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ABSTRACT  

The fifth and sixth generations of mobile communications and the internet of things 

(IoT) demand high-performance electronic devices made at low cost over a large area. 

Unlike the conventional Si-based electronics, the emerging large-area electronics 

(LAE) require flexible, stretchable, and lightweight devices that are printable and able 

to mass manufacture without compromising the performance of state-of-the-art 

electronic devices. Hence, there is a quest to find alternative fabrication routes and 

conventional photolithography. In this research work, we explored the adhesion 

lithography (a-Lith) to further simplify the process steps by adapting bi-layer metals 

to induce intrinsic stress in the bi-layer and hence facilitate the self-peeling of metal 

layers which results in more uniform and smaller nanogap between two metals than 

the previously established a-Lith fabricated nanogaps. The nanogap metal electrodes 

are further used to fabricate radio frequency (RF) Schottky diodes made using a 

printable metal oxide semiconductor and flashlight annealing over wafer-scale and 

demonstrate the operation frequencies above 100 GHz/47 GHz (intrinsic/extrinsic). 

Notably, for the first time, photonic annealing on such an ultra-small (< 20 nm) 

nanoscale channel was demonstrated, and the rapid manufacturing of RF diodes from 

the solution route was achieved. On the other hand, for the first time, organic diodes 

made using a-Lith fabricated nanogap metal electrodes, and high mobility polymer 

semiconductors with molecular dopants showed an extrinsic cut-off frequency well 

above 14 GHz.  Finally, the nanogap metal electrodes were explored as a mold and 

shadow mask to fabricate nano-feature soft stamp and nano-fluidic channels (NFC), 

respectively. The soft stamp can replicate the high aspect ratio nanoscale features on 

any arbitrary substrates using available soft lithography routes, and the NFC is further 

envisioned for bio-molecules detection and sensing applications.  
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Chapter 1 

Introduction 
 

This chapter outlines the introduction to 

this dissertation research. A brief 

discussion on the conventional photo-

lithography and need for large-area 

electronics are presented. 
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1.1. Role of photo-lithography in nano-electronics   

The discovery of transistors in the mid-twentieth century as a replacement for vacuum 

tubes catalyzed the rapid developments in electronics, especially Si-based 

technologies.1 The essential requirement for the transistors and almost all 

semiconductor devices is to reliably pattern materials at micro/nanoscales and at a low 

cost. For instance, photolithography is the most viable route to fabricate 

semiconductor devices which have seen significant advancement in the past century.2, 

3 Due to the increased demand for high-performance devices and circuits in recent 

years, there has been a need to shrink the semiconductor device dimensions, especially 

the transistors in the integrated circuits (IC). In addition, the famous Moore’s law 

predicted the doubling the number of electronic components every year in the given 

area of an IC. Later versions amended the law to indicate a doubling of transistor 

performance every 18 months.4 The extrapolated data points in Moore’s graph were 

adopted as an industry target and became the driving force for significant 

developments in conventional photolithography. The major challenge in traditional 

photolithography is reliably fabricating feature in nanoscale dimensions. The 

minimum feature size is directly dependent on the wavelength of the light source (λ) 

and the numerical aperture (NA), as shown in Rayleigh’s resolution limit equation 

below.   

                                                        Resolution (R) =  
𝑘𝜆

𝑁𝐴
                                         (1) 

 

Notably, lowering the λ and/or increasing the NA eventually facilitate the lowest 

achievable feature size in photolithography. However, major advancements towards 

minimizing the device dimensions using advanced fabrication tools and methods have 



14 

 

been made in the past seven decades. For instance, in 2021, Samsung and TSMC 

entered the volume production of 5 nm node chips using an extreme UV lithography 

(EUV) lithography method that uses a 13.5 nm LASER light source and high NA.5 

However, as the EUV light is absorbed by many materials there is a necessity to use 

special photoresists, lenses, and mirrors which not only increase the cost but also lower 

the throughput (number of wafers per hour).  

 Fig 1.1 shows the basic steps involved in the conventional photolithography process. 

First, a substrate is coated with a light-sensitive photoresist material. Then, the 

photomask (consists of quartz glass substrate coated with the metal layer of 

Chromium, Cr, and is patterned according to the desired final feature of interest) is 

brought in contact with or proximity to the substrate. Next, the photomask is exposed 

to the UV light, and only allowed to pass through where the Cr layer in the photomask 

is absent. In contrast, the UV light is reflected back wherever Cr layer is present on 

the photomask. Then, the UV light exposed regions on the photoresist undergo a 

photochemical reaction, either hardening (negative tone) or softening (positive tone). 

Using the photoresist developer solution, the UV light-exposed areas are either 

removed (if positive tone photoresist is used) or retained (if negative tone photoresist 

is used). Additionally, based on the polarity of the photomask (bright vs. dark field 

mask), the replicated pattern on the substrate can be the same as the photomask (if a 

bright field mask is used) or the inverse (if the dark field mask is used). Then, 

metallization is carried out on top of this patterned photoresist is to either fill up the 

open areas of the photoresist layer (lift-off patterning) or remove the underneath layer 

(etch patterning). Fig. 1.1 shows the lift-off patterning where a positive tone 

photoresist and bright-field photomask are used. The photograph shows the actual end 

product from lift-off patterning of an Al metal layer on a 4-inch glass substrate.   
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Fig. 1.1 Schematic illustration of the photolithography process: (A) First, a 

photoresist is spin-coated on top of a substrate and then using the photomask, (where 

the desired replica of patterns is etched on chrome-coated glass) and UV light a 

selective exposure (where the Cr is etched) on the photoresist is done. (B) Due to the 

photochemical reaction upon UV light exposure on the photoresist, the exposed areas 

were selectively removed using an appropriate developer solution. (C) Then, 

deposition of a metallic layer on top of the photoresist patterned substrate is carried 

out using any known physical vapour deposition (PVD) methods. (D) Finally, the 

photoresist/metal overlapping regions are removed using the lift-off procedure. The 

photograph shows the Al patterns on a glass substrate made via photolithography. 

 1.2 Large area electronics (LAE)  

Advancements in metal-oxide and organic semiconductors have opened up 

possibilities for large area manufacturing of electronics on arbitrary substrates at low 

cost and high throughput. Notably, these classes of semiconductors can be deposited 

from solution or inks through printing techniques, roll to roll processing, slot and die 
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coating methods at low temperatures (< 200°C). As shown in Fig. 1.2, LAE 

implementation on transistor circuitry, solar cells, and displays has delivered 

significant commercial application progress. Unlike the conventional lithography-

based subtractive fabrication, emerging LAE utilizes the additive processes where 

only the functional materials needed are effectively used. LAE has countless 

applications space in healthcare, internet of things (IoT), intelligent wearables, fast-

moving consumer goods, and food packaging, to name but a few.  

The emerging IoT demands lightweight, flexible, stretchable, and bendable devices 

manufactured over a large-area at a low capital cost. There are several attempts has 

been made to address the above challenges; for instance, printed electronics based on 

organic materials are revolutionary due to their intrinsic flexibility, lightweight, and 

low cost. However, patterning metal electrodes via printing over large areas with high 

resolutions alongside a semiconductor becomes critical. The state-of-the-art 

lithography methods can potentially pattern both metals and semiconductors at the 

nanoscale; however, it is only compatible with Si-based platforms and not LAE.  

The conventional and state of the art methods are not suitable for these particular 

applications; hence, alternative lithography methods have been developed over the 

years and can be grouped into soft lithography methods known as micro-contact 

printing, molding/embossing, scanning probe lithography (SPL), nano-skiving, and 

edge lithography.6, 7  

On the other hand, nanogap electrodes (a pair of symmetric/asymmetric electrodes 

separated by a nanometer gap between them) sought wide attention in fabricating 

nano-meter-sized devices and circuits to examine material properties sensing even at 

the molecular scale. Several approaches include mechanically controllable break 
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junctions (MCBs), electro-migration, oblique angle shadow evaporation, molecular 

ruler and nanostructure templates, focused ion beam (FIB) lithography, SPL, and 

adhesion lithography (a-Lith). Among these methods, a-Lith has enabled tremendous 

advancement in the fabricating of functional devices such as RF Schottky diodes,8, 9, 

10 memory devices,11 photodetectors,12 self-aligned thin-film transistors13, and light-

emitting diodes13 all are fabricated at low cost over the wafer scale. In this thesis work, 

further advancements and developments in a-Lith have been investigated and 

discussed in detail in the following sections.  

 

 

 

Fig. 1.2 (A) Schematic illustration of printed low-voltage organic thin-film transistors 

via minimal-solution bar-coating over large-area.14 (Adapted by permission from 

Royal Society of Chemistry publishers, copyright © 2020) (B) Large-area flexible 

organic solar panel made by BlueSun Solar Group (source: 

http://www.solarhomepv.com). (C) Photograph of large format displays used in 

commercial digital marketing (source:cyberworld.hk/display/large-format-display) 
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1.3 Thesis outline 

This dissertation focuses on further developments in adhesion lithography (a-Lith) and 

is especially exploited in RF electronics applications space. In addition, novel 

patterning techniques for soft stamp and nanofluidic channel fabrication were 

demonstrated by utilizing the nanogap electrodes made via a-Lith.  

In Chapter 2, the theory and background that complements this dissertation research 

are outlined. A detailed discussion on the semiconducting materials, nanogap 

electrodes fabrication methods, device physics of Schottky diodes, and extensive 

literature study on the Schottky diodes in radio frequency (RF) electronics are 

discussed in detail.  

In Chapter 3, a detailed investigation of the simplified process steps for a-Lith by 

adopting bi-metal (Ti-Pt) as a second metallization layer. Detailed comparison of the 

nanogap uniformity from a-Lith and self-peeling method is investigated.  

In Chapter 4, a rapid manufacturing strategy for RF Schottky diodes manufacturing 

using the nanogap metal electrodes and photonic curing process is discussed in detail.  

Chapter 5 describes the solution processing and molecular doping strategies to 

fabricate organic RF Schottky diodes that can operate above 14 GHz.  

Chapter 6 elaborates on ways to utilize the nanogap electrodes made via a-Lith and 

self-forming nanogap methods to fabricate nano-features soft stamp (NSS) and nano-

fluidic channels over a large area. 

Chapter 7 concludes the thesis and discusses an outlook for future developments in 

the field of LAE, where this thesis research could be a good fit.  
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Chapter 2 

Theory and background  
 

 

 

This chapter outlines the theory and 

background that complements this 

dissertation research. A detailed 

discussion on the semiconducting 

materials, device physics of Schottky 

diodes, and an extensive literature study 

on the Schottky diodes in radio 

frequency (RF) electronics are 

presented. 
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2.1 Theory of semiconductors  

Three main classes of materials are used in electronic devices, and based on their 

electrical conductivity, they are identified as metals, insulators, and semiconductors. 

Insulators have very low electrical conductivity (10-18 to 10-8 S/cm); on the other hand, 

metals are a class of materials that exhibit high electrical conductivities (104 to 106 

S/cm). The electrical conductivity of semiconducting materials  is between that of 

metals and insulators (10-6 to 104 S/cm).15 Notably, the electrical conductivity of 

semiconductors largely depends on a factors such as temperature, impurities, 

illumination, electric and magnetic fields, etc. This implies that the electrical 

properties of semiconductors can be tuned using these factors mentioned above, which 

represents significant advancements in electronics devices. In this chapter, among 

various semiconducting materials, we discussed especially metal oxides and organic 

semiconductors due to the relevancy of this dissertation thesis work and their vast 

potential in emerging large-area electronics.  

2.1.1 Metal oxide semiconductor materials  

Metal oxides semiconductors are a unique class of semiconducting materials due to 

their distinct electronic charge transport properties, transparency, dominant ionic 

bonding,  and ease of processing compared to conventional covalent silicon (Si) 

semiconductors in which the conduction band minimum (CBM) and the valence band 

maximum (VBM) are attributed to the anti-bonding and bonding of sp3 hybridized 

orbitals. In metal oxide semiconductors, for instance the well-known amorphous 

indium-gallium-zinc-oxide (IGZO), the CBM and VBM arise from the metal (M) ns 

and oxygen (O) 2p orbitals, respectively.16 In particulr,  in IGZO semiconductors, the 

CBM is highly dispersive, and the VBM is highly localized, which gives rise to smaller 
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effective electron mass (m*) than hole mass . According to equation 2 below, the 

carrier mobility is inversely proportional to the effective mass of the carrier. Thus, 

metal oxide semiconductors generally show better electron transport than hole 

transport.  

𝜇 =  
𝑒𝜏

𝑚∗                                                                    (2) 

In equation 2, µ is carrier mobility, m* is the effective mass of the charge carrier, and 

τ is free carrier scattering time. As shown in Fig. 2.1, the huge ns orbitals in metal 

oxide semiconductors are close to each other, and even in their amorphous state due 

to their spherical shape. This leads to the high charge carrier mobility even in an 

amorphous state. In contrast, the conventional amorphous silicon (a: Si), where the 

disorder in the material system leads to localized states below and above the CBM and 

VBM, respectively and thus lowers the mobility.16 Due to their wide band gap, metal 

oxide semiconductors inhibit thermally generated carriers, and limits their available 

intrinsic carrier concentration. However, the conductivity is often controlled by 

impurities or dopants and oxygen vacancies which act as electron donors.  

2.1.2 Organic semiconductor materials  

Organic materials consisting of carbon and hydrogen elements were widely believed 

to be insulators until 1977, when Alan. J. Heeger, Alan G. MacDiarmid, and Hideki 

Shirakawa demonstrated the considerable electrical conductivity in polyacetylene 

material for the first time.17 The possibility of electrical conductivity in organic 

polymers is due to the alternative single and double bonds, which give rise to 

delocalized electrons in π bonds that can move freely across the molecule under an 

applied electric field. Such molecules consisting of alternative single and double bonds 

are described as conjugated polymers.  
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Fig. 2.1 Comparison of the orbital orientations and bonding nature of conventional 

Si and metal oxide semiconductors in the crystalline (top) and amorphous state 

(bottom). Source: Reprinted with permission from ref. 16 

 

Similar to the CBM and VBM in metals and inorganic semiconductors, the chemical 

bonding and atomic energy levels in the organic semiconductors results the highest 

occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals 

(LUMO). Injecting electrons or holes to these HOMO or LUMO energy levels will 

allow the charges to propagate through the molecule. The charge transport mechanism 

in organic semiconductors (OSCs) is generally assumed to occur by both band-like 

and hopping models based on the amount of disorder within the molecule where the 

localized states act as traps and affect the charge flow. This mechanism is known as 

the multiple trapping and releasing model (MTR), and the trap states within the 

materials are generally due to defects.18 Like their inorganic counterpart, organic 

semiconductors can also be p or n-doped by introducing the dopants. For instance, 

poly(3,4-ethylene dioxythiophene), widely known as PEDOT can be doped with 
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polystyrene sulfonate (PSS), which introduces positive charges resulting in enhanced 

conductivity.19 Doping of OSCs involves complex mechanisms, but most molecular 

dopants are identified as neutral molecules that only undergo electron transfer via 

either ion-pair formation or charge-transfer complex formation with OSC by no 

chemical reaction.20 In Chapter 5, we discussed more details about the molecular 

dopant strategy for OSCs and their diode characteristics.  

2.2 Device physics of metal-semiconductor-metal junctions  

To understand the working principle of Schottky diodes, it is necessary to evaluate the 

physical process involved when a metal and semiconductor come into contact. The 

investigation of metal-semiconductor contacts was began as early as 1874 when Braun 

reported the rectifying nature of metal contacts on Cu, Fe, and PbS crystals.21 

However, in the mid-20th century, Schottky22 and Mott23 proposed a method to form a 

potential barrier at the metal-semiconductor interface.  Two types of contacts are 

possibly made: Ohmic or Schottky type. The Ohmic contact is expected to form when 

the work function of the metal (ΦM) is aligned with the work function of the 

semiconductor (ΦSC). This implies that there is no barrier to charge carrier injection 

and the I-V characteristics follow Ohm’s law.  On the contrary, when the ΦM and ΦSC 

are not aligned a barrier limits charge carrier injection. This type of metal-

semiconductor contact is a Schottky or rectifying contact where an applied electric 

field can modulate charge carrier injection. Fig. 2.2 shows the typical energy band 

diagram of a Schottky junction when n-type semiconductor has been brought into 

contact with a metal (ΦM > ΦSC). In metal contacts to semiconductors, when the metal 

and the n-type semiconductor come into contact, under thermal equilibrium, electrons 

will flow from the semiconductor to the metal until both Fermi levels align. This leads 

to band bending in the semiconductor with formation of an energy barrier and a 
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depletion region at the junction. The barrier for electrons is known as the Schottky 

barrier, and is given by  

   Φ𝐵 =  Φ𝑀  −   χ𝑆𝐶      (3) 

where, χ𝑆𝐶 is the electron affinity of the semiconductor. This method is purely based 

on the electron affinity model. However, in some metal-semiconductor junctions, 

other effects including tunneling-induced dipoles, surface states, interfacial states, 

lattice mismatch, Fermi level pinning, and metal-induced gap states influence energy 

barrier formation and charge carrier transport in semiconductors.15  

 

 

Fig. 2.2 Schematic energy band diagram for a Schottky junction between a metal and 

n-type semiconductor.   
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2.2.1 Charge transport mechanisms  

Charge transport across the Schottky energy barrier occurs via various mechanisms 

elucidated for metal contact with n-type semiconductor in Fig. 2.3. In the low-doped 

semiconductor where the charge carrier density (ND) is low, possibly follow the 

thermionic-emission model based on the assumption that ΦB >> kT and the electrons 

with high thermal energy can overcome the energy barrier.24  In a moderately doped 

semiconductor with medium charge carrier density (ND), and a narrow barrier width 

causes the tunneling of the charge carrier along with thermionic emission. In the case 

of a highly doped semiconductor, the narrowing width of the barrier becomes 

prominent and causes tunneling as the dominant mechanism. The total current is 

mostly a combination of various charge transfer mechanisms, and greatly influenced 

by the factors such as temperature, biasing condition, bias voltage, and the metal-

semiconductor junction properties.15  

 

 

Fig. 2.3 The charge transfer mechanisms across the Schottky barrier (A) thermionic 

emission (B) combination of thermionic and tunnelling mechanism, and (C) tunnelling 

mechanism.  

 

Ideally, suppose one side of metal-semiconductor contact forms an Ohmic contact, 

and the other metal-semiconductor junction forms a rectifying (Schottky) contact. This 
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device is called a Schottky diode, and will conduct electricity in forwarding bias, not 

in the reverse bias condition. The current flow in the forward direction is due to the 

dominant thermionic emission mechanism. However, tunneling the charge carrier 

across the barrier is also possible along with carrier recombination in the depletion 

region and within the semiconductor. The current transport due to the thermionic 

emission is given by  

                                               𝐼 = 𝐼𝑜 𝑒(𝑞𝑉|𝑛𝐾𝑇)                 (4) 

 

where Io is the reverse bias saturation current given as 

 

                                          𝐼𝑜 = 𝑆𝐴∗ 𝑇2𝑒(𝑞𝛷𝐵|𝐾𝑇)                                                   (5)                 

                                            

were, n is the ideality factor, S is the diode area (cm2), ΦB is the barrier height, and A* 

is the effective Richardson constant. The plot of ln(
𝐼𝑂

𝑆𝑇2 ) 𝑣𝑠.
1

𝑇
  is used to extract the 

barrier height and effective Richardson constant. The deviation from the ideal 

transport characteristics can be due to the device series resistance (Rs), which is the 

combination of intrinsic semiconductor resistance, Ohmic and Schottky contact 

resistance. Cheung et al.25 developed a method using equation 4, which include the 

effect of series resistance, RS, as 

 

     
𝑑(𝑉)

𝑑(𝑙𝑛𝐼)
= 𝑅𝐼 +

𝑛

𝛽
                 (6) 
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where, β = q/kT. By plotting 
𝑑(𝑉)

𝑑(𝑙𝑛𝐼)
 𝑣𝑠. 𝐼 and fitting the linear region, RS can be obtained 

from the slope and n from the intersect. To evaluate the barrier height, the additional 

function H(I) is defined as: 

 

    𝐻(𝐼) ≡ 𝑉 −
𝑛

𝛽
ln (

𝐼

𝐴𝑒𝑓𝑓𝐴∗𝑇2)    (7) 

 

The plot of H(I) and a fit of the linear region are used to obtain a second approximation 

of RS from the slope and ΦB from the intersect. 

 

  𝐻(𝐼) = 𝑅𝐼 + 𝑛𝜑𝐵       (8) 

  

Temperature-dependent I-V characteristics can be used to estimate the barrier 

height (ΦB) and effective Richardson constant (A*). Considering the thermionic 

emission model, the standard Richardson plot can be obtained by plotting ln (
I0

ST2 ) 

versus 
1

kT
 and the corrected form of the plot may also be obtained by plotting ln (

I0

ST2 ) 

against 
1

nkT
 . However, these models do not consider the temperature dependence of n 

and ΦB. Thus, Bhuiyan et al.26 derived a model where the ideality factor n (T) and 

barrier height ΦB (T) are given by 

 

          𝑛(𝑇) = 𝑎 +   
𝑏

𝑇
                                         (9) 

 

         ΦB (T)   =   ΦB0   −   αT                                                                    (10) 
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where ΦB0 is the apparent barrier height at T = 0; a, b are constants; and T is 

temperature. Equation 10 allows calculation of the apparent ΦB0 but not the true flat 

band barrier height, ΦBfb, which can be obtained by using  

 

           ΦBfb   =   nΦB   −   (n − 1)
kT

q
 l n 

NC

ND
            (11) 

 

where NC is the density of states in the conduction band, and the ND is the carrier 

concentration. The modified saturation current then becomes  

 

n(T)ln (
I0

ST2)  =  −  
1

kT
(ΦB   −   kbl n(A))   +   a ln(A)    +  

α

k
          (12) 

 

The values for S, αand b are extracted from the plots of n (T), and ΦB (T) versus T. 

Furthermore, n(T) ln (
I0

ST2)  vs 
1

kT
  is plotted, and the best fit for the data yields the 

Richardson constant (A) and the barrier height (ΦB).  

On the other hand, C-V measurements are considered an alternative method to 

extract the Schottky barrier height. This approach is most practical as the value of the 

flat band barrier height is determined, and the effects of image force lowering are 

negligible.9 The Mott-Schottky plot, 
1

𝐶2 = 𝑓(𝑉) is used to calculate the built-in 

voltage, Vbi, namely the voltage at which there is no band bending, or charge depletion 

that separates the depletion and accumulation region and the dopant concentration 

NA/D. For a planar device configuration, the extrinsic capacitance is due to the 3D 

coupling of the electrodes. The capacitance of the empty device (no semiconductor 

material is present) is subtracted from the raw data to ensure the measured capacitance 

values come only from the complete device.27 
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1

𝐶2 =
2(𝑉𝑏𝑖−𝑉−

𝑘𝑇

𝑞
)

𝐴2𝑞𝜀𝜀0𝑁𝐴/𝐷
              (13) 

 

where ε is the dielectric constant of the semiconductor, and ε0 is the dielectric 

permittivity in a vacuum (ε0 = 8.856*10-12 F m-1).  

The Schottky barrier height, ΦB, can then be calculated from the Vbi and NA/D:  

 

     Φ𝐵 = 𝑉𝑏𝑖 +
𝑘𝑇

𝑞
(𝑙𝑛

𝑁𝐶𝐵

𝑁𝐴/𝐷
+ 1)                          (14) 

 

where NCB is the effective density of states in the conduction band and is calculated as 

follows: 

 

𝑁𝐶𝐵 = 2 (
2𝜋𝑚∗𝑘𝑇

ℎ2 )
3/2

               (15) 

 

In summary, the metal-semiconductor junction parameters such as series resistance 

(RS), barrier height (ΦB), ideality factor (n), effective Richardson constant (A*), and 

built-in potential (Vbi) can be extracted from I-V, I-V-T, and C-V measurements by 

choosing an appropriate model.  

2.3 Importance of Schottky diodes in radio frequency electronics  

Next-generation connectivity from machine to machine and from human to machine 

via wireless networks is expected to impact our daily lives through the IoT platform. 

Complete traceability of ‘things’, which includes vehicles, medicines, biological 

substances, apparel, and animals, to name but a few, will influence the critical domains 

of healthcare, transportation, and smart cities. RF identification (RFID) tags are an 

essential product at the heart of the IoT platform is. These microelectronic components 
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are uniquely associated with each object and carries and/or transmits information. As 

shown in Fig. 2.4, the total RFID market is vast, and will continue to growing at an 

estimated value of above $12 billion in 2023.  

RFID tags are classified into two categories based on the powering options: i) passive 

RFID tags in which the power supply such as a reader is external (Fig. 2.5) ii) active 

RFID tags where the power is given from an internal power source such as batteries. 

Passive tags are preferred for low power applications, and most conventional tags are 

based on complementary metal-oxide-semiconductor (CMOS) circuitry, surface 

acoustic wave (SAW) devices, and tuned resonators. However, in the last decade, 

flexible circuitry-based RFID tags are expected to replace the traditional rigid 

technology-based tags as the rigid counterpart lacks of mechanical flexibility and low-

cost elements.  

 

Fig. 2.4 RFID market predictions in US$. Source: Reproduced with permission from 

IDTechEx Ltd.  
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On the other hand, the major challenge in powering the billions and soon trillions of 

devices in the emerging IoT era will be using reliable and sustainable powering 

options. Among the various powering options for IoT sensor nodes, RF wireless 

energy harvesting (RF-WEH) is the most viable and easy to implement technology.28 

Fig. 2.6 shows a RF-WEH operation where the incident RF signal is transduced into 

an electrical AC signal by the antenna and then rectified using a rectifier circuit 

consisting of diodes and capacitors. The rectified DC electrical signal can be further 

used to power monolithically integrated sensors with the wireless energy harvester.  

 

 

Fig. 2.5 Schematic illustration of passive RFID tags operation comprised of an 

antenna, DC rectifier, logic circuitry, and a load modulator. Source: Reproduced with 

permission from ref 29 under the creative commons attribution 3.0 license. 

 

The exponential growth in the demand for flexible RFID tags, emerging fifth (5G) and 

sixth generation (6G) mobile communications, and wireless energy harvesting (WEH) 

systems are key drivers for major developments in RF diodes and circuits. There are 

various types of diodes those can be used in RF electronics such as point-contact 

diodes, pn junction diodes, tunnel diodes, and varactor diodes. Due to the presence of 

majority charge carriers, Schottky diodes have many advantages than other types of 
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diodes in RF electronics. For instance, Schottky diodes have the low junction 

capacitance, low turn-on voltage, less reverse recovery time, and high switching 

speed.30 To this end, wide families of semiconducting materials (e.g., flexible silicon, 

metal oxides, organic and carbon materials),31, 32, 33, 34, 35, 36 fabrication processes (e.g., 

vacuum and solution processing),37, 38 and device configuration (e.g., planar and 

vertical) have been investigated in the past few decades.29, 39, 40 

 

Fig. 2.6 Schematic representation of each element involved in the RF-WEH (top) and 

the half and full-wave rectifier circuits (bottom).  

 

2.4 Important figures of merit for RF Schottky diodes  

2.4.1 Rectification ratio 

The rectification ratio of Schottky diode is the ratio of the forward to the reverse 

current at the same absolute voltage, which is considered a measure of the asymmetry 
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of the diode. 

𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = | 
𝐼𝐹 (𝑉)

𝐼𝑅 (𝑉)
 |              (16) 

2.4.2 Turn on voltage  

The forward voltage required to conduct the current in the forward direction is called 

the turn-on voltage. For conventional Si pn junction diodes, the value is typically 0.7 

V. In contrast, the value ranges between 0.15V to 0.45 V for Schottky diodes. Due to 

the reduced depletion width and low barrier, Schottky diodes generally shown lower 

turn-on voltage than Si pn junction diodes. The turn-on voltage is extracted from the 

linear I-V curve by fitting the two distinct linear regions, and the intersection point is 

considered the turn-on voltage of the diode. Fig. 2.7 shows Ohmic contact's current-

voltage (I-V) characteristics and rectifying Schottky diode. The turn-on voltage is 

lower for Schottky diodes than the conventional pn junction diodes due to the 

formation of low depletion region at one side of the metal-semiconductor junction.  

 

 

 

Fig. 2.7 Current-voltage (I-V) characteristics of Ohmic contact (A) and rectifying 

Schottky diode in comparison with pn junction diode (B).  
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2.4.3 Non-linearity 

The non-linearity of the Schottky diode is a measure of the deviation from a linear 

resistor, and is defined as the ratio of the differential conductance (dI/dV) to the 

conductance (I/V) of the diode. A non-linearity of > 3 is preferred for RF device 

applications.10, 41 

 

     𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 (𝑉) =  
𝑑𝐼

𝑑𝑉
(𝑉)

𝐼 (𝑉)

𝑉

                (17)  

2.4.4 Cut-off frequency  

The cut-off frequency is somewhat a generic term in Schottky diode and can refer to 

an intrinsic or extrinsic cut-off frequency, depending on the context.29 When the diodes 

are incorporated into rectifier circuits, the extrinsic cut-off frequency (fC, ext) can be 

determined from the output voltage progression with frequency. The output voltage is 

subjected to losses due to reflection, impedance mismatching, skin depth effects, and 

dielectric losses.42 On the other hand, the intrinsic cut-off frequency (fC, int), measured 

via one-port S11 reflection measurements, excludes those losses associated with the 

device and represents the theoretical upper limit. As a result, intrinsic cut-off 

frequency values are always higher than extrinsic cut-off frequency. Consequently, 

there is a need to elucidate both frequencies; hence, both one port S11 measurement (to 

evaluate the intrinsic cut off frequency) and rectifier measurements (to extract the 

extrinsic cut-off frequency) are necessary to evaluate the frequency response of 

Schottky diodes in RF applications. The intrinsic cut-off frequency can be theoretically 

extracted via examining the equivalent circuit model, as shown below   
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Fig. 2.8 Equivalent circuit model for an ideal Si-Schottky diode, showing series 

resistance (RS), parallel junction capacitance (Cj), and barrier resistance (Rb). 

 

The following equation gives the output voltage of this RC circuit as 

 

                                  𝑉 𝑜𝑢𝑡 =  𝑉𝑖𝑛  
Xc

√RS
2    + XC

2
                         (18)

    

where the series resistance, RS in series with nonlinear barrier resistance Rb, and Xc is 

the reactance associated with capacitance (Cj) given as  

  𝑋𝐶   =  
1

𝜔𝐶𝑗
  =  

1

2𝜋𝑓𝐶𝑗
                                  (19) 

 

where f is the frequency in equation 19. Notably, at lower frequencies XC >> RS, the 

resistive elements mainly dominate the current transport, and rectification occurs. On 

the contrary, at higher frequencies, Xc << Rs, the current flow is shorted through the 

capacitive element, and the rectification ceases at reasonably high frequencies. The 

threshold frequency at which the latter happens is defined as the intrinsic cut-off 

frequency where XC = RS. 
29 From fC, the RC constant can be determined. 

 𝑓𝐶−𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦 =
1

2𝜋𝑅𝑆𝐶𝑗
                     (20) 
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A simple equivalent circuit model for an ideal Si-Schottky diode is shown in Fig. 2.8 

in which the device series resistance (Rs) is in parallel with barrier resistance (Rb) 

which is shunted by metal-semiconductor junction capacitance (Cj). However, in many 

metal-semiconductor-metal junctions, this equivalent circuit model has additional 

physical parameters such as parasitic capacitance and inductance which significantly 

influence the frequency of operation is discussed in detail in Chapter 5.3.2.  

2.4.5 Series resistance and junction capacitance 

The underlying solution to find the intrinsic cut-off frequency of Schottky diodes relies 

on the two essential factors, as mentioned above in equation 20, series resistance (RS) 

and junction capacitance (Cj). The series resistance, RS, is due to intrinsic 

semiconductor resistance (RSP) and the contact resistance between metal and 

semiconductor RC (both Ohmic, Rohmic, and Schottky contact RSC). The series 

resistance can be calculated from static I-V measurements using the method proposed 

by Cheung et al. 25 or from one-port S11 dynamic reflection measurements. However, 

the frequency-dependent series resistance and capacitance values are more reliable and 

widely used to extract the impedance of the diode and predict the intrinsic cut-off 

frequency. 40, 43, 44 

The impedance of the Schottky diodes extracted from S11 measurements, which 

consist of a real (series resistance, Rs) and imaginary part (reactance Xc, primarily due 

to capacitance Cj), is plotted against frequency. The crossover point at which the real 

and imaginary values meet is the intrinsic cut-off frequency. 43, 44 At this point, the 

device impedance is matched with the input RF signal, and ideally, the device allows 

more than 90 % of the input signal. However, this does not ensure that all the signals 

will be transmitted to the device. This is where the losses mentioned above play a 

significant role in rectifying the input signal.  
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To include such losses and re-evaluate the actual (extrinsic) cut-off frequency (fC, ext), 

we conducted rectifier circuit measurements to directly extract the -3 dB point. The -

3 dB point is defined as the frequency at which the output voltage, VOUT, reaches 
1

√2
 ≈

0.707 of its peak value, Vm, where Vm is the maximum output voltage or the voltage 

at low frequencies. There is clear evidence that the cut-off frequency drops 

dramatically from S11 measurements to rectifier measurements due to the losses as 

mentioned earlier. Nevertheless, in most real-life applications, the devices can be 

specifically designed to maximize the power conversion within a narrow frequency 

range band. From equation 20, it is clear that minimization of the series resistance and 

junction capacitance is critical for the high-frequency operation of Schottky diodes.  

2.4.6 Responsivity  

Quasi-DC responsivity (or current sensitivity) measures the change in the DC output 

current for a given RF input power and calculated in a small-signal approximation 

from the current-voltage (I-V) measurements. Responsivity is defined as the ratio of 

the second derivative of the I-V to the differential conductance.10, 42 

                        𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 (𝑉) =
1

2
 

𝑑2𝐼

𝑑𝑉2(𝑉)

𝑑𝐼

𝑑𝑉
(𝑉)

                                               (21) 

 

2.4.7 Reverse current  

The reverse current or reverse leakage current is the current level at the reverse bias 

condition. Schottky diodes typically show higher reverse current levels than Si pn 

junction diodes. It is also well known that increasing the temperature significantly 

increases the reverse leakage current in Schottky diodes. For instance, typically, for 

every 25 °C increase in the temperature, there is one order of magnitude increase in 
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the reverse current for the same level of reverse bias.  

2.4.8 Reverse breakdown voltage  

Schottky diodes do not conduct electricity in the reverse bias condition due to the high 

barriers. However, at high reverse bias voltage, the diodes start to break down and 

conduct electricity in the reverse bias condition. The breakdown may cause damage, 

and Schottky diodes typically have lower breakdown voltages than Si pn junction 

diodes. This parameter is a crucial when the diode is used in high-power applications. 

For instance, III-V semiconductors (for example, GaN) are mostly suitable for high-

voltage applications as they resist high breakdown voltages. 

2.4.9 Reverse recovery time  

Reverse recovery time is defined as the time taken to switch the diode from its forward 

conducting (ON state) to reverse (OFF state). The charge that flows within this time 

frame is called the reverse recovery charge. Capacitance and recombination of 

majority charge carriers will influence the reverse recovery time, and generally, 

Schottky diodes have an ultra-short recovery time (ranging from nanoseconds to 

picoseconds). This parameter is considered a critical factor when the diode is used in 

RF switching applications.  

2.5 Fabrication methods for nanogap electrodes 

This section explicitly discusses the common routes for metallic nanogap electrode 

fabrication reported in the literature. Metallic electrodes separated by lateral nanoscale 

dimensions have shown significant performance in diodes, photo-detectors, and sensor 

applications. This section presents the specific details of various nanogap electrode 

fabrication methods such as mechanical break junctions, electrochemical deposition, 
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oblique angle shadow mask evaporation, electro-migration, nanostructure template 

method, ion beam lithography, and scanning probe lithography.  

2.5.1 Mechanical break junctions  

The first mechanical fracture of thin metal films for the nanogap formation was 

demonstrated by Moreland et al., 45 wherein a thin notched metallic strip on an elastic 

substrate patterned via EBL is fractured by bending and stretching the substrate (most 

often controlled by a piezoelectric element). The breaking event is mainly conducted 

under low temperature and high vacuum conditions to ensure the cleanliness of the 

formed nanogap of size < 1 nm.  The mechanical break junctions have been further 

exploited in superconducting tunnel junctions 46, 47, 48 and metal-single molecule-metal 

junctions.49, 50, 51 However, the yield of nanogap formation was extremely low (three 

devices per substrate), and asymmetric nanogap formation is not possible using MBJ 

technique.  

2.5.2 Electro-chemical deposition  

In this method, conventional patterning technique (photolithography) is used to 

initially fabricate the large gap electrodes and then electrochemical and chemical 

deposition methods are used to narrow-down the gap size. The electro-chemical 

deposition can be reversed by controlled etching of atoms from the junction.52 The 

nanogap size can be controlled from several angstroms to 10 nm by current feedback53 

or potential distribution feedback54. In other studies by Liu et al., 55 a high-frequency 

impedance signal was used as a feedback signal to fine-tune the nanogap width down 

to 1 nm. Tao et al. used the self-terminated electrochemical method, where the external 

resistor was connected to one of the electrodes to control the termination gap width.56 

Since the gap width depends on the reactant concentration and reaction time, precise 



40 

 

control and mass manufacturability can be achieved. One significant advantage of the 

electrochemical deposition methods is the ability to fabricate asymmetric nanogap 

electrodes.57 However, the difference in thickness between the initial and secondary 

electrodes is likely to influence the device performance.  

2.5.3 Oblique angle shadow mask evaporation  

Dolan first introduced the oblique angle shadow mask evaporation method in 1977, 

where he proposed the masks offset from the substrate with oblique angle thin-film 

deposition and demonstrated small area superconducting bridges.58 This method was 

then adapted and developed to fabricate nanogap electrodes by suspending the mask 

above the substrate and controlling the angle of deposition against the normal substrate 

surface.59 Using this method, a nanogap length of below 10 nm can be reproduced, 

and the gap size is adjusted using the control on the tilt angle.60 Kawai et al.61 

demonstrated the electrical characteristics of nanostructured molecules such as DNA 

and porphyrin derivatives using top contact nanogap electrodes. In another study, Sun 

et al.62  achieved a gap length < 3 nm and performed an electrical study of nanocrystals. 

Factors such as the metal grain size, film thickness, evaporation rate, and evaporation 

angle controlled the nanogap length.63  

2.5.4 Electro-migration (EM) 

The principle of electromigration has been known for over 100 years.64 The applied 

external electric field induces the electron's momentum and can be transferred to the 

ions in a lattice, which eventually causes the displacement. EM phenomenon has been 

widely encountered as a major failure mode in microelectronic devices,65 recently 

employed in a similar technique known as mechanical break junctions, which mostly 

relies on notched thin electrodes for nanogap fabrication.45 EM can be utilized to 
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fabricate nanogap electrodes by applying direct external current (DC) voltage to the 

thin metal nanowire pre-patterned via electron beam lithography (EBL).66 In another 

method, Lee et al.67 demonstrated that the field emission electro-migration technique 

can shorten the gap between the metals (made from conventional photolithography) 

under external electric field-induced migration on metal ions.  

However, the gap resolution achieved through this field emission electro-migration is 

not as good as when forming a nanogap from a metal nanowire fabricated via the EBL 

method. Electro-migration can be controlled by monitoring the current-voltage 

characteristics,68 and utilized to fabricate nanogap electrodes in single-electron 

transistors66 and molecular junctions.69 The electro-migration is temperature-sensitive 

and joule heating is necessary for nanogap formation, but excessive heating needs to 

be avoided to prevent melting of the metals.70 The other major issue with EM method 

is debris in the nanogap which imposes challenges on the removal of the debris and 

device applications.71 To allow the scaling up in electro-migration fabrication method, 

one must address the aforementioned challenges.   

2.5.5 Nanostructure template method  

The primary motivation to fabricate nanogap electrodes is to eventually configure 

them for device applications using suitable active semiconductor or dielectric 

molecules. On the other hand, nano-structured molecules can be used as a template to 

fabricate nanogap electrodes. The gap dimensions directly rely on the length , width, 

and thickness of the template molecule.72 The template materials can be organic, 

inorganic, or low-dimensional materials such as CNTs, nanowires, etc. CNTs with 

nano-meter diameters and micrometer lengths are a good choice of shadow mask 

material (template) to fabricate nanogap electrodes. The major challenge is that 
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specific alignment and manipulation of these nanostructures impose restrictions on the 

large-area manufacturability.73, 74 

2.5.6 Electron beam lithography  

Mollenstedt and Speidel first demonstrated electron beam lithography (EBL) in 1960, 

which opened up the powerful nano-patterning technique.75 EBL is analogous to 

conventional photolithography fabrication as it uses a high-energy electron beam as a 

light source and special photoresists. Unlike conventional photolithography, EBL does 

not require masks and direct patterning can be achieved. However, the direct writing 

requires a special lens or optics, which together with electron-beam sensitive 

photoresists impose, additional challenges on the tooling cost and throughput.76 The 

advantage of using EBL is that wavelength of the e-beam is much lower than that of 

conventional UV lights used in photolithography. The EBL yields small (< 10 nm) 

feature sizes, and is mainly utilized to fabricate mask needed for soft lithography 

methods.77 Nanogap electrodes made from EBL are mainly exploited in plasmonic 

device applications and combined with other fabrication routes such as MBJ, 

electrochemical deposition, and electro-migration.78   

2.5.7 Focused ion beam lithography (FIBL) 

The FIBL offers a high-resolution patterning in a top-down approach. In FIBL, high 

energy focused ion beam (typically Ga2+ ions; however, He and Ne ion beams can also 

be employed) is focused on the surface of the materials, which needs to be machined 

and can yield sub-10 nm features by precise controlling of the ion beam using 

sophisticated lenses.79, 80 Unlike conventional photolithography and EBL methods, 

FIBL does not require a photoresist. The ion beam directly etches the desired materials 

straight away, allowing fewer proximity effects and high resolution.81 However, 
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implantation of Ga2+ ions may cause issues in the electrical properties of the materials. 

Still, the He and Ne ion beam cause minimal issues and limit the milling rate with only 

etching specific materials.82 FIBL is used to fabricate nanogap electrodes from carbon-

based materials like graphene83 and carbon nanotubes.84 Though implementation of 

FIBL in large-area device fabrication poses many challenges like low throughput and 

high cost, it has been widely adopted in the milling of materials for TEM sample 

preparation and rapid prototyping of nanostructures.85 

2.5.8 Scanning probe lithography  

Scanning probe lithography (SPL) is a set of patterning methods that use a nanoscale 

stylus, either mechanically or electrically manipulated on the surface of the materials, 

to fabricate nanoscale features. For example, the top-down approach that physically, 

chemically, or electronically removes the materials on the surface.86  On the other 

hand, the bottom-up approach is where the patterning of materials is achieved by  
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Fig. 2.9 Schematic representation of electron or ion beam lithography. The electron 

or ion beams emitted from the source are manipulated by lenses and scanned across 

the specimen to pattern the desired surface. Note: a photoresist is not necessary as the 

FIBL process directly etches away the desired surface of the material.  

 

directly transferring the molecules on the surface.87 The early demonstration of the 

SPL technique was achieved in 1999 by Notargiacomo et al.88 by using atomic force 

microscopy (AFM) tips later to separate aluminum and titanium films by 40 nm. FIBL 
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method severely suffer from the damage to the probe, contamination of the probe, and 

low throughput. Later, Mirkin and colleagues showed dip pen lithography (DPL), in 

which AFM tip is coated with the self-assembled monolayer (SAM) and transferred 

onto the substrate’s surface. The transferred SAM molecule patterns further act as a 

mask for patterning the underneath materials.  In another study, Hao et al. used 

scanning probe microscopy (SPM) to manipulate single atoms or molecules to form 

desired patterns.89 However, the SPM tool is limited to the scanning area, and the slow 

scanning rate limits its usage in large-area fabrication.90  In general, all of these SPL 

techniques are direct writing methods that allow fine control of the resolution, but face 

difficulties with scaling up.91 
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Chapter 3 

Adhesion lithography and the self-

forming nanogap fabrication method 

 

 

 

In this chapter, the adhesion lithography 

(a-Lith) process optimization is outlined. 

A detailed discussion of the process steps 

involved in the co-planar nanogap 

fabrication is provided. The adoption of 

Ti-Pt bimetals as a second metallization 

layer causes intrinsic tensile stress and 

self-peeling of Ti-Pt films in the SAM/M1 

region, which yields better uniformity in 

terms of the nanogap size.  
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3.1 Background and motivation 

Pattering of devices with features ≤100 nm demands the use of high-end commercial 

methods such as EBL and FIBL. However, many factors hinder the usage of these 

mass manufacturing techniques, including their limited compatibility with inexpensive 

material substrates, low throughput, and issues with patterning on non-planar surfaces. 

For instance, EBL and FIBL offer excellent downscaling; however, the capital cost, 

production time, and inability to fabricate asymmetric electrodes severely hold back 

their capability for large area manufacturing of functional devices such as RF diodes 

and sensors, photodetectors, and memory devices.  

To address these challenges, as outlined in Section 2.4, several alternative fabrication 

routes have been developed and exploited.92 Among the reported techniques, the 

adhesion lithography (a-Lith) method enables the fabrication of asymmetric nanogap 

electrodes on large-scale substrates with low capital costs. Beesley et al. made the first 

demonstration of a-Lith fabrication at Imperial College London in 2014.93 The method 

is based on modifying the adhesion of the metal 1 (M1) surface using the self-

assembled monolayers (SAMs) and the selective removal of subsequent metal 2 (M2) 

by applying adhesives and selective peeling of the M2 from the SAM/M1 overlapping 

regions. The interface formed between M1 and M2 is essentially a narrow gap with a 

typical length of < 20 nm. In the past ten years, many process developments have been 

made in a-Lith to improve the yield of nanogap formation. For instance, precise 

optimization of the SAM deposition, metal deposition rate, metal grain size and 

roughness, metal thickness, polarity of the starting electrodes, and electrode shape 

have been thoroughly investigated.93, 94 However, due to the manual peel-off step, 

which usually varies from person to person and the above factors, variations from 

batch to batch greatly influence the nanogap size and uniformity, leading to 
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measurable variations between devices.10, 93 Hence, adopting a-Lith technology in 

fully automated industrial processes is critical. This chapter shows that the peel-off 

step can be avoided by adopting a Ti-Pt bimetal combination as M2. The bimetal M2 

spontaneously delaminates during deposition at its interface with M1-SAM, while 

remaining firmly attached to the substrate. The selective peeling leads to consistent 

formation of sub-10-nm nanogaps and enables reliable large-area manufacturing of 

coplanar metallic nanogaps. 

 

3.2 Methods 

3.2.1 Fabrication of co-planar nanogap electrodes  

First, borofloat glass wafers (from Semiconductor Wafer Inc.) underwent sequential 

cleaning with DI water/acetone/isopropanol (IPA) under sonication for 10 minutes in 

each solvent. Next, aluminum (Al) electrodes (M1) of 100 nm thickness were 

thermally evaporated in a high vacuum (10−6 millibar) at a rate of 2 Å/s and patterned 

to the desired shape with conventional photolithography and wet etching. The M1 

patterns can be made using the bright field (at the end, Al will be the outer electrode) 

or dark field (Al will be inner electrode) patterning approaches, as outlined in Section 

1.1. For the standard process, we followed bright field patterning. However, the latter 

method can also be used. A SAM solution was prepared consisting 1 mM (7.8 mg) of 

octadecyl phosphonic acid (ODPA, purchased from Sigma Aldrich) in 30 mL of IPA, 

as a solvent. The patterned substrates were immersed in the SAM solution overnight 

(20 hours) to form a self-assembled monolayer specifically on the Al (M1) surface, 

leaving the glass substrate surface without a SAM. The substrates were then rinsed 

with IPA, dried with nitrogen gas, and annealed at 80°C for 10 minutes to remove any 

physisorbed ODPA molecules and excess solvent. Finally, the platinum (Pt) electrode 
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(95 nm) with a 5 nm titanium (Ti) under-layer (to promote adhesion to the glass 

substrate) was deposited via electron-beam evaporation. Due to the poor adhesion and 

intrinsic stress caused by Ti-Pt (M2) films on SAM/Al surfaces, a selective removal 

known as self-peeling or self-forming of the Ti-Pt (M2) metal occurs. The second 

photolithography and wet etching step were carried out to isolate each diode by 

patterning the global Al electrode (M1). To remove the ODPA SAM from M1 and any 

remaining photoresist, UV-ozone treatment was carried out for 15 minutes to reveal 

the empty nanogap electrodes with a gap size typically < 10 nm.  

3.2.2 Electron Microscopy  

Top-view Scanning Electron Microscope (SEM) images of Al-Au (from a-lith) and 

Al/Ti-Pt nanogap (from the self-forming method) were obtained using a Helios G4 

UX microscope equipped with a field emission electron source at an operating voltage 

of 5 kV. For cross-sectional TEM images, firstly, a thin lamella was prepared with the 

focused ion beam (FIB) in a scanning electron microscope (Helios 400s, FEI) 

equipped with a nano manipulator (Omniprobe, AutoProbe300). The sampl surface 

was protected by sequential layers of carbon and platinum deposited under electron 

and ion beams. The bulk of the sample was milled with a Ga ion beam to reach a depth 

of ca. 8-10 μm. An under-cut was made with the FIB, and the lamella was extracted 

from the bulk with the help of a nanomanipulator. The lamella was attached to a copper 

TEM grid and thinned down with FIB at 30 kV and the current was sequentially 

reducing over the range of 2.8 nA to 93 pA. The lamella was polished with the FIB at 

low voltages (5 and 2 kV) to remove any possible contamination. Then, cross-sectional 

images were acquired with the TEM (Titan 80-300, FEI, equipped with an electron 

monochromator and Gatan Imaging Filter, GIF Quantum 966) at 300 kV operating 
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voltage. The electron energy loss spectroscopy (EELS) images were acquired in the 

scanning TEM (STEM) mode called spectrum imaging (SI).  

3.2.3 Optical Microscopy  

A Zeiss Microscope Axio Observer Z1M was used to obtain micrographs of the 

nanogap devices and the metal flakes using 5x, 10x, and 20x magnification objectives.  

3.3 Results and Discussion 

3.3.1 Adhesion lithography  

The critical step in a-Lith is the formation of an ODPA self-assembled monolayer 

(SAM) on the first metal electrode, i.e., aluminium (Fig. 3.1).  The phosphonic head 

groups are attached explicitly to the M1 (Al) surfaces where the thin native AlOX layer 

is present. The methyl (–CH3) end groups are pointed outwards and organize over 

time. 

 

 

Fig. 3.1 Schematic illustration of ODPA SAM formation: (A) Schematic illustration 

of ODPA SAM formation on M1 (Al) electrodes via bonding of phosphonic (-POOH) 

head groups of the SAM. (B) Shows the generic molecular structure of SAM forming 

molecules and the specific molecule (ODPA) used in this study. The phosphonic (-

POOH) head group has an affinity for native oxides of metals such as (Al2O3 in Al, 
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TiO2 in Ti, and Cr2O3 in Cr). Consequently, the chemical affinity enables the specific 

attachment to the surface of either Al, Ti, ITO, or Cr but leaves the substrate uncovered 

by the SAM. 

 

The step-by-step process of a-Lith fabrication is illustrated in Fig. 3.2A. Due to the 

chemically non-reactive alkyl chain and the methyl end group, the M1/SAM surface 

becomes hydrophobic, and the adhesion with any subsequently deposited layer, i.e., 

M2 (Au), is drastically reduced. The manual peel-off step using commercial first 

contact glues that precisely remove the regions where M1 and M2 overlap is shown in 

Fig. 3.2B. The resulting wafer consists of repeated dies with circular Al-Au nanogap 

electrode arrays. The inset photograph shows a single fabricated chip where the Al 

electrodes were patterned to reduce the outer circle radius and avoid the loss in the 

high-frequency rectifier measurement. The width W (i.e., circumference 2πr, where r 

is the inner Au circle electrode radius) ranges from 5000 to 250 µm. An individual co-

planar Al-Au nanogap device of width, W = 500 µm is shown in Fig. 3.2C. The SEM 

image in Fig. 3.2D reveals the nanogap regions between M1 and M2. The nanogap 

size was extracted using a method derived from Kano et al. and we discussed in detail 

in Section 3.3.3. 95 Fig. 3.2E shows the distribution of nanogap size extracted from 

SEM images of five different samples from three different production batches. The 

major peak is centered on a nanogap size of 22.9 nm, with a secondary peak at a high 

value of ≈ 58.9 nm and high standard deviation of ≈ 10.2 nm. As mentioned earlier, 

variations in gap size from batch to batch are mainly driven by the distribution of metal 

grain sizes in M1 and M2, with the peeling force and direction as additional factors 

that can influence the gap size.  
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Fig. 3.2 (A) Schematic illustration of the a-Lith fabrication steps (B) The photograph 

shows the peel-off step and removal of M2 (Al-Au) on all M1/SAM surfaces across a 

4-inch glass wafer. The inset photograph shows a single fabricated chip with arrays 

of co-planar Al/Al-Au nanogap circular electrodes (C). Optical microscope image of 

a single device. (D) SEM morphology image of the nanogap between M1 and M2 and 

the corresponding binary visualization, in which only the area within the gap is shown 

as dark pixels. The scale bar is 100 nm. (E) Histogram summarizing the combined 

nanogap size distribution for five Al/Al-Au SEM images chosen from different batches. 

The gap size extraction followed a method adapted from Kano et al. 95 

 

3.3.2 Self-forming nanogap fabrication method 

The peel-off step in a-Lith can be avoided altogether by adopting a Ti-Pt bimetal 

combination as M2. The bimetal M2 spontaneously delaminates during deposition at 

its interface with M1-SAM while remaining firmly attached to the substrate. The self-

peeling leads to the consistent formation of sub-10-nm nanogaps and enables reliable 

large-area manufacturing of coplanar metallic nanogaps (Fig. 3.3). The poor adhesion 
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of Ti-Pt (M2) on the SAM layer is a prerequisite but by itself is not enough to trigger 

the self-peeling process. The intrinsic stress developed during the e-beam deposition 

also plays a significant role in the self-peeling of Ti-Pt films. In our experiments, the 

internal stress causes the Ti-Pt films to roll into micro-tubes with diameters ranging 

from 14 µm to 24 µm and various other shapes. The M2 (Ti-Pt) bilayer delamination 

originates only in the overlapping regions between M2 and M1/SAM and is not 

observed elsewhere on the substrate (Fig. 3.4 and 3.5). The ODPA SAM atop of Al 

drastically reduces the adhesion and facilitates the self-peeling of stressed Ti-Pt films. 

The M2 (Ti-Pt) bilayer starts delaminating immediately after the deposition process, 

and the flakes often loosely adhere to the surface. These flakes can be removed easily 

by blowing air or immersing the substrate in acetone or other liquids with gentle 

agitation. Since the stress is relieved immediately and the M2 film peels off, 

quantifying the stress is a challenging task. Stress measurement systems use Stoney’s 

modified equation and the radius of curvature of the substrate to find the stresses in 

thin films.96 However, in this measurement, the films have to adhere to the substrate 

so that the change in the radius of curvature can be measured before and after the 

deposition of the film to elucidate the stresses. Lee et al. 97 used this method to measure 

the stresses induced in Ti-Pt films (10-100 nm) deposited on flat Si/SiO2 and found 

values in the range of 700-800 MPa. When the same films were deposited over a 

Si/SiO2 mesh pattern instead, the bilayer metal film started to form Ti-Pt microtubes 

of approximately 25 µm diameter, which compares well to the microtube diameters 

obtained in our experiments. The FLX-2320-S stress measurement system uses two 

lasers at 670 nm and 780 nm and 4 mW to scan a substrate’s surface before and after 

a film is deposited onto it. The lasers raster the surface and measure the change in the 

curvature radius caused by the stress in the film. The interior chamber supports circular 
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wafers of 8”, 6”, and 4” diameters. The accompanying software uses the collected 

radius of curvature measurements and known material constants and applies the 

following Stoney’s equation to calculate the stress in the film.  

 

𝜎 =
𝐸ℎ2

(1−𝑣)6𝑅𝑡
               (22) 

 

Where 𝐸 is Young’s modulus, ℎ is the substrate thickness, 𝑣 is Poisson’s ratio, 𝑅 is 

the substrate radius of curvature, 𝑡 is the film thickness, 𝜎 is the average film stress, 

and 
𝐸

(1−𝑣)
 is the biaxial elastic modulus of the substrate. To measure the stress in our 

Ti-Pt thin films, we deposited them sequentially onto a Si/SiO2 wafer and measured 

the stress. The deposited layers were 10 nm Ti and 90 nm Pt. The calculated stress in 

the Ti layer on the Si/SiO2 substrate was 613 MPa (tensile), and the final stress when 

the Pt layer is deposited is 972 MPa (tensile). Our Ti-Pt films exhibit internal stresses 

within a similar range reported by Lee et al.97 Contrary to Ti-Pt, self-peeling was not 

observed for aluminum, gold, or titanium (as M2 electrodes) deposited using the same 

process and parameters. A possible explanation is that the residual strain induced 

during (electron-beam) deposition of other M2 (Al, Au, and Ti) is insufficient.97, 98  
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Fig. 3.3 Fabrication of self-forming nanogap electrodes: (A) Schematic illustrations 

of wafer-scale nanogap electrodes fabrication via the self-forming method. The key 

steps involved the patterning and selective SAM formation on Al electrodes (left) 

followed by Ti-Pt deposition (middle), resulting in the self-peeling of Ti-Pt films on 

Al/SAM surfaces (right). (B) SEM image displaying the self-peeling of Ti-Pt only on 

top of Al/SAM surfaces and showing the nanogap between Al and Ti-Pt metals. (C) 

High-resolution cross-sectional TEM images showing the nanogap (< 10 nm) between 

Al/Ti-Pt electrodes.  
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Fig. 3.4 Microscope images capturing the self-peeling process:  (A to G) Optical 

microscope images showing the self-peeling of M2 (Ti-Pt) films over time in air. (H) 

SEM image displaying the self-peeling of Ti-Pt films only on top of the Al/SAM surface 

immediately after the M2 (Ti-Pt) deposition. (I to J) High-resolution cross-sectional 

TEM images are taken directly after M2 (Ti-Pt) deposition (before immersion into 

acetone or other solvents), revealing the self-peeling mechanism. Here, the metal 

electrodes are separated by only a few nanometers. The specific device exhibited 

perfect isolation (current levels below 0.1 nA) when measured before cross-sectional 

TEM imaging. Thus, achieving nanogap lengths down to a few nm is plausible.  

 

The Ti-Pt bilayer only self-peels at a critical thickness once the platinum layer is 

approximately ≥ 95 nm. At low thicknesses of Ti and Pt, the bilayer is too thin, and 

immediate delamination is not observed. The failure in self-peeling could be due to 

the lack of low stress at lower thickness.97, 99 However, as shown in Fig. 3.6 and 3.7, 

the self-forming nanogap method is scalable to a large area. Notably, any arbitrary 

shape and size can be made with a high yield. 
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Fig. 3.5 Electron microscope images of the self-forming process: (A) an as-deposited 

Ti-Pt film that has already peeled off from the Al/SAM surface, but where Ti-Pt film 

remain in the gap. (B) Ti-Pt film additionally has begun to partially peel off of the 

nanogap region. (C) Top-view of the self-peeled nanogap region. (D to E) Images of 

Ti-Pt films that self-rolled into micro-tubes of diameters below 30 µm, viewed at 0º 

and 52º tilt angles. (F to I) Images of other possible shapes during the self-peeling 

process (the viewing angle is 0º).  
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Fig. 3.6 Fabrication of self-forming nanogap electrodes on wafer-scale: (A to E) 

Schematic illustration and wafer-scale photograph of each fabrication step. 

Patterning and selective SAM formation on Al electrodes followed by Ti-Pt deposition 

result in Ti-Pt films' self-peeling on Al/SAM surfaces. The final wafer (E) consists of 

arrays of circular and interdigitated electrodes (IDE) Al/Ti-Pt nanogap electrodes. 

The circular electrodes have inner electrode diameters ranging from 100, 300, 600, 

and 900 µm, and the IDE electrodes have nanogap widths ranging from 1 to 5 cm.  

 

 

Fig. 3.7 Large-area scalability of the self-forming nanogap fabrication after 

development step: (A) Photograph of the self-peeling of Ti-Pt films, independent of the 

shapes and sizes of Al electrodes. Nanogap electrodes of different shapes and 
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dimensions fabricated on a 4-inch wafer reveal that the self-forming method can be 

reliably scaled for large-area applications. (B) Images of the wafers after immersion 

into acetone and subsequent cleaning/drying with a nitrogen stream. The photographs 

reveal the successful fabrication of arrays of co-planar circular Al/Ti-Pt nanogap 

electrodes with diameters of 100, 300, 600, and 900 µm (wafer 1 and 2) and elongated 

bar structures of nanogap width ranging from 1 to 5 mm (wafer 2, and clearly shows 

the scalability with our self-forming nanogap fabrication method in any desired 

shapes. 

 

3.3.3 Average nanogap size extraction 

We used two approaches detailed below to elucidate the length of the nanogap between 

two metal electrodes. These methods were successfully employed in previous works, 

and allowed us to calculate the average nanogap size and distribution.10, 95 

Approach 1:  

In this method, the software ImageJ100 was used to load a high-resolution SEM image 

of a nanogap and then calibrated using the embedded scale bar to obtain the pixel-to-

nanometer conversion factor. Next, using the measure function in the software, the 

nanogap size was measured manually, multiple times across the nanogap, as shown in 

Fig. 3.8B, where each orange vertical bar represents one measurement. The vertical 

length of each orange bar was considered as the nanogap length. Using method 1, 

around 300 approximately equidistant vertical bars were drawn to extract the mean 

gap size and size distribution. 

Approach 2: 

In approach 2, a digital image analysis approach proposed by Kano et al. 95 was used 

to determine the average nanogap distance between two metal electrodes. First, a high-
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resolution SEM image was loaded into ImageJ software and transformed into a black 

and white image. All black pixels indicate a position that belongs to the nanogap space, 

and all-white pixels correspond to the surrounding metal electrodes (Fig. 3.8C). 

During the binary conversion, an algorithm is used to assist the user in finding the 

appropriate threshold value, which varies from one image to another based on the 

contrast and brightness of the SEM images. Second, the outline of the nanogap space 

area is elucidated from the binary image using a different algorithm developed by 

Kano et al., which quantifies the area (S) of the nanogap space and its perimeter outline 

(P) in pixel/nm. Both values are used to calculate the average gap size (Dave) according 

to Equation 23 

   𝐷𝑎𝑣𝑒 =  
𝑆

0.5 𝑃
                                              (23) 

The area S of the gap is determined from the total number of pixels within the gap 

(black pixels). The perimeter (P) was found by removing pixels from the inside of the 

nanogap space, i.e., only selecting the outer pixels surrounding the nanogap space. 

Thus, the average gap size was calculated in units of pixels/nm and converted to 

nanometers using the pixel-to-nm conversion factor, which was determined while 

calibrating the image as mentioned above in approach 1. Other than the manual 

approach 1, the procedure described by Kano et al. yields the average gap size, but 

does not generate a size distribution histogram.  

We note that both nanogap estimations, approach 1 and 2, are based on SEM images 

and thus share the same characteristic limitations due to the limits of image resolution 

and local contrast in SEM images. Resolving feature sizes of a few nanometers is at 

the boundary of what the SEM technique can achieve. In addition, the local contrast 

at the edges of the gap may not allow an exact determination (the pixel level) of the 
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precise gap outline, and, to a certain degree, the final placement lies in the judgment 

of the user. Using the automated algorithm suggested by Kano et al. can aid the 

estimation of the average nanogap. However, the user has to adjust the level of 

thresholds for the accurate conversion into a binary image. Hence, some uncertainty 

remains in determining the precise nanogap length. The nanogap size and distribution 

rely on various factors, including the properties of Al (M1), such as the thickness, 

roughness, and grain size, which are influenced by deposition rate (since the nanogap 

forms along the boundary line of M1). So, these factors play a significant role in the 

process, and careful tuning of these parameters needs to be considered. 

For Al/Ti-Pt nanogap electrodes fabricated via the self-forming method, the mean 

nanogap size extracted by these two methods was approximately 16 nm (Fig. 3.8D), 

which was slightly higher than the value of 10 nm determined from the cross-sectional 

TEM images but still lower than the size of a-Lith fabricated nanogap (22.9 nm).  Al-

Au nanogap fabricated via a-Lith (manual peeling-off with glues) show significant 

variations from batch to batch and have a slightly higher average nanogap size (mean 

value of 22.9 nm with a standard deviation of 8.9 nm). Moreover, an additional peak 

in the histogram of the Al-Au nanogap size (mean value of 58.9 nm with a standard 

deviation of 10.2 nm) was observed for almost all samples. Our new self-peeling 

method has no operator dependency and is not impacted by peeling variables such as 

the peeling direction and force involved from batch to batch. Thus, a reasonable 

reduction in the average nanogap size (18.7 nm with a standard deviation of 4.8 nm 

with no additional peaks in the histogram) was achieved (Fig. 3.9), and the self-peeling 

approach greatly improves the uniformity of the nanogap.  
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Fig. 3.8 Average nanogap size calculation: (A) High-resolution SEM image of the 

Al/Ti-Pt nanogap (raw image) that is used in the following figures (B and C) to 

estimate the nanogap size. (B) Manual estimation of average nanogap size using 

ImageJ software by considering the equidistance of the orange lines across the 

nanogap area (method 1). (C) Showing the extraction of the nanogap area, S (upper 

image) and the perimeter, P (lower image), from the SEM image via the method 

proposed by Kano et al. and used for average nanogap size (Dave) calculation (method 

2). (D) Comparison of the mean nanogap size derived from each of these approaches 

and the gap size distribution extracted from method 1. The average nanogap size was 

approximately < 16 nm in both methods.  
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Fig. 3.9 Average nanogap size analysis: (A-B) Scanning electron microscope (SEM) 

images of Al/Al-Au and Al/Ti-Pt nanogap devices from three different batches showing 

the nanoscale gap between the M1 and M2. The scale bar is 100 nm in each case. The 

corresponding nanogap regions are visualized in dark pixels. (C-D) The histogram 

shows the combined gap size distribution extracted from Fig. (A-B).  

 

3.3.4 Uniformity and yield  

The self-forming method eliminates the peeling-off step in our previously established 

a-Lith method. The self-peeling avoid the operator dependency and batch-to-batch 

variations in the average nanogap size which improves the nanogap uniformity. To 

estimate and compare the reliability of both methods, we measured the electrical 

characteristics of nanogap electrodes made from these two methods. A single chip 

(2.54 mm * 2.54 mm) from 4 inch wafer is diced using the LASER cutting method 



64 

 

and transferred inside the nitrogen filled glove box. Each of this chip consist of 36 

nanogap devices and using the needle probe the I-V characteristics of the nanogap was 

measured (Fig. 3.10). The current level below 0.1 nA is considered as electrically 

isolated (yield pass criteria) as there is a perfect separation between two metals is exist. 

The self-peeling enables 100 % yield (all the 36 devices have shown electrical 

isolation between M1 and M2 electrodes) which is better than the nanogap electrodes 

made from a-Lith method in which the yield is below 88 % (where 3 devices out of 36 

devices have shown high current level of > 0.1 nA due to the poor peeling-off occurred 

in the a-Lith fabrication).  

 

 

 

Fig. 3.10 Nanogap yield analysis from I-V characteristics: The electrical isolation of 

Al/Al-Au and Al/Ti-Pt nanogap devices from a single chip consist of 36 devices were 

measured inside the N2 filled glove box. (A) In a-Lith method, around 3 Al/Al-Au 

devices out of 36 devices were shorted as they shown high current levels (above 0.1 

A). (B) In the self-forming method, all the 36 devices have shown electrical isolation 

(current levels below 0.1 nA) which corresponds 100 % yield. The inset photograph 

shows the probing of co-planar naogap electrodes    

 

 

-2 -1 0 1 2
10-13

10-11

10-9

10-7

10-5

10-3

10-1

C
u
rr

e
n

t 
(A

)

Voltage (V)

Shorted devices

-2 -1 0 1 2
10-13

10-11

10-9

10-7

10-5

10-3

10-1

M1

M2

600 µm

C
u
rr

e
n

t 
(A

)

Voltage (V)

A B



65 

 

3.4 Summary 

In summary, we show that the peel-off step of a-Lith can be avoided altogether by 

adopting a Ti-Pt bimetal combination as M2. The bimetal M2 spontaneously 

delaminates during deposition due to the induced internal tensile stress at its interface 

with M1-SAM while remaining firmly attached to the substrate. The self-peeling 

facilitates a more uniform and smaller nanogap size (≈ 18.7 nm) and standard deviation 

(≈ 4.8 nm) than the a-Lith method (nanogap size ≈ 22.9 nm with a standard deviation 

of ≈ 8.9 nm and additional larger nanogap size) and improves the reliability of the 

fabrication process. Additionally, the self-forming method have shown 100 % yield 

which is ideally preferred for reliable manufacturing and device applications. The 

improved uniformity and small nanogap size (< 18.7 nm) is critical for consistent 

performance of functional devices made from this nanogap electrodes. In addition, the 

self-forming method could open up a way to investigate the possibility of inducing 

stress in other metal combinations and eventually achieve consistent formation of sub-

10 nm nanogaps. Hence, the reliable large-area manufacturing of coplanar metallic 

nanogaps via the self-forming nanogap method can be quickly adapted for a fully 

automated industrial process. 
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Chapter 4 

Flash Lamp Annealing (FLA) for rapid 

and scalable manufacturing of RF 

Schottky diodes 
 

 

In this chapter, we outline the rapid 

processing of printable indium-gallium-

zinc-oxide (IGZO) on top of nanogap 

electrodes (made via the self-forming 

nanogap method) using the flash lamp 

annealing (FLA) curing method. An 

optical simulation was used to optimize 

the FLA parameter and extract the 

average temperature profile on the 

nano-channel. Additionally, we 

investigated the RF performance of 

Al/IGZO/Ti-Pt nanogap Schottky diodes 

using one-port scattering parameter 

(S11) and high-frequency rectifier 

measurements. 
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4.1 Background and motivation 

In the past few decades, metal oxide semiconductors have emerged as promising 

material candidates in a plethora of applications such as displays, photovoltaics, and 

memory devices, to name but a few.101, 102, 103 Notably, their high mobility even in the 

amorphous phase, wide bandgap, ease of doping, and ability process using various 

solution-based techniques are the most significant advantages compared to their 

amorphous silicon (a-Si) counterpart. However, thermal annealing at elevated 

temperature (> 200°C) over a prolonged time (> 30 minutes) hinders the usage of 

metal-oxide semiconductors in flexible electronic circuits. Since the temperature-

sensitive plastic substrates are prone to degrade at elevated annealing temperatures, 

there is a need to invent an alternative processing method. There have been several 

research efforts on microwave annealing,104 UV-lamp annealing,105 and flash lamp 

annealing (FLA)106 to reduce the annealing temperature and time. In particular, FLA 

offers a viable solution to increase the speed of fabrication and throughput. FLA has 

been shown to be a versatile approach for the large-scale manufacturing of flexible 

electronics in the literature.107  

In FLA, the broad spectrum of light (from UV to near-infrared, i.e., 200-1100 nm) 

emitted from the flash lamp is absorbed, and thus enables the localized thermal heating 

in the active layers within a time frame of µs to ms. As a result, the desired annealing 

temperature for active materials can be momentarily achieved without any and/or 

minimal damage to the underneath plastic substrates. The unique combination of short 

processing time and scalability makes FLA a promising technique for large-area 

electronics based on metal oxide semiconductors. In recent years, FLA was 

successfully demonstrated in thin film transistors (TFTs), especially in micron 

channels.108 However, implementation of FLA process across nano channels has not 
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yet been realized. In this chapter, FLA was employed over < 20 nm channels and co-

planar Schottky diodes using indium-gallium-zinc-oxide (IGZO) semiconductor 

processed via the sol-gel route. The targeted delivery of the desired annealing 

temperature for IGZO was successfully optimized and the diodes exhibited superior 

electrical characteristics compared to the thermally annealed devices. Additionally, 

the RF diodes made via FLA process showed intrinsic and extrinsic cut-off frequencies 

of 100 GHz and 47 GHz, respectively.  

4.2 Methods 

4.2.1 IGZO precursor preparation, film deposition, and conversion 

Firstly, 0.1 M indium (III) nitrate hydrate (99.999% purity from Sigma Aldrich), 

gallium nitrate (III) hydrate (99.999% purity from Sigma Aldrich) and zinc nitrate 

hexahydrate (purchased from Fisher chemicals) were separately dissolved in 2-

methoxy ethanol solvent, and the solutions were stirred overnight at 900 rpm. 

Secondly, IGZO solution was prepared by mixing the above solutions in a volume 

ratio of 5:1:3 (In:Ga:Zn) and stirred overnight at 900 rpm. Finally, the resulting 

solution was filtered with a 0.2 μm PTFE syringe filter followed by film deposition 

via spin-coating at 3000 rpm for 30 s over nanogap devices inside a nitrogen-filled 

glovebox and subsequent drying at 130 ˚C for 10 minutes. The flash lamp annealing 

was carried out using a Novacentrix Pulse Forge 1300. The voltage to the flash lamp 

was kept at 600 V, while the pulse duration was varied from 500 µs to 1250 µs, and 

the fire rate was kept constant at 1.2 Hz. The pulse energy was changed from 4.5 J/cm2 

to 6 J/cm2 for each condition, and the pulses were repeated 20 times. The optimal 

conditions for device performance were 600 V diode voltage, 1.2 Hz fire rate, 750 µs 

pulse length, and 5.5 J/cm2 energy density.  
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4.2.2 Opto-thermal calculations and temperature profile simulations  

Opto-thermal simulations were performed using COMSOL software to extract the 

actual temperature profile on the electrode surfaces and at the edges of the electrodes 

(where the nanogap is present). The optical properties of Al, Ti, Pt, and glass were 

obtained from the Sopra database.109 The boundary conditions were set to convective 

cooling from the back surfaces and radiative cooling from the top. The ratio between 

outer and inner electrodes was considered as 𝑑2/𝑑1 = 2.5 (for 300 µm diode), the 

nanogap length 𝑙 = 10 nm, flash light power = 5.5 J/cm2 fluence (𝑓𝐴 = 1.74 J/cm2 

absorbed), and a pulse duration of 𝜏 = 750 µs were considered the optimal conditions 

for precursor conversion.  

4.2.3 Electrical and high-frequency RF characterization 

The diode current-voltage (I-V) characterizations were carried out in a nitrogen-filled 

glovebox using the Keysight B2912A precision source/measure unit. Temperature-

dependent I-V measurements were carried out in a cryogenic probe station (Lake 

Shore Cryotronics Inc.) combined with a Keysight B1500A semiconductor device 

analyzer. The capacitance measurements were recorded with a Solartron SI 1260 

impedance/gain phase analyzer at room temperature inside a nitrogen-filled glove box. 

High-frequency scattering parameter (S11) measurements were obtained (in air) 

through an Agilent PNA N5225A operating at 10 MHz – 50 GHz. Cascade Infinity 

GSG probes (ACP-40) with a pitch of 500 µm were used after a valid Short, Open, 

and Load (SOL) calibration on an impedance standard substrate (ISS) of 106-682. The 

rectifier measurements were conducted inside a vacuum-sealed chamber (1×10-5 torr) 

connected with a bias Tee (10 MHz to 18 GHz) through the GSG Picoprobes (from 

GGB industries). The output voltage was measured across a load resistor RL = 10 MΩ 

connected to a Keysight 34465A Digital Multi Meter (DMM).  



70 

 

4.2.4 RF current profile simulations using HFSS 

Electromagnetic simulations of diodes were conducted using ANSYS High-Frequency 

Simulation Software (HFSS). Four different dimensions of the diodes were simulated. 

First, a borofloat glass substrate with dimensions of 3 mm × 3 mm × 1.1 mm was 

drawn and the frequency-dependent electrical properties of the glass, which were 

characterized beforehand, were assigned to the substrate. Next, an outer circular 

electrode made of Al (M1) was created with a diameter of 1300 um, which serves as 

a ground plane. The difference between the four designs was the diameter of the inner 

circular electrode made of Ti-Pt (M2, Ø = 100 µm, 300 µm, 600 µm, and 900 µm). 

For Al and Pt, the bulk metal properties were selected from the HFSS library. The gap 

between the electrodes was 10 nm. The launching of the RF input signal to the diodes 

was done from the top, accurately mimicking the GSG probe with a pitch of 250 µm. 

After the simulation, the magnitude of the currents was plotted on the electrodes, and 

an identical color code and range were selected for accurate comparisons. 

4.3 Results and discussion 

4.3.1 Geometric considerations for co-planar RF diodes  

The co-planar nanogap electrodes designed explicitly for the RF measurements are 

illustrated in Fig. 4.1. The specific dimensions of the diodes were described in detail 

in the top and cross-section schemes. The channel length (L), i.e., the size of the 

nanogap between the Al (M1) and Ti-Pt (M2) electrodes, also known as the inter-

electrode distance, was typically < 10 nm. The thickness of the electrodes, denoted as 

height (H), was kept as 100 nm. The inner M2 electrodes diameter, d, (Ødiode) was 

varied from 100 µm to 900 µm, and the width (W) of the diodes is derived as W = 2πr, 

where r = d/2. The width (W) of the inner electrode M2 multiplied by its thickness (H, 

100 nm) is defined as the active area (A), and the resulting values ranged from 31 µm2 
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to 282 µm2. Due to the 250 µm pitch size of our GSG picoprobes (from GGB 

industries), smaller diodes of diameters 100 and 300 µm could be easily probed: 

However, for larger diodes (600 µm and 900 µm diameter), a notch was added to the 

design to facilitate landing of the GSG probe for RF measurements. 

 

 

Fig. 4.1 The schematic (2D and 3D) view of co-planar Al/IGZO/Ti-Pt nanogap diodes: 

(A to B) Schematics of the 2D top view and 2D cross-section view of a nanogap device, 

clearly outlining the various dimensions of the diodes: the nanogap length, L, 

electrode thickness, H, Ti-Pt (M2) electrodes diameter (Ødiode), d, and the perimeter 

(2πr) of the M2 electrode defined as width, W. (C to D) 3D top view and 3D isometric 

view of the device layout clearly showing the GSG probing pads and planar nanogap 

between Al & Ti-Pt electrodes. We used four different diameters (100, 300, 600, and 

900 µm) to investigate the diode performance in response to a change in the active 

area of the diodes (ranging from 31 µm2 to 282 µm2) in DC and RF measurements. 

For RF rectifier measurements, we included additional notches in the 600 µm and 900 

µm diodes to accommodate the RF probe. The GSG probe was limited to a pitch size 

of 250 µm (distance between ground, G, and signal, S). 
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4.3.2 Fabrication of co-planar Al/IGZO/Pt diodes via solution 

processing and FLA 

To investigate the suitability of the self-forming asymmetric nanogap electrode for the 

fabrication of Schottky diodes, we employed IGZO as the n-type semiconductor. 

IGZO deposition was achieved in two steps: i) precursor deposition via the sol-gel 

route and ii) FLA. The processing steps are schematically illustrated in Fig. 4.2 A. As 

seen in Fig. 4.2, B-C IGZO partially fills the nanogap, providing good contact to the 

electrodes. Opto-thermal simulations revealed the effects of FLA process parameters 

on the temperature transients. Fig. 4.2 D displays the temperature profile of Ti-Pt (α) 

and Al electrodes (γ) and at the metal edges (β) in the nanogap. As shown in Fig. 4.2 

E, the temperature on M2 (Ti-Pt) is higher than on M1 (Al) due to its higher percentage 

of light absorption. Despite the absorption difference, however, the proximity of the 

electrodes (<10 nm) enables an almost uniform temperature distribution within the 

nanogap (β) (Fig. 4.3 and Table 4.1). Significant gradients in peak temperature rise 

within the gap were only found for gaps exceeding 100 nm (Fig. 4.2 F). The latter 

finding highlights the unique advantage of the short (<16 nm) inter-electrode nanogap. 

Temperatures in and out of the nanogap depended on the device area (size), converging 

for device diameters exceeding 200 µm (Fig. 4.2 G). The effect of repeated FLA 

pulses at 𝑣 = 1.2 Hz reached saturation after 10 pulses yielding instantaneous 

𝛥𝑇𝑝𝑒𝑎𝑘 ≅ 360 °C  and back-of-the substrate 𝛥𝑇𝑏𝑎𝑐𝑘 ≅ 35 °C (Fig. 4.2 H). Overall, 

FLA facilitates targeted, rapid, and precise energy delivery in the nano-channel while 

leaving the substrate intact.  
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Fig. 4.2 Fabrication of co-planar Al/IGZO/Ti-Pt diodes via Flash Lamp Annealing 

(FLA) route. (A) Schematic illustration of solution processing of IGZO films on 

nanogap electrodes. (B to C) HR-TEM cross-sectional image and the corresponding 

EELS mapping show the In,  Zn, and O2 elements within the nanogap space. (D) The 

temperature color map profile of the Ø300 µm device displays the temperatures on Ti-

Pt (α), Al (γ), and at the edges of the electrodes (β). (E) Time-dependent temperature 

rise (∆T) plot for the α, β, γ points. (F) The peak temperature rise as a function of 

lateral gap separation illustrates that the temperature difference in the channel is 

negligible at a lower gap size (<30 nm). (G)Peak temperature rise (∆T) in the α, β, 

and γ regions to the inner metal diameter, which converges after 200 µm. (H) Depicts 

the full transient, including the first 11 pulses arriving at 1.2 Hz repetition rate and 

750 µs pulse duration. 

 

Table 4.1. Thermal properties of the materials used in the opto-thermal calculations.  

Material 

Mass density 

𝝆 

[g/cm3] 

Specific heat 

capacity 𝒄𝒑 

[J/g-K] 

Thermal 

conductivity 𝒌  

[W/m-k] 

Aluminum 2.7 0.9 210 

Platinum 21.45 0.134 69 

Titanium 4.5 0.528 17 

Borofloat glass 2.23 0.83 1.12 
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Fig. 4.3 Optical properties used in the opto-thermal simulations. (A) The refractive 

indexes for aluminum, (B) platinum, (C) titanium, and (D) borofloat glass were 

obtained from the Sopra database. (E) Normal incidence absorptivity of the two 

metals, (F) flash lamp power spectrum, (G) power absorption rate at the two metals, 

and (H) heating profile for each metal.   

 

4.3.3 Electrical and RF characteristics of Al/IGZO/Pt diodes 

I-V characteristics of empty nanogaps (Fig. 4.4 A) showed excellent electrical 

isolation (current levels of <10-10 A) for all devices contained in an array of 36 

individual 900 µm diameter diodes (inset photograph), suggesting a nanogap 

formation yield of 100%. After the IGZO coating and FLA process, the diodes showed 

n-type behavior, high rectification, and ultra-low reverse current (~10-10 A). In 

comparison, reference devices that were prepared via thermally annealing at two 

different temperatures (300 and 400 °C) required long annealing times (approximately 

45 min) and showed hysteresis, lower rectification, and high turn-on voltages (Fig. 4.4 

B). The FLA diodes have a rectification ratio of >104 (Fig. 4.4 C), while the forward 

current (at 2 V) scales linearly with the diode’s diameter. The effect of the FLA 

parameters on the diode rectifications are shown in Fig. 4.4 D. As shown in Fig. 4.4 
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E-F, the series resistance (RS) and barrier height (ΦB) of FLA diodes were extracted 

using the method established by Cheung et al.25 The three distinct transport regimes, 

i.e., I, II, and III corresponding to tunneling, thermionic emission, and space charge 

limited conduction (SCLC), are the predominant mechanism, respectively (Fig. 4.4 

G). The current responsivity of IGZO diodes with a diameter of 900 µm (Fig. 4.4 H) 

is closer to the responsivity values of the state-of-the-art Si-Schottky diodes.39 The 

temperature-dependent current transport measurements were used to extract the barrier 

height (ΦB), ideality factor (n), and effective Richardson constant (A*), as depicted in 

Fig. 4.5 A-C. The built-in potential (Vbi) and barrier height (ΦB) were extracted from 

C-V measurements (Fig. 4.5 D-F). As outlined in Section 2.2, the junction parameters 

extracted from the I-V, I-V-T, and C-V measurements are summarized in Table 4.2.  

 

Table 4.2 Summary of the junction parameters of co-planar Al/IGZO-Ti/Pt nanogap 

diodes extracted from the I-V, I-V-T, and C-V measurements. 

 

ΦB (eV) 

Series resistance  

RS (kΩ) 

Richardson 

constant 

ND 

C-V I-V-

T 

Cheung 

et al. 

n dV/d(ln(I) 

vs I  

H(I) 

vs I 

A*(A cm-2 K-2) (cm-3) 

0.61 0.75 0.55 1.9 129 127 41.6 ± 6 3.1 X 1017 

 

Table 4.3 Summary of the high-frequency characteristics of Al/IGZO/Ti-Pt diodes. 

Parameters Diameter 

(µm) 

fC (GHz) 

(from S11 

measurement) 

R (Ω) 

(from Z(Re) at fC) 

C (pF) 

(from Z(Im) at 

fC) 

τRC  

(ps) 

Al/IGZO/Ti-Pt 

900 17.5 13.09 0.68 9.3 

600 29 12.69 0.25 3.1 

300 79 (extrapolated) 10.4 0.20 2.1 

100 >100 

(extrapolated) 

20.3 0.05 1.01 
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Fig. 4.4 Electrical measurements. (A) I-V characteristics of one complete array of 36 

devices consisting of empty Al/Ti-Pt nanogap electrodes (inset photograph). The 

consistent current below 0.1 nA implies complete electrical insulation between both 

metals. (B) I-V characteristics of as prepared, thermally annealed and Flash Lamp 

Annealed (FLA) Al/IGZO/Ti-Pt diodes. The FLA processed diodes show better 

rectification, less hysteresis, and a turn-on voltage closer to 0 V than the thermally 

annealed diodes. (C) I-V characteristics of FLA diodes, where the current scaled up 

with the diameter of the diodes. (D) Optimization of the FLA conditions for the best 

diode’s performance showed that the off current shifts to higher values at higher pulse 

length. The remaining parameters, such as voltage to the flash lamp, fire rate, and the 

number of pulses, were kept constant at 600 V, 1.2 Hz, and 20 pulses, respectively. 

Here, specifically, 900 µm diameter Al/IGZO/Ti-Pt diodes were used to compare the 

impact of the FLA conditions on the diodes’ performance. (E to F) dV/d(ln(I)) vs. 

diode current for the extraction of series resistance (RS) using first-order 

approximation and (C) the H(I) vs. diode current plot for the second approximation of 

Rs and the barrier height (Φb) extraction. (G) logI vs. logV plot shows three distinct 

transport regimes (I, II, and III) corresponding to tunneling, thermionic, and space-

charge-limited current (SCLC) as the predominant mechanisms. (H) The quasi-DC 

current responsivity of four 900 µm diameter diodes. The near-zero voltage-current 

responsivity of 7-8 AW-1 was obtained, which was close to the thermal limit of state-

of-the-art Si - RF Schottky diodes.39 
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Fig. 4.5 Temperature-dependent I-V and capacitance-voltage measurements: (A) 

Temperature-dependent I-V characteristics of Al/IGZO/Ti-Pt diodes measured 

between 140 and 300 K. (B) Temperature dependence of the ideality factor (n) and 

barrier height (ΦApp). (C) The corresponding Richardson plot; an effective Richardson 

constant (A*) of 41.6 ± 6 cm-2 K-2 and barrier height (Φb) of 0.75 ± 0.02 eV were 

extracted. (D) Typical Schottky diodes C-V curve measured at a frequency ranging 

from 1 kHz to 1 MHz. (E) The Mott-Schottky plot for IGZO diodes; the data was 

corrected by subtracting the corresponding extrinsic empty gap capacitance from 1 

kHz to 1 MHz. (F) Fitting and extraction of the built-in voltage (Vbi) and barrier height 

(Φb). 

 

For RF wireless energy harvesting and RF identification tags, the antenna-diode 

rectifier circuits ultimately dictate the frequency of operation, power conversion 

efficiency, and cost.29 The frequency response was measured with a one-port 

scattering measurement setup (Fig. 4.6 A) using high-frequency input signals and 

extracting the frequency-dependent reflection coefficient (S11) (Fig. 4.6 B). The 

intrinsic cut-off frequency, fC, int, can be estimated from the intersection of the real (RS, 

series resistance) and imaginary (XC, reactance) part of the impedance (Fig. 4C to 4F). 

The extracted values range from 16 GHz, for large diodes, to over 100 GHz, for 
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smaller diameter diodes. The latter observation is attributed mainly to the reduction in 

diode junction capacitance (Cj) and series resistance (RS) (Table 4.3).  

 

 

 

Fig. 4.6 One-port S11 measurements: (A) Schematic illustration of high-frequency 

one-port S11 reflection measurements. (B) One-port S11 measurements of ten 900 µm 

diameter diodes in the frequency range from 100 MHz to 40 GHz showed consistent 

reflection. Most of the input RF signal is reflected in our co-planar devices, and only 

a small portion passes through the device. The -10 dB point (red color dotted lines) is 

where the 90 % of the input signal is assumed to pass through the device. (C to F) 

Frequency-dependent impedance of diodes extracted from S11 measurements. The 

inset in (C) shows a ground-signal-ground (GSG) probe in contact with a co-planar 

diode. 

 

The extrinsic cut-off frequency, fC, ext, of diodes is more relevant in real-life 

applications as all device components influence the frequency of operation. The 

extrinsic cut-off frequency can be estimated from the -3 dB point, i.e., the frequency 

at which the power drops to half (frequency at which the voltage output, VOUT, drops 

to 1/√2 ) of its peak value. The rectified DC output voltage as a function of frequency 
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was measured using a half-wave rectifier setup comprising a bias tee, Al/IGZO/Ti-Pt 

diode, and a 10 MΩ resistor RL. As shown in Fig. 4.7 A-B, scaling of junction 

capacitance (Cj) and the intrinsic cut-off frequency was observed. The -3 dB point 

projection and the resulting extrinsic cut-off frequencies for all diodes are shown in 

Fig 4.7 C. The output voltage (VOUT) scaled up as the diode active area and input 

power were increased (Fig 4.7 D). The output voltage as a function of input RF power 

follows a square law at low input power and square root law at higher input power. 

The corresponding two linear regions are discernible up to 5 GHz in Fig 4.7 E. Both 

the intrinsic (from S11 measurements) and extrinsic (from rectifier circuit 

measurements) cut-off frequencies for 10 diodes of each diameter are compared and 

summarized in Fig 4.7 F. The difference in the cut-off frequencies are due to the losses 

associated with the rectifier measurements which includes the additional capacitance 

from the measurement set-up (GSG probes and bias Tee circuit). In addition, 

transmission of the RF signal on bigger (600 and 900 µm) devices becomes more 

challenging (Fig 4.8). Despite this, the extrinsic cut-off frequencies of our diodes 

surpass those achieved using other processing technologies and semiconductor 

materials, such as solution-processable metal oxides, polymers, small molecules, 2D, 

and 1D materials (Fig 4.9). Thus, the self-forming method of nanogap fabrication and 

FLA processing meet all of the prerequisites for a new, rapid, mass manufacturing 

paradigm for RF electronics that could significantly impact the emerging 5G/6G 

markets by helping to wirelessly connect as well as power the IoT device ecosystem 

of the future.  
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Fig. 4.7 High-frequency capacitance and rectifier measurements. (A) The average 

intrinsic cut-off frequency and junction capacitance (Cj) of several diodes (for each 

diameter) were measured via S11 one-port measurements. The cut-off frequency 

increases as the diameter of the diodes reduces. On the other hand, Cj (estimated at 

10 GHz) reduces as diameter decreases. (B) The junction capacitance of Al/IGZO/Ti-

Pt diodes extracted from S11 measurements ranges from 0.1 GHz to 18 GHz. In all 

cases, Cj displays ultra-small values (< 1 pF). (C) Rectified voltage output vs. input 

frequency at 5 dBm power input. The extrinsic cut-off frequencies were extracted at 

the half power-point. The power-dependent (D) and frequency-dependent (F) voltage 

outputs of a diode with a diameter of 900 µm. (E) Comparison of intrinsic cut-off 

frequency, fC, int, from S11 and extrinsic cut-off frequency, fC, ext, from voltage output 

measurements, indicating the clear rise in fC as the diameter of the diode decreases. 
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Fig. 4.8 RF current distribution profile simulation results: (A to D) Current 

distribution profile (bottom row) on Al/IGZO/Ti-Pt diodes while launching the RF 

signals simulated via High-Frequency Simulation Software (HFSS) on 100, 300, 600, 

and 900 µm diameter diodes. The current distribution appears to be uniform for 100 

and 300 µm diameter diodes, but the current is more concentrated near the probing 

region for 600 and 900 µm diameter diodes. The simulation reveals that launching 

and transmitting the RF signal becomes challenging for a large diameter diodes (600 

and 900 µm).  
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Fig. 4.9. Comparison of Al/IGZO/Ti-Pt Schottky diodes with the other state-of-the-

art Schottky diodes based on various semiconductor materials and processing 

methods in the literature: The plot compares the extrinsic cut-off frequency (fC) in our 

current work with other reported Schottky diodes with various material systems, such 

as small molecules, polymers, metal oxides, and 2D materials. Our nanogap 

Al/IGZO/Ti-Pt diodes, solution-processed and FLA annealed on a wafer scale, 

outperform all other values reported in the literature which includes the vacuum 

processed diodes in the above mentioned material system.  
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4.4 Summary 

In summary, for the first time, we successfully utilized and optimized FLA in 

nanoscale channels for best diode performance. Opto-thermal simulations were 

performed to reveal the temperature profiles on the surface of the metals and at the 

edges where the nanogap is present to identify the best FLA parameters. The electrical 

characterization revealed that FLA diodes exhibit better rectification and less 

hysteresis compared to thermally annealed diodes. The series resistance values 

calculated from quasi-static I-V measurements using the method proposed by Cheung 

et al. are orders of magnitude lower than the effective series resistance (Reff) calculated 

from S11 measurement. The difference in the series resistance was attributed to the 

negligible Schottky contact resistance at high frequency and zero biasing condition in 

the one-port measurements. Temperature-dependent I-V measurements and room 

temperature C-V measurements were used to extract the diode’s junction parameters 

such as Schottky barrier height (ΦB), ideality factor (n), and built-in potential (Vbi).  

High-frequency one-port measurements were used to extract the diode impedance, 

junction capacitance (Cj), and effective series resistance (Reff). The intrinsic cut-off 

frequency (fC, int) was calculated from the real and imaginary intersection points of the 

input impedance for the diodes with diameters 100, 300, 600, and 900 µm. The 

nanogap diode was incorporated into the rectifier circuit, and high-frequency rectifier 

measurements were used to extract the extrinsic cut-off frequency of the diodes. The 

scaling of junction capacitance (Cj) due to the co-planar device configuration makes it 

possible to achieve scaling of the intrinsic and extrinsic cut-off frequencies of the 

diodes and the frequency of operation to well above 100 GHz (fC, int) and 47 GHz (fC, 

ext). Due to its rapid curing nature, the FLA process can be further utilized for mass 

manufacturing of Schottky diodes on arbitrary substrates on an industrial scale.  
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Chapter 5 

Solution-processed organic RF 

Schottky diodes made via a-Lith that 

operate beyond 14 GHz 

 
 

This chapter outlines the fabrication of 

organic Schottky diodes using our a-Lith 

nanogap electrodes and solution 

processing of the C16IDT-BT based 

polymer semiconductor. Additionally, 

we investigated the electrical, materials, 

and RF performance of neat polymer vs 

doped (with p-type C60F48 molecular 

dopants) nanogap diodes. The electrical 

and RF performance of doped diodes are 

significantly enhanced with no 

significant changes in the structural 

properties between the pristine and 

doped polymers. Notably, a one order of 

magnitude higher rectified voltage 

output is achieved using the 2.5 mol % 

C60F48 doped C16IDT-BT diodes.  
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5.1 Background and motivation 

High-frequency rectifiers are the central component that determes the frequency of 

operation and the power conversion efficiency of RF-WEH. The state-of-the-art 

rectifiers are based on Schottky diodes made from Si-CMOS and III-V semiconductor 

technologies; however, these technologies hold limited flexibility and require 

sophisticated and expensive processing methods.110 Printable organic semiconductors 

can be deposited using various methods (e.g. spin-coating, blade, and slot-die coating) 

on arbitrary substrates at relatively lower costs as a potential alternative material 

class.111 Nevertheless, the use of organic semiconductors for rectifier circuits in the 

GHz regime is still hindered by the low charge carrier mobility of the semiconductors 

and high contact resistance and overlap capacitance in the conventionally used 

sandwich structure.112 Furthermore, from the device architecture point of view, the 

channel length plays a crucial role in the carrier transit time and ultimately dictates the 

frequency of operation.112 Employing co-planar geometry can profoundly reduce the 

overlap capacitance to overcome the standard limitations of organic-based 

technologies and unlock high-frequency operating capabilities. In this work, we used 

our previously established a-Lith approach93 to fabricate co-planar and asymmetric 

metal nanogap electrodes that are separated by a nanoscale channel (< 20 nm), which 

leads to a geometry that strongly suppresses the device capacitance (< pF).  

In addition to the novel planar device architecture, we chose a high-mobility, low 

energetic disordered polymer semiconductor, indacenodithiophene-co-

benzothiadiazole (C16IDT-BT), to fabricate our Schottky diodes. These combined 

features led to the realization of the first solution-processed organic diodes capable of 

operating at above GHz frequencies. We further investigated the addition of a 

molecular p-type dopant, fluorinated fullerene (C60F48), which controls device 
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performance. Notably, the turn-on voltage and rectified output voltage significantly 

improve upon doping. Both neat and doped polymer diodes show intrinsic and 

extrinsic cut-off frequencies well above 1 GHz, whereas doped diodes consistently 

reach slightly elevated values. The rectifier circuits made from 2.5 mol % C60F48 doped 

C16IDT-BT polymer diodes show reasonably rectified voltage output above 14 GHz, 

setting a new performance threshold for organic electronics. 

5.2 Methods 

5.2.1 Material preparation  

C16IDT-BT (Mn 65 kg mol−1 with a dispersity (Ð) of 2.42 as measured by GPC in 

chlorobenzene at 80°C against polystyrene standards) and C60F48 were synthesized 

using previously reported procedures. Anhydrous chlorobenzene (CB) and 1, 2 

dichlorobenzene (oDCB) were purchased from Sigma-Aldrich and used as received. 

Solutions of C16IDT-BT (5 mg/mL in oDCB) were prepared and stirred overnight at 

100˚C, while solutions of C60F48 (1 mg/mL in CB) were stirred overnight at room 

temperature. The dopant solution was then added to the semiconductor solution to 

obtain the required concentration, which was calculated in mol% of the dopant to the 

molecular weight of one monomer of the polymer. The doped solution was then stirred 

for 2 hours at room temperature and spin-coated at 1000 rpm for 60 seconds, followed 

by annealing treatment for 2 minutes to remove the excess solvent. The entire process 

was carried out in a nitrogen-filled glovebox. 

5.2.2 UV-Vis absorption spectroscopy and Kelvin-probe work-

function measurements  

Absorption spectra were measured with a Shimadzu UV-2600 spectrophotometer. 

Work function measurements of C16-IDTBT and C60F48-doped C16-IDTBT films were 
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carried out using a KP Technology SKP4040 tool using the Kelvin Probe technique. 

Samples were prepared by depositing polymer films with doping concentrations 

ranging from 0 to 5% on top of ITO-covered glass slides. As reference material, we 

used a freshly cleaned HOPG (highly oriented pyrolytic graphite) film with a work 

function of 4.5 eV. All measurements were carried out inside a nitrogen-filled glove 

box 

5.2.3 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 

Diffraction patterns at grazing incidence were taken at the BL11, NCD-SWEET, 

beamline of the ALBA Synchrotron, Cerdanyola del Vallès (Spain). The energy beam 

was set at 12.4 keV (λ = 0.1 nm) using a channel cut Si (1 1 1) monochromator. The 

incident angle was set at 0.12° and the exposure time was 5 seconds. GIWAXS 

patterns were taken with a Rayonix® LX255-HS area detector (pixel size of 88 

microns), placed 210 millimeters from the sample position. 2D-GIWAXS patterns 

were corrected as a function of the scattering vector components with a Matlab® script 

developed by Aurora Nogales and Edgar Gutiérrez 

[https://it.mathworks.com/matlabcentral/fileexchange/71958-grazing-incidence-

wide-angle-x-ray-scattering-representation]. Solutions were prepared and processed 

on top of silicon substrates following the same routes employed for the device 

fabrication. 

5.2.4 Fabrication and characterization of organic thin-film 

transistors (OTFTs)  

OTFTs with a top-gate, bottom-contact (TG-BC) architecture were fabricated onto 

2.54 × 2.54 cm2 glass substrates. The source and drain electrodes of Al/Au (5/35 nm) 

were defined with shadow masks via thermal evaporation; substrates were then 
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cleaned by sonication in acetone and isopropanol, followed by an Argon plasma 

treatment of 2 minutes. C16IDT-BT and C60F48 doped solutions were prepared and 

spin-coated on top of the substrates following the same routes employed for the 

nanogap diodes (1000 rpm for 60 seconds) before annealing at 100˚C for 2 minutes. 

Cytop was then spin-coated at 4000 rpm for 90 seconds (~ 600 nm) and annealed at 

80˚C for 1 hour. Then, the aluminium gate electrode was thermally evaporated through 

a shadow mask, and the devices were transferred to the measurement glove box via a 

transfer tube. Electrical characterization was performed with an Agilent B2902A 

semiconductor parameter analyzer. 

5.2.5 Electrical and capacitance measurements of organic diodes 

The current-voltage (I-V) characteristics of the nanogap electrodes and organic diodes 

were measured using a Keysight B2912A precision source meter. The capacitance 

measurements were performed using the Keysight B1500A semiconductor device 

analyzer. All electrical and capacitance measurements were carried out in a nitrogen-

filled glovebox.  

5.2.6 Radio Frequency (RF) measurements 

The one-port scattering parameter (S11) measurements were performed (in ambient 

conditions) using SMA cables (from Pasternack), Agilent’s Network analyzer (PNA 

N5225A) operating between 10 MHz – 50 GHz, and a Cascade Microtech probe 

station. Cascade Infinity GSG probes (ACP-40) with a pitch of 250 µm were used with 

the valid Open, Short, and Load (OSL) calibration on an impedance standard substrate 

(ISS) of 106-682. The rectifier circuit measurements were carried out inside the 

nitrogen-filled glovebox chamber using tee bias (0.1 MHz – 18 GHz, purchased from 

Pasternack), a load resistor (10 MΩ), and a Keysight 34465A digital multi-meter.   



89 

 

5.3 Results and discussion 

5.3.1 C16IDT-BT polymer and C60F48 dopants 

Having identified an appropriate fabrication route (a-Lith) and an effective planar 

device architecture, we next selected a suitable organic semiconductor. We opted to 

employ a polymer since this class of materials typically offers superior solution 

processing qualities compared to their small molecule counterparts.113, 114 From the 

wide range of literature available on polymeric semiconductors, the 

indacenodithiophene derivative C16IDT-BT (Fig. 5.1 A) was chosen since C16IDT-BT 

has shown excellent charge transport properties and low contact resistance in junctions 

with gold electrodes in a thin-film transistor configuration.115, 116, 117, 118, 119 

 

 

Fig. 5.1 (A) Chemical structure of the C16IDT-BT polymer and the C60F48 molecular 

dopant. (B) Absorption spectra for neat and C60F48 doped C16IDT-BT polymer films. 

The inset shows the polaron peaks at 1040 nm. (C) Kelvin probe work function 

measurement results showing the Fermi level shift towards the highest occupied 

molecular orbital (HOMO) of C16IDT-BT polymer on adding the C60F48 dopant. The 
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inset schematics show the reported HOMO energy levels of C16IDT-BT and the range 

of lowest unoccupied molecular orbital (LUMO) energy levels for C60F48. (D) Grazing 

incidence wide angle X-ray scattering (GIWAXS) patterns for neat and C60F48 doped 

C16IDT-BT polymer. 

 

Doping is a convenient strategy to control the electronic and structural properties of 

organic semiconductors and, hence, fabricate increasingly high-performing devices. 

To control the electronic properties of the polymer, we incorporated an additional 

material into C16IDT-BT, a fluorinated fullerene derivative, C60F48 (Fig. 5.1 A), that 

acts as a molecular dopant. C60F48 has been successfully employed as a dopant for 

organic semiconductors, including C16IDT-BT, with beneficial effects on various 

device properties.113, 120, 121 

In the first set of experiments, we assessed the ability of C60F48 to dope the C16IDT-

BT polymer. As shown in Fig. 5.1 B, UV-vis absorption spectra revealed the 

appearance of polaronic absorption upon introducing C60F48, with a broad peak 

centered on 1040 nm, which become more intense upon increasing the molecular 

additive loading. Electron transfer from the highest molecular orbital (HOMO) energy 

level of C16IDT-BT to the C60F48 dopant’s lowest unoccupied molecular orbital 

(LUMO) is one possible doping mechanism. 120 However, other mechanisms, such as 

the formation of charge-transfer complexes, could also be responsible.122 In agreement 

with the UV-vis absorption spectra, the Kelvin Probe measurements summarized in 

Fig. 5.1 C revealed that the Fermi level (EF) rapidly moves towards the HOMO of  

C16IDT-BT, and stabilized at doping concentrations above 2.5 mol%, further 

confirming that upon C60F48 admixture, the polymer becomes ionized and free charge 

carriers are generated. This feature was further confirmed by assessing the electrical 
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performance of organic thin-film transistors (OTFTs) fabricated with neat and C60F48 

doped C16IDT-BT (Fig. 5.2). The transfer characteristics of devices containing 2.5 

mol% of dopant showed an increase of 2-3 orders of magnitude in the off current (IOFF) 

and a shift of the threshold voltage (VT) towards zero, both hints of an effective doping 

action of C60F48, while the field-effect mobility appeared largely unaffected. Grazing 

incidence wide-angle X-ray scattering (GIWAXS) was employed to assess the packing 

motif/microstructure of neat and doped C16IDT-BT. The few diffraction peaks 

displayed by the 2D-GIWAXS patterns (Fig. 5.1 D) of the semiconducting polymer 

and the corresponding in-plane and out-of-plane profiles (Fig. 5.3) indicate a low 

degree of structural order is present in the reference neat films, as already reported.119 

The resulting GIWAXS patterns did not change, indicating that the microstructure of 

C16IDT-BT was not altered upon doping with C60F48. 
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Fig. 5.2 (A) Transfer characteristics of neat vs 2.5 mol % C60F48 doped C16IDT-BT 

polymer thin-film transistors (TFTs). (B) Extracted saturation mobility for neat vs 2.5 

mol % C60F48 doped C16IDT-BT polymer. The inset shows the TFT device 

configuration. (C-D) Output characteristics of neat vs. 2.5 mol % C60F48 doped 

C16IDT-BT polymer thin-film transistors. 
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Fig. 5.3 Grazing incidence wide-angle X-ray (GIWAXS) results for 0 to 5 mol % 

C60F40 doped C16IDT-BT thin films on Si substrate showing the (A) out- of-plane and 

(B) in-plane peaks. 
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5.3.2 Electrical and RF performance of C16IDT-BT polymer and 

C60F48 doped C16IDT-BT polymer diodes  

Next, we investigated the potential of our material system as the active layer in the 

Schottky diode device platform. Empty nanogap electrodes fabricated via a-Lith were 

found to exhibit current levels below 10-10 A (Fig. 5.4 A), thus ensuring proper 

electrical insulation of the nanogap electrodes. After deposition of C16IDT-BT on top 

of the nanogap substrates, the Al-C16IDT-BT–Au devices show asymmetric current-

voltage characteristics with rectification ratio > 103. The turn-on voltage (VON) was 

influenced by the amount of C60F48 dopant loading, leading to VON moving closer to 0 

V  at high doping concentrations  (-250 mV for 2.5 mol % C60F48 doped devices). 

Similarly, the reverse current also increased on adding more dopants. The possible 

reason behind the increased reverse current was the increased charge carrier density in 

the semiconductors.121 

The best doping condition was met at 2.5 mol % as the diodes show near-zero turn-on 

and high rectification, as shown in Fig. 5.4 A. Empirical equivalent-circuit models are 

widely used to accurately emulate the actual device parameters of Schottky diodes and 

can aid in designing future circuit designs such as frequency mixers or voltage 

pumps.123 The equivalent-circuit model we chose to model our Schottky diodes 

consists of intrinsic and extrinsic components, as shown in Fig. 5.5. The intrinsic part 

can be broken down into voltage-dependent junction capacitance (Cj), junction 

resistance (Rj), and series resistance (Rs). Unlike the vertical device structure, the co-

planar device configuration results in fewer extrinsic parasitic components. The air 

and substrate fringing fields generated across the junction perimeter are modeled as 

extrinsic parasitic fringing capacitance (Cp). The external parasitic capacitance (Cpad) 
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and inductance (Lpad) between the electrode and ground are negligible due to the 

excellent isolation from the external ground and small radial electrode dimensions.  

 

Fig. 5.4 (A) Current-voltage (I-V) characteristics of Al -Au nanogap, C16IDT-BT, and 

C60F48 doped devices (between 0 to 3 mol %). (B) Measured I-V and fitted ADS model 

for C16IDT-BT and 2.5 mol % C60F48 doped devices. (C) I-V characteristics of 2.5 

mol % C60F48 doped C16IDT-BT polymer diodes with different widths (W, 

circumference) of the Al-Au nanogap. Rectification ratio and ON current (at -2V) 

scale up with an increase in W. (D) Summary of  the linear increase in ON current (at 

-2 V) for 2.5 mol % C60F48 doped C16IDT-BT polymer diodes with increasing width. 
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The thermionic field emission model that accounts for emission currents, as well as 

tunneling of electrons through the barrier, was used to extract the ideality factor (n) 

and the voltage-dependent series resistance (Rs) for neat and 2.5 mol% C60F48 doped 

C16IDT-BT devices (Fig. 5.6). As shown in Table 5.1, the voltage-dependent series 

resistance is 2-3 orders of magnitude lower for the 2.5 mol% C60F48 doped C16IDT-

BT diodes. Fig. 5.7 shows the simplified advanced design software (ADS) model used 

for fitting the measured I-V curve, and the comparison of the measured and modeled 

data is shown in Fig. 5.4 B. In summary, the ADS model based on the chosen 

equivalent circuit was well suited to reproduce the measured I-V curves and might 

prove to be valuable tool to design further circuitry in the future.  

As depicted in Fig. 5.4 C-D, the nanogap electrodes made with varying width W 

(circumference) demonstrated scaling of the rectification ratio and ON current. Hence, 

there is an option to tailor the performance of our nanogap diodes to specific 

applications. The significant drop in the Von for C60F48 doped devices was suspected 

to be caused mainly due to a reduction in the Schottky barrier height due to the shift 

of the Fermi level. Therefore, capacitance-voltage (C-V) measurements were carried 

to evaluate the changes in barrier height between the reference C16IDT-BT and 2.5 

mol % C60F48 doped C16IDT-BT polymer devices. Among various methods available, 

C-V measurements are considered the most practical and accurate approach to 

calculate the barrier height (Φb) and built-in potential (Vbi) for Schottky diodes since 

the image force lowering effect is negligible.9 As shown in Fig. 5.8 A, C-V 

measurements for C16IDT-BT and 2.5 mol % C60F48 doped C16IDT-BT diodes were 

conducted at 1 kHz, 10 kHz, and 100 kHz. For precise calculations, the extrinsic 

capacitance due to the 3D coupling of our co-planar nanogap architecture and the glass 

substrate were calculated and corrected from the measured capacitance using 



97 

 

previously established protocols.9 The corrected Mott-Schottky plots at 1 kHz for the 

C16IDT-BT and 2.5 mol % C60F48 doped C16IDT-BT diodes are shown in Fig. 5.8 B. 

As expected, the extracted barrier height (Φb) and the built-in potential (Vbi) for 2.5 

mol % C60F48 doped C16IDT-BT diodes (-0.4 V and -0.6 eV) were significantly lower 

than for the reference C16IDT-BT diodes (-1.4 V and -1.6 eV). The plateau observed 

in the near-zero voltage region is attributed to shallow trap states formed by the added 

dopants.120, 121 The zero-bias junction capacitance (Cjo) and parasitic capacitance (Cp) 

were obtained using the fitting shown in Fig. 5.8 C. 

 

 

Fig. 5.5 (a) The schematic showing the 2D cross-section of nanogap electrodes with 

the intrinsic and extrinsic passive components. (b) Equivalent circuit model of the co-

planar nanogap Schottky diode.  
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Table. 5.1 Parameters calculated from the thermionic field emission model for 

C16IDT-BT and 2.5 mol % C60F48 doped C16IDT-BT polymer diodes. 

 

As the next step, we investigated into the high-frequency characteristics of the diodes. 

There are only a few reports of organic Schottky diodes capable of operating in or near 

the GHz regime in the literature. To the best of our knowledge, the 1 GHz Pentacene 

diodes using SAM-modified Au electrodes made by Kang et al. represent the highest 

frequency of operation for Schottky diodes reported in the literature.124 In their study, 

the small molecule (Pentacene) was thermally evaporated, and the chosen vertical 

device configuration limited the operation beyond 1 GHz. To evaluate the high-

frequency operation of our organic C16IDT-BT nanogap diodes, one-port scattering 

parameter (S11) measurements were used to extract the impedance and the intrinsic 

cut-off frequency (fC, int).
43, 44, 125 The intrinsic cut-off frequency was predicted from 

the intersection point where the real and imaginary parts of the impedance intersect. 

As shown in Fig. 5.9 A, pristine and 2.5 mol % C60F48 doped devices (W = 5000 µm) 

exhibited intrinsic cut-off frequencies above 1 GHz. We observed that the intrinsic 

cut-off frequency for 2.5 mol % C60F48 doped C16IDT-BT diodes was slightly 

increased compared to the reference C16IDT-BT diodes (e.g., 8 GHz versus 6 GHz for 

devices with W = 5000 µm, as shown in Fig. 5.9 A). The width-dependent impedance 

and the intrinsic cut-off frequency for 2.5 mol % C60F48 doped C16IDT-BT devices are 

shown in Fig. 5.10. The uptrend in intrinsic cut-off frequency on reducing the width 

Diode 

parameters 

Pristine 2.5 mol % C60F48 doped 

IS 8.35*10-11 A 4*10-9 A 

η 3.22 4.15 

RS 1*107 ~3*1010 Ω 5.9*105  - 7.1*107 Ω 
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of the diodes follows the reduction in junction capacitance, as shown in Fig. 5.11. 

Unlike conventional sandwich structures, our planar device configuration leads to 

capacitance values below 2 pF over the GHz regime. 

 

 

Fig. 5.6 (A-B) Measured quasi-static I-V for neat vs. 2.5 mol % C60F48 doped C16IDT-

BT polymer diodes and the corresponding fitting in the thermionic regions to extract 

the reverse saturation current (Is) and the ideality factor (n). (C-D) Extracted voltage-

dependent series resistance (Rs) for neat and 2.5 mol % C60F48 doped C16IDT-BT 

polymer diodes. 
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Fig. 5.7 (A) The advanced design system (ADS) based equivalent circuit model for the 

nanogap Schottky diode. (B) Schematic view of the implemented simulation model in 

ADS.  

 

To evaluate the feasibility of GHz operation for real applications, such as for RF-

WEH, and to extract the extrinsic cut-off frequency (fC, ext), our diodes were 

incorporated into the rectifier circuit shown in Fig. 5.9 B using a tee bias and load 

resistor. However, no matching circuits were used in our measurements. Therefore, 

the actual power delivered to the diode was considerably lower than the nominal/stated 

power due to the impedance mismatch. The high-frequency rectification 

measurements were carried out over a wide frequency range (10 MHz to 18 GHz). The 

extrinsic cut-off frequency was extracted from the half voltage point, where the 

rectified DC voltage drops to 0.707 times the initial voltage (Vm).10, 40  

 

A B
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Fig. 5.8 (A) Capacitance-voltage (C-V) characteristics of neat vs. 2.5 mol % C60F48 

doped C16IDT-BT polymer diodes (W = 2500 µm) measured at 1 kHz, 10 kHz, and 100 

kHz. (B) Mott-Schottky plots after subtracting the extrinsic capacitance due to the 

planar electrodes and the glass substrate, and linear fitting to extract the barrier 

height (Φb) and the built-in potential (Vbi) for neat vs. 2.5 mol % C60F48 doped C16IDT-

BT polymer diodes of width (W) 2500 µm at 1 kHz. (C) Zero-bias junction capacitance 

(Cjo) and parasitic capacitance (Cp) were extracted from the fitting.  

 

Though there was only a small difference in the cut-off frequency of pristine vs. 2.5 

mol % C60F48 doped devices, the magnitude of the rectified voltage is one order higher 

for the 2.5 mol % C60F48 doped device (Fig. 5.9 C). The higher voltage output for the 

2.5mol % C60F48 doped device is due to its lower turn-on voltage and barrier height. 

Additionally, the rectified voltage also scaled with the diode width (Fig. 5.9 D-E and 

Fig. 5.12) and the power input (Fig. 5.13). The extrinsic cut-off frequency (fC, ext) for 

both doped and un-doped devices increased as the device width (W) was decreased 

(Fig. 5.9 F), leading to a maximum value of 14 GHz for C60F48 doped diodes with W 
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= 5000 µm. Fig. 5.14 summarizes the extrinsic cut-off frequencies for various organic 

material-based Schottky diodes processed via solution or physical vapor deposition. 

 

 

Fig. 5.9 (A) Frequency-dependent impedance of neat and 2.5 mol % C60F48 doped 

C16IDT-BT polymer diodes of width 5000 µm. (B) Schematic illustration of the high-

frequency rectifier measurement setup. (C) High-frequency rectified voltage output 

(VDC) for neat vs. 2.5 mol % C60F48 doped C16IDT-BT polymer diodes of width 5000 

µm. (D-E) Width dependent rectified voltage output (VDC) for neat vs. 2.5 mol % 

C60F48 doped C16IDT-BT polymer diodes of width 5000, 2500, 1000, 500 and 250 µm. 

(F) Summary plot showing the extrinsic cut-off frequency (extracted from the rectifier 

measurement) for neat vs. 2.5 mol % C60F48 doped C16IDT-BT polymer diodes of 

widths ranging from 5000 µm to 250 µm. 
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Fig. 5.10 (A-F) Impedance plots for 2.5 mol % C60F48 doped C16IDT-BT polymer 

diodes of width 5000 µm, 2500 µm, 1000 µm, 500 µm, and 250 µm. The intrinsic cut-

off frequency (fC, int) was extracted from the real, Rs, and imaginary Xb intersection 

points.  

 

Fig. 5.11 Extracted capacitance from the imaginary part of impedance (Xb) for 2.5 

mol % C60F48 doped C16IDT-BT polymer diodes of width 5000, 2500, 1000, 500, and 

250 µm.   
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Fig. 5.12 (A-E) High-frequency rectified voltage output (VDC) for neat  (green) vs. 2.5 

mol % C60F48 doped C16IDT-BT polymer diodes (red) of width 5000, 2500, 1000, 500 

and 250 µm.   

 

Fig. 5.13 (A) Input power (Pin) dependent rectified voltage output (VDC) results for a 

2.5 mol % C60F48 doped C16IDT-BT polymer diode of width 2500 µm. (B) Comparison 

of the reported extrinsic cut-off frequency of various organic semiconductors used in 

Schottky diodes over the past 20 years compared with our work.  
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Fig. 5.14 Comparison of the reported extrinsic cut-off frequency of various organic 

semiconductors used in Schottky diodes over the past 20 years compared with our 

work.  
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 5.4 Summary 

In summary, due to employing high mobility polymer semiconductor C16IDT-BT, the 

effective doping strategy with a molecular dopant (C60F48), and our unique planar 

device configuration with nanogap electrodes, our organic diodes stand out and 

surpass all other existing organic diode technologies reported to date. This significant 

progress towards GHz operation in organic electronics could open up the way for more 

flexible and inexpensive manufacturing methods for RF electronics without sacrificing 

operational speed. Furthermore, the possibility for monolithic integration with 

antennas will pave the way to a complete RF-WEH package for powering millions of 

sensors and devices in the forthcoming IoT era. 
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Chapter 6 

Nano-feature soft stamp and nano-

fluidic channel fabrication using a-Lith 

and dry chemical etching 
 

 

This chapter outlines the fabrication of a 

soft stamp consisting of high-aspect 

ratio nanoscale features using our a-Lith 

nanogap electrodes as a mold. 

Moreover, we investigated the 

possibilities of fabricating nano-fluidic 

channels on Si substrates using our 

nanogap electrodes, in which the metal 

electrodes act as a shadow mask, and the 

nanoscale channel area is etched on the 

silicon substrate underneath. Notably, 

nano-fluidic channels with any desired 

shape can be made over large widths.  
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6.1 Background and motivation 

In the past five decades, nano-electronics, optoelectronics, and bio-electronics have 

received significant attention due to their enhanced properties and improved 

fabrication tools. The fabrication of devices in these fields requires functional 

structures with arbitrary patterns of maximum dimensions ≤100 nm; thus, commercial 

methods such as photolithography, e-beam lithography (EBL), and focused ion-beam 

lithography (FIBL) have the potential to fabricate these nanoscale patterns. However, 

many factors limit the usage of these techniques for mass manufacturing and lead to 

the compatibility issues for patterning on non-planar surfaces and non-arbitrary 

substrates.  

A few technological barriers need to be overcome to advance the feature sizes below 

100 nm needs to overcome. For instance, diffraction of light limits the minimum 

achievable resolution or feature size in conventional photolithography.126 Several 

approaches such as deep/extreme UV light sources and immersion lithography allow 

us to mitigate the issues in reaching feature sizes below 5 nm, yet these approaches 

still need added high-resolution lens/optics systems and a way to integrate the 

water/other liquid as a medium to increase the numerical aperture, respectively.126 On 

the other hand, EBL and FIBL offer excellent downscaling, but the capital cost and 

production time ultimately increase and thus limit their capability for large-area 

manufacturing. Hence, there is a necessity to identify alternative, viable, low-cost 

techniques. For example, non-conventional lithography techniques that are grouped 

into soft lithography known as micro-contact printing, molding/embossing, scanning 

probe lithography (SPL), nano-skiving and edge lithography developed by several 

researchers in past two decades.6, 7 
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Some of these techniques (SPL and nano-skiving) are unsuitable for large-area 

manufacturing. Moreover, other techniques rely on master fabrication, which EBL or 

FIBL typically makes, which is in turn slow, very expensive, and dictates the minimum 

attainable resolution in all of these non-conventional lithography methods. In addition, 

master fabrication via EBL and FIBL has many technological drawbacks, such as the 

limited range of suitable materials/substrates, time-consuming processes, costly 

equipment, and requirement of skilled manpower in a cleanroom facility. To address 

these challenges, our a-Lith and self-forming nanogap lithography-based approach 

facilitates and radically paves a new way for fabricating the master mold and soft 

stamp on a large scale with low capital cost. Furthermore, we envision the potential of 

the nano-fluidic channels made from the underlying substrate etching in nano-bio-

fluidic applications.  

6.2 Methods 

6.2.1 Processing scheme for soft-stamp preparation  

Here we specifically describe the stamp preparation using aluminum-aluminum (Al-

Al) nanogap electrodes on a glass substrate used as the master mold. The electrodes 

are made of the same material but can be realized using numerous/arbitrary material 

combinations if needed. First, the master mold, which can be fabricated on known and 

suitable substrate materials (of any size), consists of 100 nm-thick (a range of 

thicknesses can easily be considered here depending on the particular features one 

wants to create) Al-Al electrodes separated by a nanogap of <20 nm (similarly 

arbitrary dimensions can be considered) prepared via a-Lith. The master mold was 

cleaned using oxygen plasma before the soft stamp preparation process.  
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After cleaning the master mold, the anti-sticking layer (ASL) known as EVG ASL 

1(from EVG group GmbH) is spin-coated on top and thermally annealed in air at 120º 

C for 10 minutes. Next, a soft polymeric/UV curable solution was prepared by mixing 

the EVGNIL AF1 with the photo-initiator (PI) in a 98:2 ratio (volumes of 10 ml:0.2 

mL were used) and stirred vigorously for 30 minutes. The solution was then poured 

onto the master mold containing the nanogaps. The custom-made fixture purchased 

from EVG group GmbH consists of the bottom and the top parts. The top portion/part 

is a transparent substrate, allowing the UV light to pass through and cure the soft 

polymer solution sandwiched between the master and the bottom part of the fixture.  

The top portion of the fixture consists of a glass substrate (chosen to have minimum 

absorption in the UV range) spin-coated with an adhesion promoter known as EVG 

PRIM K, followed by annealing at 120º C for 2 minutes. The adhesion promoter 

enables adhesion between the soft stamp and the glass substrate during delamination 

of the soft stamp from the master mold. The UV light with a wavelength of 375 nm 

was used to cross-link the polymer inside the nanogap and solidify the polymer. A UV 

light intensity of 18 mJ/cm2 for 30 minutes exposure was used, and the photo-initiator 

enhanced the cross-linking of this soft polymer. Finally, the stamp (solidified polymer 

solution) was then manually delaminated from the master mold and cleaned with 

oxygen plasma using a HFE 7100 cleaner (from EVG group GmbH).  

6.2.2 Atomic Force Microscopy (AFM) imaging 

The Veeco AFM instrument from Bruker was used to record the AFM images in 

tapping mode. 

6.2.3 Reactive Ion Etching (RIE)  

Etching and removal of Si and SiO2 at the nanoscale channel were performed using 

mixtures of O2 plasma (at 4 sccm flow rate) and SF6 (at 15 sccm flow rate) while the 
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chamber pressure was kept at 6 Torr. The etching time was optimized to 90 s, and the 

sample stage was kept at 10°C during the etching process. Once the nanofluidic 

channels were made, the metals were etched away using different RIE chamber and 

gas mixtures or commercial wet chemical etchants. Either way, some residues 

persisted on the surface of the Si/SiO2, which made it challenging to reveal the 

nanofluidic channel images in AFM. To circumvent this, pirana (3:1 volume mixture 

of con. H2SO4 and H2O2) cleaning was performed after removing the metals.  

6.3 Results and discussion 

6.3.1 Nano-feature soft stamp (NSS) fabrication using an a-Lith 

nanogap as a mold 

The fabrication of large-area soft stamps containing features ranging from 1 nm to 

potentially any scale relies on a nanoscale mold formed between two pre-patterned 

electrodes (made of similar or dissimilar materials and predefined thickness) separated 

laterally by a distance < 20 nm. The lateral size of the electrodes, on the other hand, 

can vary from hundreds of nanometres to meters in length, depending on the method 

of patterning employed and the particular needs of the targeted application(s). We will 

refer to this nano-gap mold as the master mold from here on.  

The nanogaps formed between sequentially patterned electrodes could be prepared by 

one of our previously reported methods known as adhesion lithography (a-Lith)93 or 

self-forming nanogap lithography (described in Chapter 3), or, in principle, by any 

other large-area compatible nano-gap patterning technology.127, 128  The formed 

nanogap between the two electrodes acts as a mold where a UV curable polymer is 

cast over and used to prepare the soft stamp by first curing them and then peeling off 

(Fig. 6.1). As shown in Fig. 6.2, the soft stamp may further be replicated into many 
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copies via any known soft lithography routes, such as nano-contact printing, 

molding/embossing, NIL, phase shifting edge lithography, and nanoskiving 

/mechanical sectioning, among others.  

 

Fig. 6.1: Schematic illustration of each process step involved fabricating a soft stamp 

using nanogap electrodes as the mold. 

 

The master mold can be made of different materials, such as metals, and metal oxides, 

as an individual layer or a combination of two or more layers. For simplicity and 

because most of our early work was carried out using metals, we will often refer to 

these electrodes as metal electrodes. The nano-size features (pillars, trenches, etc.) are 

cast and/or replicated using the nanogaps as the mold and can be extended to any 

feature shapes and sizes depending on the target application(s). Nanogap substrates 

can be made of rigid materials (Si, Si/SiO2, glass, etc.), flexible materials (e.g., 

plastics), or other suitable substrate materials. The conductive nanogap electrodes can 
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be made on any substrate materials and are not limited to the abovementioned 

materials/combinations.  

 

Fig. 6.2: Schematics of replicating soft stamp nano-features via various soft-

lithography methods. The letter ‘M’ in the first row depicts individual metal electrodes 

separated by nanometer-sized gaps. 

 

Suppose a-Lith or self-forming nanogap methods are used to create the nanogaps. In 

that case, one possible limiting factor on the choice of the electrode material will be 

the self-assembled monolayer (SAM) used to perform the a-Lith. For instance, ODPA 

can be used for various metals and metal oxides, whereas octadecane thiol (ODT) can 

be used on noble metals like Au, Ag, and Pt. In principle, however, SAMs with 

different functionalities could be synthesized, and/or other methods could be used to 

tune the surface energy of the electrodes. Moreover, in principle, other scalable 

methods could also be employed to create the nanogap between the two electrode 

materials.92 

The nanogaps created using the methods mentioned above can be used as a nano-scale 

mold for replicating nanostructures, with the shape/size of the nanostructures defined 
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by the formed nanogap. The height of the replicated features on the stamp will depend 

on the depth of the nanogap, which in turn can be tuned by varying the thickness of 

the electrodes employed to form the nanogap. Possible shapes include cylinders, 

triangles, squares, pillars, circles, or other arbitrary shapes desirable for the targeted 

applications (Fig. 6.3). To the best of our knowledge, no demonstration has yet 

exploited such a low-cost, highly scalable/inexpensive technique to create large master 

molds with nm-size features and, subsequently, soft stamps. 

 

 

Fig. 6.3: AFM images showing the replicated nm-size features of lines (A) and various 

other shapes such as stars, triangles, and octagons (B). 

 

We believe that these easy to design, produce, and scale replicated nano-structured 

stamps have massive potential in optoelectronics, electronics, memory devices, solar 

cells, and bio-electronics/sensor applications, to name but a few. The technology could 

also be quickly adopted by companies specializing in developing NIL tools and their 

applications.  
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6.3.2 Nano-fluidic channel (NFC) fabrication using a-Lith nanogap 

metals as shadow masks 

As depicted in Fig. 6.4, one could also use the nanogaps formed between the metals 

(M1 and M2) as a shadow mask for performing dry etching through the nanogap of 

the underneath substrate (e.g., Si/SiO2 or glass, or an interlayer). In this scenario, the 

electrode(s) remain in place and prevent the etchant from reaching the substrate 

beneath. Only etchants going through the nanogap (acting as the nm-size aperture) can 

react with the substrate underneath and etch the SiO2/Si material.  

 

 

Fig. 6.4: Schematic illustrations of nano-fluidic channel fabrication using a-Lith 

nanogap electrodes as a shadow mask for etching the underneath Si/SiO2 revealed in 

the nanoscale channel. 
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Fig. 6.5: Optical microscope images showing the nano-fluidic channels on Si 

substrates after dry etching and removal of the metal electrodes. The images show the 

various shapes, such as a triangle, pentagon, hexagon, star, and octagon (scale bar: 

20 µm. 

 

 

 

Fig. 6.6: Optical microscope (A) and AFM images (B) showing the 2D views of the 

nano-fluidic channels in Hexagon, Octagon, and triangle shapes. 
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Thus, the electrodes act as the mask for etching the substrate (or material, such as an 

interlayer) beneath. Once etching is complete, the M1 and M2 can be removed (etched) 

using an orthogonal (to the substrate) wet/dry chemical route. The selective etching 

process enables the formation of nano-scale trenches, holes, and vias directly on the 

substrate (Fig. 6.5 and 6.6). The NFC fabrication method could potentially be used to 

replicate higher aspect ratio nanoscale features directly into the substrate via the 

aforementioned soft stamp method. The use of interlayers deposited between the 

substrate and the metal electrodes can control the depth of the formed nanogaps/etched 

features, and hence further expands the possible uses of our approach. These methods 

could be applied to fabricate ultra-high aspect ratio nano-fluidic (nf) channels (see Fig. 

6.7 and Fig. 6.8). Such channels could be used for numerous applications in optics, 

electronics, materials science, chemistry, biology, biochemistry, genetics, and many 

other fields. In biology/genetics, such nano-scale trenches could emulate nanopore 

DNA sequencing technologies and their application in biosciences and genetics. 



118 

 

 

Fig. 6.7: AFM images showing the nano-fluidic channels after dry etching and 

removal of metal electrodes. The images reveals the 2D morphology (A), and the line 

profile (B). 

 

 

 

Fig. 6.8: AFM images showing the nano-fluidic channels in 3D isometric view after 

dry etching and removal of metal electrodes.  
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6.4 Summary 

The use of a-Lith/self-forming lithography can serve as a powerful alternative method 

for producing master mold(s) to replicate nanoscale features (<100 nm), which 

provides a genuinely facile route for producing soft stamps where the nanogap 

substrates are made without the need for costly production processes such as electron-

beam lithography, or other specialized, highly precise techniques that suffer from low-

throughput, high cost, and slow writing speeds. To the best of our knowledge, we are 

not aware of any example or other technique that has been used to produce soft stamps 

with <20 nm nano-scale features (of varying aspect ratio, i.e., feature height divided 

by feature width) of arbitrary shapes and sizes with such extreme scalability. 

Additionally, the nanogap metal electrodes act as a shadow mask for dry etching 

underneath (e.g., Si/SiO2 substrate or other interlayers and/or substrate materials). This 

selective etching approach allows for patterning a high-aspect ratio nanofluidic 

channel on the substrate. Such nm-deep, nm-wide, but mm, or more extended features 

may hold potential application in biological sensing and detection.  
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Chapter 7 

Summary and Outlook 

 
This research explored a-Lith, and further simplified the process steps by adapting bi-

layer metals (instead of a single layer) to induce internal stresses and facilitate self-

peeling of the metal layers, resulting in a more uniform, smaller nanogap between two 

metal layers, and yield than a-Lith method. The improvement on the uniformity, yield, 

and reduced nanogap size is critical for reliable and consistent performance when 

functional devices made from this nanogap electrodes.  Further developments of radio 

frequency Schottky diodes made using the flashlight on a wafer-scale demonstrated 

cut-off frequencies above 100 GHz/47 GHz (intrinsic/extrinsic). Photonic annealing 

on ultra-small (< 20 nm) nanoscale channels enabled the rapid manufacturing of RF 

diodes from the solution route. Moreover, organic diodes made from the a-Lith 

nanogap metal electrodes, high-mobility polymer semiconductors, and molecular 

dopants showed an extrinsic cut-off frequency well above 14 GHz.   

The demonstration of soft stamp fabrication and nano-fluidic channel fabrication using 

nanogap metal electrodes can be used to replicate high-aspect ratio nanoscale features 

on any arbitrary substrate using available soft lithography routes and the NFC further 

envisioned for bio-molecules detection and sensing applications, respectively. Future 

work will focus on integrating our nanogap RF diodes with an antenna to fabricate a 

complete wireless energy harvester (WEH), which could eventually be used to power 

sensors and nodes in IoT devices and ecosystems. Furthermore, future exploration of 

NSS and NFC for replicating features on foreign substrates and DNA/bio-molecule 

sensing can be warranted. 
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