 seconds. The applied signal generates a positive 
DEP force which moves the AuNPs towards the region where the electric field 
is high resulting the AuNPs to be trapped inside the nanogap. After these steps 
the contacts are removed and the sample is cleaned with deionized water to 
remove the excess nanoparticle solution from the sample and then dry blown 
with nitrogen gas. Figure 2.4 shows the AC function generator and DEP trap-
ping technique. Hundreds of DEP trapping attempts have been carried out 
through the device fabrication process. About 50 % success rate of trapping 
AuNPs was achieved during the DEP trapping experiments.    
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Figure 2.4: The Gold nanoparticle trapping setup. A function generator on 
left, while right side shows the schematic for DEP trapping setup. 

2.3. Dielectrophoretic trapping of different concentration of AuNPs 

An experimental study was carried out to understand the effect of AuNPs con-
centrations in solution on the number of trapped AuNPs inside the nanogap. 
The idea was to keep the DEP trapping parameters like frequency, input volt-
age and applied signal duration constant in every DEP trapping attempt while 
changing the AuNPs concentration. The concentration of the solutions of 
AuNP dissolved in toluene in this experiment was 1 mg/ml, 2 mg/ml, 4 mg/ml, 
and 8 mg/ml. The results were surprising; we expected increase in number of 
trapped particles as the AuNPs concentration is increased in solution but the 
device analysis in SEM showed the opposite trend: there were fewer AuNPs 
inside the gap see Table 2-1. Figure 2.5 shows SEM images of nanoMoED 
devices where AuNPs with different concentration of AuNPs were used in the 
trapping experiment.  
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Figure 2.5: Dielectrophoretic trapping of nanoelectrodes with different con-
centration of AuNP solutions, a) 1 mg/ml, b) 2 mg/ml, c) 4 mg/ml, and d) 8 
mg/ml. 

 

Table 2-1: Showing sample name, concentration of NPs in solution, number 
of NPs trapped inside nanogap with standard deviation & error. 

Sample AuNPs concen-
tration 

mg /ml 

No of 
AuNPs in-
side 
nanogap 

Standard 
deviation  

Standard 
Error 

202010ef 1 37 ±15 ±6 

202010cd 2 21 ±11 ±3 

202010ij 4 18 ±12 ±4 

202011ab 8 7 ±3 ±1 

To understand this behavior, dielectric constant calculations of differently 
concentrated AuNP solutions were performed. A custom-made setup up was 
developed for the capacitance measurements of different solutions; to ensure 
the accuracy of the measurement, the capacitance of air and the toluene sol-
vent were measured as a reference and relative dielectric constant was calcu-
lated by using the measured capacitance values. As can be seen from Table 
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2-2, the measured value for air and toluene matches the value reported in the 
literature. Figure 2.6 presents the measurement setup attached with B1500 Ag-
ilent semiconductor analyzer. Two 12 mm x 12 mm metal plates are used as 
electrodes which are connected to the probe needles of the probe station. The 
distance between the electrodes is kept 1mm. 

 
Figure 2.6: Setup built for capacitance measurement of AuNPs solution. 

During the measurement, the position of the electrodes remains unchanged, 
and the electrodes were immersed in the solution by adjusting the height of 
the sample platform.  

The relative dielectric constant calculations were carried out using the for-
mula given below: 

𝐶 =
𝜀𝑟𝑆

4𝜋𝑘𝑑
   ……………………………………2.3 

                                                       = 8.86 × 10−12 ·
𝜀𝑟𝑆

𝑑
 

                                                  𝜀𝑟 = 1.11 × 1011 ·
𝐶 · 𝑑

𝑆
= 0.771 × 1012 · 𝐶 

where C: capacitance (F), εr: relative dielectric constant, S: electrode area 
(12 × 12 × 10-6 m2), d: distance between two electrodes (1 × 10-3 m), and k: 
electrostatic force constant k = 8.99 × 109 N·m2/C2.  
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Table 2-2: presents the relative dielectric constant values of differently con-
centrated AuNPs solution, air and toluene. 

Sample with 

concentration 

C (pF)  

(Repeat measurement 5 times) 

Average 

C (pF) 

Measured 

εr 

Reported 

εr 

Air 1.361  1.358  1.368  1.369  1.357  1.3610  1.0494  1.00059 

Toluene 3.201 3.200 3.194 3.208 3.207 3.2024 2.4691 2.4 

AuNPs 1 

mg/ml 
6.968 6.959 6.900 6.860 6.868 6.9116  5.3288  - 

AuNPs 2 

mg/ml 
14.63 14.65 14.68 14.62 14.67 14.6551  11.2991  - 

AuNPs 3 

mg/ml 
22.87 22.87 22.79 22.67 22.70 22.7852  17.5674  - 

AuNPs 4 

mg/ml 
34.24 34.29 34.46 34.43 34.48  34.3826  26.5090  - 

 

The dielectric measurements show that the ɛr increases by a factor of about 5 
when the NP concentration increased by a factor of 4 in the solution. In fact, 
this means, that the electric field in the solution decreases by the same factor, 
i.e, 5 with an increase of the NP concentrations by a factor of 4. Then, the NPs 
experiencing the weakened electric field in the solution and would be less at-
tracted to the nanoelectrodes. The equation given below explains the relation-
ship between electric field and relative dielectric constant. The electric field 
is given as 

 

𝐸 =
𝑉

𝑑
 ……………………………………….2.4 

here V is the potential across the capacitor plates and d is the spacing in 
between plates.  

𝐶 =  Ɛ𝑟Ɛ𝑜
𝐴

𝑑
……………………………………2.5 
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Where C is the capacitance, d is the distance between the plates, A is the 
area of the capacitor plates, Ɛ𝑟 is the relative permittivity and Ɛ𝑜 is the absolute 
permittivity in parallel plate capacitor. By solving equation 2.4 and 2.5 we get 
the electric field across the capacitor plats as following 

𝐸 =  
𝑉 𝐶

Ɛ𝑟Ɛ𝑜 𝐴
………...……………………….2.6 

 

The equation number 2.6 shows the reciprocal relation of relative permit-
tivity with the electric field. This supports the experimental finding during the 
DEP trapping of functionalized AuNPs; it was observed that as the concentra-
tion of the AuNPs increased in the solution, the number of trapped AuNPs 
inside the nanogap decreased. The experimental measurements for the dielec-
tric constant of differently concentrated AuNP solution showed increase of 
dielectric constant value with increasing concentration. Figure 2.7 presents the 
graph between AuNPs concentration and relative dielectric constant value. 

 

Figure 2.7: Plot between AuNPs concentration in solution vs relative dielec-
tric constant values. 

2.4. Characterization techniques 

Different characterization techniques are used to understand the properties of 
the nanoMoED devices and the components used in its fabrication. The major 
characterization techniques used are scanning electron microscope (SEM) for 
the analysis of nanogaps and functional devices and the electrical characteri-
zation of devices is carried out on the Agilent B1500A semiconductor ana-
lyzer. The characterization of the nanoparticles is done with the help of 
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dynamic light scattering (DLS) measurements, UV-vis spectroscopy, SEM 
and transmission electron microscope (TEM). Gas sensor measurements are 
performed in a custom-made setup. The techniques are briefly explained in 
this section.  

Light optical microscope 

A light optical microscope (LOM) is used to project a magnified image of 
object on a charge coupled device (CCD) camera using visible light and a 
system of lenses. There are two basic types of LOM; a simple optical micro-
scope which uses single lens or a set of lenses for magnification while the 
other type of microscope is the compound microscope which uses systems of 
lenses for getting higher magnification of the object under observation. A 
compound microscope, Olympus AX70 is used to obtain the overview of the 
sample surface. It has magnification up to 100x at the objective lens level. 
Figure 2.1 and Figure 2.2 are LOM images showing overview of the sample 
having nanoMoED devices.  

Scanning electron microscope   

Scanning electron microscope (SEM) is used to characterize the size, shape 
and elemental composition of sample at nanometer scale. The lateral resolu-
tion of a SEM with a field emission electron source is 0.7 - 5 nm. The major 
components of SEM are electron column with the electron gun, the condenser 
lens system and the objective lens as well as typically secondary electron and 
a backscattered electron detector. The electron beam will be further shaped by 
condenser and objective aperture and moved along the sample surface by scan 
coils. The sample is positioned on a stage that can be moved in the three spatial 
directions, rotated and tilted. The secondary electron detector is an Everhart-
Thornley type of detector. The SEM is used to image the nanogaps and gives 
information about the morphology and size of the gap. Nanoparticles are im-
aged to check their dispersity and size. 

Dynamic light scattering  

The dynamic light scattering (DLS) technique is used to measure the hydro 
dynamic radius of functionalized nanoparticles. A DLS measurement spec-
trum is given in Figure 2.8 taken from Malvern Zetasizer Nano-ZS ZEN 
3600 instrument. The particle solution is contained in a cuvette for DLS 
analysis. The sample is irradiated by a laser beam, the laser light is scattered 
in all direction when interacting with particles. The scattered light is detected 
at certain angle over time and the diffusion coefficient is determined from 
this signal. The particle size is then determined by the Stokes-Einstein 
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equation [44] given below.  
 

𝐷 =
𝑘𝐵 𝑇

6𝜋η𝑅𝐻
  …………………………………….2.7 

 

here D is the diffusion coefficient [m2/s], kB is Boltzmann constant 
[m2kg/Ks2], T is temperature [K], η is Viscosity [Pa.s], and RH hydrodynamic 
radius [m]. 

 
Figure 2.8: DLS measurement showing hydrodynamic diameter of molecular 
functionalized AuNPs a), dodecanethiol functionalized AuNPs b), ω-tetra-
phenyl ether substituted 1-dodecanethiol functionalized AuNPs. (Adopted 
from paper I by the permission of IOP) 

Ultra-violet visible spectroscopy  

UV-Vis spectroscopy is an optical technique for characterization of nano-
materials. It uses ultra-violet and visible light wavelength between 200 nm to 
800 nm as source. A UV-Vis spectrum for 1-dodecanethiol functionalized 
AuNPs is given in Figure 2.9 taken by a Lambda 35 UV/VIS spectrometer, 
PerkinElmer instruments. When light shines on AuNP solution, at a certain 
light wavelength, one observes an absorption edge in the UV-Vis spectrum. 
The absorption edge is related to the excitation of a surface plasmon on the 
AuNPs. The energy of this plasmon resonance depends on size, shape, 
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agglomeration status and functionalization of the AuNPs. The optical absorp-
tion spectrum of a nanoparticle solution is measured with respect to reference 
sample, which in this case is toluene solvent without NPs. The absorption peak 
related to plasmon resonance of dodecanethiol coated AuNPs in our work ap-
pears at λ=520 nm [45].  

 
Figure 2.9: The UV-Vis absorption spectrum of 1-dodecanethiol functional-
ized AuNPs. 

Thermo-gravimetric analysis  

Thermo-gravimetric analysis (TGA) technique is used to calculate the organic 
molecules weight percentage in the functionalized AuNPs.  According to the 
TGA results given in Figure 2.10, both types of AuNPs-capped with 1) dodec-
anethiol and 2) dodecanethiol plus tris-[(para-tert-butyl) phenyl] methyl phe-
nyl end group (5%) called stopper molecules, showed drop in  weight as the 
temperature increased, in three phases: (a) at the T ＜ 120 ℃, there is a minor 
drop in weight which is attributed to the evaporation of residual solvent; (b)   
120 ℃＜T＜ 320  ℃, a clear drop in weight appeared,  since the functionaliz-
ing molecules on the AuNPs surface desorb; (c) T ＞ 320 ℃, there is no drop 
in the weight of the samples because all the organic ligands have been decom-
posed and gold is left only. Based on the experimental findings, percentage 
drop in the weight of each sample is calculated, which is about 26 % for the 
dodecanethiol coated AuNPs and 31 % for the stopper coated AuNPs. This 
difference in percentage weight drop comes from the different molecular 
weights of the capping ligand shells, ω-tetraphenyl ether substituted 1-dodec-
anethiol (M= 752 g/mol) in comparison to the dodecanethiol (M= 179 g/mol). 

The molecular densities were measured on Au(111) surfaces and on sur-
faces  of AuNPs here the densities of molecules depend on the NP diameter 
and the molecule length [46]–[48]. The density of 4-7 molecules/nm2 has been 
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reported in [48], this corresponds to molecule-molecule distance of 4 - 5 Å 
which implies a densely packed molecular film on AuNP surface.    

 
Figure 2.10: TGA traces for 1-dodecanethiol and   stopper molecules coated 
AuNPs. (Adopted from paper I by the permission of IOP) 

Electrical characterization 

Electrical characterization is done by using semiconductor analyzer B1500A. 
The nanoMoED devices are attached to this instrument by using a probe sta-
tion which is placed inside the Faraday cage to avoid the interferences. The 
Figure 2.11 shows the electrical measurement setup for the characterization of 
the nanoMoED devices.  

 
Figure 2.11: Left side Karl Suss probe station for electrical characterization, 
right side Agilent 1500A semiconductor analyzer. 



 35 

Figure 2.12 shows the setup for gas sensing measurements. This setup has 
been used for gas sensing measurements on nanoMoED devices [10] and Gra-
phene [49]. The gas sensor chamber has volume of 154 cm3. It is placed in 
fume hood for user safety. The chamber has six openings; two are used for 
micromanipulators to connect the device under test (DUT) for electrical meas-
urements, one opening is used for UV light, one is closed, through two open-
ings gas flow in and out of the chamber. The chamber is sealed by transparent 
glass lid during gas sensor measurements. The gas flow is controlled by 
Brooks 5878 mass flow controller. The gas concentration can be controlled 
from 1 ppm to 100 ppm by a gas flow controller. For the gas flow used here 
of 100 ml/min, it takes 450 seconds to change the gas in the gas containing 
chamber from N2 to 99% filling with 100 ppm NO2 gas. The chamber is purged 
with N2 gas as inert gas before every gas sensor measurement.    

The current time measurements are performed on a Keithley 6430 sub 
femto amp source meter which is attached with the gas sensor setup.  

 
Figure 2.12: Custom made gas sensor chamber with attached micro manipu-
lators and microscope. 

2.5. Summary 

This chapter explains the methods used for device fabrication such as electron 
beam lithography, photolithography, focused ion beam milling and 
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dielectrophoretic trapping of functionalized gold nanoparticles. The effect of 
AuNP concentration in solution on the number of NPs trapped inside the 
nanogaps is experimentally studied. The capacitance measurements for 
AuNPs in solution are carried out to calculate the relative dielectric constants 
of AuNP solution. The electrical characterization, DLS, UV-Vis, TGA analy-
sis techniques are discussed, which are used to understand the properties of 
devices as well as of the molecule functionalized AuNPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 37 

3. Components and background of 
nanoMoED device platform 

This chapter explains about the components for devices synthesis and as well 
as it sets the base of the theory explaining charge flow through the different 
components of devices. For the conductive molecules to bridge efficiently the 
nanoelectrodes, typically a nanometer spaced gap is required. In nanoMoED 
devices, a few nanometers wide gap between the Au electrodes is fabricated 
by a focused ion beam (FIB). The nanogap created has very high electrical 
resistance which allow us to study molecular electrical resistance of different 
organic molecules. Molecular functionalized, mono disperse AuNPs of spher-
ical shape with a hydrodynamic radius of 4 to 5 nm are used for bridging the 
≈20 nm wide gap. The nanoMoED device shows tunneling current across the 
electrode gap under low bias voltage measurements. The electrical properties 
of the device depend mainly on the functionalizing molecule and metal mole-
cule junction. The nanoMoED devices showed change in charge transport 
mechanism when operated in different gas atmospheres.   

3.1. Nanometer-spaced electrodes 

For the implementation of molecular electronic devices, the nanoelectrodes 
with spacing of 1 to 2 nm are required which can match the size of organic 
molecules. Many techniques are used to fabricate nanometer size gaps such as 
e-beam lithography, electromigration, nanowire lithography or chemical va-
por deposition [50], [51], [52]. The nanoelectrodes used to fabricate nano-
MoED devices are basically nanowires made by electron beam lithography. 
The nanogaps are created by using FIB with a nanogap size of down to a few 
nanometers [53]. The nanogap fabrication with almost 100 % yield is achieved 
for a gap size of 20 to 25 nm. The nanogaps show very high electrical re-
sistance at low bias voltage measurements of up to 1000 TΩ which means that 
the charge transport through the insulating gap is due to a quantum mechanical 
process known as tunneling [54]. Theoretical understanding for electric charge 
tunneling between nanogap of same type of electrodes is given by John G. 
Simmons in 1963 [55]. Figure 3.1 (i) shows the scenario when no bias voltage 
is applied resulting in no electron transport across the nano gap. Part (ii) pre-
sents the situation when a positive bias voltage is applied to right electrode, 
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but there will be no charge transport in this case as well because the applied 
voltage is still less than the barrier height 𝜙 . In Part (iii) the applied voltage 
is greater than the barrier height 𝜙 and in this case the charge will flow across 
the nanometer spaced tunnel junction.  

 
Figure 3.1: Metal electrodes spaced by insulating medium with barrier height 
𝜙 i) with zero applied bias ii) by applying voltage 0<eV< 𝜙 iii) when the ap-
plied voltage is greater than the barrier height eV> 𝜙. 
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Figure 3.2: The I-V characteristics for an empty nanogap. 

Figure 3.2 shows the typical current voltage characteristics of empty nanome-
ter spaced gap sizing about 20 nm, the current flowing across the junction is 
in fA range.  

3.2. Nanoparticles 

The functionalized AuNPs are key components for nanoMoED devices. The 
gold nanoparticles used in paper II are functionalized by ω-triphenylmethyl-
protected octanedithiol (PODT) and their synthesis has been explained in [56]. 
The functionalized AuNPs from this synthesis method have in general very 
good quality in terms of size homogeneity and monodispersivity. Though the 
synthesis process has very little flexibility and it is difficult to change or to 
modify the functionalization of the AuNP. One particular property of the func-
tionalization shell is that one quarter of the octanedithiol molecules stand on 
the AuNP surface, whereas 3 quarter of ODT are lying on the surface.   

In Paper I, two types of functionalized AuNPs are used, 1) 1-dodecan-
ethiol functionalized AuNPs explained in [57], 2) 1-dodecanethiol plus tris-
[(para-tert-butyl) phenyl] methyl phenyl end group (5%), here called stopper 
molecule explained in [58]. The AuNPs were synthesized using a mild and 
efficient single-organic-phase method [57], [59]. Briefly, the AuNPs of 1-do-
decanethiol functionalization are synthesized as follow, Gold(III) chloride hy-
drate (HAuCl4•3H2O) (40 mg 0.1 mmol) powder was dissolved in THF 
(10 mL) and then the surfactant molecules 1-dodecanethiol (0.1 mmol) are 
added, followed by magnetic stirring vigorously for 15 min until the solution 
becomes cloudy. Then, the reducing agent triethylsilane (0.1mmol) was added 
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dropwise in the solution. After magnetic stirring of 6 h to 16 h, the NPs solu-
tion was filtered to remove big size particles by using a micro-pore size filter 
paper. Ethanol is used to wash and precipitate the AuNPs. The collected 
AuNPs were dispersed in toluene uniformly (1mg/mL) by 10 minutes of cen-
trifugation at the speed of 10000 revolution per minute (rpm) where the con-
taminants and larger particles are removed. The synthesized uniform size and 
monodisperse AuNPs are used for the nanoMoED device fabrication. The 
SEM image in Figure 3.3 (a) shows that the NPs are monodisperse. From the 
TEM images in Figure 3.3 (b) the NPs diameter and NP-NP spacing is meas-
ured. When a solution of 5% stopper coated AuNPs is synthesized, a mixture 
of 1-dodecanethiol and stopper molecules at a molar ratio of 95:5 is added as 
surfactant molecules to the HAuCl4•3H2O solution in THF following the syn-
thesis method given above.   

 
Figure 3.3: a), SEM Image of dispersed dodecanethiol functionalized gold 
nano nanoparticles (DDT-AuNPs) on the Si surface. b) In order to obtain na-
noparticle agglomerations that show an as close as possible status of AuNPs 
in solution, a drop of AuNP solution was dried on the Si TEM Cu grid. 
(Adopted from paper I by the permission of IOP) 
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3.3. Metal-molecule coupling  

The metal-molecule coupling is one of the key factors to determine the effi-
ciency of charge flow across the molecular based electronic devices [60]. The 
choice of metal electrode material and molecular end group is important for 
mechanically stable and electronically robust charge transport across the 
metal-molecule junction [61], [62]. The material used as electrode in molecu-
lar electronics generally comprises following properties: The material is i) a 
good electrical conductor holding same properties at low dimensions, ii) 
chemically inert, iii) it can form the chemical bond to the anchoring group of 
molecule [19]. Gold is a good choice to be used as electrode material, due to 
following reasons; gold surface can form strong bond to sulfur atom which is 
terminating end of the functionalizing molecule [63]. The Au-S bond has 40-
50 kcal/mol binding energy which is stable and very strong [64]. Gold sur-
faces are easy to make by lithography technique. Gold is nontoxic and chem-
ically inert.  

Gold is used as an electrode material in the nanoMoED devices. The elec-
trical junction, stability, and bond strength using different types of anchoring 
groups such as thiol (SH), methyl sulfide (SMe), amine (NH2) and pyridine 
(Py) have been studied by different research groups [61], [62], [65], [66]. The 
thiol terminated molecules, Au-S interaction form the gold thiolate bond 
which provide the best coupling strength in terms of the electronic transport 
and mechanical coupling [19], [67], [68], [69]. In this thesis work molecular 
junction are formed by dithiol and monothiol anchoring groups [22], [35].    

3.4. Molecular Junction  

The molecular junction is formed when molecular functionalized AuNPs 
bridges the nanoelectrodes. Two types of molecular junctions can be formed, 
physiosorbed or chemisorbed depending on the binding of anchoring group of 
molecule to the Au surface. The ligand shell of the DDT-AuNPs is very dense 
(Paper I). This means that the ligand shell of two functionalized AuNPs that 
sit next to each other in a nanoMoED device will not fully interdigitate. As a 
consequence, the AuNP- AuNP spacing is between the length of a single and 
two 1-dodecanethiol molecules. This is in agreement with the length measured 
from TEM images (Paper I). Therefore, the junction on the nanoparticle gold 
site is related to a chemical bond whereas the tip of the 1-dodecanthiol mole-
cule is physiosorbed typically to another 1-dodecanthiol molecule. This struc-
ture of the AuNP-molecule-AuNP junction results in high electrical resistance 
of the device. It has been shown that the conductance for chemisorbed and 
physiosorbed junctions differs by several orders of magnitude [70]. The mo-
lecular junction formed with such AuNPs shows poor reproducibility in 
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electrical measurements due to the large variably in metal molecule interac-
tions [71], [21]. The dithiol terminated molecule biphenyl dithiol (BPDT) is 
introduced in the molecular junction by secondary molecular functionalization 
reaction which can make a chemisorbed contact to the next AuNP and Au 
electrodes resulting in higher charge transport and lowering the electrical re-
sistance of the device [36].  

 
Figure 3.4: Schematic top diagram showing chemisorbed junctions, BPDT 
molecule forming Au-S covalent bond and bottom physiosorbed junction. 

3.4.1.  The organic molecules  

The organic molecules used in the field of molecular electronics can be cate-
gorized in two major groups: saturated and conjugated organic molecules. In 
the saturated molecules atoms are connected through single bond. Alkane 
chains are saturated molecules having chemical formula CnH2n+2 where n is 
number of carbon atoms. Hydrocarbons have localized electrons with large 
HOMO-LUMO gap and they are poor charge conductors behaving as insulat-
ing molecules. In the conjugated molecules, atoms are connected by alternat-
ing single and double bonds which have delocalized π-electrons with smaller 
HOMO-LUMO gap. The conjugated molecules are used as conducting mole-
cules having better charge transport properties as compared to alkanes mole-
cules [72], [73]. 
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The molecular junctions made in this work are based on both saturated and 
conjugated types of molecules. The saturated molecules used are 1-dodecan-
ethiol and octanedithiol, the HOMO-LUMO gap of these molecules are 7 to 
11 eV and 7 to 8 eV respectively. The molecular length of 1,dodecanethiol 
molecule is 14.8 Å while the octanedithiol molecule is 12 Å  [74], [72].  The 
conjugated molecules used are biphenyldithiol (BPDT), p‐ter-phenyl‐4,4''‐
dithiol (TPDT), and oligo phenylene ethynylene (OPE). The molecular length 
of BPDT and TPDT is 12.5 Å and 16.9 Å, respectively [75]. 

3.4.2.  Electronic structure of molecular devices 

To understand the electron transfer mechanism across the molecules, we have 
to take into account the energy band diagram of metal-molecule-metal system. 
Metal parts; act as leads connecting the molecule, having continuum of energy 
levels, while the molecules have discrete energy levels known as molecular 
orbitals. The molecular orbitals are occupied up to highest occupied molecular 
orbital (HOMO) and next level is the lowest unoccupied molecular orbital 
(LUMO). The energy difference of these orbitals is called HOMO-LUMO 
gap. This is of great interest in molecular electronics, as the electron transport 
properties depend on HOMO-LUMO gap of the molecule bridging the metal 
electrodes.  

In Figure 3.5 Au electrodes are shown with Fermi energy level and the 
molecular orbital levels. The charge transport alignment of energy levels is 
achieved when the applied voltage is such that the LUMO level reaches the 
Fermi level [76], [77].  

Figure 3.5: Metal electrodes of Gold; bridged by organic molecule, showing 
the alignment of HOMO-LUMO gap to the Fermi level. Left: molecular orbit-
als position with respect to Au electrode under zero applied potential. Right: 
when the applied voltage is larger than zero.  
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At zero voltage the Fermi level lies in between HOMO and LUMO energy 
levels. No transport is observed due to same chemical potential of left and 
right electrode. The electron flow is possible by shifting the chemical potential 
by an energy difference of eV such that the LUMO molecular orbital is aligned 
with the left electrode. Thus, the conductance of the metal-molecule-metal de-
pends on the offset ɸo between the Fermi level of the electrode and the LUMO 
level of the molecule as well as of the transmittivity of the LUMO level. In 
addition, when a molecule is coupled to an electrode, its energy level will 
broaden, which equally needs to be taken into account to calculate the electri-
cal current flowing through the junction as shown in Figure 3.6.   

 
Figure 3.6: Opening of energy window eV and broadening of molecular or-
bitals under applied voltage V. 

The electrical characterization carried out in this thesis were intended to meas-
ure the direct tunneling or low bias voltage electrical tunneling resistance 
which is in the GΩ range [22].  

3.4.3. Secondary molecular functionalization  

The secondary molecular functionalization is a wet chemical process, that has 
been utilized to change the AuNPs functionalization in nanojunctions [78], 
[79], [80], [81], [82]. In this method, the sample having nanoMoED devices 
is placed in solution containing the molecule which is supposed to bind to the 
AuNPs surface. The secondary molecular functionalization process can take 
place in two ways, one is by replacing the already attached molecules on 
AuNPs surface and secondly the incoming molecules can attach to the AuNPs 
surface where no molecule is attached on vacancies in the ligand shell. This 
process, in molecular electronic is generally referred to as place or ligand ex-
change process by working groups. Though, from our knowledge, no 
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systematic study has been carried out to distinguish if this process is a real 
ligand exchange process or a process where vacancy in the ligand shell is oc-
cupied. Therefore, in the following, we named this process secondary molec-
ular functionalization.  

This process takes 24 to 72 hours until the electrical resistance of the na-
noMoED devices does not decrease anymore upon keeping the devices in the 
molecular solution. A similar technique is reported by different research 
groups for secondary molecular functionalization, [83], [84]. The electrical 
characterization, current voltage measurement technique is used to monitor 
the secondary molecular functionalization dynamics. The I-V measurements 
are carried out after every 24 hours until the devices reach the saturation cur-
rent level. This means that there will be no further molecular functionalization 
and the devices have achieved the equilibrium state. Few orders of change in 
electron transport is observed during the secondary molecular functionaliza-
tion, depending on the type of molecule introduced into nanoMoED device 
[9], [56], [58],[85].   

3.4.3.  The effect of gas atmosphere on charge transport through 
nanoMoED devices 

There are several mechanisms of gas sensing such as electrochemical, optical, 
and chemiresistive sensors [86], [87]. Optical gas sensors probe electronic 
transitions in the analyte gas molecule and are there by highly selective. The 
drawback of this type of sensor is that due to low absorption coefficient of 
gases, the sensor needs to be quite long and therefore difficult to miniaturize. 
Electrochemical sensors rely on differences in redox process that different 
gases cause at electrode surfaces. They are broadly applied, are quite cost ef-
ficient, but not highly selective. In a chemiresistor sensor, the material alters 
its resistance when the surrounding atmosphere changes. Different types of 
chemiresistor sensors are developed to sense environmental gases and com-
pounds in aqueous medium [88], [89], [90], [91], [92]. The chemiresistor sens-
ing material can be metal oxides in form of thin film or nanoparticles, carbon 
nanotubes, graphene, polymers and semiconductor surfaces. The metal oxide 
sensors need to be operated at elevated temperatures between typically 150°C 
to 300°C which makes their energy consumption high. Polymer sensors have 
a good selectivity and operate at room temperature. Though, their sensing ac-
tivity does not only come from the gas-polymer interaction, but gases will also 
cause a volume change of a polymer which equally will impact the sensor 
signal. If the gas sensing mechanism relies on the interaction between single 
sensor molecule and analyte gas, the volume change effects present in the pol-
ymers should no longer disturb the gas sensor signal.      
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The chemiresistor sensing material in our case are single, free standing or-
ganic conjugate molecules that interact directly with analyte molecule. When 
the analyte gas molecule approaches the sensor molecule and is physiosorbed 
or chemisorbed, there will be formation of additional charge transport chan-
nels in the sensing molecule, which causes a change in the electrical resistance 
of the device. This situation is shown in Figure 3.7 for the different analyte 
gas molecules and pristine sensing molecules. The sensing molecules are 
BPDT and TPDT. In the Figure 3.7, the devices are at a bias voltage of 0 V. 
When the bias voltage is increased, electron conduction can be activated along 
the transport channels that are at an offset from the Fermi energy that corre-
sponds to the bias voltage. In both cases, physiosorbed and chemisorbed gas 
molecules, these addition charge transport channels get activated at a few 
tenths of volts.    

The nanoMoED devices showed successful sensing of NO2, NH3, and eth-
anol gases (Paper III), [10], [22]. The gas sensor response increases with the 
gas concentration and is selective to different gases as well. 

 
Figure 3.7: The DFT calculation of transmission function with respect to en-
ergy. The energy of 0 eV corresponds to Fermi level. (Adopted from paper III) 

3.3.4. NH3 gas detection by molecular functionalized graphene 

Graphene based gas sensors are developed to monitor the different gases since 
it has unique properties, for example, a high surface to volume ratio, and high 
charge mobility [93]. The graphene gas sensors when functionalized with var-
ious types of materials such as metallic nanoparticles, organic molecules, con-
ducting polymers and metal oxides showed improved gas sensor properties, 
which are response time, recovery time, selectivity, and sensitivity [94], [95]. 
In this work the graphene is functionalized with 5,5’ -Di(4-biphenylyl)-2,2’-
bithiophene (BP2T) molecules, this functionalization enhanced the NH3 gas 
detection 3 times as compared to pristine graphene [96]. In this sensor BP2T 
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is bond to the graphene surface by π-π electron interactions. The theoretical 
calculation shows that the absorption energy of NH3 gas on graphene surface 
increases from 0.11 eV to 0.45 eV when functionalized with BP2T molecules 
(Paper IV).    

3.5. Summary  

This chapter presents all the components used in nanoMoED device fabrica-
tion and it explains the molecular junction formation. The synthesis of molec-
ular functionalized AuNPs with various functionalizing molecules is de-
scribed. The coupling between the metal and the molecule consists of Au-S 
bond in the nanoMoED devices and it is this coupling that determines the 
charge transfer efficiency. The electron transport mechanism in the devices is 
tunneling along the molecules in the nanometer spaced gap. The electronic 
structure of molecules determines how charge transport through molecular or-
bitals.  

The tuning of the nanoMoED devices is achieved by the secondary molec-
ular functionalization process to change the devices electrical resistance. The 
ligand functionalization process positions the organic conjugated molecules 
in the nanoMoED devices which have higher charge transmission, because of 
their lower HOMO-LUMO gap. The gas sensor mechanism for gas detection 
is discussed for the nanoMoED devices and molecular functionalized gra-
phene. 
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4. Summaries of research papers 

The research papers are summarized in this chapter. The first two articles are 
about molecular functionalization of nanoMoED devices, their analysis, and 
characterization. The third article is about gas sensor measurements on nano-
MoED devices. The fourth article is about graphene molecular functionaliza-
tion and gas sensor measurements.   

4.1. Summary of paper I 

The electronic properties of nanoMoED devices are based on the electronic 
structure of single and few molecules which are bridging the nanojunctions 
and the type of metal-molecule junction formation. In this article, two types 
of molecular functionalization/coating of AuNPs were carried out: 

- type1, 1-dodecanethiol coated AuNPs also called as DDT-AuNPs and  
- type2, 1-dodecanethiol (95%) plus tris-[(para-tert-butyl) phenyl] methyl 

phenyl end group (5%). The latter molecule is called stopper molecule 
and the corresponding AuNPs are called St-AuNPs.  

The idea behind this scheme was to understand, how the functionalizing 
molecules of AuNPs affect the secondary molecular functionalization. The 
secondary molecular functionalization was performed by using BPDT mole-
cules. The successful molecular functionalization with BPDT molecules was 
confirmed by electrical characterization of the nanoMoED devices. Structural 
analysis of device components such as nanogaps and AuNPs was done by 
TEM, SEM, TGA, and DLS measurements.  

The experimental study showed interesting results. The molecular func-
tionalization with BPDT molecules was achieved using both types of AuNPs. 
There was increase of 1 to 2 orders in electronic conductivity in devices which 
were initially containing type1 AuNPs and 2 to 3 orders increase in electronic 
conductivity when type2 AuNPs were used. The greater increase in electric 
conductivity is due to the difference of the functionalizing shell of AuNPs. In 
type2 AuNPs, the coating molecules provide more intermolecular spacing on 
AuNPs surface in comparison to type1 AuNPs due to their respective molec-
ular structures. This increase in the intermolecular spacing in type2 AuNPs 
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facilitates secondary molecular functionalization by BPDT. The larger inter-
molecular spacing will cause less steric hinderance to the incoming BPDT 
molecules and it will be easier for the incoming molecule to approach and 
attach to the Au surface. The NO2 gas was sensed by nanoMoED devices fab-
ricated by type1 AuNPs, 32 % response S (equation 3.1) was observed under 
NO2 gas atmosphere. Figure 4.1 shows the SEM images and current voltage 
characterization of devices made by different functionalized AuNPs. The sec-
ondary molecular functionalization with BPDT molecule caused clear de-
crease of the electrical resistance of the I-V curves.   

From the structural as well as electrical measurements of the nanoMoED 
devices and its components, we deduce that steric hindrance impacts function-
alization process, or, in turn, the tuning of the primary ligand shell can be used 
to modify secondary functionalization process in the devices. In addition, 
these devices can be used to obtain a gas sensor response to NO2 analyte gas. 
This gas sensor principle has been previously demonstrated where the sensing 
molecule which is the functionalizing molecule of the device change the local 
density of states in response to the analyte gas molecules [10]. The reported 
gas sensing principle holds same for the different functionalizing molecules 
presented in this paper. These results encouraged us to try various functional-
izing molecules in this platform and sense other toxic gases as well.  
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Figure 4.1: The SEM analysis and electrical characterization of the nano-
MoED devices, a), SEM image of DDT-AuNPs trapped device and later tuned 
by BPDT molecules. b) I-V curves, red one corresponds to device when 
trapped with DDT- AuNPs while blue curve after the secondary functionali-
zation with BPDT. c) SEM image of St-AuNPs trapped device and and later 
tuned by BPDT molecules. d) I-V curves, red one corresponds to device when 
trapped with ST- AuNPs while blue curve after the secondary functionaliza-
tion with BPDT. The insets in a) and c) show bridging of the AuNPs in between 
the nanoelectrode gap. (Adopted from paper I by the permission of IOP)  

4.2 Summary of paper II 

In this paper the molecular tuning of nanoMoED devices is done with the help 
of molecular place exchange process. Throughout the paper II, as mentioned 
above the expression molecular place exchange is used. Since the expression 
secondary molecular functionalization describes this process better, here will 
use the letter expression. The AuNPs with their primary ligand shell consisting 
of insulating short alkyl thiolates are functionalized with different conductive 
short chain oligomers to increase the charge transport across the devices. The 
molecular junctions are made by trapping AuNPs that are functionalized by a 
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mixture of 1,8 octanedithiol and ω-triphenylmethyl-protected octanedithiol 
(PODT) into the nanogap, which has been reported in [35], [85]. 

The successful secondary molecular functionalization with BPDT mole-
cules caused up to four order change in electrical resistance of devices. The 
nanoMoED devices with OPE molecules showed up to 3 order change in elec-
trical resistance of devices after secondary functionalization. The secondary 
molecular functionalization is confirmed with the help of electrical character-
ization and Raman spectroscopy. The change in electrical resistance is meas-
ured during repetitive molecular functionalization between insulating (oc-
tanethiol) and conductive (BPDT) molecules. This successful experimental 
technique enables us to fabricate the nanoMoED devices with different types 
of molecular functionalization that will lead to different devices properties and 
applications.  

The secondary molecular functionalization was carried out with different 
types of molecular end group termination to better understand, how the differ-
ent end group termination influences the secondary molecular functionaliza-
tion. The devices trapped with PODT coated AuNPs were immersed in 
10 mmol solution of thioactetate (ASc) terminated 4,4’-biphenyldithiol which 
was dissolved in toluene solvent. It was observed that the molecular place ex-
change reaction took longer time to reach a saturated current level across the 
devices with the thioactetate terminated molecule in comparison to the thiol 
terminated molecule. This means that it took longer time to bind the thioacte-
tate based molecules on the gold surface than for the thiol terminated mole-
cule. The devices showed pronounced change in electrical resistance after 40 
days of secondary molecular functionalization reaction. The reason for this 
longer time for secondary molecular functionalization with ASc terminated 
molecules is that the reaction occurs in two steps. First, the molecule ap-
proaches to the Au surface and comes in contact with the surface. Second, the 
acetyl moiety leaves the molecule which results in the thiol gold bond for-
mation. For the molecular functionalization with oligo phenylene-ethynylene 
(OPE) molecule, the devices trapped with PODT functionalized AuNPs were 
immersed into 10 ml solution having 10 mmol concentration of OPE molecule 
dissolved in toluene for 72 hours. The geometric mean resistance of devices 
with PODT molecule is about 60 GΩ. The geometric mean resistance of de-
vices after the molecular functionalization with OPE molecules changed to 36 
MΩ. The reason for this behavior is due to the conductive nature of the OPE 
molecule. Furthermore, since it has triple bonds between the phenyl rings, the 
molecule is rigid which leads to a higher conductivity of the molecule.  

The cyclic molecular functionalization on nanoMoED devices was suc-
cessfully demonstrated using two types of molecules. For this purpose, the 
devices were alternately functionalized with 1 mmol concentrated BPDT mol-
ecules and 1 mmol octanethiol (OT) molecules. In the last step, the BPDT 
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concentration was increased to 10 mmol. The change in current behavior was 
observed after every molecular functionalization step. The tunneling current 
was about 6 pA in nanoMoED device when bridged with PODT molecule, the 
value increased to 60 pA after functionalized with 1 mM solution of BPDT 
molecule for 48 h. The functionalization was carried out with 1 mmol OT 
molecule which caused decrease in tunneling current across the nanoMoED 
device.  

The iterative functionalization was carried out on 10 nanoMoED devices 
in parallel with two BPDT and two OT by secondary molecular functionali-
zation steps. The results are shown in Figure 4.2. The electrical resistance val-
ues are not exactly same after every iteration; the variation in the values is due 
to the different number of molecules and their attachment geometries to Au 
surfaces during secondary molecular functionalization reaction. The re-
sistance values obtained during the experiment are similar to the calculated 
value of BPDT molecule in between the Au junctions. The electrical resistance 
value when bridged with BPDT molecule is lower than OT molecule. This 
behavior is due to the fact that the BPDT molecule has π orbitals and it form 
thiol-Au bond which provide better path for electron flow than the octanethiol 
molecule.  
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Figure 4.2: Electrical characterization of Cyclic molecular functionalization 
between BPDT and OT in PODT-AuNPs functionalized nanoMoED devices, 
a) I-V curves of device during cyclic functionalization process, b) Low bias 
electrical resistance histogram of 10 devices when functionalization with: (i) 
PODT, (ii) 1 mM BPDT, (iii) 1 mM OT, (iv) 1 mM BPDT, (v) 1 mM OT, (vi) 
10 mM BPDT. This secondary molecular functionalization’s take 48 hours. 
(Adopted from paper II by the permission of IOP) 
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The devices were stored in air and toluene medium to check the stability of 
device electrical resistance for 30 days. The results showed that the devices 
retain better properties in air in comparison to toluene medium.  

The primary functionalization of AuNPs can only be done by a limited 
number of molecules since the molecule for the primary functionalization is 
in general selected such that the synthesis process is optimized in terms of size 
and size distribution of AuNPs, monodispersivity, and shape. In this study this 
limitation is overcome by a secondary functionalization process which enable 
us to introduce new molecules in devices after fabrication. These nanodevices 
showed gas sensor results for NO2 gas [22]. 

4.3 Summary of paper III 

Molecules acting as gas sensor material change the electronic structure when 
a single analyte gas molecule binds with the sensing molecule. The conjugated 
organic molecules are conductive molecules and act as bridge between two 
Au surfaces in nanoMoED devices. For the gas sensor experiments, the 
nanojunctions are functionalized with two types of phenyl-based conjugated 
molecules: first, 4,4’-biphenyldithiol (BPDT) and second, p-ter-phenyl-4,4''-
dithiol (TPDT) during fabrication process. These nanoMoED hybrid devices 
showed change in conductivity when operated in the gaseous atmosphere. 
When the devices are exposed to NO2, NH3, and ethanol gas atmosphere, the 
device under test (DUT) changed the electrical resistance. This means that the 
devices are behaving as a chemiresistor gas sensors where the conjugate or-
ganic molecule acts as sensing material. The response S of a sensor is defined 
as follows: 

𝑆 =
𝐼𝑎𝑛𝑎𝑙𝑦𝑡𝑒 −𝐼𝑁2

𝐼𝑁2
× 100%..................................4.1 

where IN2 is the current value in nitrogen gas atmosphere and Ianalyte is the 
current value in the analyte gas atmosphere. The device tested in the atmos-
phere of 13 ppm concentration of NO2 showed a response S of 24% in the I-t 
measurement under constant low bias voltage of 200 mV. The nanoMoED 
devices are also functionalized with TPDT and tested for various concentra-
tion of NO2 gas. The gas sensor response S of TPDT is 19 % under a gas 
concentration of 25 ppm NO2. Thus, the BPDT molecule has a higher response 
to NO2 than the TPDT molecule. The devices are also tested in NH3 and eth-
anol environment. The response of device under these gases is weak with re-
spect to the one of NO2 gas. The device showed change in electronic resistance 
when operated under NH3 gas. The electrical current increased when ammonia 
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gas started flowing into the chamber and after about 5 minutes of NH3 expo-
sure decreased, showing a clear signal of gas sensor behavior (Paper III). The 
device response in ethanol atmosphere is about -1.5 % to -5 % for ethanol 
concentrations ranging from 10 ppm to 100 ppm. The functionalized mole-
cules of nanoMoED devices showed gas sensor response at ambient condi-
tions. The devices can sense low concentration of analyte gas and are selective 
to various gases with different response time; rise time and recovery time 
when experimented. When the NO2 starts to stream into the chamber, it takes 
few minutes until the current value reaches saturation. Since the NO2 mole-
cules are strongly bond to the sensor molecule, the desorption is stimulated by 
UV irradiation of the device.           

The sensitivity and the limit of detection (LoD) of TPDT based gas sensor 
for NO2 gas detection is calculated from the date given in Figure 4.3. The 
linear fit to the slope of curve presenting the concentration vs response per-
centage g in Figure 4.3d gives the values of sensitivity which is 0.5 % per 
ppm. The limit of detection is the lowest concentration of the analyte gas that 
can be detected by the sensor, which is calculated by the formula [97] given 
below: 

𝐿𝑜𝐷 = 3 ×
𝑁𝑜𝑖𝑠𝑒 𝑟𝑚𝑠

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
 ……………………….4.2 

By calculating the noise rms value from the baseline of gas sensor meas-
urement shown in Figure 4.3a and solving the formula, the value obtained for 
the limit of detection is 0.6 ppm concentration of analyte gas.  
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Figure 4.3: The gas sensor curves (I-t) of nanoMoED device functionalized 
with TPDT molecule under different concentration of NO2 gas; a) Gas re-
sponse under 100 ppm, b) Gas response under 50 ppm, c) Gas response under 
25 ppm, d) The concentration vs response % plot with standard error bars. 
(Adopted from Paper III) 

The charge transport through nanoMoED device is calculated with the help 
of first principle with the method based on nonequilibrium Green’s functions 
(NEGF) mixed with density function theory (DFT) as applied by TransSI-
ESTA package Siesta to understand the transmission mechanism of device. 
The calculations show additional transport channels when NO2 and NH3 ab-
sorbs chemically or physically to the sensing molecules. The binding energy 
values of NO2 gas is larger in comparison to NH3 gas. The calculation results 
are comprehensively presented in the Paper III and its supplementary infor-
mation. 

4.4 Summary of paper IV 

Graphene is a single atom thick two dimensional (2D) material which has been 
extensively investigated for gas sensor measurements due to its properties 
such as high charge conductivity, high mechanical strength and high chemical 
stability [98]. In this study the graphene was functionalized by 5,5′-Di(4-bi-
phenylyl)-2,2′-bithiophene (BP2T) molecules.  

For the gas sensor measurements, a field effect transistor FET structure is 
fabricated from a monolayer of pristine graphene that is deposited on a 300 
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nm SiO2 on top of p++ Si as the dielectric layer and back gate, respectively. 
The contacts for electrical characterization consisted of the Au (60 nm)/ Cr (5 
nm) as shown in Figure 4.4. The area of the graphene channel used for the gas 
detection is 40 × 10 µm2. The graphene device is functionalized by BP2T mol-
ecule by immersing it in BP2T/toluene solution for different time periods, 1, 
2, 3, 4 and 5 hours, respectively. The successful functionalization is confirmed 
by atomic force measurements (AFM), which show an increase in surface 
roughness after molecular functionalization as compared to the surface rough-
ness of pristine graphene. Raman spectroscopy and electrical characterization 
also show successful molecular functionalization of graphene.         

The gas sensor measurements were performed in the setup shown in sec-
tion 2.4 under ambient pressure and temperature. Current-time (I-t) measure-
ments on the devices were recorded. First, the device was characterized under 
N2 gas atmosphere to stabilize the current value and later the NH3 gas was 
introduced in the chamber. Ammonia is an electron donor gas; thus, it is ex-
pected that the current through the device decreases after NH3 inlet. In fact, 
when probing the gas sensor response on pristine graphene, the response is 
negative. The BP2T functionalized devices show an enhanced NH3 gas detec-
tion response by a factor 3 as compared to the one of pristine graphene because 
of the strong π-π interaction of BP2T molecules with graphene. When the NH3 
flux is stopped, the recovery process of graphene is fast, around 400 s and 
does not require any treatment such as high temperature annealing or UV light 
exposure. 

The device functionalized for 2 hours showed maximum gas sensor re-
sponse. Using the experimental results, the binding energy is calculated by the 
Langmuir isotherm model. The DFT calculation shows that the binding energy 
of NH3 gas on graphene surface increases from 0.11 eV to 0.45 eV when func-
tionalized by BP2T molecules. This technique of non-covalent functionaliza-
tion of graphene has opened the ways to try different molecules for function-
alization and various gas sensing application.  
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Figure 4.4: (a) Schematic diagram of the device. (b) LOM image of the device. 
The graphene channel has an area of 40 × 10 m2 which is contacted with 
Au/Cr pads. (c) Various gas sensing measurements on graphene sensors with 
different non-covalent BP2T functionalization time. (b) Response % with 
standard derivations as error bars as a function of non-covalent BP2T func-
tionalization time. (Adopted from ref 96 and reprinted with permission of RCS 
adv) 
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Thesis Conclusions and Outlook 

The research work carried out in this thesis mainly consist in understanding 
the impact of molecules functionalizing nanoparticles, and in one case gra-
phene, on charge transport through related devices. Nanoparticles, molecules 
and nanoelectrodes are combined to form the hybrid nano-molecular elec-
tronic devices (nanoMoED) that operate at standard atmospheric conditions; 
the electronic properties of these devices are based on few organic molecules.  

One of the main difficulties in the fabrication of molecular electronic de-
vices is to obtain electrode spacings that matches the lengths of the conductive 
molecules, which themselves are only a few Angstroms to a few nanometers 
long. This challenge is overcome by incorporating the molecule functionalized 
gold nanoparticles in this work. The spacing between the nanoelectrodes is 
about 20 to 25 nm, which is achieved with very high reproducibility by using 
a focused ion beam (FIB). Since the molecules used in this study cannot bridge 
this big gap size, the functionalized gold nanoparticles are used to bridge this 
nanogap with the help of the dielectrophoretic trapping technique. The inter-
particle spacing is comparable to the size of functional molecule in the nano-
MoED devices. The primary functionalization shell of AuNPs is insulating 
molecules such as alkane chains.  

Various characterization techniques were used to characterize the nano-
MoED devices and components used to fabricate the nanoMoED devices. The 
major characterization technique used is scanning electron microscope (SEM) 
analysis of nanogaps, AuNPs and functional devices. Electrical characteriza-
tion of devices was carried out with the help of sub-fA semiconductor ana-
lyzer. The nanoparticles characterization is obtained by dynamic light scatter-
ing (DLS) measurements, UV-vis spectroscopy, SEM and transmission elec-
tron microscope (TEM). The gas sensor measurement setup is attached to a 
sub-fA source meter.  

The molecular functionalization in nanojunctions was changed by conduc-
tive organic molecules through a secondary molecular functionalization pro-
cess. We have synthesized two types of AuNPs, which have been functional-
ized with different surfactant molecules, 1-dodecanethiol and 1-dodecanethiol 
(95%) plus tris-[(para-tert-butyl) phenyl] methyl phenyl end group (5%). The 
latter ligand shell contains 5% of rather bulky molecules. The secondary 
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molecular functionalization process with BPDT molecule was carried out for 
devices fabricated by using both types of AuNPs. The electrical resistance af-
ter the functionalization process decreased by 2 to 3 orders in magnitudes for 
devices having a bulky ligand shell, while the devices having only dodecan-
ethiol as surfactant molecules on AuNPs showed 1 to 2 order decrease in elec-
trical resistance. The experimental study showed that the devices interparticle 
spacing and the structure of the ligand shell of AuNPs plays an important role 
in the secondary molecular functionalization process in nanoMoED devices 
(Paper I).  

The nanoMoED devices were successfully functionalized by 4,4 –bi-
phenyldithiol (BPDT), oligo phenylene- ethynylene (OPE), and p-ter-phenyl-
4,4''-dithiol (TPDT) molecules. The conductance of the devices enhanced by 
2 to 3 orders of magnitude when they were functionalized with these organic 
molecules. The successful cyclic secondary molecular functionalization was 
carried out for short-chain conjugated oligomers in nanoMoED devices, where 
the devices were alternatively functionalized with BPDT and octanethiol. The 
long-term stability of nanoMoED devices was observed by storing them in air 
and toluene solution. These experiments showed that the devices are more 
stable in air (Paper II).  

The natural environment is changing due to the global warming during last 
few decades and there is need to monitor the concentration of gases which are 
affecting our environment such as NO2, NH3, CO. In this regard, the gas sens-
ing experiments are carried out on these nanoMoED devices. The devices 
functionalized with BPDT and TPDT molecules showed response needed to 
sense ppm concentrations of NO2. The BPDT functionalized devices showed 
a negative response under NH3 and ethanol gas atmosphere. The density func-
tional theory calculation confirms that there are additional charge transport 
channels near the Fermi level of sensor molecules when operated in NO2 gas 
atmosphere which supports our experimental findings. (Paper III). Graphene 
when functionalized with non-covalent molecules showed an improved re-
sponse to sensing of NH3 gas in comparison with pristine graphene. The the-
oretical calculation showed that the graphene surface when functionalized by 
BP2T molecule increases the binding energies of NH3 gas (Paper IV). 

Outlook 

As we have reached to size limitation of silicon-based electronics, the future 
demands to open new ways for further miniaturization of electronics. The so-
lution may lie in the usage of molecules in electronics. Molecular electronics 
is an old area of research, but it could not make its way to the costumer appli-
cations due to the molecule stability and reliability in performing the desired 
operation. The advancement of science and technology is enabling us to better 
understand and control the molecules. The future of the field lies in their usage 
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as a component in solid-state electronic. Investments and collaborations of 
multidisciplinary fields are required for the development of novel molecular 
electronic devices.  

The presented hybrid device platform has the potential to characterize dif-
ferent molecules. Photo-electric and thermo-electric behavior of molecules 
can be realized. The electric response of molecules in liquid medium can be 
studied using these devices. We have tested these devices in various analyte 
gas atmosphere where the results are promising. 

The nanoMoED devices have the potential to be used as basic electronic 
components for designing circuits resistance and gas sensing unit. Further 
studies are required to better understand the device properties with various 
types of molecules under different working conditions.    
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Sammanfattning pa Svenska 

Forskningsarbetet som utförs i denna avhandling består huvudsakligen av att 
förstå inverkan av molekyler som funktionaliserar nanopartiklar, och i ett fall 
grafen, på laddningstransport genom relaterade enheter. Nanopartiklar, 
molekyler och nanoelektroder kombineras för att bilda de hybrida 
nanomolekylära elektroniska enheterna (nanoMoED) som fungerar vid 
rumteperatur; de elektroniska egenskaperna hos dessa enheter är baserade på 
få organiska molekyler. En av de största svårigheterna vid tillverkningen av 
molekylära elektroniska enheter är att erhålla elektrodavstånd som matchar 
längden på de ledande molekylerna, som själva bara är några Ångström till 
några nanometer långa. Denna utmaning lösas genom att införa 
molekylfunktionaliserade guldnanopartiklar i detta arbete. Avståndet mellan 
nanoelektroderna är cirka 20 till 25 nm, vilket uppnås med mycket hög 
reproducerbarhet genom att använda en fokuserad jonstråle (FIB). Eftersom 
molekylerna som används i denna studie inte kan överbrygga denna stora 
gapstorlek, används de funktionaliserade guldnanopartiklarna (AuNP) för att 
överbrygga denna nanogap.  med hjälp av den dielektroforetiska teknik. 
Mellanpartikelavståndet är jämförbart med storleken på funktionell molekyl i 
nanoMoED-enheterna. Det primära funktionaliseringsskalet för AuNPs är 
isolerande molekyler såsom alkanketioler. Olika karakteriseringstekniker 
användes för att karakterisera nano-MoED-enheterna och komponenterna som 
används för att tillverka nanoMoED-enheterna. Den huvudsakliga 
karaktäriseringstekniken som används är scanning elektronmikroskop (SEM) 
analys av nanogaps, AuNPs och funktionella enheter. Elektrisk 
karakterisering av enheter utfördes med hjälp av en sub-fA 
halvledaranalysator. Karakteriseringen av nanopartiklar utförs genom 
mätningar av dynamisk ljusspridning (DLS), UV-vis spektroskopi, SEM och 
transmissionselektronmikroskop (TEM). Gassensorns mätningsuppsättning är 
ansluten till en sub-fA mätenhet. Den molekylära funktionaliseringen i 
nanojunctions ändrades av ledande organiska molekyler genom en sekundär 
molekylär funktionaliseringsprocess. Vi har syntetiserat två typer av AuNPs, 
som har funktionaliserats med olika ytaktiva molekyler, 1-dodekantiol och 1 
dodekantiol (95 %) plus tris-[(para-tert-butyl) fenyl] metyl fenyl ändgrupp (5 
%). Det senare ligandskalet innehåller 5% ganska skrymmande molekyler. 
Den sekundära molekylära funktionaliseringsprocessen med BPDT-
molekylen utfördes för enheter tillverkade genom att använda båda typerna av 
AuNP. Det elektriska motståndet efter funktionaliseringsprocessen minskade 
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med 2 till 3 storleksordningar för enheter med ett skrymmande ligandskal, 
medan enheterna som endast hade dodekantiol som ytaktiva molekyler på 
AuNP:er visade 1 till 2 ordningens minskning i elektriskt motstånd. Den 
experimentella studien visade att enhetens mellanpartikelavstånd och 
strukturen av ligandskalet av AuNPs spelar en viktig roll i den sekundära 
molekylära funktionaliseringsprocessen i nanoMoED-enheter (Paper I). 
NanoMoED-enheterna funktionaliserades framgångsrikt av 4,4-bifenylditiol 
(BPDT), oligo fenylene-etynylen (OPE) och Tri-fenylditiol (TPDT) 
molekyler. Konduktansen hos enheterna ökade med 2 till 3 storleksordningar 
när de funktionaliserades med dessa organiska molekyler. Den framgångsrika 
cykliska sekundära molekylära funktionaliseringen utfördes för kortkedjiga 
konjugerade oligomerer i nanoMoED-enheter, där enheterna alternativt 
funktionaliserades med BPDT och oktantiol. Den långsiktiga stabiliteten hos 
nanoMoED-enheter observerades genom att lagra dem i luft och 
toluenlösning. Dessa experiment visade att enheterna är mer stabila i luft 
(Paper II).  

Den naturliga miljön förändras på grund av den globala uppvärmningen 
under de senaste decennierna och det finns ett behov av att övervaka 
koncentrationen av gaser som påverkar vår miljö såsom NO2, NH3, CO. I detta 
avseende utförs gasavkänningsexperiment på dessa nanoMoED enheter. 
Enheterna funktionaliserade med BPDT- och TPDT-molekyler visade en 
tillräklig hög sensor svars för att känna av ppm-koncentrationer av NO2. De 
BPDT-funktionaliserade enheterna visade ett negativt svar under NH3 och 
etanolgasatmosfär. Beräkningen av densitetsfunktionella teorin bekräftar att 
det finns ytterligare laddningstransportkanaler nära Fermi-nivån för 
sensormolekyler när de drivs i NO2-gasatmosfär, vilket stöder våra 
experimentella resultat. (Papper III). Grafen när det funktionaliserats med 
icke-kovalenta bindade molekyler visade ett förbättrat svar på avkänning av 
NH3-gas i jämförelse med orörd grafen. Den teoretiska beräkningen visade att 
grafenytan när den funktionaliseras av BP2T-molekylen ökar 
bindningsenergierna hos NH3-gas (Paper IV). Dessa hybridenheter har 
potential att användas som grundläggande elektroniska komponenter för att 
designa kretsar och gassensorer. Ytterligare studier krävs för att bättre förstå 
enhetens egenskaper under olika arbetsförhållanden. 
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