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I 

Abstract 
 
It is foreseen that nanoimprint lithography, NIL in short, will in the course of time have a 
strong impact on device applications which require precise and affordable nano-scale 
surface fabrication. My Thesis investigates NIL by applying it to various applications, 
while studying and solving a number of NIL-related physical and technological 
problems. When starting the work, the key challenge was to understand all the factors 
that could cause imprecision in the fabrication optical components. We expected that soft, 
and potentially nonprecise, stamps would prevent exact replication of functional 
components. However, we learned that with proper design of the stamp the precision of 
the stamp was very satisfactory.    
 
Among many NIL methods available today, I decided to focus on a particular NIL 
version which relies on soft stamps in a regular mask aligner. I believe that soft UV-NIL 
will have a remarkable influence on nano-scale science because it is an affordable method 
to replicate nano-patterns on the wafer scale, despite the existence of other NIL methods 
which may have advantages over soft UV-NIL. The opportunity to utilize a mask aligner, 
the workhorse in every clean room for lithography, to replicate micro and nano-patterns 
in two and three dimensions is very tempting. I think that NIL using replicated soft 
stamps in a UV-mask aligner can make nano-pattering as accessible to everyone as the 
replication of micropatterns by means of photomasks and UV mask aligners.      
 
For this Thesis, I have chosen several applications, including distributed feedback laser 
diodes, patterning and processing approaches of the top-down localization of indium 
arsenide quantum dots (QDs), patterning the facets of optical glass fibers, and preparing 
large-area nanoperforated membranes and membranous optical elements. I shall also 
discuss further development of high-aspect-ratio etching of gratings and report on novel 
etch results obtained for GaAs / AlGaAs and GaSb / AlGaSbAs material systems.  
 
A major contribution in this Thesis to device fabrication was probably the development 
of an integratable, re-growth-free high performance laser where the grating was laterally 
coupled to the cavity field by applying soft UV-NIL to produce a strong resonance 
between the fundamental lasing mode and the grating. 
 
My work on the top-down localization of InAs quantum dots and selective epitaxial 
growth was interesting because soft UV-NIL creates an extraordinary potential to 
prepare new materials and devices. I think that our work has been successful as to 
developing a soft UV-NIL technological platform, which yields precisely patterned 
growth-templates. I dare say that there is hardly any other lithography which could 
supply these templates to the same standard as soft UV-NIL. 
 



One of the examples of the usefulness of NIL is the work in which we prepared a grating 
on a facet of an optical fiber; i.e., an optical fiber element directly integrated into the fiber-
end using a process that is easily amenable to volume production. 
 
Our studies with membranes were driven by the need to develop a nano-sieve, which 
could be integrated into a silicon MEMS chip. Our study produced novel ways to make 
sturdy nano-perforated membranes, which were more than 3000 times wider than the 
thickness of the membrane. Finally, we demonstrated a novel way to integrate 
membranous optical elements with an optical fiber using a through-wafer via. 
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1 Introduction 

  
Nanophotonics is a wide research field that covers many interesting areas of applications, 

branching from cutting-edge science, including plasmonics, metamaterials and cavity quantum 

electrodynamics in high-Q cavities, all the way to applied sciences, such as silicon 

nanophotonics for on-chip optical interconnections and single-frequency semiconductor light 

sources. Many practical devices utilize nanopatterned surfaces which consist of nanoscopic 

gratings, photonic crystals, waveguides and metal structures.  

 

There exist wonderful demonstrations of nanotechnology-based lasers and other photonic 

components. However, difficult questions related to the fabrication need be addressed before 

such components enter the market. Demonstrations in the scientific literature have largely relied 

heavily on the use of direct writing lithographic methods, such as electron beam lithography or 

focused ion beam lithography. These methods, although excellent for scientific studies, cannot 

be scaled up to allow cost-effective production of nanophotonics. Lithographic solutions 

developed for integrated circuits can produce extremely narrow linewidths and deliver high 

precision but are difficult to transfer to photonics fabrication.  

 

Since the introduction of nanoimprint lithography (NIL) in 1995 (Chou et al. 1995), there has 

been widespread interest in the development of NIL for various applications. As early as 2003 

NIL had gained substantial support and was chosen as one of MIT's Technology Review’s “10 

Emerging Technologies That Will Change the World” (Technology Review 2003). The selection 

was justified by the fact that NIL can bridge the gap between lab level nanotechnology research 

and production level manufacturing requirements.  

 

I also saw the potential of NIL and when ORC acquired a new UV - mask aligner from EV 

Group (EVG) in early 2007; the aligner was equipped with special tools that allow NIL. In 

principle, modifications to the regular mask aligner are rather small. The mask holder is 

replaced with a transparent vacuum chuck and the wafer chuck is replaced by a special wafer 
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chuck for NIL. The tooling was designed to be used for imprinting 3” substrates, but it could 

also be used for smaller samples.  The change from NIL-mode to UV mask aligner mode can be 

made in one minute. 

  

With the mask aligner we decided to use soft stamps because they enable large area imprinting 

with low pressure (25 to 850 mbar) available from the tool (Plachetka et al. 2004). An additional 

benefit of the soft material is its robustness against small defects, such as particles. However, 

through the years we worked with NIL we often found ourselves in the situation where we 

required the precision offered by hard materials and the process robustness offered by soft 

materials. This is one of the tradeoffs one faces when working with NIL. Deformation of the 

stamp enables uniform contact but reduces the quality of the replica. We tackled the problem by 

developing our own stamps, having relatively hard surfaces but simultaneously allowing 

conformal imprinting due to their flexibility, even on the microscale. It was also possible to 

engineer stamps softness, as discussed later. Our stamps allowed precise patterning over full 

wafers (2” and 3”) and we believe that also larger wafers could be imprinted with the same 

stamp concept, if needed.   

 

A major contribution in this Thesis to device fabrication was probably the development of an 

integratable, re-growth-free high performance laser where the grating was laterally coupled to 

the cavity field applying soft UV-NIL to produce a strong resonance between the fundamental 

lasing mode and the grating. For this work NIL should be able to imprint 3” wafers at good 

enough pattern registration for 0.5 µm overlay accuracy. This means that patterns can not 

contract or stretch (laterally across the wafer) more than 6.5 ppm during the replication process. 

Additionally patterns should not have any irregularities across the laser cavity because 

imperfections would ruin the operation of the feedback grating. A linewidth requirement of 200 

nm was enough for realization of third order gratings and the linewidth for first order gratings 

was in the range between 50 nm and 100 nm. In addition the application required very high-

aspect-ratio nanoetching. This we studied extensively for the main material systems of interest.    

 

My work on the top-down localization of InAs quantum dots (QDs) and selective epitaxial 

growth was interesting because soft UV-NIL creates an extraordinary potential to prepare new 

materials and devices. I think that our work has been successful with regard to developing a soft 

UV-NIL technological platform, which yields precisely patterned growth-templates. I dare say 
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that there is hardly any other lithography which could supply these templates to the same 

standard as soft UV-NIL. Here, full 2”-wafer ought to be imprinted at very high resolution (sub-

50 nm linewidth). Even though this work was purely basic research, more than one hundred 

different wafers were imprinted over the years for various experiments. 

 

One of the examples of the usefulness of NIL is experiment for which prepared a grating on a 

facet of an optical fiber; i.e., an optical fiber element directly integrated into the fiber-end using a 

process that is easily amenable to volume production. This application is a good example that 

imprint lithography could be applied to areas that are normally out of reach for other volume 

fabrication methods. If a surface is accessible, it is probably possible to imprint it with 

nanopatterns.  

 

Our studies with membranes were driven by the need to develop a nano-sieve, which could be 

integrated into a silicon MEMS chip. Our study produced novel ways to make sturdy nano-

perforated membranes, which were more than 3000 times wider than the thickness of the 

membrane. Finally, we demonstrated a novel way to integrate membranous optical elements 

with an optical fiber using the through-wafer via. 
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2 Lithography Techniques 
 
 
 
 
In this Section I briefly review state-of-the-art lithographic methods and introduce nanoimprint 

lithography as a cost-effective method for nanophotonics applications. In Section 3 I shall 

introduce soft UV-NIL, an imprint method using soft and flexible stamps, as a method for 

patterning compound semiconductor optoelectronics. Finally, in Sections 4 and 5 I shall 

highlight some of the NIL applications and pattern transfer results.  

 

2.1 Optical Lithography 
 

The era of microlithography started to develop in the 1970’s. It was driven mainly by the 

development of integrated circuits (ICs). This industry created a need for high volume, perfect 

replication of ever smaller patterns on a substrate, at minimal costs. The main method to achieve 

this was, and still is, optical lithography. This branch of lithography utilizes templates, also 

known as photomasks, having transparent and opaque areas. Light is shone through the 

photomask on a substrate which is coated with a photosensitive thin film called a photoresist. 

Photoresist areas that are exposed to light will transform to either soluble or insoluble to the 

photoresist developer. If exposure makes photoresist soluble it is called positive photoresist and 

vice versa if photoresist becomes insoluble it is called negative photoresist. Light replicates the 

patterns from the photomask to the photosensitive film, and further steps are taken to transfer 

the copied patterns to the substrate. In the early 1970’s, the required dimensions for the ICs 

ranged from 2 µm to 5 µm. Replication of these patterns was simply achieved by using mercury-

arc based UV-light and bringing the photomask and the substrate in close proximity or into 

contact during the exposure. Systems based on this operation principle are still used today in 

microfabrication, due their simplicity, low cost, high throughput and good process quality. 

These systems, called UV-contact mask aligners, reach resolutions from a few micrometers to the 

sub-half-micron level, depending on the exposure wavelength and the contact method. With 

fully automated systems the throughput can exceed 100 wafers per hour (wph) and reach an 

overlay accuracy of 0.25 µm (Suss 2009).  



6 Lithography techniques                                            

 

An ever increasing demand for smaller and smaller linewidths has demanded more complex 

exposure systems. Nowadays, state-of-the-art systems in IC production reach 32 nm linewidths 

by using deep-UV ArF-light sources at 193 nm wavelength and exposing patterns using 

immersion scanners, phase shift masks and double exposure schemes. Exposure is based on an 

image reduction technique that projects the photomask onto the substrate and simultaneously 

reduces the size of the patterns many times. This allows the photomasks to be fabricated with 

looser tolerances than the final pattern. These systems are also very productive and able to 

pattern more than one hundred and fifty 300-mm wafers per hour and to reach better than 2.5 

nm alignment between subsequent patterning steps (ASML 2009).  

 

These exposure systems, reaching 45 nm or even 32 nm linewidths, cost tens of millions of euros, 

making acquisition and amortization of the instrument impossible unless very high volumes are 

to be produced. For these reasons such instruments can only be owned by large IC-

manufacturers. Because the cost of optical lithography grows rapidly as linewidths get smaller, 

research and utilization of alternative techniques are tempting. Although the driving force in the 

development of lithography has been electronics, there are many other applications that benefit 

from effective nanofabrication methods.  

 

Perhaps the most interesting alternative lithographic methods for repetitive nanofabrication are 

interference and near field holographic lithography (Chapter 2.2), electron beam lithography 

(Chapter 2.3), and nanoimprint lithography (Chapter 2.4). All of these techniques were also 

utilized in this Thesis, although I worked only with NIL. 

2.2 Interference Lithography 
 

Interference lithography utilizes the interference of two or more coherent laser beams that form 

an interference pattern on the substrate. Using photoresists similar to those used in optical 

lithography, this interference pattern can be transferred to the photoresist and subsequently to 

the other layers on the substrate. Near-field holographic lithography is very similar to 

interference lithography. It uses a phase mask near the substrate to divide one beam into two 

diffracted beams propagating at different angles. These two beams interfere and generate a 

diffraction pattern. Both methods can produce patterns cost-effectively over large areas, but only 
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allow exposure of periodic patterns whose pitch is limited by the exposure wavelength. 

However, state-of-the-art exposure tools produce good resolution. With a high index immersion 

fluid system a 32 nm half-pitch has been demonstrated using an exposure wavelength of 193 nm 

(French et al. 2005) and a 12.5 nm half-pitch using an extreme ultraviolet light source at 14.5 nm 

(Solak et al. 2007).   

 

2.3 Electron Beam Lithography 
 

Electron beam lithography (EBL) is based on a beam of electrons focused on a small spot with a 

Gaussian shape, or on a beam of electrons cut down to the correct size and shape with an 

aperture. This beam is displaced with a magnetic field that is controlled with a computer. The 

beam exposes the electron beam sensitive material deposited onto the substrate in a similar 

fashion as a photoresist is exposed in optical lithography. EBL allows replication of geometrical 

data structures from the computer memory to the substrate. Therefore, it is used to generate 

templates for other lithographic techniques.  

 

EBL systems offer high resolution, since the wavelength of the electron is very small (Vieu et al. 

2000). The resolution of EBL is mainly limited by electron-solid interaction (forward and 

backward scattering of electrons and secondary electrons), which broaden the beam in the resist. 

A second major limitation for the resolution is the resolution of the resist (McCord and Rooks, 

1997). For narrow patterns development of the resist is challenging, since intermolecular forces 

prevent dissolution of the polymer in the solvent, and the mechanical stability of the polymer is 

too low for wet processing (Vieu et al. 2000). There is also a practical limitation associated with 

throughput. As the beam is focused into a tiny spot it can deliver only a small current, and 

therefore the exposure time is increased. Moreover, high-resolution resist tends to require higher 

exposure intensity than low resolution resists (McCord and Rooks, 1997).  At the same time, 

writing of large areas is very time consuming if the density of the patterns is high or the pattern 

geometry is challenging.  

 

The registration of patterns in EBL is not necessarily nearly as good as the resolution of the 

system, because the substrate has to be moved over large distances during exposure. This 
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requires a fast and extremely accurate mechanical stage. High-end systems having a 10 nm 

registration accuracy and reasonable write speed can cost millions of euros. Even in high-end 

systems, writing a single wafer takes a long time. As a consequence, the exposure cost per wafer 

is substantial.  

 

Electron beam lithographic systems based on the use of multiple beams are being developed at 

present to tackle the throughput problem. These kinds of systems are currently targeting the 

prototyping or small volume manufacturing of IC circuitry. The first “demo” systems are being 

sold to customers. In 2008, for example, Mapper Lithography delivered the first systems having 

13,000 beams to CEA-Leti and the Taiwan Semiconductor Manufacturing Company to be 

explored in 22 nm manufactures (Mapper 2009; Wieland et al. 2009). The KLA-Tencor 

Corporation and the Defence Advanced Research Projects Agency (DARPA) have launched a 

cost-shared program to develop high throughput EBL systems containing a million beams. The 

system is targeted to the production of an astonishing five to seven densely patterned 300 mm 

wafers and up to forty sparsely patterned wafers per hour. The system is intended for the 45 nm 

node with extendibility to the 32 nm node and beyond (Petric et al. 2009). Although these 

systems produce a unprecedented direct writing throughput it is expected that it will take a long 

time before these systems migrate into mainstream lithography, due to their development status, 

complexity and cost of the instruments.   

 

2.4 Nanoimprint lithography 
 

Nanoimprint lithography (NIL) was introduced at 1995 by Stephen Chou (Chou et al. 1995). He 

demonstrated results from an experiment where a lab press was used to press together a 

patterned stamp, made from a SiO2 coated Si-wafer, with a silicon substrate coated with a 

thermoplastic polymer poly(methyl methacrylate), more commonly called PMMA. Pillars 

having 25 nm diameters were successfully transferred from the template to the substrate. The 

process flow from the early paper is illustrated in Figure 1. One can argue that Chou’s method 

does not differ much from earlier imprint methods; i.e., those that were used to make compact 

disks (i.e. Komatsubara et al. 1984), but the combination of a nanoscopic lateral scale and a thin 

residual layer allowing a subsequent pattern transfer to the underlying layers differentiates 
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Chou’s work from others and defines NIL. However, nowadays the terminology related to 

different approaches of NIL is quite versatile and almost every nanoscopic molding process is 

called NIL. 

 

The NIL process is a mechanical replication process. Surface reliefs from the template are 

embossed into a thin layer on the substrate. In principle, there are two basic versions of NIL. 

One is based on thermal embossing of thermoplastic polymers, while the other is based on UV-

curable polymers. Some special imprint chemistries require both temperature and UV-light 

(Schuster et al. 2009), but they are not very common. The NIL process and imprint instrument 

are conceptually very simple, but allow extremely good resolution and a relatively fast 

replication process. Compared to optical lithography NIL does not require extreme ultraviolet 

light sources and special optics, which would increase the cost dramatically. In principle, NIL 

has no limitation in pattern geometry. Therefore, NIL can copy any pattern produced with EBL 

or by other techniques. In practice, if patterns have a high aspect-ratio or large distribution in 

pattern density or size, they can be very difficult to imprint simultaneously, as discussed later.  

 

Thermal-NIL, as illustrated in Figure 1, was the original version. It uses a thermoplastic polymer 

spin-coated on the substrate. The thermoplastic polymer is heated above the glass transition 

point of the polymer, and the heated template is brought into contact with the polymer. Once 

the polymer has filled all the cavities of the template, the substrate and the template are cooled 

down and the template is separated from the substrate. A negative replica of the template is 

created on the polymer. In order to use the imprinted polymer for the pattern transfer to other 

layers on the substrate, the polymer left on the indented areas has to be removed. This residual 

layer (see Figure 1) originates from the fact that the flow of polymers is not free of resistance.  
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Figure 1. Thermal NIL-process. Tg refers to the thermoplastic polymer glass transition temperature.  
 

Stefan’s equation (Bird et al. 1977), describing the force needed to press two circular discs  

separated by a Newtonian fluid closer to each other suggests that the imprint force is inversely 

proportional to the third power of the residual layer thickness. The equation states that 

 

.                                                                         (1) 

 

In Eq (1) F is the applied force, R is the disc radius, 2h is the separation between the discs, and η0 

is the viscosity of the fluid. Stefan’s equation implies that the displacement of fluid over large 

distances via thin channels requires a large force, or a small displacement rate. In particular, as 

the residual layer becomes very thin, resistance grows rapidly, and it is no longer possible to 

displace all material within a finite time.  

 

The assumption that the fluid is Newtonian requires that it maintains its viscosity at constant 

temperature. This assumption is often valid. However, under high pressure and shear force 

molecular chains of polymers may stretch and therefore alter the viscosity of the fluid. 

Nonlinearity of the viscosity is described, for example, in references (Hoffmann 2002) and (Schift 

and Hayderman 2002). In addition to pressing two discs together it is important to understand 

the filling of small cavities with fluid to improve the model of the operation of NIL. A detailed 

descriptionof the filling of a cavity is given by (Rowland et al. 2005). They identify three 
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operating regimes for filling of a cavity depending firstly on the dimensionless ratio between the 

width (= 2w) and the height of the cavity (= hc) to be filled, and secondly the ratio between the 

width of the indention in the template (= 2s) and the thickness of the residual layer (hr) below the 

indenter determining the supply of polymer. These parameters are illustrated in Figure 2.  For 

these regimes it is possible to analytically calculate the filling time of the cavity and to simplify 

the Navier–Stokes equations describing the generalized case.  

 

   

 

Figure 2. Definitions for symbols by (Rowland et al. 2005). The thickness of the residual layer hr is calculated 
by assuming complete filling of the cavity, conservation of polymer volume, and neglecting large scale flow.  

 

The case of a high aspect-ratio of the cavity (w < hc) is described by pipe flow conditions where 

the flow resembles steady laminar fluid flow within a pipe. Under these conditions the flow is 

mostly vertical. For a low aspect-ratio of the cavity (w > hc) the flow is mostly horizontal and can 

be governed by either viscous flow or shear flow, depending on supply of the polymer. For the 

case when w > hc  and s < hr the operation mode is the Stokes flow (or creep flow) regime, where 

the viscous flow of the fluid governs filling. These conditions are met when the residual layer is 

thick. For the same case, with a thin residual layer (w > hc and s > hr), the flow is governed by 

shear flow, the flow induced by short range deformation of polymer that induces a force 

gradient. The observations we made on stamp deformation in reference (P3) fit quite well to this 

model. Operation in the shear flow regime with a soft stamp causes stamp deformation while 

operating in the viscous regime eliminates it, even with a very soft stamp.       

 

In addition to squeezing flow, also capillary force influencesthe flow of the polymer. In fact the 

whole replication process can be driven by capillary forces (Rowland et al. 2005) if the viscosity 
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of the resist is low, its surface tension high, and the amount of squeezing flow small (i.e. because 

of low imprint force). This is the case when the imprint pressure is small, for example. High 

solvent content of an imprint polymer promotes effective wetting of surfaces. Capillary force 

may also cause defects in imprints. Lazzarino et al. (2004) have shown that if the template and 

the polymer are not in complete contact this may induce wetting defects. These defects appear in 

areas where mold and polymer are in close proximity but not in contact.  

 

A third consideration for NIL processes is the inclusion of gas. Imprinting traps gas in all 

cavities of the template unless imprinting is carried out in vacuum. Any trapping of air in the 

imprint pattern must be eliminated in order to achieve a perfect replication process. The simple 

solution of using a vacuum environment is somewhat challenging for design of the NIL tool, 

since it inherently reduces the throughput of the system and creates extra complexity. 

Additionally, a vacuum can easily modify the properties of the imprint polymer i.e. by reducing 

its solvent composition or enhancing evaporation. Most NIL tools reduce air trapping by 

applying nonparallel contact between the template and the wafer. For example, in the EVG tool 

used in this thesis the template and the wafer are slightly nonparallel. Therefore, when the 

template and the wafer contact, air is more easily squeezed out from between them. 

 

To keep the amount of trapped gas small, flat molds with narrow low aspect ratio patterns are 

preferred. The excess gas can also dissolve into the resist. Solubility of gas may also be enhanced 

by using a thick resist layer. Then the concentration of gas is low, since the volume of the 

polymer is large. In addition, within a thick layer gas dissolves more effectively. A long imprint 

cycle promotes defect free imprinting because it promotes dissolution. High imprint pressure 

results in a faster dissolution of gas (Liang et al. 2007). Additionally, one may reduce the amount 

of gas by using properly tuned material systems and imprinting in various gas environments. 

For example, helium can be used since it diffuses more rapidly due its small size (Kim et al. 

2006).   

 

The NIL-process using UV-curable polymers is called UV-NIL. In this process, a layer of UV-

curable fluid is spin-coated on the substrate, the transparent template is brought into contact 

with the fluid, and then cured using UV-light. The UV-curable layer must be exposed and cured 

through the template unless the substrate itself allows transmission of UV-light. The UV-NIL 

process has some inherent advantages over thermal-NIL: 
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i) UV-NIL is a room temperature process; therefore, time-consuming heating and 

cooling cycles are not needed.  

ii) Room temperature processes eliminate the registration problems which originate 

from the different coefficients of thermal expansion (CTE) of the substrate and the 

template.   

iii) Fluids having very low viscosity, from 2 mPa·s to 50 mPa·s can be used so that UV-

NIL requires lower imprint pressures and shorter imprint cycles than thermal-NIL. 

 

In addition to classifying NIL processes by their curing properties, the processes can also be 

classified by their strategy to cover large areas. In principle, NIL can be applied to the whole 

substrate by using a template that is as large as the substrate. However, one small stamp can be 

used repeatedly to cover large areas. These approaches are called “full field NIL” and “step and 

repeat NIL”. Both methods have their advantages and disadvantages, as summarized in Table 1.   

 

In the case of UV-NIL, different processes can also be differentiated by the dispensing 

mechanism of the UV-curable polymer. The polymer can be dispensed as a uniform thin layer 

on the substrate by spin-coating. Alternatively, it can be dispensed as droplets(2) on pre-defined 

locations on the substrate by ink-jet or other means. Both methods have their advantages. Spin-

coating does not require any special equipment, and can deposit highly uniform layers with 

minimal investment. Droplet dispensing allows polymer to be delivered directly to the location 

where it is needed by adjustment of the droplet density, as illustrated in Figure 3. Therefore the 

polymer does not need to flow over large distances, and throughput is improved in some cases.  

 

 

 

 

 

 

 

 

                                                                 
(2) Droplet dispensing is also known as step and flash imprint lithography (S-FIL) or jet and flash imprint 
lithography (J-FIL). 
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Table 1. Comparison between “Full Field” NIL and “Step and Repeat” NIL.  

Attribute Full field NIL Step and Repeat NIL 

Instrument complexity and 
cost 

Very low to medium Medium to very high 

Throughput 
Higher, since larger area is 
imprinted 

Lower, since large area has to 
stitched from small areas 

Requirement for planarity of 
the template and the 
substrate 

Higher Lower 

Cost of the Template 
Very high. Depends on 
substrate size 

Medium. Depends on imprint 
field size 

Die size Not limited 
Limited by individual imprint 
field 

Within field pattern 
registration 

Lower, due to larger area Higher, due to smaller area 

Over the substrate pattern 
registration 

High, template dependent 
Low to very high depending 
on instrument quality 

Alignment accuracy Medium 
Medium to very high in 
advanced systems 

Overlay accuracy 
Lower, limited by the pattern 
registration over large field or 
alignment 

Higher since pattern must be 
aligned and registered over 
smaller field  

 

 

 

Figure 3. Sequence for droplet dispense NIL. Step 1: Deposition of the UV-curable polymer using ink-jet or 
similar instrumentation. The density of the droplets can be chosen based on the template pattern volume. 
Step 2: Imprint and UV-cure. Step 3: Separation of the template.    
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Droplet dispensing also helps when imprinting layers containing local variations in nanopattern 

density, and consumes significantly less material than spin-coating(3). Droplets of strongly 

hydrophobic materials can be deposited onto the substrate, whereas spin-coating of these 

materials is difficult. Although this dispensing method is in many ways advantageous, it 

requires special instrumentation capable of first delivering potentially vast numbers of droplets 

with accurate volumes (from pico-litres to micro-litres depending on the droplet density) to the 

correct positions on the substrate, and then aligning the template correctly to the droplet pattern.    

2.5 State-of-the-art in NIL 
 

The first published NIL paper already demonstrated a 25-nm pattern diameter and pattern 

transfer using the lift-off technique (Chou et al. 1995). Later, a 10-nm pattern diameter was 

demonstrated by improving the resolution of the template (Chou et al. 1997). Both these records 

were based on the use of EBL-written templates that limited the resolution. The same group 

demonstrated a 6-nm linewidth using a template made out of an epitaxially-grown 

GaAs/AlGaAs superlattice (Austin et al. 2005) As early as 2004, Hua had demonstrated the 

smallest linewidths, as low as 2 nm, using a carbon nanotube-based template (Hua et al. 2004). 

This demonstration was considered a resolution record for imprint lithography. However, Hua’s 

patterns were not transferred to the underlying substrate.    

 

Early imprint experiments were able to pattern areas of a few cm2 (Chou et al. 1997), and some 

demonstrations, like (Austin et al. 2005), were made on tiny areas of just some µm2. However, in 

order to unleash the full potential of NIL larger imprint areas were required. Once the potential 

of NIL was acknowledged, imprint experiments were made on 100 mm, 150 mm and 200 mm 

wafers (Ross et al. 2003, Li et al. 2003, Perret et al. 2004). Now the largest imprint areas  cover  300 

mm wafers using imprinting with a soft stamp and air cushion press (Chang et al. 2005) and 300 

mm x 400 mm substrates using a soft roll-shaped stamp (Cho et al. 2009). With roll-to-roll 

imprinting very large areas can be covered in one imprint batch. For example, the DVD 

manufacturing system by (Oha et al. 2007) demonstrates imprinting of a very long, 0.15 m by 

1400 m, sheet.   

 

                                                                 
(3) A uniform 100 nm layer requires just 10 nl / cm2 of polymer.  
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A state-of-the-art step and repeat system from Molecular Imprints Imprio 300 has demonstrated 

a throughput of 4 wafers per hour for 300-mm wafers using an imprint field of 26 mm × 32 mm. 

Although the current throughput record for the step-and-repeat system is rather modest 

compared to optical lithography systems, the company believes that the throughput can be 

further improved by clustering these low-cost imprint heads together, and by improving their 

process. In this way it would be possible to realise a high throughput at lower cost than 

competing optical lithography systems (Sreenivasan et al. 2009).  

 

The alignment accuracy record for NIL is also set by the Molecular Imprints Imprio 300 system. 

The system has demonstrated a 3σ (4) alignment accuracy of 16 nm using thick glass templates 

which had Moiré-alignment marks. The instrument could deform templates in situ by some 

nanometres in order to fine-adjust the overlay of the template to the substrate. They also utilized 

a feed-forward strategy that allowed correction of the overlay based on the measurements of the 

previous overlays (Sreenivasan et al. 2009). 

 

Modern NIL systems targeted for high brightness LED manufacturing reach 60 wph throughput 

for 3” wafers (Miller et al. 2008) and systems designed for imprinting large 200 mm substrates 

reach throughput of 30 wph (Obducat 2010). The best reported throughput values for NIL 

systems are reported by Molecular Imprints Inc. For full field UV-NIL systems they 

demonstrated throughputs as high as 180 wafers per hour using their HD2200 system designed 

for a hard disk pilot production (Brooks et al. 2009). Dual layer Blu-ray discs, used in optical 

storage, are replicated one disc per second using a thermal embossing system. In this application 

nanoimprinting is used to make the topmost layer on the injection molded substrate (Ohta et al. 

2007). Even higher throughput values have been demonstrated using so-called roll-to-roll 

imprint systems. Here, a substrate consists of a roll of plastic or polymer film. The film is fed 

from a spool between a heated imprint drum and a roller. The stamp is attached around the 

imprint drum. Single layer DVDs are produced at a rate of 8 disks per second by roll-to-roll 

imprinter and Ni-stamp hot embossing (Ohta et al. 2007). It should be noted that the fabrication 

of DVDs and blu-ray discs does not require pattern transfer with etching; therefore very thick 

residual layers can be used, which improves the throughput. 

 

                                                                 
(4) 3σ: More than 99 % of randomly distributed measurement points fall within specified boundary   
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For further information about various aspects of NIL, readers are encouraged to read the 

excellent reviews written by Costner et al. (2009), Schift (2008), Guo (2007), Guo (2004) and 

Sotomayor Torres (2003).  
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3  Soft stamp UV-nanoimprint lithography 

 
Soft stamp UV-NIL is one of the most interesting nanoimprint methods, due its outstanding cost 

effectiveness. As the name implies, this method utilizes soft and sometimes flexible working 

stamps, replicated from the template. The softness of the stamp makes the imprint process more 

robust and economical. When the stamp is soft it can deform locally, for example, when a 

particle is trapped between the stamp and the target wafer. This improves the yield of the 

process, since with a soft stamp a small particle destroys only a small part of the imprint area. 

Stamp softness also allows for imprinting of a large area in a single step, while maintaining a 

uniform residual layer. High uniformity is possible because a soft and flexible stamp conforms 

to the overall non-flatness of the substrate. On the other hand, fully rigid hard stamps can 

typically be used to imprint a maximum of one square-inch area, in a single step. This is because 

any potential unevenness of the substrate surface, within the imprint area, adds to the 

nonuniformity of the residual layer. This is important to realize, since it is not always possible to 

use sufficiently flat substrates. In particular, when the linewidth is narrow and the pattern’s 

height is small, the residual layer must be highly uniform. The problem associated with hard 

stamps is illustrated in Figure 4.  

 

One of the best features of soft UV-NIL is that it can be applied using modern UV-mask aligners 

equipped with special tooling. The mask aligner is, in any case, the workhorse of 

microlithography processing, since it is often the best tool for patterning microscopic features. 

The increased cost of the mask aligner, due to NIL-tooling, is insignificant compared to any 

other feasible nanolithography solution. A manual mask aligner, equipped with NIL tooling, can 

produce from ten to twenty wafers per hour, and automated systems reach even higher 

throughputs. At the moment NIL tooling is available for EV Group, Suss Microtech and OAI-

mask aligners. These tools typically allow a submicron alignment accuracy and can be operated 

in manual, semi-automatic, or fully automatic modes.  
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Conformal imprinting, on nonflat substrates, is also possible to achieve with hard stamps since, 

in principle, all stamps are flexible under high enough pressure. This has been demonstrated, for 

example, in reference (Perret et al. 2004), where a 200 mm wafer is patterned using a 200 mm 

silicon wafer as a stamp. Here, pressure as high as 8 bar was used to achieve full contact. When 

only a tenth of the pressure is available, as is the case in mask aligners, a more flexible or soft 

stamp is required. For example, reference (Plachetka et al. 2004) demonstrates imprinting of a 

100 mm wafer using a mask aligner and a soft stamp under a low imprint pressure of 0.5 bar. As 

discussed earlier, stamp deformation allows large area contact but at the same time causes 

undesirable effects. Undesirable deformation may be caused by nonuniform pressure 

distribution, arising from e.g., pattern density variation (Gourgon et al. 2005) or a large pattern 

(P3). Lazzarino et al. (2004) discuss mold deformation as a function of the pattern density and 

underline the importance of layout design. They concentrate on use of hard stamps and 

demonstrate how a long imprint cycle (60 min) under high pressure (50 bar) helps to reduce the 

deformation. Bender et al. (2004) have discussed the use of soft stamps and the importance of 

pattern geometry and imprint pressure to achieve uniform pattern transfer. 

 

 

 
 

Figure 4. Comparison between soft and hard stamp technologies. Left panel: Process flow for a hard stamp. 
It shows how non-uniformity of the wafer is transferred directly to the residual layer, since both the stamp 
and the substrate are rigid. Right panel: Process flow for a soft stamp. This stamp can conform to the 
waviness of the wafer, thus improving the uniformity of the residual layer.  
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Some systems (i.e. step-and-repeat systems from Molecular Imprints Inc.) operate at low imprint 

pressure using hard stamps which do not deform under such process conditions. This is made 

possible by keeping the imprint area small enough for the the imprint site to be sufficiently flat 

to produce the desired residual layer uniformity. Another possibility is to first use a blank 

imprint stamp to planarize the substrate. A subsequent imprint step is then made on the 

planarized layer. With appropriately selected materials and etch processes, pattern transfer can 

be improved (Sun et al. 1998). The advantage of non-deforming imprint stamps is the elimination 

of the unwanted stamp deformation. However, it comes at the expense of the imprint area which 

can be covered by a single imprint. 

 

As deformation is necessary for large area imprints but harmful for replication accuracy, it is 

important to engineer stamps that have proper flexibility. References (Bietsch and Michel, 2000) 

and (McClelland et al. 2005) discuss the compliancy of stamps and show how suitable imprint 

pressures as a function of wafer unevenness or roughness and its lateral size can be determined. 

Magnification (lateral stretching) of the imprint field under pressure was studied by (Lan et al. 

2009). They concluded that deformation error in the registration is from 10 to 56 µm over a 4 cm2 

imprint field. In the calculation they used a pressure of 0.25 bar and varied the thickness of the 

soft stamp from 0.5 mm to 2 mm. This huge error has to be considered when designing and 

fabricating soft stamps.  

 

3.1 Fabrication of large-area templates 
 

Based on experience, the most severe limitation for the potential of NIL, especially for NIL using 

full wafer sized stamps, is the cost of the mastering. When patterns are narrow and dense the 

exposure rate of any direct write system is slow. Therefore, the templates can be very expensive 

or non-feasible to fabricate. At the moment, the only generic method to circumvent this problem, 

and to make large-area stamps, is the use of step and repeat lithography (optical or NIL), since it 

allows replication of small dies to large area dies. The benefit of optical lithography is that it uses 

reduction lenses that scale down the dimensions of the photomask. For this reason, the original 

template (the photomask) can be fabricated with looser tolerances for particle size, linewidth 

and registration of the patterns than a final large-area NIL template. Step and repeat NIL allows 

narrower linewidths than optical lithography, and the NIL steppers are more accessible than 
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state-of-the-art optical lithographic tools. Both lithographic options are available from 

commercial vendors to prepare large-area templates.     

  

We have studied the use of NIL templates fabricated from quartz mask blanks, Si-wafers, 

silicon-on-insulator (SOI) wafers, and Si wafers with or without PECVD (plasma enhanced 

chemical vapour deposition) -deposited SiO2 top layers. All of these material systems have a 

common SiO2 surface chemistry (thin surface oxide or bulk oxide) and similar adhesion 

properties. The main considerations for template fabrication are: etch depth uniformity, surface 

quality and flatness, etch profile and templates ruggedness.  In many applications the quality of 

the EBL tool and processing must be excellent in order to overcome restrictions that device 

physics imposes. 

 

When the linewidth of the patterns or the density of the patterns change over the template, etch 

depth uniformity issues may arise. These phenomena are referred to as reactive ion etching-lag 

and aspect-ratio (5) dependant etching. Dense and narrow features tend to etch more slowly than 

isolated and wide features. Both of the material systems, SiO2-coated Si wafers and SOI-wafers, 

allow improved control of the etch depth by utilizing an etch-rate difference between Si and 

SiO2. PECVD allows easy control of the etch depth but has higher surface roughness compared 

to SOI-wafers, which have to be bought from the wafer manufacturer with correct silicon layer 

thickness.  On the other hand, SOI-wafers are almost atomically smooth. They provide the best 

platform for fabricating large-area templates in terms of quality. The main inspection method for 

template cleanliness and quality is the scanning electron microscopy. Electrically conducting 

silicon templates are therefore preferred. However, a quartz template offers the lowest CTE from 

these materials and provides a most stable pattern registration.  

 

Pattern depth and sidewall profiles influence the adhesion between the template and the imprint 

resist. Obviously, shallow and smooth structures require less force since their surface areas are 

smaller. A positive etch profile (sidewall angle < 90°) promotes a lower adhesion force to NIL-

resist than a straight sidewall angle, but it is easier to maintain a correct linewidth by means of 

the 90° sidewall angle. Negative etch profiles (sidewall angle > 90°) have high adhesion forces 

and usually cannot be replicated, although such profiles would be ideal for lift-off processing. 

                                                                 
(5) Ratio between height and width of the pattern 
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However, replication of a slanted grating facing in opposite directions has been demonstrated, 

showing that even negative profiles can be replicated using certain material systems (Levola and 

Laakkonen 2007).  

 

3.1.1 Large-area templates using special methods 
 

There are several examples which prove that NIL templates can be made using special 

processes. These processes combine etching and deposition steps. Those steps can be controlled 

on the nanometre scale in a way that creates new nano-scale patterns having a specific shape. 

Alternatively, the templates may be based on bottom-up nanofabrication or certain phenomena 

occurring in nature. The application range for templates fabricated using these methods is 

always limited, because the information content of the patterns is very low, and the patterns 

allow little design freedom. However, sometimes these techniques are useful. Table 2 

summarizes some of the demonstrated methods. 

 

Table 2. Some examples from special methods used to make templates for NIL. 

Feature Fabrication method Reference 

Closed loop structures Deposition of a conformal layer on the sidewall of 

a pillar and removing the vertical pillar 

(P1) 

Frequency doubling of a 

grating  

Angled evaporation to a pre-fabricated grating. 30 

nm pitch from 60 nm pitch. 

Yu et al. 2006 

A loosely ordered hexagonal 

array of pillars.  

Aluminium stamp fabricated from a porous 

alumina surface. Melting a sputtered Al-film on 

top of a porous alumina substrate. Removing 

alumina and using aluminium as a stamp  

Lee et al. 2005 

“Moth eye“ antireflection 

surface 

Using a wing of an Australian greengrocer cicada 

“cyclochila australasie” (an insect) as a template 

Kostovski et al. 

2008 

3.2 Soft stamps 
 

Since the template is often expensive it is common practice to prepare a working stamp from the 

template. Such a replicated stamp can be used to make several imprints, therefore minimizing 
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the risk of damage to the original template. The stamps may also have different physical 

properties than those of the template. For example, an SOI-wafer is in many ways an ideal 

substrate for the template, as described earlier. However, it is opaque and, thus, unsuitable for 

UV-NIL. The replicated stamp might also have advantageous mechanical properties, such as a 

soft surface and flexibility. The softness of the stamp may be tuned by the material selection 

(Schmid and Michel 2000) and by the geometry of the stamp, as illustrated by us in reference P3. 

A working stamp might have advantageous chemical properties, for example, stamps made of 

polydimethylsiloxane (PDMS) have very hydrophobic surfaces and do not require anti-adhesion 

treatment. Moreover, PDMS can absorb small amounts of solvent, which allows for improved 

wetting of the stamp surface.   

    

Perhaps the simplest soft stamp is a thick PDMS slab, typically made from commercially 

available PDMS brand Sylgard 184, also known as soft-PDMS or s-PDMS (Dow Corning Inc., 

USA). The stamp is cast in a chamber, using the template and anti-adhesion treated glass (see the 

stamp in Figure 5a). This stamp can be used to replicate nanopatterns, but it does not offer high 

accuracy because PDMS has a high CTE, and the stamp does not have a supporting structure 

which would prevent the soft material from deforming laterally. More advanced geometries of 

the soft stamp are presented in Figure 5b and Figure 5c. In Figure 5b the s-PDMS slab is bonded 

to glass. This improves the accuracy of the stamp, because various glasses have significantly 

lower CTEs (from 0.5 to 8 ppm/°C) and higher elastic modulus than those of soft materials. For 

these reasons glass reduces lateral deformation, which may arise from thermal expansion 

mismatch between the stamp and the substrate or from other factors during imprint. Figure 5c 

improves the stamp concept of Figure 5b; since the nanopatterned layer of the stamp is 

composed of a different material than that of the soft compliant layer. Such a composite 

structure has the advantage that the pattern layer can be made of a harder material, such as 

hard-PDMS.  

 

The stamp in Figure 5d further improves this concept by introducing a thin layer of glass 

between the hard polymer and the layer of s-PDMS. In this geometry, the thickness of the 

patterned polymer can be tuned nearly at will, and is backed by a thin glass plate (for example 

50 µm thick). Since a glass layer is bonded close to the nanostructures, effectively anchoring the 

patterns, lateral deformation of the pattern is minimized. The advantage of the thin glass in this 

geometry comes from the fact that the bending stiffness and the stretching stiffness scale to the 
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third and the first power of the thickness of the sheet, respectively (McClelland et al. 2005). 

Therefore, a thin sheet is very compliant but simultaneously maintains its lateral dimensions. In 

addition, bending deformation of the glass sheet is proportional to the fourth power of the 

lateral scale (McClelland et al. 2005). Therefore the glass sheet deforms only very slightly on the 

scale of the patterns. In this stamp concept sort range deformation is caused by a thin patterned 

layer. With this kind of stamp concept we have demonstrated registration reproducibility better 

than 8 ppm (80 nm/cm) from imprint-to-imprint over a 3-inch substrate and shown that local 

lateral deformations are almost non-existent (P4).  

 

We expect that three factors limited the imprint accuracy to this level; the most significant effect 

was the temperature variance of the cleanroom, which caused thermal expansion problems since 

glass and the substrate have different CTEs. Other error sources were in the overlay 

measurement accuracy when studied by optical microscope, and variations in imprint pressure. 

The backing glass plate in Figure 5d is optional. When this plate is employed it eases stamp 

handling with NIL tools, but without this plate the stamp is fully flexible and is easily peeled 

from the substrate after imprint. 

 

 

Figure 5. Different stamp schemes. a) Thick PDMS slab. b) PDMS slab backed with glass. c) Composite 
stamp containing a hard PDMS pattern layer. d)  Stamp having thin intermediate glass for improved 
stability.  

 

Table 3 summarizes materials used in soft stamps. It should be noted that the mechanical 

properties of these materials may be altered to some degree by processing conditions and 

mixing ratios. 

 

We have applied silicones Sylgard 184 (also known as s-PDMS, Dow Corning Inc., USA) and 

Optical Encapsulat 43 (Gelest Inc., USA) as compliant, non-patterned cushion layers since they 

are relatively soft and durable. They can be spin-coated onto a substrate. It is also possible to cast 

them into a mold. Spin-coating offers good coating uniformity (> 98 %), but only about 30-µm 
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layers can be coated in a single spin-coat cycle. Thicker layers require multiple spin and cure 

cycles. Casting of thick uniform layers is problematic even with an almost perfectly flat mould. 

When we cast 2 mm thick slabs using these soft materials we observed pits and hills of several 

tens of microns in height. The lateral size of these features was in the sub-10 mm range. We 

believe that they were caused by small non-uniformity in volumetric shrinkage during curing. In 

particular, pits in the compliant layer should be avoided because they will lead to the creation of 

areas that are not in contact during imprint. Our observations concerning the uniformity of the 

compliant layer are in good agreement with the reported values of Glinsner et al. (2007).  

 

Sylgard 184 is widely used as a patterned layer in the stamp. We also tested this approach. Due 

to the excessive softness of Sylgard 184 we often observed deformation of nanopatterns during 

the imprint cycle, and pairing of neighbouring patterns during stamp manufacturing. We 

believe that the neighbouring patterns stick together (pair), as illustrated in Figure 6, because 

friction during the separation step generates surface charges. The generated electric field is 

several hundreds of volts/meter at one centimetre distance from the stamp, measured with a 

field mill-based static electric field meter. On the nanoscopic scale the field is non-uniform and 

causes forces strong enough to bend the patterns together. Interestingly, as the patterns move, 

the electric field changes and the neighbouring patterns can, under the right circumstances, 

change their pair. This can be observed through the optical microscope as a dynamically and 

chaotically changing pairing. Unfortunately, as the surface charge discharges over time, the 

patterns do not return to the non-paired situation. This is because the PDMS surfaces kept in 

contact react chemically and become glued together. Pairing can be reduced by a reduction in 

aspect-ratio, by an increase in pattern spacing, or by using stiffer stamp materials; e.g., h-PDMS 

and Ormostamp (introduced later). Long grating lines and tightly spaced pillars on PDMS are 

most prone to pairing with their neighbours. Larger patterns are less likely to pair than smaller 

ones, and the softness of the stamp causes less deformation with microstructures than with 

nanostructures. For this reason Sylgard 184 is a rather popular material for micro-structuring of 

UV-polymers, but on the nanoscale more rigid materials are required.    
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Table 3. Materials used in stamp fabrication. Based on references Fuard et al. 2008, Choi and Rogers 2003, 
Gelest 2009, Dow Corning 2009, Kim et al. 2004, Klukowska et al. 2009, Micro Resist Technology 2009a and 
2009b. 

 
s-PDMS h-PDMS Ormostamp 

Optical 

Encapsulat 43 

Young’s modulus  1.8 MPa 8.2 MPa 650 MPa Not known 

Elongation at 

break (%) 
160 7 Low 75-100 

Scrach hardness 

(MPa) 
4.77 0.02 36 Not known 

Durometer, Shore A 48 79 Not known 5-15 

CTE (ppm/°C) 

325 

Not known, 

expected to be 

similar to s-PDMS 

For similar 

materials 60-130 

Similar to Sylgard 

184 

Curing  Temperature Temperature UV-Light Temperature 

Surface energy  26 mN/m Similar to s-PDMS High Not relevant 

Viscosity (mPa·s) 4575 Tunable 410-460 800-1500 

Mixing Two part 

(1:10) 

Four part + 

solvent 
Not needed Two part (1:1) 

 

So-called hard PDMS (h-PDMS) was developed at IBM in 2000 (Schmid and Michel, 2000). They 

tried to formulate a better imprint material by trying different combinations of vinyl and 

hydrosilane end-linked polymers and vinyl and hydrosilane co-polymers, with varying masses 

between cross-links and junction functionality. A nanoimprint resolution record of 2 nm (Hua et 

al. 2004) was demonstrated using soft h-PDMS stamp. Based on Schmid’s work and studies by 

our group we started to use a formulation according to Table 4. Toluene was used to dilute h-

PMDS because it has very low viscosity (0.590 mPa⋅s) and quite a suitable dipole moment. When 

toluene is mixed with the h-PDMS pre-polymer these properties improve h-PDMS’s ability to fill 

all of the nanocavities of the template (Kang et al. 2006; Koo et al. 2007).  The toluene content in 

the h-PDMS can also be used to tailor the thickness of the spin-coated h-PDMS, as proved in our 

publication (P3). A good thickness control reduces stamp deformation in certain stamp 

geometries, as will be discussed later.   
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Figure 6. Scanning electron micrograph of a pairing effect on a soft stamp. 

 

Table 4. The h-PDMS recipe used by our group. 

Amount Brand name Substance Role of the 

substance 

3.4 g VDT-731,  

ABCR GmbH 

Vinylmethylsiloxane-

Dimethylsiloxane 

Prepolymer 

0.75 g HMS-501,  

ABCR GmbH 

Methylhydrosilane-Dimethylsiloxane Copolymer 

10 mg SIP6831.1,  

Gelest Inc. 

Platinumdivinyltetramethyldisiloxane 

complex in xylene 

Pt-catalyst 

39 mg LA16645 2,4,6,8 – Tetramethyl – 2,4,6, 8 – 

tetravinylcyclotetrasiloxane   

Inhibitor 

For example  

40 m% 

Toluene Methylbenzene Thinner 

 

Ormostamp (Micro Resist Technology GmbH, Germany) is a recently developed UV-curable 

inorganic-organic stamp material. It is significantly harder than h-PDMS. Therefore, it must be 

backed with soft material in order to realize robust full wafer imprinting. Since it can be UV-

cured, thermal expansion problems, observed when replicating thermally curable materials, are 

minimal. Using Ormostamp, change in lateral registration was only 14 ppm’s across the wafer, 

measured from template-to-imprint. It is clear that in applications requiring the highest overlay 

accuracy the best approach is to use UV-curable stamp materials. Unfortunately, not many of 

these materials are commercially available.  
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Wafer #1 Wafer #25 

Figure 8. High resolution scanning electron microscope (SEM) close up from wafers #1 and #25 provides 

evidence that patterns show no reduction in quality after 25 successive imprints with the same stamp.    

 

In many cases softness of the stamp is a trade-off between process robustness against wafer non-

ideality, and vertical deformation due to an uneven load across the imprint field. A soft stamp 

improves the yield, since any possible particles only deform a small area of the imprint (see 

Figure 9, left panel). On the other hand, stamp softness complicates the process because it causes 

harmful bending under a locally varying load. This change in load is caused by the patterns in 

the stamp (see Figure 9, right panel). The deformation can be compensated for by increasing the 

thickness of the resist (P3), as the liquid resist layer effectively distributes the local pressure over 

a large area. We have observed that a low-viscosity NIL resist distributes pressure more 

efficiently than a high-viscosity resist. Although it is possible to imprint very high resolution 

imprints with this stamp (we have demonstrated 24-nm linewidth, P1), the softness of the stamp 

limits the resolution of the transferred patterns in some cases. Dense and small nanopatterns are 

relatively straightforward to imprint with a sub-10 nm residual layer, since the stamp load is 

uniform across the whole imprint field. However, if an imprint contains both wide and narrow 

patterns (as some of our samples do), isolated patterns, or if the density of patterns changes over 

the imprint field, vertical deformation of the pattern layer must be compensated for by a thick 

residual layer. When the thick residual layer is removed with plasma etching, the smallest 

patterns might be washed away, since the linewidth tends to be reduced during removal of the 

residual layer.  

1 µm 
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Figure 9.  This figure illustrates advantages and disadvantages of soft stamps.  Left panel: Softness has saved 
the imprint, since the pattern is only destroyed over a small area. Right panel: The imprint pattern is 
vertically deformed, since the relatively large pattern (~3 µm linewidth) does not have enough mechanical 
support.  

 

The stamp concept in Figure 5d can significantly reduce the unwanted vertical deformation of 

the stamp, compared with other soft stamps, since the thickness of the pattern layer can be tuned 

(P3). The stamp with the thinner layer exhibits smaller vertical deformation on the microscopic 

scale. It is also effectively harder than the stamp with the thick layer, although both stamps are 

made of the same materials. It is worth noting that although hardness of the stamp can be tuned 

on the microscopic scale by tuning the h-PDMS layer thickness, on the wafer level the stamp is 

still fully soft since a thin layer of glass backed by a very thick elastic layer deforms easily across 

a wide (> 100 µm) lateral scale.  

 

In addition to optimisation of the stamp geometry or material properties, vertical deformation 

can also be alleviated by a load sequence and a pattern layout. Obviously, low imprint pressure 

causes minimal deformation, but at the same time some force is required to overcome non-

flatness of the substrate. It was demonstrated (P4) that by applying a dual sequence imprint 

process containing first a high pressure contact step and then a low pressure deformation release 

step, a better overall quality was attained when compared to the traditional single step process.  

 

Many devices allow a reduction in deformation in the design phase. Isolated patterns, wide 

patterns, and patterns having density variations are the most difficult to imprint. Interestingly, 

the situation is similar, for example, in dry etching (Babin et al. 2005), chemical vapour 
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deposition (Cheong 2003), and chemical mechanical planarization (Park et al. 2001), which may 

suffer from similar layout restrictions. However, it is worth noting that many of the physical 

principles for uniformity reduction are somewhat similar across these processes; i.e., limitations 

in mass transfer and pressure non-uniformity. For example in dry etching, etch rate uniformity 

can be reduced by a density variation in patterns because etching gas is consumed at the highest 

rate in the areas where the pattern density is the highest. Because of limited diffusion of the gas 

from a low pattern density area a difference in partial pressure of the etching gas is generated 

between these two areas. This difference causes lower etch depth in the high density area.   

 

 

Figure 10. Unoptimized pattern layout (left) versus more optimal (right). Both layouts can act as identical 
waveguides for distributed feedback laser diodes (DFB-LDs) but the pattern layout on the right is designed 
to cause less vertical deformation. Deformation of the imprint is illustrated on the surface curves below the 
electron microscope images. The dashed line on the electron microscope image represents the place from 
which the surface graph has been obtained. The letters indicate distinguishable pattern shapes, making it 
easier to compare the graph with the image.   

 

It is often possible to design the device layout in a way that circumvents these problems by, for 

example, placing dummy patterns which increase the pattern density without sacrificing the 

device functionality. We present in Figure 10 two different ways to realize a nanopatterned 

waveguide. The panel on the left (Figure 10) shows a straightforward way to realize the 

component. In this case the waveguide is isolated(6) and surrounded by an area having zero 

pattern density. The waveguide layout on the right corrects the problems of the non-uniform 

pattern density. It is surrounded by a grating having a 50% pattern density. Therefore, 

                                                                 
(6) Spacing between parallel waveguides is 300 µm.  
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consumption of the resist and distribution of pressure are more uniform across the imprint field. 

As a result, the layout on the left exhibits as much as 3.4 times more vertical deformation 

compared to the layout on the right under identical imprint conditions. The drawings shown 

below the scanning electron microscope images give surface profiles of the imprint, obtained by 

an atomic force microscope. 

 

3.3 Anti-adhesion treatment  

 

Nearly all of the template materials require coatings which make it easier to separate the two 

surfaces. It is possible to use automated tools to deposit these coatings (i.e. from Applied 

MicroStructures Inc., USA) or to outsource the coating step (i.e. to DTI, Denmark). These 

methods are typically developed for SiO2-covered surfaces. However, since we required coatings 

also on polymers in addition to very rapid turn-around times, we developed our own methods 

for coating the stamps.     

 

There are three factors that need to be evaluated when applying the anti-adhesion layer. 

Obviously, factor one is to study how the anti-adhesion layer improves demoulding properties. 

Often this issue is addressed simply by measuring the contact angle of a wafer. The contact 

angle is proportional to the surface energy. A surface having a high contact angle and, therefore, 

being hydrophobic, is believed to be ideal for NIL. However, a more correct way is to evaluate 

the force needed to separate (fracture) the template from the resist or the stamp material. The 

contact angle and fracture strength do not necessarily correlate with each other because 

hydrophobic surfaces are not necessarily chemically inert (Houle et al. 2007).  Secondly, coatings 

must be evaluated by their wear properties; i.e., how many replicas can be made from the 

template before the anti-adhesion coating must be replaced. Finally, one must evaluate to what 

extent the coating distorts the dimensions of the pattern. 

 

We used different anti-adhesion layers for different purposes. Amorphous fluoropolymer, 

Cytop (Asahi Glass Company, Japan) was one of the candidates. It has excellent transparency in 

the UV-region, a high contact angle (110° for water), high chemical resistivity, and it can be 

patterned with thermal embossing. These properties make it a highly attractive chemical for 

NIL. We applied diluted Cytop (0.18 m% of Cytop in solvent) by spin coating. The template was 
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dried with spining and the remaining solvent was driven off using a hot plate. Baking at 180 °C 

for one hour polymerized Cytop. This simple procedure allowed us to coat the template with 6 

to 7 nm layer of Cytop.  

 

Secondly, we tested a self-assembled monolayer (SAM) of fluorosilane as an anti-adhesion layer. 

One of these molecules was 1H,1H,2H,2H-perfluorodecyltrichlorosilane (CF3–(CF2)7–(CH2)2–

SiCl3), better known as FDTS. This fluorosilane molecule silanizes the surface by forming 

chemical bonds between OH-ends of the surface and the SiCl3-end of the silane molecule. It is 

believed that vapour phase deposition is preferred over liquid phase deposition since the later 

may induce wetting defects (Beck et al. 2002); we did not study this aspect but for this 

experiment we used vapour phase deposition. A detailed description of vapour phase 

deposition in a dry box is given by Zhou et al. (2008). Silanisation by a wet process is studied in 

detail by Hancer (2008).   

 

It has been observed that excess humidity on the surface during deposition causes silane to 

polymerize in clusters (Britt and Hlady 1996). On the other hand, it is suggested that a thin layer 

of water would act as a lubricant layer for silanes (Brozoska et al. 1994). This interfacial H2O 

layer allows migration of molecules on the surface so that the molecules can find positions 

where they best contribute to the formation of a complete, void free, monolayer.  Some H2O 

molecules are also needed to allow hydrolysis of Si-Cl bonds to Si-OH bonds (Brozoska et al. 

1994). This water can be either on the surface of the substrate or be added to the silane. These 

OH-bonds of the molecule covalently bond with OH-ends of the surface or with OH-ends of 

silane. Gradually, condensation of a monolayer occurs.  Illustration of the formation of SAM is 

shown in Figure 11.  

 

When these two coatings are compared with each other, the advantage of FDTS coating is in its 

ability to maintain dimensions. Although the Cytop coating is very thin, it increases the 

linewidth somewhat and distorts the pattern‘s cross-sections by rounding them from the top and 

the bottom. However, it maintains the pattern‘s linewidth uniformity very well, as shown in 

Figure 12.  
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Figure 11. Formation of fluorosilanated SAM in four steps. 

 

Actual release properties are illustrated in Figure 13. These properties describe the fracture 

strength needed to separate an anti-adhesion coated template from a small stamp (150 mm2). In 

this experiment we used a 380-µm thick silicon wafer as a template and a 1-mm thick glass 

substrate as stamp backing glass. Ormostamp was used as the pattern layer. Both the template 

and the stamp are rigid. Therefore only one fracture occurs per separation, and the release can 

be quantified with a single number. Tests are made using a Dage 4000 (Dage Holdings Limited, 

UK) multi-purpose bond tester. The Dage tool is usually used to study the strength of wire 

bonds or solder joints, but we modified the geometry of the instrument in order to use it to test  

the adhesion properties of the stamp/substrate or the template/stamp interface. We prepared a 

vacuum chuck which made it possible to mount the template and used the shear test tool to 

push the stamp at a constant velocity until the software recognized that the stamp and the 

substrate were separated. The bond tester software plotted the applied force as a function of 

time and reported the force needed to fracture the stamp from the template.  
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Figure 12. Cytop coated 5 x 5 cm2 template imaged from each corner, from the centre of each edge and from 
the centre of the template. The pattern is a grating having a 180-nm period, 45-nm height and 66-nm 
linewidth. After the Cytop coating the linewidth of the template is 78 nm. The insert in the lower right corner 
shows a part of the template before coating. The order of the images corresponds to the positions from which 
the image of the substrate is taken The centremost image is taken from the centre of the substrate, the image 
in the upper left corner is taken from the upper left corner of the substrate, etc.. 

 

Fracture strength was measured for both the patterned and unpatterned templates. It seems that 

for an unpatterned template FDTS produces release properties nearly as good as Cytop but for 

the patterned template the Cytop coating has a much lower adhesion to the stamp material. 

Wear properties of the coatings were not studied since each template was used to make only a 

small quantity of stamps. Our coatings seemed to be good enough to replicate 10 to 20 stamps 

from a single template. It was observed that the anti-adhesion coating could be easily removed 

from the template, and the template could be re-coated in a new anti-adhesion treatment.  
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Figure 13. Fracture strength for different experiments. The patterned template had 2-µm lines in 4-µm pitch. 
The pattern depth was 200 nm (7) (Unpublished). 

 

This test series clearly show that the anti-adhesion treatments cannot be evaluated simply by 

evaluating their contact angles. Both the coatings studied have almost the same contact angle for 

water (FDTS 107°, Cytop 110°) but the release properties for the patterned surfaces differ 

significantly. This is because the contact angle test does not treat the friction or the influence of 

the pattern’s sidewall. During the curing, Ormostamp shrinks significantly(8) and this causes 

strong pressure on the sidewall facing the edge of the template. Apparently, for any dense 

pattern, the sidewalls play an important role. The sidewalls are often rougher than the top 

surface or the bottom surface. This fact increases the friction caused by the sidewall. We believe 

that the fluoropolymer coating offers better release properties than the FDTS coating mainly 

because fluoropolymer smoothens the sidewalls.       

 

  

                                                                 
(7) Vertical line represents the median of the data, the square dot the mean value and the box shows 25th and 
75th percentiles (50% of the measurements points fall within the box), while the whiskers show 5th and 95th 
percentiles. The furthest markings refer to maximum and minimum values.      
(8) Ormostamps volumetrick shrinkage is from 5 to 7 %.  
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4 Pattern transfer using NIL 
 

 
We proved in the earlier Sections that NIL is a powerful tool for replicating nanopatterned 

templates to polymer layers placed on a substrate. In many applications, a pattern from an 

imprinted polymer layer must be further transferred to underlaying layers or to the substrate. 

Plasma etching and layer deposition play important roles in the pattern transfer. We may say 

that most of the time spent on NIL processing is accounted for by plasma processes. This is 

particularly true when high-aspect-ratio patterns are fabricated. For example, the fabrication of 

high-aspect-ratio gratings for a DFB-laser diode(9) requires up to five sequential plasma etch 

steps.  

 

In this Section we discuss pattern transfer by layer etching. We include etching of a silicon 

nitride (SiN) mask layer and a finding a way to make a polymer layer for a lift-off mask. High-

aspect-ratio etching of various III-V semiconductors will also be discussed in great depth, and 

several illustrative examples are given.  

4.1 Residual layer etching 

 

Residual layer etching is an unavoidable step in NIL. Usually, short blanket etching with a 

reactive ion etcher (RIE) is enough. The blanket etching causes no problems if the imprint has 

left a thin (5 nm to 20 nm) highly uniform residual layer. However, if the residual layer is as 

thick as the linewidth, or is non-uniform, the patterns may shrink or vanish.  

 

Non-uniform residual layer reduces process latitude since the target etch depth changes over the 

imprint field. In the areas where the residual layer is thinnest one needs to over etch. However it 

is not possible to over etch deeper than the height of the patterns.  

 
                                                                 
(9) presented later in Chapter 5.1 



40                                                          Pattern transfer using NIL  

Additionally, if the residual layer is non-uniform, the blanket etching penetrates into the 

residual layer first in those areas where the residual layer is the thinnest. In these areas the 

load(10) on the plasma changes, causing a local increase in quantity of etchant. This undesired 

effect increases the etch rate locally. Since etching cannot occur vertically it may well start to 

occur laterally. A similar phenomenon is observed if the residual layer is over-etched. As soon as 

the residual layer is penetrated, the density of reactants increases, since the area consuming the 

reactants is decreased.   

 

If the residual layer is thick, compared to the linewidth, it is possible that the amount of lateral 

etching becomes significant. The proportion between vertical etching and lateral etching can be 

tuned by the process conditions. Our best results with the NIL resist AMONIL (AMO GmbH, 

Germany) indicated that the vertical etch rate was 5 – 10 times the lateral etch rate. These results 

were achieved with SiCl4 plasma at a low plasma pressure (3 - 8 mTorr). Our process conditions 

enabled strong silicon-based sidewall passivation which improved the ratio of the two etch 

rates.  

 

4.2 SiN mask layer 

 

Patterned SiN layers deposited using PECVD were extensively used in this Thesis as mask 

layers for subsequent etch steps or as functional layers. We used several ways to pattern these 

layers. For thin SiN layers, direct etching was possible using a NIL resist as a mask. For high-

aspect-ratio patterns, chrome or aluminium was used as an intermediate layer. The advantage of 

aluminium is that it can be easily stripped off the compound semiconductor wafer after use. For 

Cr, this is not always possible without damaging the underlying layers; therefore, the thickness 

of the Cr layer must be carefully calculated in order to allow it to wear off during subsequent 

etch steps. On the other hand, as shown in Table 5, Cr can be etched with very high selectivity 

using organic-inorganic AMONIL. Table 5 also shows that although mr-UVCur06 has 

favourable viscosity for NIL, often the best choice may be AMONIL because of its superior etch 

resistance to chlorine and oxygen containing plasma. The durable Cr-mask, patterned with 

AMONIL, allowed the best SiN etch results shown in Figure 14. 

                                                                 
(10) load refers to the consumption of etching gas 
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Table 5. Etch rate matrix (nm / min) for SiN and its mask materials. Cr and Al are etched in ICP system and 

SiN is etched in RIE system.  

Material CHF3/Ar 

(SiN-etch) 

Cl2/O2 

(Cr-etch) 

 BCl3/Ar 

(Al-etch) 

Cr 1 25 Not relevant 

Al 3.2 Not relevant 107 (11) 

SiN 72 0.5 42 

mr-UVCur06 29 80 204 

AMONIL 34 7.4 88 

    

 

 

Figure 14. SiN patterns etched with a Cr/AMONIL etch mask. Left panel: 90-nm wide lines in a 180-nm 
pitch, etched down to 235 nm. These were used as an etch mask in AlGaAs/GaAs etching. Right panel: 1.1 
µm deep circular holes, in a square lattice, with a period of 700 nm. Damage in the cross-section image was 
caused by improper cleaving of a thick silicon wafer.    

4.3 Pattern transfer with lift-off 

 

Lift-off is an additive process in which a patterned mask layer is used to define the areas where 

materials are to be added. For lift-off, it is favourable to use a mask that consists of a T -shaped 

or V -shaped cross sectional profile. This pattern profile prevents the deposited metal from 

covering the sidewalls of the mask. In fact, there are several options to modify the chemical 

composition of a photoresist in order to prepare a desired pattern profile. None of these options, 

                                                                 
(11) Native Al2O3 on Al delays etching during the first seconds. During the first 10 seconds only a 9-nm layer 
is etched but then etching occurs at the etch rate of 107 nm/min. 

180 nm 2 µm 
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unfortunately, are available for NIL to date; therefore, one must rely on a properly tuned etching 

of multi-layer stacks. We have utilized a multi-layer stack consisting of an NIL resist on top, a 

metal intermediate layer immediately below the resist, and an organic polymer layer as the 

bottommost layer. 

 

 

 

Figure 15. Pattern transfer results from a template (left) to an aluminium layer (right), patterned by means of 
lift-off. The period of the grating is 450 nm. 

 

Table 6. Etch rate matrix (nm / min) for lift-off process and its mask materials. 

Material CHF3/Ar CHF3/Ar/O2 O2 

AMONIL 29 74 8 

mr-UVCur06 34 200 240 

Germanium 3 55 3 

PMMA 45 165 320 

    

 
Table 6 summarizes typical materials used in P3. I employed germanium as an intermediate 

layer and PMMA as a sacrificial organic layer. This layer stack was chosen because Ge 

withstands O2 plasma etching of PMMA. This is important since O2 plasma etching of PMMA 

always causes lateral etching which, in turn, induces T-shaped patterns. A thin Ge layer can be 

easily etched, for example, with CHF3 /Ar / O2 or SiCl4 plasma.  The pattern transfer process is 

very effective, and is illustrated in Figure 15 for the case of preparing a periodic Bragg grating, a 

“nano-comb“. We note in passing that our research group has presented high-aspect-ratio lift-off 

 500 nm 
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processes resulting in three-dimensional pattern shapes, using the same masking process 

(Kontio et al. 2009). 

 

4.4 Pattern transfer to compound semiconductor 

 

In this Section we introduce the developed dry etching for various semiconductor 

heterostructures. The demand for high-aspect-ratio etching mainly comes from geometrical 

requirements when fabricating laterally coupled distributed feedback laser diodes. Edge 

emitting laser diodes (like DFB-LDs) have a similar p-i-n-diode-like layer structure as illustrated 

in Figure 16. Light is propagating in the waveguide layer which contains a single or multiple 

quantum wells for light amplification. The waveguide layer is clad with thick cladding layers to 

prevent light penetrating into the heavily doped contact layer.  In order to make a grating which 

interacts with light one must etch deep, near the waveguide layer, because light is concentrated 

mostly in the waveguide.  

  

 

Figure 16. Typical layer structure for edge-emitting laser diode.  

 

This Section shows the results that we obtained with different material systems and compares 

the results obtained with the state-of-the-art and application requirements. All semiconductor 

etch steps were carried out in an inductively coupled plasma etch system (ICP) which enables 

accurate control of the substrate temperature from -150 °C to +400 °C (Oxford plasmalab 100+ 

having a 4” ICP source). 
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In addition to these material systems we shall discuss an etch process combining a NIL 

patterned Al mask and cryogenic silicon etching later in Section 5.3.1.   

 

4.4.1 GaAs/AlGaAs  
 

AlGaAs may be used as a cladding layer in a diode laser, in the spectral range from 650 nm 

(Sumpf et al. 2006) to 1310 nm or beyond (Pessa et al. 2003).  The AlGaAs layer is capped with a 

highly doped GaAs layer for low-resistance ohmic contacts to the laser chip. Typical thicknesses 

of the cladding and contact layers are around 1 µm - 2 µm and 50 nm - 200 nm, respectively. The 

grating period Λ defined by the effective refraction index neff of the waveguide, the emission 

wavelength λ, and the grating order m can be given by 

 

                                                                  (2) 

 

The period Λ for 650 ≤ λ ≤ 1300 nm is within the range from 100 to 200 nm if m = 1, and longer if 

m > 1. We studied gratings for 180 nm < Λ < 450 nm. Our calculations [2, 3] and experiments 

indicated that the etch depth should be around 1.2 µm for Λ ≈ 180 nm and 1.7 µm for Λ ≈ 450 nm. 

 

We studied several etch chemistries. It turned out that “the best working chemistry” for high-

aspect-ratio grating etching was Cl2 / N2.  SiCl4-based etching was also extensively tested but it 

was never able to reach the desired etch depth of 1.2 µm for Λ ≈ 180 nm; for the m = 3 gratings (Λ 

= 450 nm) SiCl4 gave satisfactory results. 

 

Figure 17 reveals a correlation between the substrate temperature and the linewidth of the 

etched structure. It demonstrates that the linewidth is tunable by the substrate temperature 

during etching. In fact, the temperature plays a key role in sidewall chemistry. Namely, the 

passivation of the sidewall at room temperature appears to be insufficient to maintain a desired 

linewidth. The sidewalls eroded during etching; reducing the linewidth (Figure 17). However, at 

lower temperatures sidewall passivation became strong enough to withstand attacks of chlorine. 

This observation was due to the fact that chlorine ions were less reactive when the substrate 
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temperature was low. Remarkably, the linewidth reduction was reproducible, therefore this 

effect can be used to tune the linewidth.   

 

 

  

  

Figure 17. The effect of the substrate temperature on the linewidth of the patterns. Figures  a, b and c show 
the cross section of the grating when etched at different temperatures. Figure d shows the influence of 
temperature on the linewidth. In all figures the period of the grating is 180 nm, and the etch depth is roughly 
1.2 µm (publication under preparation).      

 

Our results demonstrated state-of-the-art results when dense-pitch high-aspect-ratio structures 

were to be etched in GaAs / AlGaAs. The results reveal a novel etch chemistry, not much 

studied in the literature. We believe that the Cl2 / N2 plasma has other advantages, too, when 

compared to processes which utilize SiCl4 or BCl4. Our chemistry is “clean“. It does not contain 

atomic or molecular species that would contaminate the walls of the process chamber. Therefore, 

it reduces the need to clean the chamber, improving the uptime of the etch tool. Earlier studies, 

supported by our experiments, on low-temperature etching of GaAs / AlGaAs suggested that 

low substrate temperatures decreased the etch rate, but improved the etch uniformity and 

simultaneously reduced the RIE-load effect. The RIE-load effect is harmful because it changes 

the etch rate when the total area or the density of patterns are changed (Gregus et al. 1993).     

a) +0 °C 

c) -45 °C

1,13 µm

b) -20 °C 1,21 µm

1,21 µm 
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4.4.2 InGaAs/InP material system 
 

An InGaAs contact layer and an InP cladding layer are used for preparing data transfer lasers at 

λ = 1310 nm and λ = 1550 nm (Tandon et al. 2004, McKee et al. 1997); of course, InGaAs / InP can 

also be used for longer wavelengths (Lyutetskiï et al. 2003). To prepare the first order grating (m 

= 1) at λ = 1310 nm, an etch depth of 1.5 µm is required for a Λ = 200 nm period.  

 

In this application we also used Ar-diluted Cl2 / N2 plasma, but instead of a low substrate 

temperature we applied high temperature (200 °C) to increase the etch rate and volatility of the 

etch products. We were able to demonstrate precisely made m = 2 gratings (right panel, Figure 

18) but when m = 1 gratings were fabricated the direction of etching at the bottom of the grating 

was somewhat random (left panel, Figure 18). In this case etching took place in new directions, 

slightly to the left or right of the intended vertical direction. At the same time m = 2 gratings had 

very regular dimensions but the bottom of the groove had an unusual V-shape. 

 

I expect these effects are caused by the increase of crystallographically oriented chemical etching 

when the aspect-ratio of the grating is high enough. These experiments are made with wafers cut 

in the (100) direction, while the cross section was cleaved along the (110) plane. In other words, 

the densely packed and potentially slowly etching (Fiedler et al. 1982) (111)-plane is oriented to 

54.7° with respect to the surface of the wafer. I believe etching results could be further improved 

if another wafer orientation and grating direction were used, which would allow us to apply the 

(111) plane as a sidewall of the grating lines. For this purpose it would be of interest to study InP 

wafers oriented in the (110) directions.  

 

Recent results by Dylewicz et al. (2009), however, give hope that fabrication of m = 1 gratings is 

conceivable, although more work is needed to find a correct parameter window for the etching. 

Dylewicz etched a Λ = 236 nm grating down to a depth of 3 µm. This state-of-the-art result was 

achieved with Cl2 / N2 / Ar chemistry, practically the same gas combination as we employed. 

They also used elevated substrate temperatures. Dylewicz‘s pattern layout bore a close 

resemblance to our structure (Figure 15, a “nano-comb“). This kind of pattern layout allowed a 
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lateral flow of gas away and into the grating; free gas flow might be a significant advantage in 

high-aspect-ratio etching.     
 

 

 
 

Figure 18. Left Panel: 1.2 µm deep m = 1 gratings etched in InGaAs/InP. Right Panel: 1.7 µm deep m = 2 
gratings etched in InGaAs/InP using a SiN mask fabricated with UV-NIL (right image courtesy of Ligang 
Deng, Oxford Instruments).   

 

4.4.3 GaSb/AlGaSbAs material system 
 

A GaSb contact layer on an AlGasbAs cladding layer has been exploited in the fabrication of an 

infrared diode laser which emits at 1.9 µm ≤ λ ≤ 3.0 µm at room temperature (Newell et al. 1999; 

Lin et al. 2004). The grating pitch for m = 1 would start from 270 nm; the required etch depth is 

roughly 2 µm. This target was considered too challenging for the time being because, to the best 

of our knowledge, there are hardly any publications available for high-aspect-ratio etching of 

GaSb/AlGaSbAs which would come close to these dimensions. Therefore, this thesis focuses on 

m = 2 and m = 3 gratings.   

 

In our process, mixtures of Cl2, N2 and Ar gases were tested at different process parameters. 

Etching was performed at room temperature. Our results were encouraging (Figure 19); we 

obtained an etch depth of 1.2 µm for a Λ = 400 nm grating and a depth of 2 µm for Λ = 800 nm. 

These results can be deemed state-of-the-art. They were achieved with a relatively small effort 

compared to our long work on the GaAs and InP based materials. This strongly suggests that by 

putting more effort into GaSb / AlGaSbAs, selected etch chemistry could be pushed to more 

challenging aspect-ratios and linewidths than what are possible today. This would yield better 

performance features for GaSb-based devices which are becoming key materials in the mid-IR 

1200 nm

Λ=180 nm
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range for many applications, for example, for remote sensing of environmentally hazardous 

gasses. 

 

 
 

Figure 19. Etched grating into GaSb/AlGaSbAs. Etch depth of the grating line is 1.2 µm and Λ = 400 nm 
(unpublished).   

  

 

 

1.2 µm Λ = 400 nm
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5 NIL in nanophotonics 
 

 
In this Section we concentrate on devices which have been fabricated with UV-NIL.  

 

A distributed feedback laser diode (DFB-LD) is one of the devices we have made. DFB-LDs emit 

a single longitudinal mode with a narrow spectral linewidth and a low frequency chirp. We 

believe that our work demonstrates the first attempts to make DFB-LDs by soft UV-NIL. In 

particular, we prepared laterally coupled DFB-LDs. We also show, for the first time, how to 

realize laterally coupled DFB-LDs together with efficient current injection and high grating 

coupling.  

 

The second group of devices we shall discuss here are nanopatterned silicon and silicon nitride 

membranes. The membrane can be used as a sieve or, for example, as an optical filter or a sensor. 

We have studied how to make large-area membranes quite extensively, and exploited different 

material combinations. Needless to say this work has required a large amount of nanopatterned 

wafers but, again, soft UV-NIL has excelled in providing them. We also show a novel way to use 

these membranes as optical components.  

 

Thirdly, we have worked on epitaxial growth by molecular beam epitaxy on nanopatterned 

surfaces; a difficult process to master appropriately. One faces a number of problems: how to 

make extremely small nanopatterns (on a sub-100 nm scale), how to clean the wafer prior to 

loading it into the epitaxy system, how to clean the substrate surface in the epitaxy system and, 

finally, how to grow nanopatterns with desired shapes and cover them with high quality layer 

structures. Clearly, one must make several iterations with various nanopatterns to learn the 

fabrication process. Once again, we note that NIL has turned out to be a useful method to 

pattern the wafers since large quantities of identical samples with high resolution patterns must 

be grown. Understandably, to cover the whole topic falls beyond the scope of this Thesis but I 

shall briefly review a NIL process to show some of the important results obtained.  



50                                                         NIL in nanophotonics   

 

Finally, we show that no surface is “safe” from NIL. Section 5.4 illustrates the potential of NIL 

for the fabrication of a totally new class of functional optical fibres. We show that NIL can be 

used to pattern a functional element onto the facet of a fibre which alters the properties of light 

entering or exiting the fibre. We expect that this kind of technology will open possibilities to 

provide optical fibers with ever more functionality.  

 

5.1 Distributed feedback laser diodes 
 

Distributed feedback laser diodes have cavities with periodic structures, which form a 

wavelength selective feedback mechanism. The periodic structure in a DFB-LD is a grating 

embedded within, or at the side, of the waveguide. As discussed in Section 2.5, the linewidths of 

these gratings are well within the reach of NIL.  

 

The substrates used in the production of DFB-LDs are 2” or 3” in diameter. Therefore, patterning 

of the full wafer is possible with a single imprint; a large-are imprint, however, prefers a flexible 

stamp. Wafers of 2” or 3” in diameter are seldom completely flat. Laser diodes, and other 

optoelectronic components, are grown on substrates which are not as uniform as their large-area 

prime-grade silicon or glass counterparts. Because total thickness variation (TTV) is between 5 

µm and 15 µm for GaAs and InP wafers (Sumitomo 2009), a flexible stamp is desired. Such a 

stamp can also be easily separated from the substrate because it bends under minimal force, so 

that a fragile substrate like GaAs, InP or GaSb is not damaged. It is worth noting that the yield of 

lithographic processes is sensitive to particles present on the surface. Fortunately, the laser chips 

are small in size, usually (250 – 500) x (250 – 3000) µm2 in area, and the particle-sensitive 

waveguide on the laser only covers a fraction of the chip. Therefore, a small number of particles 

is not a big problem for NIL processes which use a soft stamp. With a hard or non-flexible stamp 

a single particle could destroy a large number of devices.   

 

We now proceed to investigate laterally coupled gratings and their functionalities. Our 

components rely on ridge-waveguide type lasers and corrugated ridge sidewalls (Figure 20). The 

corrugation, if properly made, acts as a good grating. Light propagating in such a waveguide 
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experiences periodic reflections caused by the periodically changing effective refractive (neff) 

index of the waveguide. These reflections generate the distributed feedback. 

 

 

 
 

Figure 20. Schematic operation principle of a laterally coupled distributed feedback laser diode. 

Laterally coupled laser diodes (Miller et al. 1991) are desired for many applications, including 

quantum cascade lasers (Williams et al. 2005; Golga et al. 2005), terahertz generation (Pozzi et al. 

2006), and photonic integrated circuits (Tolstikhin et al. 2009). The interest in lateral coupling 

origins from the fact that DFB lasers with laterally coupled gratings can be made without any 

layer re-growth. The grating can be applied to any compound semiconductor heterostructure. 

As a matter of fact, the fabrication of lateral gratings is a slightly modified waveguide fabrication 

process and easily implemented in photonic integrated circuits. The lateral grating also affords 

opportunities to vary waveguide dimensions to a large extent, while achieving close control over 

the lasing mode.  We display in Figure 21a a fully fabricated waveguide with a lateral grating 

placed on both its sides. Figure 21b also illustrates good pattern fidelity over a large wafer area. 

 

A second way to implement laterally coupled gratings is to use metal gratings on both sides of 

the ridge. The gratings introduce periodic complex-coupling as a feedback mechanism (Kamp et 

al. 2001). Both techniques are rather similar since they allow a re-growth free way to realize DFB-
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LD. From the fabrication point of view the metal gratings are rather difficult to fabricate by 

means other than high acceleration voltage electron beam lithography, since the grating has to 

reach the edge of the ridge to maximize the coupling. On the other hand, metal grating does not 

require high-aspect-ratio etching which is somewhat challenging, but possible, as demonstrated 

in Section 3.   

    

 

Figure 21. Left panel: Imprinted and etched waveguide for DFB lasers, period of the pattern is 450 nm and 
etch depth 1.7 µm. Right panel: Microscope image from DFB-laser diode wafer after the imprint.   

 

There are significant challenges for the fabrication of devices by NIL. Among them are the ways 

to imprint the waveguides, which have wide and isolated patterns. Another challenge is to etch 

high-aspect-ratio patterns. Our reference (P3) discussed imprinting wide waveguides in such a 

manner that no pattern corrections were needed; this too is an important issue in NIL.  

 

Deformation of the stamp, resist viscosity and stamp geometry all play a role when making 

attempts to minimize the residual layer thickness. However, as discussed earlier, the waveguide 

layout (Section 3.2) and polarity(12) (P4) are also important. The first devices were made by lift-

off, as described by (P3). Later on we changed the processes to direct etching of a Cr/SiN-mask. 

We found out that direct etching offers better polarity for low residual layer imprints and 

required less process steps.  

 

                                                                 
(12) Polarity: Any patterns on the template can be defined either by etching the pattern itself or alternatively 
its surrounding  
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Figure 22. Three different layouts for laterally corrugated DFB-LDs. Left panel: “nano-comb”, centre panel 
“corrected nano-comb” and right panel “long nano-comb”.    

 

We tested three corrugated waveguide layouts (Figure 22), which we call a “nano-comb”, a 

“corrected nano-comb” and a “long nano-comb”. When we used the “nano-comb” layout and 

direct etching of the etch mask, we achieved a residual layer thickness of AMONIL of 120 nm, 

while a thickness of 175 nm was obtained by lift-off. The “corrected nano-comb” reduced the 

residual layer significantly, as shown in Figure 10, but the smallest achievable value was not 

tested since the “long nano-comb“ was more promising, exhibiting good compatibility with NIL 

and improving etching results, as explained later.  

 

 

Figure 23. Left panel: Finalized layout for a laterally coupled DFB ridge with long nano-comb. Line indicates 
the position of AFM scan. Right panel: Atomic force microscope micrograph showing close up of the ridge 
section in the imprinted resist. Deformation is only 30 nm at the centre of the ridge, and the grating looks 
perfectly filled with resist. Dashed vertical lines indicate points where measurements are taken. 

 

With the “long nano-comb”, a thin residual layer was obtained when the spin-coated layer was 

little (~10 nm) thicker than one half of the depth of the pattern on the template. Since the fill 

factor of the grating, defined by the ratio of the etched area to the non-etched area, was 0.5, this 

thin resist was just about enough to fill up the patterns in the stamp, leaving behind only a sub-

10-nm residual layer. In other words, we could accurately transfer the patterns from the 

10 µm 

Height  
difference  
30nm 
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template to the substrate and maintained a very uniform and thin residual layer. It should be 

noted that little deformation took place in the centre of the waveguide (see the right panel of 

Figure 23). There was a slightly insufficient amount of resist to completely fill the area, yet such 

a pattern deformation had no influence on the etching steps. In the areas having no patterns at 

all, the thickness of the resist remained unchanged during imprinting.  

 

 

Figure 24. Left panel: Scanning electron microscope images showing the effect of aspect-ratio-dependant 
etching for a “nano-comb” layout. Right panel: SEM image showing nearly perfect etch profiles for the “long 
nano-comb”.   

 
The difference between the “nano-comb“ and the “long nano-comb“ layouts have a remarkable 

impact on etching. The problem in the “corrected“ and “uncorrected nano-comb“ designs is that 

the waveguide is isolated by a several micrometers wide groove, which should be etched at the 

same time as the nanoscopic structures. As the aspect ratio of the nanoscopic structures increases 

rapidly during etching, the etch rate decreases. Aspect-ratio-dependant etching occurs because 

flow resistance (of etchant and etch product) to the bottom of the pattern increases when the 

aspect-ratio increases, which reduces the reaction rate. At the same time, the microscopic 

structures are being etched at a constant rate since their aspect-ratio is small. As a result, the 

microscopic structures are etched deeper than the nanoscopic structures. Gas may also flow 

laterally. This is the main reason why in Figure 24a the etch depth gradually changes from 640 

nm to 1200 nm. This non-ideal etch profile (in Figure 24a)reduces the coupling coefficient (κ) (13) 

of the grating and makes it difficult to predict accurately the numerical value of coupling. The 

waveguide with the long grating lines (Figure 24b) does not have such a problem since the 

layout contains only patterns with equal linewidths. As a consequence, the κ of the grating can 

                                                                 
(13) The amount of coupling per unit length between two counter propagating waves in a cavity 

640nm

1200nm

1200nm 
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be increased, and it is easier to model coupling between the fundamental transverse mode and 

the grating.  

 

Unfortunately, extending the gratings generates a current spreading problem. This is because 

the portion of the current spreading outside the area of the fundamental transverse mode does 

not contribute to the modal gain of the fundamental mode, decreasing the lasing efficiency.  

 

 
 

Figure 25. Cross section of the DFB waveguide, defined by a two-step lithographic process including 
passivation and metallization.  

 

We implemented a current confining structure by etching a second ridge on both sides of the 

waveguide. The etching of this ridge was rather difficult since the process had to be executed in 

two steps. In the first step, we defined a transverse waveguide and long grating lines by NIL, as 

illustrated in Figure 24b. Subsequently, the UV-photolithography step was implemented to 

define the ridge for current confinement. This approach required precise alignment of the 

current confining ridge. Due to limited alignment accuracy, the current injection into the 

fundamental transverse mode may be non-uniform if the current confining ridge is misaligned. 

The resulting waveguide structure is shown in Figure 25. 

 
 
 
 
 

Waveguide for optical 
confinement, defined by NIL  

Ridge for electrical confinement, 
defined by UV-lithography 



56

5.
 

W

w

de

 

Th

w

co

as

su

nm

de

sp

 

Fi
las
th

D

ac

w

 

 

6                            

.1.1 DFB las

We started the w

waveguides had a

emonstrate the w

he 975-nm lase

waveguide. The 

ontact grown on

spect-ratio of etch

uppression-ratio 

m. The devices 

ependence of th

pectrum of such a

gure 26. Left pane
ser exhibiting a th

he device measured

ue to the non-id

cross a wide tem

were in very close

                            

sers at 975 nm

work on DFB-LD

an uncorrected n

world’s first DFB

er diode contai

waveguide had

n top of the clad

hing at a reasona

of 50 dB near th

exhibited a w

he neff. The con

a device are show

el: CW light-curren
hreshold current of
d at 5 mW, 10 mW 

deal etch profile 

mperature range, 

e resonance.  

 NIL in nanopho

m 

Ds by studying 

nano-comb. This 

B-laser, fabricated

ined three InG

 an Al0.6Ga0.4As

dding. We used 

able level (aroun

he gain-grating re

wavelength tunab

ntinuous wave 

wn in Figure 26. 

 

nt-voltage behavio
f 30 mA and a slop
and 15 mW outpu

the 975-nm lase

nor did it lock w

otonics 

λ = 975 nm la

approach, altho

d by UV-NIL.  

aAs quantum 

s cladding layer

an m = 3 gratin

nd 7.5). These las

esonance, and 40

bility of 77 pm

(CW) light-curr

 

our of the anti-refle
pe efficiency of 0.3

ut power (Viheriälä

er had low κ and

with the grating u

asers. The layou

ough incomplete

wells embedde

r and a heavily

ng (Λ ＝ 450 nm

sers exhibited a h

0 dB across the tu

m/°C due to th

rent-voltage rel

ection/high-reflect
35 W/A. Right pa
ä et al. 2009). 

d did not operat

unless the gain a

 

ut of our early 

, allowed us to 

ed in a GaAs 

y doped GaAs 

m) to keep the 

high side-mode 

uning area of 3 

he temperature 

lation and the 

 

tion -coated DFB 
nel: Spectrum of 

te as a DFB-LD 

and the grating 



  NIL in nanophotonics                                                                      57 

5.1.2 DFB lasers at 894 nm 
 

The λ = 894 nm DFB lasers were designed for exciting the D1 line of a caesium atoms. These 

lasers are intended for atomic clocks of satellite positioning systems, where side-mode 

suppression-ratio (SMSRs) over 25 dB, moderate light output power of about 15 mW, and 

narrow emission linewidths of 1 MHz or smaller are required.  Our devices had a single GaInAs 

quantum well embedded in a GaInP waveguide. The waveguide also had an Al0.7Ga0.3As 

cladding layer and a heavily doped GaAs contact layer grown on top of the cladding. In the first 

approach we prepared the lasers using the same layout as that of the 975 nm DFB-LD. Grating 

periods were Λ = 418.6 nm and Λ = 421.4 nm (m = 3), which produced resonances with the cavity 

field at λ = 888 nm and 894 nm, respectively.  The wavelength could be tuned by 89 pm/°C by 

varying the chip temperature. Figure 27 displays CW light-current-voltage curves and emission 

spectra for one such laser.  

 

Our 894-nm DFB-LDs exhibited higher efficiencies than the 975-nm lasers, due to a closer 

optimization of the heterostructure. DFB operation was maintained across a wider temperature 

interval since emission from the 894 nm quantum wells red-shifted much less than did the 975-

nm quantum wells. As temperature was varied the shift was 0.222 nm / °C for the 894-nm 

device versus 0.331 nm/°C for the 975-nm device. The tuning range was, however, just about 2 

nm for the 894.6-nm laser. The cavity of this laser was made relatively long, 1.8 mm, to provide 

satisfactory coupling between the weak grating and the fundamental mode.  To achieve 

satisfactory coupling we etched all the way down to the interface between the waveguide and 

the p-cladding layer, measured from the area around the gratings. The deeper etch could 

improve the coupling but it dramatically decreased the efficiency of the laser because of the 

damage etching caused to the waveguide.   

 

Lasers with the “long nano-comb” layout and the current confining ridge demonstrated 

significant coupling (κ = 22 cm-1), as illustrated in Figure 28. For a relatively short cavity of 0.55 

mm we demonstrated broad wavelength tuning of 5.5 nm by varying the chip temperature 

between 10 °C and 100 °C. Higher temperatures than 100 °C were not tested although they could 

have further improved these excellent results. The slope efficiency was low. This indicated that 

the field was strongly confined inside the cavity. To the best of our knowledge strong locking 
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has never before been demonstrated using laterally index coupled DFB-LDs. Actually, the κ with 

other layouts of ours was always so small that we could not measure its value.  

 

 

Figure 27. On the left: light-current-voltage behaviour of the anti-reflection/high-reflection -coated DFB-
laser diode showing threshold current of 15 mA and slope efficiency of 0.7 W/A. On the right: Spectrum of 
the device showing the tunability around the D1 transition of Cs-atoms (Telkkälä et al. 2009). 

 

 

Figure 28. Performance of an 894.6 nm DFB-laser diode with a long nano-comb and a current confining ridge 
(CW, uncoated facets). Right panel: Spectra in the right panel are measured at temperatures from 10 °C to 
100 °C with 10 °C increments. This device shows 40 dB SMSR (publication under preparation).  

 
We chose the cavity length of 0.55 mm to keep the coupling coefficient multiplied by the device 

length, within the “recommended“ limits between 1 and 2 (Henry 1985). For a shorter cavity κ 

could be improved further because there is room to etch 150 nm deeper before etching reaches 

the waveguide layer. We should also note that a smaller grating order m would improve 

coupling.   

 
 

+10 ℃
+100 ℃ 
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5.2 Nanopatterned templates for epitaxy 

 

In this work, our motivation to pattern the templates before III-V epitaxy was to enable precise 

positioning of individual quantum dots (QDs). The “standard” method to grow quantum dots is 

to use the layer-then-island (Stranski–Krastanow) growth mode where growth of a strained 

layer is followed by growth of a layer that self-assembles into small islands. These islands (or 

quantum dots) have a smaller band gap than the surrounding material: they can confine 

electrons in three dimensions. This three-dimensional confinement in a small lateral dimension 

leads to atom-like discrete energy levels. The disadvantage of self-assembled growth, for many 

applications, is the random positioning of the dots and their inhomogeneous size distribution.  

 

If one could precisely control the size and the position of the dots, for example, by means of 

lithography, it would allow the fabrication of many new interesting devices. For example, one 

could realize quantum dots in a well-defined lattice; this would allow periodic gain media for 

frequency stabilized lasers. A uniform quantum dot size would lead to a lower threshold current 

of the laser. The ability to control the size distribution of the dots would lead to control of the 

gain spectrum of amplifying or absorbing media. In particular, a precise positioning of one or 

several quantum dots in a cavity could be the foundation of a light source that would emit a 

single photon or an entangled pair of photons.  

 

Selective epitaxy is one way to allow position selective growth. The idea behind this process is to 

deposit and pattern a layer of cover material onto a semiconductor substrate. Semiconductor 

does not stick to this layer during epitaxial growth. The sample, before and after growth, is 

illustrated in Figure 29. Ideally, this cover material has a low sticking coefficient. Atoms migrate 

long distances on the surface until they stick to the semiconductor. The material is chemically 

inert and withstands high temperatures. It can be deposited without damaging the 

semiconductor lattice and without causing impurities, and it is possible to pattern the layer at a 

high lateral resolution. We tested selective epitaxy on SiO2. It worked well and promoted 

selectivity under correct growth conditions (P7).   
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growth. We see here that a single InAs QD has been localized at the apex of a pyramid in three 

places out of nine. Three other sites have multiple dots. Three pyramids have no dots at all.  

 

The problem of selective re-growth is in its complexity. To make any device one has to remove 

the sample from the epitaxy chamber after QD growth, remove SiO2, and then make a second re-

growth to finalize the wafer for subsequent processing. Because of the complexity of selective re-

growth we started to study a localization method where no foreign material was left on the epi-

wafer during re-growth. In this approach a small post or a hole was etched into the 

semiconductor, after which the wafer was carefully cleaned and loaded into the molecular beam 

epitaxy reactor. Once a thin buffer layer was made we expected that the etched shape would still 

be visible on the wafer. This application required the smallest patterns used in this Thesis. For 

the re-growth, we tested pillars and holes having diameters of 40 nm. Compared to the posts, 

the holes seemed to promote better localized growth of the InAs quantum dots. Figure 31 

illustrates patterns before and after the re-growth. Arguably, growth and cleaning of the 

substrate were not fully successful because one could see some holes in the buffer. However, it is 

clear that the patterned hole promoted localization of the QD better than the post did. Actually, 

the QD preferred to grow into a ring that surrounds the post.  

 
Further work on holes that were etched into semiconductor produced improved quality. In an 

improved series of experiments, a slightly denser pattern and a larger hole diameter (90 nm) 

were used. Also, cleaning and degassing processes were improved. An atomic force microscope 

graph (AFM) of the QDs is displayed in Figure 32. Here, more than one half of the holes possess 

a dot, and the dots are periodically positioned. Further improvement in positioning accuracy is 

expected under more optimal growth conditions.  
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Figure 31. Top panel: SEM image from wafer before the growth. Lower left panel: Growth on the holes 
etched on the wafer. Lower right panel: Growth on the posts etched on the wafer.   

 

 
Figure 32. AFM micrograph from the dots grown on a NIL-patterned substrate. Holes are in a square lattice 

having a period of 180 nm. 
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5.3 Nanopatterned membranes 

 

We studied the fabrication of nanoperforated free-standing membranes and their applications as 

nanosieves or optical filters. Figure 33 shows schematic cross-sections of nanopatterned 

membranes. We utilized silicon-based processing because many Si processes were readily 

available. For this application, high-etch-rate dry and wet etching recipes and stress-free 

membrane materials were important. Silicon-based components could also be integrated with 

other silicon chips cost-effectively. Silicon offers the lowest cost per area of all single crystal 

semiconductors. 

 

The main motivation for investigating the membranes was to demonstrate the sieves‘ ability to 

allow diffusion of air through the membrane, while preventing particles with known sizes from 

penetrating the membrane. It is obvious that the nanoperforated membrane acts as a sieve but 

the challenge is to make such a membrane. One of the requirements for the membrane is a 

relatively large area (5 x 5 mm2). We chose two different material platforms for testing: 

Si/SiO2/Si (14) and SiN/Si. 

 

 

                  

Figure 33. Schematic cross section of wafer containing patterned membranes. Here the nanosieve is 
fabricated from SiN on a silicon wafer. An alternative membrane could be fabricated from a SOI-wafer.  

 

 

 

                                                                 
(14) silicon on insulator (SOI) –wafer 
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5.3.1 Silicon-on- insulator based sieves 
 

Silicon-on-Insulator (SOI) wafers facilated the use of silicon dry etching, which is a well 

controlled, high throughput process, as demonstrated several times in the literature. The SOI 

wafers allow for the use of a single crystal silicon layer on top, a so-called device layer, which 

acts as a nanosieve. The device layer is durable and defect-free. Buried oxide (or BOX for short) 

acts as an etch stop for release etch and for high-aspect-ratio nano-etch. We learned, however, 

that for the thick device layer, required by our application (i.e., 2 to 5 µm), the thickness 

uniformity of the device layer was poor. Variations in the layer thickness of fusion-bonded SOI 

wafers are remarkable (typically 0.5 - 1 µm), which is to say that SOI wafers would be good only 

for membranes that are much thicker than what we need.  On the other hand, for other 

technologies producing uniform device layers, the required device layer is too thick.  

  

For high-aspect-ratio etching we used cryo-ICP etching with SF6-plasma(15). The etch mask was a 

50 nm thick aluminium layer. AMONIL resist was used to pattern the aluminium layer by SiCl4-

plasma. Actually, a much thinner layer than 50 nm would have worked well. The Al layer did 

not show any signs in erosion in a 5.1-µm deep high-aspect-ratio Si etch (Figure 34).  We 

employed a template, which had holes of 350 nm in diameter, in a square lattice with a period of 

700 nm.   

 

Results from 5.1-µm deep and 2.7-µm deep Si-etches are shown in Figure 34. The 5.1-µm deep 

etch resulted in too large dimension shrinkage; as opposed to the case of the 2.7 µm etch which 

looked rather ideal. We found that non-uniformity in the thickness of the device layer cannot be 

compensated for by over-etching, because it rapidly leads to significant lateral etching in the 

device layer – BOX interface.  In the SOI process the same cryo-ICP etch recipe was used to 

release the membranes and to etch the nanoholes. Unfortunately, this way TWV size control was 

rather poor and the etch rate was low.  The advantage was that membranes were released with 

high yield. 

 

We also demonstrated a method which reduced the perforation diameter by applying atomic 

layer deposition (ALD). ALD enables conformal deposition of layers on substrates which may 

                                                                 
(15) Etching was done by Dr. Lauri Sainiemi from Helsinki University of technology, Micronova, Finland. He 
used a similar Oxford Plamalab 100 ICP-system as we did for high-aspect-ratio GaAs, InP and GaSb etching.   
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as an etch mask. The SiN etch rate was low for deep high-aspect-ratio structures; the time 

required to reach a depth of 1.5 µm was 45 min.  Nevertheless, using plasma instruments 

properly designed for depositing and etching thick SiN films, these problems could be alleviated 

to a large extent.  

 

For nanopatterning SiN we employed the same template and the same process flow as 

nanopatterning the SOI wafers. The only difference was the replacement of the aluminium film 

by a thicker Cr layer (50 nm to 150 nm). Cr withstands SiN etching better than Al (see Table 5) 

and with AMONIL it was possible to pattern thicker Cr layers than Al layers. SiN etching was 

performed in RIE  using CHF3/Ar plasma.  

 

 

Figure 35. Left panel: SEM image shows a SU-8 support bar and a nanopatterned SiN film. Insert: Close-up 
of a SiN film after dry etch. Right panel: Image from the backside of the wafer after the release etch. This 
photograph shows four chips, each having 16 nanopatterned membranes.  

 

The fabricated membranes were released by removing the substrate beneath the patterned area. 

This was done by anisotropic wet etching in the <100> plane using KOH:H2O solution (30 % at 

80 °C). The large-area membrane was reinforced with a network of epoxy-based photoresist (SU-

8, Microcehm Corp., USA) supports that divided the large-area membrane into 100 x 100 µm2 

cells. Each cell was supported at its edge by 10 µm wide and 5 µm thick SU-8 bridges. The 

composite SiN/SU-8 structure allowed us to make 5 x 5 mm2 free-standing membranes. We also 

released chips from the wafer simultaneously during the KOH etch. This enabled us to avoid  

sawing of the wafer, since sawing could damage the membranes. Figure 35 shows a 

nanopatterned membrane, the SU-8 support bar and four released membrane chips.  
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5.3.3 Membranous optical elements 
 
During the course of the work we believe we opened a new way to integrate optical fibers with 

nanopatterned membranes on a silicon wafer. Our approach, illustrated in Figure 36, utilized a 

through the wafer via (TWV) into which the optical fiber could be inserted.  On the front side of 

the wafer we processed a membranous optical element which interacted with the light beam 

entering into or exiting from the optical fiber. The distance between the membrane and the facet 

of the fiber could be controlled by standard silicon wet etching techniques. The fiber could be 

permanently glued onto the TWV. In our case, glue was also used as an index matching medium 

to eliminate the Fabry-Perot cavity forming between the fiber facet and the membrane. The other 

challenging requirement was the small size of the holes and the high aspect ratio. 

 

Our demonstration device is based on nanopatterned SiN membranes which act as an optical 

filter. The filter utilizes guided-mode resonance in a SiN membrane. The filter is composed of a 

grating placed on top of a waveguide to couple light in and out of the waveguide. At selected 

wavelengths the waveguide modes couple with the grating and form sharp resonances in 

reflection and transmission, which are useful for optical filtering and sensing (Magnuson and 

Wang 1992). Since the area of the filter is rather small it does not require any additional 

mechanical support which could hinder its optical performance. The guide-mode resonator is 

composed of a 400 nm SiN film and a 100 nm deep grating. The grating on the membrane had a 

period of 400 nm and a fill factor of 0.5.  

 

            

Figure 36. Schematic cross section of wafer containing patterned membranes for optical applications.  
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We also demonstrated a novel way to position an optical fiber with the filter in order to launch 

and collect light from the nanopatterned membrane outlined in Figure 36. The fiber can be 

inserted and glued onto the TWV. This allows seamless and straightforward integration of the 

fiber and the membranous optical element. To prevent flowing of glue through the penetrated 

film it is possible to deposit a SiN film on a thin SiO2 layer on silicon. The device utilizing a SiO2 

backing layer is illustrated in Figure 36. The SiO2 layer, optical glue, and the fiber core have the 

same refractive index (~1.46). This is important in order to eliminate Fabry-Perot effects 

occurring between the fiber facet and the membrane.  

 

The coupling losses α, exhibited by the beam exiting from the fiber, reflecting from the filter and 

re-entering the fiber, can be estimated from a coupling loss equation for two butt-coupled fibers, 

separated by a distance d, and surrounded by a medium having a refractive index n0. For this 

coupling scheme the separation between the facet of the fiber and the membrane is d/2. In 

equation (3) w0 refers to the mode diameter of the optical fiber:  

 10log 1                                                            (3) 

 

 

Eq (3) does not take into account the mode misfit that exists between the fiber and the beam 

reflected from the nanopatterned surface. The equation predicts that coupling losses are small if 

the fiber is brought into close proximity with the membrane.  

  

Alignment of the fiber in the TWV should be carried out actively, while the shape of the TWV 

helps to find a starting point for active adjustment. In our demonstration (P5) we measured in 

situ intensity of the reflection at the resonance to maximize the alignment accuracy. The size of 

the TWV at the front side of the wafer was 88 x 88 µm2; therefore, it could be estimated that the 

distance between the fiber and the membrane was 25 µm when the fiber was optimally aligned. 

The fiber and the membrane can be brought closer to each other by increasing the TWV 

diameter. The process is controlled accurately since all of the geometrical parameters are 

precisely specified. These parameters are: a total thickness variation of the wafer (< 1 µm), the 

diameter of the fiber (i.e. 125 µm ± 0.7 µm for Corning SMF-28), and the precision of 
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photolithography (< 1 µm). The thickness of the wafer may vary significantly within the wafer 

batch (±5 µm or more). 

 

 

 

Figure 37. The fiber is aligned and glued into one of the TWVs. Large insert: reflectance spectrum of the 
optical resonant filter measured from the fiber. Small insert: Close up of the grating of the optical filter on the 
front side of the wafer. 

 

Once the fiber was aligned we cured the glue with UV-light and tested the membrane‘s potential 

as a refractive index sensor. Broadband (500 nm – 1600 nm) light from a supercontinuum laser 

source (Fianium Inc.) was launched into the membrane through the optical fiber. The light 

reflecting from the filter was collected by the same fiber and directed to an optical spectrum 

analyzer through a fiber coupler. The first reflection from the filter was measured when the filter 

was in air. To investigate the effect of the surrounding refractive index on the resonance 

wavelength the grating was immersed in water. Reflectance spectra are shown in the insert of 

Figure 37. The resonance was observed to red shift by 5.1 nm due to the higher refractive index 

of water (n=1.33). This shift of 15.5 nm per refractive index unit (RIU) demonstrates the 

possibility to apply this configuration as an optical refractive index sensor. The amount of 

wavelength shift is comparable to that in a sensor based on a fiber Bragg grating (6.5 nm/RIU 

demonstrated by Liang et al. 2005), or on a micro sphere resonator (30 nm / RIU demonstrated 

by Hanumegowda et al. 2005).  On the other hand, sensors based on the use of long period fiber 

Bragg gratings show much higher sensitivity (1000 nm / RIU demonstrated by Bhatia and 

Vengsarkar, 1996). Slanted fiber Bragg gratings, using a surface plasmon resonance for increased 
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sensitivity (and losses), have show an extremely high sensitivity of 3400 nm / RIU (Allsop et al., 

2007). In comparison, our method offers simultaneously a good platform for integration, low 

losses and an ability to detect very small fluid volumes down to one pL.    

 

5.4 Patterned facets of optical fibres 

 
Micro- and nanopatterned surfaces of an optical fibre can operate as miniature optical elements. 

They can modify the propagation of light by diffracting, collimating, shaping, or focusing it. A 

properly designed optical element on the facet of an optical fibre improves the functionality of 

the fibre without compromising the compactness of an optical system. Miniaturized elements 

could subsequently be used for building miniature spectrometers, sensors, and other devices. 

However, until now suitable nano- and microfabrication methods that would allow for volume 

production of patterned fibers were non-existent.  

 

So far, a simple optical element that can be prepared on the tip of a fibre is a lens. The lens may 

be made by grinding or melting the end of the fibre, or by combining segments of fibres with 

different refractive index profiles (Shiraishi et al. 1997 and Yeh et al. 2004). More complex 

elements containing small features are made by micro- and nanopatterning using focused ion 

beam lithography or electron beam lithography (Giannini et al. 2000, Schiappelli et al. 2003). 

These direct writing methods are good but expensive to deploy and capital investments are 

high. Moreover, their use for any small substrate, such as the facet of an optical fibre, is 

challenging. 

 

We have demonstrated the world’s first surface reliefs fabricated by NIL on the facet of a single 

fibre (Viheriälä et al. 2007). I also believe that this experiment provides evidence for NIL being 

able to pattern very small surfaces that have not yet been reachable by other nanofabrication 

methods (with the possible exception of focused ion beam writing). The method utilized a UV-

curable polymer which was deposited onto the facet by dip coating. Although dip coating 

delivers a rather non-repeatable quantity of polymer onto the facet, due to the small size of the 

fibre, it is possible to press any excess low viscosity polymer away from the facet. This 

application only requires a simple imprint setup, illustrated in Figure 38. The set-up is built on 

an optical table. It includes a stamp holder and a micromanipulator for bringing the fibre and 
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the stamp into contact. A microscope was used to monitor the contact between the stamp and 

the fibre in situ, since excess contact force easily bends the fibre between the fibre chuck and the 

contact point. The polymer between the fibre and the stamp was cured with a fibre-coupled UV-

source delivering immense UV-intensity of 8 W/cm2. An intensity of this magnitude cured the 

UV-NIL polymer nearly instantaneously and is, in fact, three orders of magnitude higher than 

what we use in wafer level imprint.  

  

 

 
 

Figure 38. Setup used to fabricate nanopatterned fiber facets.   

Using this simple set-up we patterned two sets of fibre facets. We employed a standard single-

mode fibre (Corning SMF-28). The first set was patterned using a commercially available blazed 

grating with 830 lines / mm (Optometrics Corp). The second set of patterns consisted of holes 

with diameters of 250 nm, arranged in a square lattice with a period of 500 nm. The blazed 

grating was used in order to study the diffraction efficiency of the imprint. The grating efficiency 

was defined as the light power of the first-order diffraction mode over the total light power. The 

efficiency versus wavelength is plotted in Figure 39.  
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Figure 39. Left panel: SEM image illustrating the facet of the optical fibre with an imprinted blazed grating. 
Insert: Close up near the fibre edge. On right: Graph of the diffraction efficiency, and an image from the 
output of the fibre when white light was launched into the fibre.    

 

We studied nanopatterning of the fibre tip. The final imprinted structure exhibited good 

uniformity. The standard deviation for the diameter of the holes was below 7 nm, as deduced 

from SEM images taken near the core of the fibre. We think that the main mechanism causing 

such a deviation was the template itself, which had a standard deviation of this magnitude. The 

very accurate replica obtained provides clear-cut evidence that UV-NIL can produce flawless 

sub-wavelength features on a small-area fibre facet. In a recently published article, similar 

methods were employed by other research groups who fabricated fibre probes for on-wafer 

optical probing (Scheerlinck et al. 2008) and made fibres with integrated surface-enhanced 

Raman scattering sensors on their facets (Kostovski et al. 2009).  
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6 Conclusion 
 
 
 
 
Nanophotonics is a rapidly growing field of science and engineering with great commercial 

potential, though we do not fully understand as yet how to scale up a myriad of different 

applications from the point of view of volume production. The electronics industry has 

developed its own fabrication methods around optical lithography, but the same methods 

cannot straightforwardly be applied to the photonics industry. Nanophotonics is, indeed, more 

fragmented, less standardized, and requires different technical specifications than those used in 

microelectronics. I predict on good grounds that NIL will play an important role in the 

commercialization of nanophotonics because it offers excellent cost-effectiveness and needs 

relatively low capital investment. I dare say that UV-NIL using soft and flexible working stamps, 

in particular, represents perhaps the best approach in cost-effective production of nano-scale 

surface reliefs. However, soft UV-NIL, like other new technologies, must be understood 

thoroughly before it can be applied successfully to device fabrication. I believe that I have 

addressed in this Thesis some of the key issues which one will encounter when trying to exploit 

soft UV-NIL.  

 

Remarkably, nanofabrication in the Thesis was possible without owning any template 

fabrication instruments. This was enabled by outsourcing the template fabrication and by 

concentrating on pattern replication with NIL. The selected strategy is the same as what has 

been used successfully for decades in microfabrication with UV-lithography. There is hardly any 

reason to use self-made photomasks because high-quality photomasks can be obtained at 

relatively low cost and rapid turn-around time. Obviously, as NIL is a newcomer in the 

lithography field the situation is not yet as good as with UV-lithography. NIL template vendors 

often lack redundancy, which sould protect them from instrument failure , delivery times are 

unreasonably long, and the quality of fabrication is not very well quantified. NIL template 

vendors should specify, for example, defectivity, line edge roughness, linewidth accuracy, 

stitching error and registration accuracy for their products, as UV-mask makers do. If 

quantification is lacking it is very difficult to compare vendors and to justify the differences in 

pricing.  
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NIL is not just for volume production. It is important to realize that combining soft and flexible 

stamps in a mask aligner with freedom from expensive direct write systems, one creates a very 

accessible nanopatterning concept. Therefore soft UV-NIL, using strategies also applied in this 

Thesis, makes nanopatterning available to research who have had no opportunity to make their 

own nanopatterns. 

 

I now proceed to summarize my main results. We developed a NIL-based lithographic process 

to prepare laterally coupled distributed-feedback lasers at λ = 894.6 nm (in the first place) which 

are stable over a wide temperature range and have a high side-mode suppression-ratio. We also 

developed a processing concept that allows efficient coupling between the lasing mode and high 

injection efficiency. There are still open issues as to these lasers. It is unclear to us how large 

output power could be launched from such a laterally coupled DFB laser, how reliable this laser 

is in the long run, and how narrow linewidths could be achieved. It is also somewhat unclear to 

which extent any lateral grating placed alongside the waveguide couples to the optical cavity 

through pure index-coupling, and what role the gain coupling might be playing. Our latest 

results are related to a laterally coupled DFB laser emitting at λ = 1945 nm, made of an 

antimonide containing heterostructure (unpublished). This result was achieved by developing 

high-quality dry-etching (Section 3). In the non-distant future, we shall demonstrate a DFB laser 

at the fibre optical wavelength of 1310 nm using a first-order grating to yield strong enough 

coupling with a short cavity, thus enabling a high modulation bandwidth for data transfer. 

 

Accurately positioned quantum dots by means of NIL is another noteworthy direction of our 

work. This work may well produce novel gain materials and novel devices, but we must bear in 

mind that there exists a long road from reasonable SEM images and photoluminescence to state-

of-the-art devices which require flawless quantum dots over a large area.   

 

Our approach to fabricate nanoperforated sieves for particle filtering should provide ready 

solutions for novel filters. If a further reduction in perforation diameter were necessary, it could 

be made at the expense of pattern density (via ALD size tuning), or at the expense of the effective 

area of the membrane (because smaller perforations require a thinner membrane and more 

mechanical support). Future development would make it possible to fabricate higher aspect ratio 

perforations than what we have made which, in turn, would further push the boundaries of the 
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device geometry. Our results obtained on SOI wafers were encouraging, but the development 

was hindered by non-uniformity of the device layer and undercutting caused by cryo-etching. I 

suggest that these obstacles could be overcome by using Boch etching which would enable 

strong passivation of pattern side walls and, therefore, eliminate undercutting that is induced by 

non-uniformity. Another way to improve the sieve is to analyze the relationship between the 

layer thickness, area, and durability of the membrane and to come up with new design rules that 

relate the device geometry to device performance features. 

 

We also demonstrated novel approaches for interaction of laser light exiting or entering an 

optical fiber, using NIL-made nanopatterning. In order to continue this research we would like 

to find a “killer” application. One could imagine that the miniature size of these functional fibers 

would allow their use as probes or, alternatively, they could be suitable for decorative elements 

because of their very low fabrication costs.    
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