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ABSTRACT 

 

Lithography methods have been used for patterning of small features for decades; 

there are different kinds of lithography methods such as Photolithography, Nanosphere 

Lithography, X-Ray Lithography, Focused Ion Beam (FIB) lithography, and Electron 

Beam Lithography (EBL). Each of these methods is suitable for a specific purpose of 

patterning; between all of these methods EBL provides a better result for patterning small 

features as compared with other methods. 

In this research project, I examined EBL for fabrication of nano-antennas and 

then parameterized EBL variables to improve patterning.  I overcame difficulties in some 

steps of this method to make the process easier and faster. 

In this experiment I analyzed the relationship between the variation of pattern size 

and tuning the correct irradiation dose for that pattern.  According to my observations, a 

doubling of the physical size of pattern results in a 10 to 15% reduction in the required 

dose. This result helps save time by eliminating unnecessary and challenging steps. 

I also examined the effect of varying resist composition in three different sizes of 

pattern to find which resist would provide the best result: sharper edges and easier 

fabrication. For instance, MMA(8.5)MAA would be a good choice if the pattern features 

are larger than 15 microns whereas SU-8 would be great choice for patterning really 

small features on a nanometer scale. 

This research also demonstrated that Cr would be a better choice as a metallic 

coating as compared with Cu.  Pt can also be used but by considering its price, I believed 

it would not be applicable for all purposes. Furthermore for metal deposition methods, 

sputter coating would be a better method in comparison with PVD, because it gives a less 

damaged device during lift-off and also Cr’s lift-off time is much less than other metals 

in this experiment which also saves a lot of time. 

Finally, I worked on developing EBL multilayer patterning processes.  This 

method is very helpful for fabrication of complicated devices. I developed an aligninment 

method for multilayer patterning to make sure that my second layer of patterning would 

be placed in the exact spot that I wanted. Obtaining successful multilayer patterns of 
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small features is helpful for fabricating the small complex facets of rectenna such as 

fabrication of metal-insulator-metal (MIM) diodes. 
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1 INTRODUCTION 

 

1.1 Nanotechnology 

 

1.1.1 Historical Background 

 

The concept of nanoscience started with the idea of physicist Richard Feynman at 

American Physical Society meeting at the California Institute of Technology (CalTech) 

in December 1959. His talk entitled “ There is Plenty of Room at the Bottom”, described 

control of individual atoms and molecules. More than a decade later, Prof. Norio 

Taniguchi by using Feynman’s hypothesis, introduced the term nanotechnology. 

However, there wasn’t pronounced improvement and success in this field, until 1981 

when scanning tunneling microscopy was invented and people could actually see 

individual molecules and atoms, so that was the time that modern nanotechnology started 

(Craighead 2000). 

 

 

 

1.1.2 Nanoscience 

 

Nanoscience is a science of super small things; it is the study of nanosizing 

objects, and it’s the application of cross-disciplinary sciences such as chemistry, biology, 

engineering, etc. Development of a deeper understanding of a nanoscale material’s 

features, shape, and dimensions is required for working in the nanomaterial field. There 

are different kind of group for nanomaterials according to their shapes and dimensions 

such as particles, tubes, wires, films, flakes, or shells. 
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Today, many researchers all around the word are working on different kinds of 

nanomaterials for fields such as medicine for medical devices and drug delivery systems 

that may treat diseases; or novel lightweight yet strong materials that decrease the fuel 

costs for cars, public transportation and planes. These nanoscale materials can help 

engineers manufacture computers, which are more powerful, energy efficient and faster 

than current computers, or increase the capacity of the computers, by using 

nanotechnology. The whole memory of the computer can be stored in a small chip. In the 

energy sector, nanotechnology will assist in fabricating high-efficiency, low-cost 

batteries and solar cells (Craighead 2000). 

 

1.1.3 Nanofabrication 

 

Nanomanufacturing involves scaled-up, reliable, and cost-effective manufacturing 

of nanoscale materials, devices, and systems. Nanomanufacturing includes research and 

development for production of improved materials and new products. There are two 

different kinds of methods for manufacturing nanomaterials, either top-down or bottom-

up. Top-down is when larger objects are honed into nanoscale material components; 

much like sculpting a work of art from a much larger block of granite. This method needs 

a large amount of material may result in the generation of waste.  The bottom-up method 

is the fabrication of nanoscale objects by building them up from atomic and molecular 

components, which though elegant can be time intensive and unfeasible.  

Nanoscale mechanical resonator devices, i.e., nanoantenna, possess various 

applications including sensitive mass detection (Craighead 2000), single electron-spin 

detection, and radio frequency (RF) communications. Common techniques for nano-

mechanical fabrication include electron beam lithography (EBL) and focused ion-beam 

(FIB) patterning (N Chekurov 2010). Both of these techniques requires expensive 

equipment, and also by the serial nature of these techniques, mass production, i.e. 

manufacturing throughput, can be limited.  We can also fabricate nanomechanical 

resonators from nanomaterials like carbon nanotubes (CNTs), nanowires (NWs), or 

graphene (Yang 2008). However, there are limitations for fabricating nanomechanical 

resonators by using these materials, such as materials compatibility issues and their 
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overall geometry would be limited by the nanomaterial genesis shape. Although all of the 

methods mentioned above can be used for fabrication of nanomechanical resonators, a 

fast and simple technique for mass production of complex shapes is still needed (Huan 

Hu 2014). 

By considering the top-down and bottom-up categories of nanomanufacturing, 

there are some processes that can be examined, such as: 

 Chemical vapor deposition (CVD), which is a process in which chemicals 

react to produce very pure, high-performance films; 

 Molecular beam epitaxy (MBE), which is one method for depositing 

highly controlled thin films, one epitaxial layer at a time; 

 Atomic layer epitaxy or atomic layer deposition (ALD), which is a process 

for depositing one-atom-thick layers on a surface; 

 Dip-pen nanolithography (DPN), which is a process in which the tip of an 

atomic force microscope is "dipped" into a chemical fluid and then used to 

"write" on a surface, like an old fashioned ink pen onto paper; 

 Nano-imprint lithography (NIL), which is a process for creating nanoscale 

features by "stamping" or "printing" them onto a surface; 

 Roll-to-roll processing (R2R), which is a high-volume process to produce 

nanoscale devices on a roll of ultrathin plastic or metal; 

 Self-assembly (SA) techniques which describes the process in which a 

group of components come together to form an ordered structure without 

outside direction (United States National Nanotechnology Initiative 2000). 

 

1.1.4 Nanodevices  

 

In the last few years, we have experienced surprisingly advances in the 

nanomanufacturing field (Zhang 2008).  Academicians and people in industry became 

interested in nanotechnology because of the unique properties of nanomaterials, and the 

remarkable performance of nanodevices  (Yuelin Wang 2006). 
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Nanotechnology can be used for creation of materials, structures, devices, 

systems, and architectures at the nanoscale; and more specifically, nanomanufacturing 

takes advantages of novel properties that arise on a nanoscale. It is obvious that the 

properties of materials such as physical, chemical, electrical, magnetic, optical, 

mechanical, etc. would change when it goes from bulk to nanoscale. For example, the 

melting point of metals can deviate from the bulk melting point as much as couple of 

hundreds of degrees for a particle of 5 nm sizes. The bandgap of silicon can increase 

from 1.1 eV in bulk to near 3 eV for a 5 nm diameter silicon nanowire. Hence 

nanotechnology is not just about the size, it is about the many characteric properties that 

may change as a result of this size reduction.  Since the introduction of the National 

Nanotechnology Initiative in 2000 in the U.S., nanotechnology science and research has 

exploded across the world looking into nanomaterials, nanoelectronics, nano-optics, 

nanomechanics, nanomagnetics, nanoelectromechanical systems (NEMS), nanosensors 

and actuators, nano-optoelectronics, nanofabrication, nanorobotics, nano-bio fusion etc.  

Molecular electronics and self-assembly approaches have introduced a method toward 

manufacturing devices beyond traditional scale. Spin devices like nanomagnetics using 

the magnetoresistive effect in magnetic multilayers have showed their use for nonvolatile, 

radiation-hard memory (J. Jasinski and Petroff 2000). Since the properties of materials 

change drastically due to nanoscale change, as described above, economic impact is 

expected across all sectors: electronics, computing, data storage, materials and 

manufacturing, transportation, environment, energy, health and medicine, national 

security, space exploration, etc. There are some nanomaterials that are currently 

commercially produced for different applications, such as carbon nanotubes (CNTs), 

inorganic nanowires, dendrimers, quantum dots, nanoparticles, etc. Carbon nanotubes 

have some exiting feature like their Young modulus of over 1 and thermal conductivity 

around 3000 W/mK, etc. One of their most important usages is in sensor application 

(Meyyappan 2004). 

It is very important to note that for using nanotechnology in any application, it 

requires a seamless integration of nano-micro-macro technologies. (M. Meyyappan 

2006). 
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1.2 Patterning Methods 

 

1.2.1 Patterning Based on Using Force 

 

 

 Patterning based on natural force is interesting subject because it is happening in 

nature without any human intervention, it is irrefutable fact that suitable environment is 

necessary for this method, which can handle that much force.  In patterning usually there 

is a thin film of polymer, there is a stamp that presses into a polymer substrate or film, 

and by using an external force a pattern can be imprinted into the polymer film. The 

amount of force that is required depends on the polymer compostion and film thickness.  

If a large amount of force is used for really thin polymer film, it would probably shear the 

polymer film if it is glassy or deform the film if it is more rubbery. So one of the 

parameters that should be considered is the amount of pressure that is suitable for the 

polymer thickness.  As stated prior, this would be different for different kind of polymers 

due to composition.  

It is possible to bring order to the pattern that causes when a film is subjected to a 

mechanical stress with the aid of a mold, and it need specific environment that can 

tolerate in the heat for patterning. Between three-force methods for patterning, the most 

useful one is the capillary force, followed by London force and mechanical stress. In 

what follows, these three forces are treated in succession (Lee 2009). 

 

 

1.2.2 Patterning Based on Work of Adhesion 

 

 

Patterning based on work of adhesion is usually a transfer of a pattern from the 

pattern mold to a substrate. To obtain a successful result, the work of adhesion at the 

mold-film interface should be smaller than at the film-substrate interface.  The first step 

is that substrate is exposed except the part where the film is transferred, so there would be 
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no need for subsequent reactive ion etching, which is usually needed to remove the 

residual layer that can remain after patterning. Another advantages of this method is that 

there is no need for any kind of solvent or liquid, which make it suitable for patterning of 

organic device, which using solvent would damage the sample. 

Any kind of mold can be used for transferring the pattering, but using a hard mold 

makes the process much more difficult, For instance using one made with a silicon wafer, 

because of practical challenges in establishing intimate physical contact.  A soft mold 

such as Poly(dimethylsiloxane) (PDMS) is common to  use, because of the flexibility of 

mold, it make the conformal contact with substrate even if it doesn’t have conformal 

surface and the substrate has rough surface.  In the soft mold, the applied pressure is felt 

sequentially; at first with larger protrusion and then with smaller protrusion, so lower 

pressure would be used in comparison with the hard mold. When there are some delicate 

features in the pattern, it is recommended to use a soft mold because the pressure would 

not deform the features  (Lee 2009). 
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Figure 1-1 Schematic illustration of the procedure for patterning based on work of adhesion 
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1.2.3  Writing Patterns  

 

The word Lithography comes from the ancient Greek word, litho meaning “stone” 

and graphein, meaning "to write". It is a method for patenting, which originally was 

based on using oil and water. It was invented in 1796 by a German author for publishing 

the theatrical works. Lithography was used to print text or any artwork on a suitable 

materials as substrate such as paper. 

Lithography was originally used for drawing an image by using oil or wax onto a 

lithographic limestone plate, which should be a flat, smooth and level surface. A mixture 

of acid and Gum Arabic treated the stone for etching the part of the stone, which did not 

protected by the grease-based image. When the stone was moistened, an oil-based ink 

could then be applied and would be repelled by the water, then the ink can be transfer to a 

blank paper sheet and produce a printed pattern, this old method is still used in some fine 

art printmaking applications. 

In modern lithography, a pattern, which is made of polymer, is applied to the 

flexible aluminum plate. The image can be printed directly from the plate or it can be 

transfer to the rubbery sheet for printing and publishing. 

Optical lithography is a photographic process that works by using a 

photosensitive polymer, called a photoresist, an exposer, and a developer to produce a 

patterned on a substrate. In the ideal situation it would have the exact pattern that 

designed on the substrate, with the same thickness of the polymer film. The pattern is 

now ready for the next step on lithography, which is the metal deposition, while the other 

part of substrate are covered with resist, and then there would be a lift of process that 

remove all the resist that exist on the substrate thus the only part that remain in the 

substrate would be the designed pattern.  

Generally the steps for optical lithography are included: preparation of substrate, 

spin-coating the photoresist, baking the resist, exposure of the photoresist to light, 

development, and metal deposition. In some kinds of photolithography a post exposure 

bake is needed prior to the etching and lift-off process (Mack, Field Guide to Optical 

Lithography 2006). 
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1.3 Different Lithography Methods  

 

1.3.1 Photolithography 

 

Photolithography, also called ultraviolet (UV) lithography, is a process that use 

for nano- and micro-fabrication of a pattern onto a substrate.  In the process, UV light is 

used as the exposer for transferring the pattern from a photomask to the light-sensitive 

photoresist. Different kinds of chemicals are used in the processes for etching and 

developing depend on the different kinds of layer that exist on the substrate.  

In photolithography, the pattern is produced by exposing light on the resist by 

using direct method (without using mask) or by using indirect method (using a 

photomask). The latter method can be used for producing linewidths of a few tens of 

nanometers, and because one may pattern an entire substrate with a single exposure, , this 

method is consider as a cost-effective method. The disadvantages of this method are that 

it needs super flat substrates for patterning and it also requires extremely clean 

environments.  

Photolithography is a parallel process. Since one can print the entire pattern of the 

photomask onto a substrate, this method is capable of mass production of the patterns 

down to ~ 250 nm.  The ultimate resolution, can be improved to feature sizes slightly 

smaller that 100 nm by using deep UV light and specially-formulated photoresists. 

Advanced lithography methods like extreme UV (EUV) lithography, soft X-ray 

photolithography, e-beam writing, focused ion beam (FIB) writing, and proximal probe 

lithography, can easily print patterns smaller that 100nm. By using one of these methods, 

extremely small features as small as a few nanometers can be produced, but their 

capability for mass production is still requires development. 

Although photolithography is the common method for patterning, it is not always 

the best way. For instance, it is not an inexpensive method, it also does not provide any 

control on the chemistry of the surface, so it is really undesirable for producing patterns 

of specific chemical functionality on a substrate. It also is not appropriate for the patterns 
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that need to be modified because for changing any single feature on the pattern requires 

an additional new mask, which would cost hundreds of dollars. Also it can only produce 

2D features, making 3D patterns very difficult (Whitesides 1998). 

Photolithography steps include: 

1. Substrate preparation, which is needed for improving the adhesion 

between substrate and resist. One or more of the following methods have 

to be done: cleaning the substrate for eliminating any contaminant by 

using Acetone and IPA; dehydration bake of substrate for removing water; 

adding an adhesion promoter for increasing the adhesion between 

substrate and resist. Substrate contaminant can include some dirt particles 

or some organic or inorganic film. Disregarding this step would cause 

rough surface, which would damage the patterning during exposer or 

decrease the adhesion between resist and substrate, which would cause 

delamination of resist during the process.  

2. Photoresist coating: a conformal, thin layer of specific photoresist is 

coated onto the substrate surface using spincoater. The thickness of the 

film can be controlled by speed of spincoater and the time of coating. The 

desired photoresist polymer should dissolve in suitable solvent and then 

apply the solution onto the wafer. After that it would be ready for spin 

coating, which will provide a thin and conformal layer of resist.  

3. Pre-exposer bake: After coating the photoresist solution onto the wafer, 

the solvent should be removed. The pre-exposure bake or soft bake is used 

for removing this extra solvent and drying photoresist after spin coating, 

the main purpose of this step is decreasing the amount of solvent in the 

film for increasing the stabilizing of resist film. 

4. Exposure and Aligning: The fundamental principal behind this step is to 

change the solubility of the resist in the developer, which is caused by 

exposure to the light. In the case of positive photoresist, the photoactive 

compound (PAC) that is not soluble in developer, is converted to a 

carboxylic acid on exposure to UV light in the range of 350 - 450nm. The 

ketonic doubly-bonded carbon-oxygen pair is converted to a carboxylic 
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acid on exposure to UV light in the range of 350 - 450nm.  The carboxylic 

acid is really soluble in developer. Contact and proximity lithography are 

the easiest methods of exposing the photoresist through the photomask. 

The smallest feature that can be produce using this method has two 

limitations: the smallest image that can be projected to the substrate and 

also resolving capability of the photoresist that can make a pattern of that 

image. From the projection imaging side, resolution can be determined by 

the wavelength of the exposed light and the numerical aperture (NA) of the 

projection lens. By using Rayleigh criterion, one can obtain the resolution 

of the image by this equation: 

𝑅 ∝
𝜆

𝑁𝐴
 

 

Lithography systems have evolved from blue wavelengths (436nm) to UV 

(365nm) to deep-UV (248nm) to today’s high-resolution wavelength of 

193nm, and also the numerical aperture (NA) of the projection lens has 

risen from 0.16 to 0.93, which results in production of features in 100 nm 

size (Mack, Fundamental Principles of Optical Lithography, The Science 

of Microfabrication 2007). Photolithography can be improved by using 

shorter wavelengths and reduction optics between the mask and substrate 

(Pierre Colson 2013).  

 

 

5. Post-Exposure Bake (PEB): This step is used for smoothing the standing 

the wave affect on the photoresist. In spite of all the debate about the 

affect of this step, it is proven that heating the wafer after exposure up to 

temperature around 100-130°C induces diffusion of the photoactive 

compound which smooths the standing wave ridges. 

6. Development: After exposure, the wafer needs to be developed. Aqueous 

bases are typically utilized as developers for common photoresists.  This 

step is one of the most important steps of lithography. 



  12 

7. Post Bake (Hard Bake): This step is used to harden the final resist to be 

stable in the harsh environments of etching. The temperature for this step 

is around 150°C - 200°C.  This causes crosslinking within the polymer, 

which makes it more chemically stable (Mack, Fundamental Principles of 

Optical Lithography, The Science of Microfabrication 2007). 

 

Figure 1-2 Photolithography Process 
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1.3.2 Nanosphere Lithography 

 

Nanosphere lithography (NSL) is a cheap method for nanofabrication of regular 

and homogenous arrays of nano size particles in different range of sizes. In this method 

one takes advantage of both top-down and bottom-up approaches. The bottom-up 

approach is used for small and simple building of particles (molecules, atoms, 

nanoparticles, etc.) that will self assemble into the more complicated structure. In the top-

down approach, a thin layer of materials is scale down to produce nanodevices. This can 

be done by using different techniques, like lithography and has being improved and refine 

by semiconductor industry in last few decades. 

The NSL is divided into two fundamental steps.   The first step is mask 

preparation. The flat wafer is coated with a suspension containing monodisperse spherical 

colloids after a chemical treatment for increasing the hydrophilic character. After drying, 

a hexagonal-close-packed (HCP) monolayer or bilayer, called a colloidal crystal mask 

(CCM) (Pieranski 1980), is formed. This mask will be used for selectively pattern to the 

deposition of the material of interest through the interstices of the ordered beads. 

For removing the mask (lift-off step), sonication is used along with a well-chosen 

solvent. An annealing step is optional in order to crystalize the sample and induce a 

crystallographic phase change.  

The NSL is called as combination of the bottom-up approach, because of the self-

assembly of particles, and the top-down approach, because of obtaining structured layers 

by using lithography. NSL is also called colloidal lithography or natural lithography 

(Wang 2009) (S.-M. Yang 2006). 

Recently, many groups have been working on improving the quality of monolayer 

to make it easier and faster to increase the quality of crystal mask. The method that is 

described below is the most common method that is only for 2D polystyrene nanospheres 

lattices. 

Self-organization during solvent evaporation: Evaporation method is for 

evaporating the solvent from the nanosphere suspension, which is deposited on the wafer. 

This process exploits the properties of surface tension between nanosphere particles. Due 
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to the increasing attractive capillary forces between particles resulting from solvent 

evaporation, the particles start to self-assemble and nucleate.  

Dip Coating: Based on the previous step, Nagayama et al. introduced a dip-

coating step for producing of two-dimensional colloidal templates. Constant evaporation 

rate of solvent and fine-tuning of the withdrawal speed of the substrate are the most 

important parameters to get large two-dimensional ordered arrays. (R. C. Rossi 2000) 

Spin coating: The spin coating of a colloidal suspension onto a substrate will 

increase the rate of solvent evaporation. The thickness of the layer can be controlled by 

speed of spin coater, wettability, and the size of nano sphere particles. 

Electrophoretic Deposition: In this step, a colloidal suspension is confined 

between two electrodes. The electron filed will force the particles to move and self-

assemble would happen at electrode interfaces. This method is really helpful for self-

organizing of the particles but need conductive substrates.  
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Figure 1-3 Nanosphere Lithography 

 
Organizing colloidal particles (micro- or nano-particles) into two-dimensional 

arrangements have different application in variety of fields. One of the applications is that 

freestanding cross-linked polymer nanoparticle films are used for filtration membranes to 

separate small protein or gold nano-particles and have the advantage of narrow pore size 

distribution that are rare in present of polymer membranes.  Another application would be 

the two-dimensional HCP monolayer could be used as mask to produce pattern on 

multiple substrates. The variety of depositing material could be chose disregard of the 

particle size, from less than ten nanometers to tens of micrometers. Despite the fact that 

this method of mask preparation is cheap and easy, it is limited to the triangle shape, 
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which makes it not suitable for all industries. While in most of the industries, the material 

properties and target applications are totally dependent on the shape of the pattern (Pierre 

Colson 2013). 
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1.3.3 X-Ray Lithography 

 

X-ray lithography (XRL) has a wide range of different wavelengths, from 0.4 nm 

to 100nm. At the beginning of the usage of XRL, a wavelength about 1 nm was used for 

printing and the gap was around 20 μm, giving a Fresnel diffraction blur of about 140 

nm.   Although XRL obtain significant technical success and determining   industrial 

efforts, it has never been demonstrated as a more economically way than UV 

photolithography. The reason that it fails is because of a failing to furnish adequate 

masks. On the other hand, some believe that the key problem was because of the 

membranous nature of the substrate and the thick absorber layers that were necessary, a 

4× mask would need to have 16× the area of a 1× mask (Chou 2008).  

 Spears and Smith first introduced x-ray lithography to obtain high-resolution 

patterns. The essential instruments in x-ray lithography include: 

 A mask that includes a pattern made with an x-ray absorbing material on a 

thin x-ray transparent membrane. 

 A source for x-ray that has sufficient brightness in the wavelength range of 

interest to expose the resist is needed. 

 x-ray sensitive resists material, which is the most important part. 

 

Photoelectrons form when x-ray photons are absorbed.  This absorption produces 

secondary electrons, which are responsible for the chemical reactions in the resist film. 

The range of the primary photoelectrons is between 100-200 nm. One of the important 

features that affect the pattern resolution is the mask contrast; low mask contrast would 

have a drastic decrease on pattern resolution (Cao 2004). 

1.3.4 Focused Ion Beam (FIB) lithography 

 

Focused Ion Beam (FIB) has become a popular lithography method, since the 

development of the liquid metal ion (LMI) source in 1975. It has been recognized for its 

high-resolution patterns, and it is capable of producing microscale electronic devices. 

The advantages of this method include, high resist exposure sensitivity and its 

negligible ion scattering within the resist along with low back scattering from the 
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substrate. However there are some disadvantages of this method, which limits its 

application, such as lower throughput and extensive substrate damage.  As a result, FIM 

is more applicable in industrial manufacturing of components where damaging the 

substrate is not crucial. FIB etching includes two different kinds of etching, physical 

sputtering etching and chemical assisted etching. Physical sputtering etching is to use the 

highly energetic ion beams to bombard the area to be etched and to erode material from 

the sample. However, Chemical etching is based on chemical reactions between the 

substrate surface and gas molecules adsorbed on the substrate.  This method has some 

advantages in comparison with the physical method, first and foremost is that it possesses 

an increased etching rate, and also there is little residual damage. FIB can also used for 

depositing, and similar to etching it has two different methods, physical and chemical 

types (Cao 2004). 
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2 ELECTRON BEAM LITHOGRAPHY 

 

2.1 Techniques and Concepts 

 

New methods such as electron beam lithography (EBL) were developed to solve 

the limitation of optical light.  While optical light lithography has been used for pattern in 

micro scale size, and would not give a good resolution pattern in smaller size, whereas 

EBL can easily go to nano scale patterning, and in an ideal condition it can be used for 

features around 10 nm. 

A focused beam electron can accurately scan the surface of sample. If the surface 

is covered with a thin film of polymer that is photosensitive, a high-resolution pattern can 

easily be printed on the substrate. Electron beams can focus to nano meter scale size and 

can be deflected either electromagnetically or electrostatically.  EBL is the most powerful 

method for fabrication of features in 2-5nm range. When an electron beam enters the 

polymer layer it loses its’ energy via elastic and inelastic collisions called collectively as 

electron scattering. Elastic collisions causes deflection in the direction of the electron 

beam, while inelastic collisions cause a decrease in the energy (or momentum) of the 

beam. The electrons spread out as they penetrate the solid producing a transverse electron 

flux normal to the incident beam direction, and then due to this spread, this leads to 

exposure of the resist at points remote from the point of initial electron incidence, which 

in turn results in developed resist images wider than expected. 

The atomic number, density of resist and substrate and the velocity of the 

electrons or the accelerating voltage will affect the magnitude of electron scattering. 

Exposure of the polymer film depends on the polymer film thickness, the substrate 

atomic number and the beam energy. 

  

If the beam energy increases, the energy loss per unit path length and scattering 

cross-sections would drastically decrease. As the polymer layer thickness increases, the 

cumulative effect of the small angle collisions by the forward scattered electrons 

increases. The area that is exposed on the resist film of the substrate would be larger in a 
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thicker film layer. Suitable exposure requires that the electron range in the polymer film 

be larger than the resist film thickness in order to be sure about the exposure of the 

polymer at the interface. As much as the substrate atomic number increased, the electron 

reflection coefficient would increases, which will increases the backscattered 

contribution. 

All electron beam lithography systems have four subsystems: (1) electron source 

(gun), (2) electron column, (3) mechanical stage and (4) control computer, which controls 

the patterning software.  The software controls different aspect of patterning and transfer 

pattern data to the beam deflection systems. Electron sources used for lithography is the 

same as in conventional electron microscopy. The source can be divided into two groups, 

field emission or thermionic. Emission of electron from materials, which is heated higher 

than critical temperature that is much more than when electron are produced from the 

surface of sample, has affect on thermionic guns. 

The electron beam cannot cover large area, so typically for EBL a mechanical 

stage has to move during the process. It means that the stage stays steady until the beam 

can write a part of pattern, then the stage moves to the other part needed to be exposed. 

So during the patterning the stage has a stop and moving condition, it moves to the new 

spot that has to be exposed, stops and exposes it and then moves to the new spot. 
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2.2 Software and Instruments 

 

2.2.1 Designing Software 

 

The software that is used for designing the pattern for electron beam lithography 

is DesignCAD. It is used for designing complex patterns. The writing of a complex 

structure requires understanding how DesignCAD creates pattern elements and being 

familiar with each icon and its application. I used  DesignCAD LT2000 for designing my 

pattern. 

 

Use of Colors:  

When using NPGS v9 in a DesignCAD pattern, up to 256 unique RGB colors 

may be used and each of these colors may be given a specific exposure Dwell and Dose 

within a run file settings. By using NPGS v8, up to 64 unique RGB colors can be used. In 

the Run File Editor, setting can be chosen between "Area Dose", a "Line Dose", or a 

"Point Dose" which any of them gives different amount of current for exposing the 

pattern. By using DesignCAD Express v16.2 or LT2000, the pattern will be saved with 

RGB colors identified for each part of the pattern. “MakeArray” command in 

DesignCAD has been programmed to produce a range of colors that vary from blue to red 

to yellow. In the Run File Editor (RFE), a range of doses for colors in the pattern can be 

set or a specific number for each of the colors can be set. For instance, if there are 3 

colors in the pattern, blue, red and green, you can  set the dose for green to be 1, for red 2, 

and for blue 5 or any number can be chosen. If there are more colors, it can be given a 

range for example from 1 to100 and it will automatically put the dose for the first color 

(blue one) 1, and for the last one (yellow one) 100, and distribute different numbers (1-

100) to all colors between them. It can be told how numbers change, linearly or 

exponentially.  
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Line types: 

There are five line types that will make significant difference in a pattern 

designed for lithography.  

 Single Pass and Wide Lines: A solid line (line type=0) means a single pass 

of the beam while the line width is set to zero.  

 Filled Polygon (Serpentine Fill): A dashed line (line type=1) shows a 

polygon that will be filled by NPGS where the beam will move back and 

forth in a twisty path.  

 Filled Polygon (One Sided Fill): A dotted line (line type=5) shows a 

polygon that will be filled by NPGS where the beam sweep will start on 

one side of the pattern. 

 Wide Lines (Perpendicular): This line can be used for wide lines. When a 

wide line is designed, the sweep will be perpendicular to the starting side 

of each segment in the wide line.  

 Filled Circle (Out-From-Center): The wide line can be used for filled 

circles, wide circles, and wide arcs (Nabity 2008). 
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Figure 2-1 DesignCAD Software 

 

2.2.2 E-Beam Patterning Software   

 

The Nanometer Pattern Generation System (NPGS) is user-friendly software for 

patterning of complex structures in nanometers scale up to the maximum field of view of 

the microscope. For writing a pattern by using NPGS, there are three fundamental steps 

to produce a pattern: designing the pattern, run file creation for the pattern, and writing 

the pattern by optional auto or semi-automatic aligning for multilayer lithography.  

Once a pattern is designed, the Run File Editor is used to set the exposure 

conditions for the different drawing elements in the pattern. The advantage of RFE is that 
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the details of the exposure are separated from the pattern design, thus, to change the 

exposure conditions, the run file settings should only be changed.  

 

 

Figure 2-2 NPGS Run file editor 

 

 

 

XY Move to Pattern Center: 

The "XY Move to Pattern Center " for each pattern is the initial stage offset that 

may be passed to move the stage before the pattern is written. If the pattern has been 

aligned before, put zero for moving the stage. 

Magnification Prompt: 

The "Magnification" should be the same as the microscope magnification at 

which the pattern is to be written. Always there are some limitations for the 

"Magnification", be careful to put the number between the upper limit and the lower 
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limits. Whenever the "Magnification" is changed, the grid spacing of possible exposure 

point positions will change. 

Center-to-Center Prompt and Line Spacing Prompt: 

The "Center-to-Center" distance is the distance between adjacent exposure points 

as the beam is moved to write a line. If this value is changed, all of the exposure times in 

that drawing layer are changed to keep the specified dose.  

The "Line Spacing" distance is the distance between adjacent lines when the beam 

makes multiple passes to fill in an area or to write a wide line. If this value is changed, all 

of the exposure times in the drawing layer that are calculated from Area Doses are 

changed to keep the specified dose. 

Measured Beam Current Prompt: 

The "Measured Beam Current" is used to calculate the exposure dose for each 

color in the layer. The value entered should be the same value that measured beam 

current.  

Dwell and Dose Parameter Prompts: 

For each color in a drawing layer a "Dwell" and "Dose" are set. If a dwell is 

entered, the corresponding dose is recalculated to match the time. Conversely, if a dose is 

entered, the dwell, which is the exposure time per point, is recalculated to match the dose. 

The equation for calculating current by knowing the doses is D*A=T*I, while T is the 

time to expose, I is the beam current, D is the dose and A is the area exposed. An "Area 

Dose" is given in units of μC/cm2, a "Line Dose" is given in units of nC/cm, and a "Point 

Dose" is given in units of fC (10-15 C). The "Line Dose" is calculated for a single pass of 

the beam at an exposure point spacing given by the "Center-to-Center" distance, while 

the "Area Dose" is calculated based on the "Center-to-Center" and the "Line Spacing" 

distances: 
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Figure 2-3 Center-to-center and Line spacing 

 

 

  



  27 

 

2.2.3 Scanning Electron Microscope (SEM) 

 

In the most of the SEM, an electron beam is produced thermionically from the 

electron gun, which is located on the highest level of the microscope column, and fitted 

with a tungsten filament cathode. Thermionic electron guns are usually made of Tungsten 

because it has the highest melting point and lowest vapor pressure of all metals. There are 

some other kinds of electron emitters such as lanthanum hexaboride (LaB6) cathodes, and 

thermally assisted Schottky type, using emitters of zirconium oxide. 

The electron beam normally has an energy range between 0.2 keV to 40 keV, and 

it focused by one or two condenser lenses, which is located in the column, to a spot about 

0.4 nm to 5 nm in diameter. Then the beam passes through some scanning coils or pairs 

of deflector plates in the electron column, and then go through the final lens, usually in 

final lens that deflect the beam in X and Y direction, so the beam can scan all over the 

sample surface. 

When the electron beam interacts with the sample surface, it loses its energy by 

repeated absorption and scattering within a teardrop-shaped volume of the sample known 

as the interaction volume that increase from less than 100 nm to approximately 5 µm into 

the sample surface. The size of the interaction volume depends on some factors such as 

the electron's landing energy, the sample’s density the atomic number of the sample. The 

energy exchange between the electron beam and surface of sample causes the reflection 

of high-energy electrons by elastic scattering, the emission of electromagnetic radiation, 

and emission of secondary electrons by inelastic scattering. Each of these signals will 

detect by specific kind of detector. By gathering all kind of signals, a complete 

information can be got about sample surface, topography, elements content and etc. of 

specimen. The SEM include these parts: 

 Electron Source 

 Thermionic Gun 

 Field Emission Gun 

 Electromagnetic and/or Electrostatic Lenses 
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 Sample chamber and stage 

 Computer 

 Secondary Electron Detector (SED) 

 Backscatter Detector 

 Diffracted Backscatter Detector (EBSD) 

 X-ray Detector (EDS)  

 

 

 

Figure 2-4 SEM Quanta 600 

 

Beam features: 

The beam electron interacts with the electron charge field of both the specimen 

nucleus and electrons. These interactions produce different signal types: backscattered 

electrons, X-Rays, secondary electrons, cathadoluminescence, Auger electrons.  
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Figure 2-5 Different signal types in SEM 

 
 

Spot Size: 

The probe diameter or spot size can be different. Decreasing the probe diameter 

will:  

 Make greater resolution. Resolving small specimen features needs probe 

diameters of similar dimensions.  

 Decrease lens aberration due to a stronger lens setting.  

 Decrease probes current 

Smaller spot size image is sharper but also it would get more noise ratios 

associated with a lower beam current. Larger probe size results in a less sharp but 

smoother image in appearance (Goldstein, et al. 2003). The relation between probe 

diameter and probe current, and voltage is shown in the figure 2-7, we got this result by 

experiment: 
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Figure 2-6 Spot size’s relation to probe current in different voltages 

  

 

 

2.3 Materials and Steps 

 

2.3.1 Resists 

Generally, photoresists materials are classified into two groups: positive resists 

and negative resists. 

 A positive resist is a type of photoresist that the part of the photoresist that 

is exposed to beam becomes soluble to the photoresist developer. The part 

of the photoresist that is unexposed remains insoluble to the photoresist 

developer. 

 A negative resist is a type of photoresist that the part of the photoresist that 

is exposed to beam becomes insoluble to the photoresist developer. The 

photoresist developer dissolves the unexposed part of the photoresist. 
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Some of the resist and their features are explained below: 

 

PMMA Resist  

Poly(methyl methacrylate) (PMMA) is the most popular e-beam resist, which 

gives high-resolution, ease of handling, and wide process latitude. One of PMMA's 

primary attributes is its simplicity: PMMA polymer dissolved in a solvent (Anisole safe 

solvent).  

Characteristics:  

 Positive tone  

 Very high resolution, low contrast  

 Several dilutions available, allowing a wide range of resist thickness  

 Not sensitive to white light  

 

Copolymer P(MMA-MAA)  

Copolymer, P(MMA-MAA), offers a higher sensitivity than PMMA, it is most 

useful to produce undercut profiles for PMMA in liftoff processing.  

Characteristics:  

 Positive tone  

 Low resolution, low contrast  

 Several dilutions available, allowing a wide range of resist thickness  

 Not sensitive to white light  

 

NEB-31 

High resolution chemically amplified negative resist with high sensitivity and 

contrast  

Characteristics:  

 Negative tone  

 Very high resolution (40 nm demonstrated), high contrast  

 Dry etch resistance comparable to most photo resists  

 Several dilutions available, allowing a wide range of resist thickness  

 Sensitive to white light  
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2.3.2 Metal Deposition 

 

Chemical Vapor Deposition (CVD): 

CVD (Chemical Vapor Deposition) is a process to use chemical reactions in the 

vapor phase which can get the pressures between 0.01 and 1 bar and at temperatures from 

200°C to 2000°C. CVD can produce a CVD coating and get a solid product along with a 

volatile by product.  

Four basic types of reaction can be distinguished: 

1. Chemosynthesis (Reactions with gases) 

2. Pyrolysis (Thermal decomposition)  

3. Disproportionation 

4. Photopolymerization 

CVD processes are used for manufacturing coatings of metals, of semiconductors, 

carbides and nitrides as well as of oxides. The advantage of this method is that many 

materials can be deposited close to their theoretical density with high purity, good 

adhesion and high uniformity. The substrate has high reaction temperatures and that 

makes the stable against the presence of the reaction partners (Frey 2014). 

 

Physical Vapor Deposition (PVD): 

The processes of depositing materials directly from the vapor phase (Physical 

Vapor Deposition) include the following methods: evaporation, sputtering and ion 

plating. 

PVD methods shows the below characteristics: 

 The variety of materials, which can be coated: metals, alloys, ceramics, 

glass, polymers etc. 

 Excellent coating adhesion. 

 Easy tuning of the microstructure by the choice of the coating parameters 

(Frey 2014) 
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2.3.3 Lift-off Process 

 

Lift-off" is a simple method for patterning deposited films and films, which are 

difficult to dry-etch. A pattern is written on a substrate coated with photoresist and 

lithography methods. A film, usually metallic, is blanket-deposited all over the substrate, 

coating the photoresist and areas in that the photoresist has been removed. During the 

actual lifting-off, the photoresist under the film is removed with solvent, taking the film 

with it, and leaving only the film, which was deposited directly on the substrate  

(Stanford 2008). Lift-off can be used for single resist layer or double resist layer. A 

bilayer process needs two resist layers with different molecular weight. (Jana 

CHLUMSKÁ 2013). 
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3 RESULT AND DISCUSSION  

 

3.1 Experiment 

 

I used DesignCAD LT2000 for designing the Nano-antenna pattern, which is the 

bowtie shape, in 3 different sizes. In the first one (Size #1), the length of triangle side was 

~5 μm (which is the main size of nano-antenna that I had to work on), the second one was 

~2.5 μm (Size #2), and the third one was ~10 μm (Size #3). I tried different sizes to 

compare the affect of size in EBL patterning and find the best kind of resist for each size.  

 

Figure 3-1 DesignCAD pattern of nano-antenna 

 

 

The different colors of these patterns, as we discussed in a previous chapter, is 

because of the different doses that we want to expose each individual bowtie. I used 

“MakeArray” icon, to producing a range of colors between blue and yellow, in this case 

that I have 100 bowties, so I have 100 different doses to find out the best dose for my 
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pattern. Then I used NPGS software and SEM to expose the pattern on my sample. For 

creating the Run File Editor for each one of the experiments, I defined the same amount 

of value for each of the features in the RFE setting, all of them were exposed to a ~26 pm 

beam current and the same range of doses was set for patterning. 

3.1.1 Sample Preparation 

 

I used a Si wafer (Virginia Semiconductor Inc., Single side polished) as a 

substrate, and coated it with 200nm of photoresist by using a spin-coater (SCS G3 Spin 

Coater). After writing a pattern by using NPGS software and SEM Quanta 600, I 

developed my sample in resist’s developer for 1 min. The next step for the sample was 

metal deposition, and I used PVD and sputter coater for depositing the metal on sample, 

and its thickness should be between 1/3-1/2 of resist thickness. The last step was lift off, 

which I put the sample on Acetone beaker and put the beaker in an ultrasonic bath for the 

better lift-off results. These steps were the same for all of the resists and metals in my 

experiments. 

In this research, I tried 3 different resists and 3 different metals with 3 sizes of 

patterns in my experiment to show which one of them works the best in different 

situations. The result of these experiments will help the nano-antenna group in future for 

nano-antenna and diode patterning and anyone who wants to use EBL in his/her research, 

depending on what size of the pattern they want to use, it says what resist and metal will 

give them the best result via electron beam lithography. 

 

3.2 Using PMMA as a Photoresist  

 

Size #1 (5 μm): 

The first set of experiments, PMMA used as a resist for nano-antenna patterning, I 

tried 20 antennas in one set of patterns to find the correct doses, and chose the range 0.1-

0.5 nC/cm, however because all of them were under the suitable dose, I did not get any 

pattern. Then, I chose a wide range of doses to make sure at least some of them would be 
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exposed.  In the next experiment I tried doses 4-20 nC/cm, and the results are shown in 

the figure 3-2: 

  

Figure 3-2 Exposed antennas with doses 4-20 nC/cm 

 

 It is obvious in the figures 3-2, the entire pattern is over exposed, as we go to 

right and down, the dose increase and cause more over exposure in the pattern. Even the 

first antenna, which has the smallest dose is over exposed which means that the correct 

dose is somewhere between 0.5 and 4 nC/cm.  

 

 

Figure 3-3 Exposed antennas pattern with doses 1-4 nC/cm 
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It is obvious in the figure 3-3, patterns with smaller doses (near 1) work well for 

the pattern at size #1, as we go to right and down, while doses increase, it can be seen that 

the pattern starting to over expose, in the 4th row of the patterns it can be obviously seen 

there is over exposure of pattern. This row doses are around 2.5 nC/cm. Thus for finding 

the right dose for this size of pattern, I tried this pattern for the third time in doses range 

between 1-2 nC/cm, which the results are shown in the figure 3-4: 

 

 

Figure 3-4 Exposed antennas pattern with doses 1-2 nC/cm 

 

In this experiment, the first row of pattern was not exposed properly and 

especially on the edge of antennas was under exposed and during the lift off process they 

totally delaminated with other parts. By redoing this method for smaller and smaller rang 

of doses, and after lift-off process, it turned out that the best dose for PMMA in size #1 is 

the dose 1.2 nC/cm, which gave me the best and sharpest nano-antennas pattern for the 

size #1 (~5 μm). 

 

Size #2 (2.5 μm): 
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Before beginning this experiment I expected when we decrease the size of the 

antenna, we have to decrease the dose too, but the results of the experiment showed me 

the totally opposite consequence.  In this set of experiment I tried the same number of 

antenna in one set of patterning to find out the best dose for the smaller antennas. For this 

on I tried the doses range 1-4 nC/cm for the first set of exposure. And the results are 

shown in the figure 3-5: 

 

Figure 3-5 Nano-antenna pattern in size #2 and doses 1-4 nC/cm 

 

It can be seen in the figure 3-5, some of the antennas in the first row are under 

exposed, and some in the last two rows are over exposed. By comparing this patterning 

result with the same patterning at size #1, It can be easily seen that at size #2 we have less 

over exposure for the same range of doses which showed us that the suitable dose for this 

size is larger than size #1.  

To find out the best doses for this set I redid the experiment over the doses range 

1-2 nC/cm to see which dose is the right dose for this size. The results are shown in the 

figure 3-6: 
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Figure 3-6 Nano-antenna pattern in size #2 and doses 1-2 nC/cm 

 

It can be seen in the figure 3-6, the correct dose for this set is between 1-2 nC/cm, 

and by redoing this experiment and making the range smaller and smaller, and after lift-

off process, I got the result for this set, and it turned out that the right dose for the size #2 

of PMMA is ~1.33 nC/cm.  

 

Size #3 (10 μm): 

For this set of experiments, I tried a bigger sized antenna, first to check the affect 

on size in dose and also get the idea of how this increase will affect other parameters in 

lithography and patterning. I tried the 20 antennas pattern, in a dose range of 0.5-3 

nC/cm, and the result can be seen in the figure 3-7: 
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Figure 3-7 Nano-antenna pattern in size #3 and doses 0.5-3 nC/cm 

 

It can be seen in the figure 3-7 that most of the antennas in the pattern are over 

exposed, beginning in the second row the over exposure started. So for the experiment I 

tried really small doses in the range 0.5-1.5 nC/cm to see the result for the best dose for 

this size of antennas. The result of this experiment is shown in the figure 3-8:  

 

 

Figure 3-8 Nano-antenna pattern in size #3 and doses 0.5-1.5 nC/cm 
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In the figure 3-8, it can be seen that in the last row, the antennas pattern started to 

be over exposed. By redoing this step and make the dose range smaller, it was determined 

that, the best dose for the size #3 was 1.07 nC/cm. This was predicable by the concept 

that we reached in previous experiment that decreasing the size of antenna, would 

increase the right dose. Therefore, we could expect that increasing the size of antenna, 

would decrease the right dose. 

 

 

3.3 Using MMA (8.5) MAA as a Photoresist 

 

PMMA is the most common resist for electron beam lithography, but working 

with PMMA is not easy, especially in the lift-off process. Most of the time, parts of the 

pattern delaminate during lift-off step. For avoiding this delamination, MMA(8.5)MAA 

is used for under layer of PMMA film to make the lift of process easier. This copolymer 

is much more sensitive than PMMA to beam exposure, so it always have been used as an 

undercut layer. In this experiment, I tried MMA(8.5)MAA as a photoresist to see the 

result of EBL patterning of this copolymer and to see its advantages and disadvantages in 

compare with PMMA. For this experiment I coated a 200nm layer of MMA(8.5)MAA 

6% (MicroChem) by using spincoater. 

 

Size #1 (5 μm): 

For this size, I tried the same pattern of 20 antennas, and all of the features were 

the same as PMMA experiment. Because this copolymer is more sensitive than PMMA, I 

expected that the suitable dose for this size should be smaller that 1.2 nC/cm (PMMA’s 

dose), so I tried doses range 0.5-1.2 nC/cm for this set, and the results are shown in the 

figure 3-9: 
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Figure 3-9 Nano-antenna pattern by using MMA(8.5)MAA as a resist in size #1 and doses 0.5-1.5 nC/cm 

  

It can be seen in this figure 3-9; that all of the antennas have rounded corners. 

This resist did not give us really good pattern with sharp edge in the size of set #1. The 

first two antenna are under exposed and in the second row, antennas started to over 

exposure, so the 3rd and 4th antennas in the first row that have a dose ~ 0.6 nC/cm, are the 

best antennas pattern for this resist at this size, which is not a good result for electron 

beam lithography patterning. 

 

Size #2 (2.5 μm): 

For this experiment, I repeated the same pattern as the previous experiment with 

the same range of doses to compare the effect of size in different doses. However the 

result of these experiments could not clearly show the effect of size changes from dose 

because of the poor quality of patterns. 

 

 

 



  43 

 

Figure 3-10 Nano-antenna pattern by using MMA(8.5)MAA as a resist in size #2 and doses 0.5-1.5 nC/cm 

 

In the figure 3-10, it can be seen that this resist is not a appropriate choice for 

smaller size pattern, because it did not give any sharp edge and most of the pattern 

became more like circle than triangle. Because of poor quality of these patterning, 

indicating the right dose is really challenging, I repeated this step several times to make 

sure that I am getting the correct dose as a right dose and it turned out to be ~0.68 nC/cm. 

 

Size #3 (10 μm): 

For this experiment for  pattern size #3, I tried doses range 0.6-1 nC/cm and as I 

expected, most of the antenna were over expose because of more sensitive of this resist to 

beam exposure. 
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Figure 3-11 Nano-antenna pattern by using MMA(8.5)MAA as a resist in size #3 and doses 0.6-1 nC/cm 

 

It can be seen in the figure 3-11, all of the patterns are over exposed, so for the 

next experiment, I tried dose range of 0.3-0.7 nC/cm to see what dose is the best for this 

pattern. It is obvious that for this set of size, antennas became much sharper than the 

smaller patterns, so I believe that this size of antennas would work for this resist. 

  

 

Figure 3-12 Nano-antenna pattern by using MMA(8.5)MAA as a resist in size #3 and doses 0.3-0.7 

nC/cm 
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In the figure 3-12, it can be clearly seen that we got better pattern in compare to 

two other smaller sizes, and the correct dose is around 0.5 nC/cm. I tried the same pattern 

in size 25 μm and the pattern had the same quality of the pattern using PMMA. The 

advantages of using MMA(8.5)MAA as a resist is its capability of easy taking off in lift-

off step, and eliminating all difficulties that we had with PMMA during this step. I was 

able to get my pattern without any delamination of antennas pattern. 

As a result, if the pattern size is ~25 μm or larger, using MMA(8.5)MAA as a 

resist for electron beam lithography will be helpful to make the process easier and with 

more successful result. I do not recommend using this resist for patterns that have smaller 

features. 

 

3.4 Using SU-8 as a Photoresist 

 

Su-8 is a negative base photoresist, and primarily has been used for 

photolithography. This resist is sensitive to UV light so all the preparation and working 

with this resist should be done in clean room that has a UV-filter on its light.  In this 

experiment I used this resist for electron beam lithography to see what would be the 

result and if it be an option for future patterning of Nano-antennas by using EBL. 

 

Size #1 (5 μm): 

For the first experiment, I chose lower doses for the exposure because I knew that 

this resist is more sensitive than the other two resist. The first set of dose range was 0.1-1 

nC/cm, and the results are in figure 3-13: 
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Figure 3-13 Nano-antenna patterning by using SU-8 as a resist in size #1 and doses 0.1-1 nC/cm 

 

It can be seen in the figure 3-13, that all of the antennas patterns were over 

exposed, but it can be still seen that the patterns have really sharp edges. For the next 

experiment I tried the same pattern with really small doses. I tried the doses range 0.01-

0.1 nC/cm. 

 

 

Figure 3-14 Nano-antenna patterning by using SU-8 as a resist in size #1 and doses 0.01-0.1 nC/cm 
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It can be seen that over exposure started by the 3rd row. After lift-off process, 

most of the antennas in the first row delaminated which is because of their under 

exposure. So the right dose would be one of the antenna in the 2nd row, after lift off 

process it turned out that the best dose for this set of size is ~0.026 nC/cm. 

 

Size #2 (2.5 μm): 

For this experiment I wrote the pattern with the same features of privious 

experiments, at first with the same dose range 0.1-1 nC/cm, to see the different sizes 

result with the same doses range. The results are shown in the figure 3-15:  

 

 

Figure 3-15 Nano-antenna patterning by using SU-8 as a resist in size #2 and doses 0.1-1 nC/cm 

 

The over exposure of pattern is obvious in the image. We expected that this 

pattern’s over exposure be less that the same experiment for size #1 which is correct, by 

comparing this Fig 3-15 with Fig 3-13, it can be easily seen that in Fig 3-13, pattern were 

more over exposed which shows that the right dose is far from the range that they had, 

but in Fig 3-15, it can be seen less over exposure, that means the right dose is not far 
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from the 0.1 nC/cm, which is another proof of the concept that we discussed earlier about 

the effect of size in the right dose. 

For the next experiment, I tried a doses range 0.01-0.1 nC/cm to find out the right 

dose for this set of size. 

 

 

Figure 3-16 Nano-antenna patterning by using SU-8 as a resist in size #2 and doses 0.01-0.1 nC/cm 

 

It can be seen in the figure 3-16, some parts of this pattern were under exposed, 

and some over exposed as well. The 1st and 2nd row were under exposed and after lift off 

they delaminated. Half of the 4th row and 5th row obviously were over exposed, so the 

right dose should be in the rest of antennas. The suitable dose for the size # 2 turned out 

to be 0.03 nC/cm, which again was expected by considering the concept of effect of size 

to the right dose. 

 

Size #3 (10 μm): 

This is the last size for experiments, and we are expected that the right dose for 

this experiment be the smallest one in comparison with the size #1 & 2. So for the 

experiment I tried the same pattern with the dose range of 0.1-1 nC/cm. 
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Figure 3-17 Nano-antenna patterning by using SU-8 as a resist in size #3 and doses 0.1-1 nC/cm 

 

It can be seen in this figure 3-17, all of the antennas in the pattern were over 

exposed, and it was more over exposed in comparison to Fig 3-15,. This is something that 

we expected. I tried the pattern with dose range 0.01-0.1 nC/cm. 

 

Figure 3-18 Nano-antenna patterning by using SU-8 as a resist in size #3 and doses 0.01-0.1 nC/cm 
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It can be seen in the figure 3-18, we have more over exposure in some of the 

antennas, in compare with Fig 3-16, which means that the right dose for this set of pattern 

is less than the one in Fig 3-16. By doing the lift-off process it turned out that the suitable 

dose for this size is ~0.023 nC/cm. By considering the concept about the relation between 

dose and size, this results are logical. 

It can be seen from the patterns that we got by using SU-8 as a resist, it gave us 

really sharp edge antennas and worked perfectly for smaller pattern without any problem 

or difficulties during lift-off step. This resist worked much better that PMMA for our 

pattern and gave us a really clear antennas pattern. In future work, we would substitute 

the SU-8 for PMMA in electron beam lithography for our antennas patterning. The only 

necessary thing about using SU-8 is that it has to be used it in a place that has a UV- filter 

on its lights. 

All the result of the right doses for different size has briefly showed in the table 1. 

 

                  Size 

Resist 

Size #2 

2.5 μm 

Size #1 

5 μm 

Size #3 

10 μm 

PMMA 1.33 nC/cm 1.2 nC/cm 1.07 nC/cm 

MMA(8.5)MAA 0.68 nC/cm 0.6 nC/cm 0.5 nC/cm 

SU-8 0.03 nC/cm. 0.026 nC/cm. 0.023 nC/cm. 

Table 1 Relation between different sizes and right doses for each size 

 

The first time that I wanted to change the size of my patterns, I did a literature 

review to see if anyone mentioned anything about it, but surprisingly nobody mentioned 

anything about any a relationship between the right dose and size. In all the articles that 

I’ve read, they just said that for each set of size, the right dose, so I tried these 

experiments to see if there is any relationship between the right dose and the size. There 

is a relationship and as it can be seen in the table above, by doubling the size of the 

pattern, the right dose decrease about 10-15% and by halving the size of pattern, the 

correct dose increase around 10-15%. The result of this experiment will be really helpful 

for new experiments at different sizes, and anyone who wants to try EBL for new size, 
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should not redo all the steps, better they can do some calculation to find the suitable 

range for patterning and just by fewer set of patterning, they can determine the right dose 

for the size. 

 

3.5 Different Deposition Methods and Different Metals  

 

For the metal deposition step, I tried 3 different metals (Platinum, Chromium and 

Copper) and two different deposition methods (PVD and Sputter Coating) and compared 

their results. 

3.5.1 Different Metals 

 

 Choosing the metal for deposition is really dependent upon the research, but I did 

this experiment to show if there were no limitation for choosing between different metals. 

 

Copper: 

The lift of time for this metal was longer than the other two metals, it took around 

2 hours for a 70 nm layer, and the number of damaged devices after lift off were more in 

comparison to Pt and Cr. A sample of damaged antenna is shown in the figure 3-19: 

 

 

Figure 3-19 A damaged antenna after lift-off process 
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It can be seen in the figure, some parts of the lines and bowtie (antenna) were 

damaged in lift-off. These damages often happen in lift-off of Cu samples. 

 

Chromium: 

The time for the lift-off process of Cr is much less than Cu; it took around 15 min 

for a 70 nm layer, and the number of undamaged device after lift-off was much more than 

Cu. The damages were mostly in small part of devises. A sample of damages pattern in 

the figure 3-20: 

 

 

Figure 3-20 sample of damaged antenna after lift-off process 

 

It can be seen, the damage in this figure is only in a part of the line and the bowtie 

(antenna) came out well. Furthermore most of the patterns were undamaged. 

 

Platinum: 

The lift-off time of this metal was between Cr and Cu, it was around 30 min for a 

70nm layer. The advantage of using Pt was that almost all of the patterns came out 

without any damages. This metal was so far the best one for deposit after EBL. The 

figure 3-21 is a sample of a patterning after depositing Pt. 
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Figure 3-21 A sample of patterning by using Pt as a metal layer 

 

 

3.5.2 Different Deposition Methods 

 

I tried two different deposition methods, PVD and sputter coating. The advantage 

of using PVD is that it can be got to the specific thickness of metal that is needed with 

really small error. This cannot be obtained by using sputter coat. At the nanometer scale 

like what I wanted for my patterning (70nm thickness), sputter coating usually gave me 

thickness by 5-10nm errors. 

Despite the error of sputter coating in thickness, it gave more undamaged antenna 

after lift off in comparison to sample that I deposit metal by using PVD. PVD sample 

result had a lot of unwanted part that remained after the lift-off process and my efforts to 

eliminate them caused some damage to the actual devices. Some sample of PVD samples 

in the figure 3-22:  
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Figure 3-22 These two images are the sample patterning by using of PVD deposition after lift-off 

 

It can be seen in the images, after lift-off, PVD sample did not give us really 

successful result. This concern happened in most of the samples that PVD was used for 

them. Avoiding this kind of damage is really difficult with such small sample, because if I 

make the lift-off time longer, and let the parts near lines to lift-off, the chance that a part of 

the sample delaminate, is higher, and it will damage the whole pattern. Thus, for EBL 

patterning, I highly recommend using sputter coating as a depositing method. 

 

3.6 Lift-off Time 

 

For the lift-off process, polymer should be dissolved in a solvent to eliminate the 

unwanted parts of the sample, I put the samples in the polymer’s solvent, which in this 

case is Acetone for all 3 of these polymers. Then to accelerating the process, I put the 

beaker in the ultrasonic bath, which decreases the time of lift-off from more than a day to 

couple of hours or much less. This time differs for different metals and also depends on 

the thickness of the metals. Charts below shows my observation for the lift-off time for 

these 3 metals in different thickness. For all of these experiment, I used PMMA as a 

resist. 
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Figure 3-23 Lift-off time in different thickness of Cr film 

 

 

Figure 3-24 Lift-off time in different thickness of Cu film 
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Figure 3-25 Lift-off time in different thickness of Pt film 

 

 

It can be seen in these charts that the time for lift-off of Cu chart is significantly 

higher than the other metals, I believe this is because of the higher adhesiveness between 

the Cu film and PMMA layer, which cause decreasing in the penetration rate of Acetone 

in the PMMA layer. The result it would take more time for its lift-off. This extra time for 

lift-off can also explain unsuccessful lift-off and more damaged devices in Cu sample, 

because as the time of lift-off increases, the ultrasonic power could cause some brakes in 

the metal film, the pattern, and as a result we would have more damaged devices.   
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3.7 Multi Layer Patterning 

 

For this experiment I tried to get a multi layer pattern by using EBL, because this 

method will be helpful for fabrication of different parts in nano-antenna project such as 

fabricating a MIM (metal, insulator, metal) diode. 

For the first step I wrote the pattern for the first layer, which was the nano antenna 

and some lines that connected to it, and some test pads. For writing this pattern I used Cr 

as a metal layer, the result of the pattering after lift-off step is shown in the figure 3-26: 

 

 

Figure 3-26 First layer of nano antenna patterning 

 

With this step of patterning I also wrote an “L” shape pattern as an alignment for 

the next step of patterning. The aligning mark is necessary for multi layer patterning 

because it would help to pattern the next layer in a place that wanted.  

For the next layer of patterning, I spin-coat a new layer of resist and then by using 

the “L” as a guide, I was able to pattern my new set of pattering in the palace that I 

wanted. The results are shown in the figure 3-27: 
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Figure 3-27 Second layer patterning of nano-antenna 

 

It can be seen in the figure 3-27, the second line was exactly located in the corner 

of one of the triangles. This step would not happened if I did not used a aligning mark. 

This result did not come out at first try, I repeat this step multiple times to get the second 

layer patterning exactly in the place that I wanted. This is really challenging lithography 

step and needs to be very careful about many tiny details, however it is really helpful for 

fabrication of more complicated devices. 
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4 CONCLUSION AND FUTURE WORKS 

 

4.1 Conclusion  

 

In this research I was able to find out a relationship between changing the size of 

pattern and the right dose. According to the data that I got, if the size of the pattern 

doubled, the right dose decreases between 10 to 15 %. So in this way, repeating the 

whole steps is not necessary, and by using the result of this experiment, the new dose for 

the new pattern can be found just by one set of patterning. 

Also, depending on the size of the pattern, suitable resist can be chosen between 

different resist that I examine in my experiment. For instance, if the pattern’s size is more 

than 15 micron, choosing MMA(8.5)MAA would be a good choice, it will give a clear 

pattern and really easy lift-off step. On the other hand, if the pattern is pretty small or a 

really sharp edge is needed for the patterning, SU-8 is the best choice for the sample, but 

it should be considered that using SU-8 need a lab with UV-filter light, because it is a 

really sensitive photoresist. Although working with SU-8 is more difficult than other 

polymers, it gives much better result for sharpness. 

This research also showed that between deposition methods, sputter coating is a 

better method for deposition of EBL patterned samples. PVD does not give a really 

successful result and make the lift-off process more difficult.  

For choosing the metal for deposition, Cu is not a good choice, Pt was so far the 

best one and will give almost no damaged device after lift-off, but because of its price, 

maybe it is not applicable for all purposes. Cr was a better deposition metal than Cu, it 

will giving fewer damages devices and its price is affordable so it could be very good 

metal for deposition in patterning. 

These metals had different lift-off times. The lower lift-off time, the better pattern 

will be got, because when the lift-off time increases, the chance that the ultrasonic 

vibration would break the actual pattern and damage it would increase. By comparing the 

lift-off time of these 3 metals, Cr has the lowest lift-off time. That is another advantages 

of using this metal for deposition. 
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Finally, for the multilayer patterning, use of aligning helped me to get a 

successful result in that. This method is really applicable for nano-antenna patterning, and 

would be useful in fabricating different parts of rectenna, such as MIM diodes. 

 

4.2 Future Works 

 

 

In this study, I examined some features such as changing the size of pattern; the 

suitable deposition method and metal, and the right polymer for patterning to improve the 

EBL patterning quality and make each step easier depend on the pattern features. 

However there are still some other features that need to be explored to make the electron 

beam lithography a commercial and easy way for patterning. 

Other parameters that could be examined in the future are, examining the right 

doses while changing the film thickness, trying new methods for lift-off process and find 

a way to decrease the errors in this step for all of the polymers, trying to make the 

multilayer deposition easier.  

Also, try to fabricate MIM diodes by using EBL, which would make this step 

much easier than photolithography, which the nano-antenna group are working on. 

Photolithography is a safe way to do that but each time that nano-antenna group wanted 

to change any thing in the design, it would cost hundreds of dollars for new mask. By 

using EBL for fabrication, we can makes this much cheaper. 
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