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Abstract 
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Fabrication and applications. Acta Universitatis Upsaliensis. Comprehensive 
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811. 73  pp. Uppsala. ISBN 91-554-5537-9. 
 
This thesis mainly treats the fabrication and applications of micro-optical elements 
in the semiconductor materials gallium arsenide (GaAs) and diamond. 
The recent trend in high-capacity data transfer using light as the information carrier 
creates new demands on the optoelectronic systems, such as small size, low cost and 
the integration of many components. Micro-optical components are key elements for 
building compact optoelectronic systems and are well suited for integration with 
other devices. Another area where micro-optical elements can play an important role 
is the use of lasers in medicine, industrial machining, metrology, etc. In most cases, 
the laser beam characteristic is not directly suited for the application and external 
optics is needed to focus, shape or split the laser beam. 
In the first part of this thesis, the fabrication of continuous-relief diffractive optical 
elements, such as diffractive lenses and blazed gratings, in GaAs is examined. The 
manufacturing technology uses electron-beam lithography followed by plasma 
etching in an inductively coupled plasma etching system. In the next step, these 
diffractive elements were monolithically integrated with vertical-cavity surface-
emitting lasers. 
In the second part of this thesis a novel topic is examined, diamond micro-optics. 
Diamond is a unique material in many aspects, it is the hardest material mankind 
knows, it has an extremely wide optical transmission window, and it possesses the 
highest thermal conductivity of all solids. Until today, due to difficulties in 
machining diamond, the realization of diamond optics has been limited. By using the 
same technology we earlier developed for the fabrication of GaAs optics we 
demonstrate for the first time continuous-relief structures in diamond of optical 
quality. Several diamond micro-optical structures are presented; sub-wavelength 
gratings for reduction of unwanted Fresnel reflections, diffractive fan-out elements 
used to split a CO2-laser beam and refractive microlens arrays. 
The accuracy of the fabrication process by plasma etching was evaluated by optical 
and topographical measurements, in all cases the optical components were of very 
high quality.  
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1  Introduction – Light and optics 

When most people hear the word optics they probably think of spectacles or 
other types of lenses to correct or magnify the picture created from reflected 
light. In fact, lenses have been used since around 1000 AD as aids for the 
vision, and eyeglasses since late 13th century. Other well known examples 
are telescopes for space investigations, optical microscopes and binoculars. 
These types of optical systems could be designed by treating light as rays 
which travel at straight lines in a homogeneous medium until entering 
another medium, where the rays are refracted (or bent) according to Snell’s 
law. This law was empirically discovered in 1621 by Willebrord Snell, and 
was an important discovery in the early history of optics. At that time most 
of the scientists thought that light consist of a stream of particles, although 
some scientist, especially Christiaan Huygen, proposed that light is a wave 
phenomenon. But Isaac Newton who at that time was a leading authority, in 
the beginning ambivalent on the nature of light, rejected the wave theory. It 
was not until the beginning of the 19th century before the wave theory of 
light was put on firm ground by Thomas Young. Using his newly developed 
theory he could explain the colored fringes that appear from thin films, i.e. 
interference. At the same time Augustin Fresnel, independently, did similar 
work on the wave theory. Then in the middle of the 19th century, James 
Maxwell, who was working on electricity and magnetism, formulated all the 
empirical knowledge on the subject in a set of mathematical equations. By 
using the equations he was able to calculate the speed of a wave c0 using 
empirically determined values for the other quantities, i.e. electric and 
magnetic properties of the medium (c0=1/ 00µε ). Remarkably, the number 
he got was equal to the measured speed of light and one could conclude that 
light was an electromagnetic wave. And consequently, one believed that 
there must be a supporting medium for the waves, a so-called luminiferous 
aether. But in 1905 Albert Einstein introduced his Special Theory of 
Relativity where he rejected the aether hypothesis and postulated: 

“light is always propagated in empty space with a definite velocity c0 
which is independent of the state of motion of the emitting body”. 
This meant that electromagnetic waves could propagate through free space. 
He also proposed that light waves carry “particles” of energy packaged in 
discrete bundles, later these “particles” were called photons or quanta. Based 
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on the theories by Einstein Quantum Physics was developed, which very 
accurately describes the interaction between light and matter, and later led to 
the invention of the laser in 1960. Today one can say that to understand the 
nature of light it is easiest to explain light as waves when considering 
propagation and as photons when considering absorption and emission of 
light. However, one can also see light as only photons since a photon, just as 
well as protons, electrons and neutrons, have both particle and wave 
characteristics. One can end this short discussion on light with Einstein’s 
words: “I spent my life to find out what a photon is and I still don’t know it”. 

The invention of the laser soon led to new discoveries such as holography 
and frequency mixing which has found applications in data storage and 
transmitting information. Today one can found lasers almost everywhere 
ranging from cutting steel in the industry, measuring and setting distances at 
building areas, surgery in hospitals, reading CD:s and DVD:s, infrared 
sensors in the military, optical display systems and so on. Finally, the 
“revolution” in processing and communicating information by using light, 
which enables extremely high-capacity data transfer of information 
compared to electrical signals, has to be mentioned. By using micro-optics 
new types of optical systems can be designed and with the trend towards 
miniaturized systems in many application areas, micro-optics will certainly 
play a key role. 

 
In this thesis micro-optics, which is a relatively new sub-field of optics, is 

treated. As mentioned above the recent demand/need for smaller optical 
systems has resulted in a need for small optical components. In many cases 
these types of micro-optical elements are the same as the classical optical 
elements such as mirrors, prisms and lenses in the “macro world” but with 
one difference- the size. In the macro world there are lenses for telescopes of 
several meters in diameter and lenses for visual needs with a diameter of 2-
10 cm. Nowadays, there exist well- known fabrication technologies to 
realize these types of lenses, but to realize extremely small lenses, so-called 
microlenses with diameters down to 10 µm or even smaller, new 
technologies had to be developed. With help from the fabrication 
technologies in microelectronics, which is a rather mature area, the 
development in micro-optics is going rapidly. This thesis focuses on 
designing, fabrication and applications of micro-optical elements in gallium 
arsenide (GaAs) and diamond. Both of these materials are semiconducting 
and are therefore relevant in the area of optoelectronics. Diamond, which in 
many aspects is an extreme material, has properties which makes it 
interesting also for high power lasers. High powers lasers is an increasing 
market with main applications in the steel industry and medical areas. 
Special attention is paid to diffractive optical elements (DOEs) in this thesis. 
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These types of micro-optical elements have seldom any similarities with the 
optical elements one can find in the macro world. DOEs are often computer 
generated structures that manipulate the phase or amplitude of a laser beam. 
With this type of elements light can be manipulated in ways not possible 
using lenses or other classical optical components. 

 
The scope of this thesis has been to design and fabricate micro-optical 

elements in GaAs and diamond. GaAs is a so-called III-V material, which 
stem from the positions in the periodic chart of the two compounds, and 
widely used in the optoelectronics industry. One big market is for low-cost 
GaAs-based vertical-cavity surface-emitting lasers (VCSELs), which can be 
used in optical interconnects and optical storage. By fabricating the micro-
optical elements directly on such extremely small lasers, the laser beam can 
be shaped to suit the application. The fabrication of these optical elements is 
done with different kind of lithographic methods, replication and plasma 
etching. The accuracy of the developed process is also evaluated in terms of 
simulations of the etch process, surface roughness and optical evaluation. 
Finally, a monolithically integrated VCSEL/DOE, designed for focusing and 
redirecting the laser beam, is demonstrated. 

To realize diamond micro-optical elements, the same technique that was 
developed for the GaAs etching is used, just with a change in the plasma 
chemistry. With this technology a continuous-relief diffractive optical 
structure in diamond of optical quality was fabricated for the first time. The 
reason for using diamond as an optical material is due to its interesting 
optical and physical properties. Diamond has an extremely wide optical 
transmission window and has the highest thermal conductivity of all solids 
known. Furthermore, subwavelength gratings for anti-reflection, microlenses 
and a diffractive fan-out element is demonstrated. All of these micro-optical 
elements are novel structures in diamond, fabricated with a process well 
suited for the industry. The process is fast and gives a high degree of 
freedom in terms of what types of structures that can be manufactured. The 
fan-out element was also evaluated in a high power laser system and showed 
excellent performance. 
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2  Micro-optics 

In micro-optics one can separate the field into two different types of optical 
elements, refractive and diffractive elements. Another distinction can be 
made between active and passive optics, where active optics requires some 
motion of the components. In this thesis passive optical components are 
treated, which have been used to collect, distribute or modify optical 
radiation. 

2.1  Background 

2.1.1  Refractive micro-optics 
The principle used in the design of refractive optics is based on geometrical 
optics. To describe the ray path of the light, the ray is a straight line when it 
travels in a homogeneous medium until it encounters an optical interface 
where the ray will bend according to Snell’s law: 

rrii nn θθ sinsin =    (1) 

θi 

θr 

nr 

ni 

nr>ni 

 
 
Fig. 1. Snell’s law of refraction. 
 
where ni and nr are the refractive indices for the two materials, θi the angle of 
incidence and θr the angle of refraction (see Fig. 1). The bending of the light 
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is due to that the light will change speed when it travels into another 
medium, i.e. n=c0/c, this law can therefore easily be derived from 
geometrical calculations. At the interface some amount of the incident light 
will also be reflected at an angle equal but opposite to the incident angle. 
Since Snell’s law is a natural consequence of Maxwell’s electromagnetic 
theory when the wavelength tends to zero, it follows that refractive micro-
optical and refractive optical elements have no wavelength dependent 
properties besides the dispersion in the material. A refractive element is 
therefore working for many wavelengths; this is not true for diffractive 
optical elements which will be shown in next chapter. 

Lenses still belong to the most used optical elements. A lens is 
constructed in such a way that the light is bent in a controlled manner for 
instance to focus or collimate the light.  
In the case of refraction at a single spherical surface, into which most sorts 
of microlenses fall, the following formula is valid (see also Fig. 2): 

R
n

s
n

s io

11 −
=+    (2) 

n

so si

R 

 
 
Fig. 2. Refraction at a spherical interface. 
 
where we have assumed ambient air. When the image distance si is moved 
out to infinity (i.e. collimated light) the object distance so becomes the object 
focal length f0. Thus  

1−
=

n
Rfo     (3) 

which is the formula most often used for designing microlenses for 
collimation or focusing the light (see Fig. 3). There are mainly two types of 
microlenses; one when light is refracted at a suitably shaped boundary of 
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homogeneous material and the other is when a material, the bulk, with 
gradients of the refractive index is used to bend the light. Also hybrid 
microlenses, which is a combination of the two types of microlenses, exist. 
Today almost all refractive optical systems are designed with the help of 
computerized ray tracing programs where also the different aberrations, such 
as chromatic aberration, spherical aberration, coma and astigmatism, of the 
lens system will be presented. A description of the design and evaluation 
methods of microlenses is found in chapters 2.2.1 and 5.4.2. 

2.1.2  Diffractive optics 
Diffraction is often described as deviation of light from the rectilinear 
propagation which cannot be explained by refraction or reflection [1] and 
was first studied by Francesco Grimaldi in the 1660s [2]. By illuminating a 
rod with a small lamp source (i.e. "partially coherent light"), he found that 
the shadow did not have sharp edges as predicted. Instead bands of light 
within the shadow of the rod were observed. This could not be explained 
with existing theories, i.e. corpuscular theory, but was later explained when 
it was discovered that light is an electromagnetic wave. Diffraction occurs 
when light strikes a barrier with an aperture or an edge or in other words; 
when the incoming wavefront experiences an abrupt change in phase or 
amplitude and, thereby splits into wavelets that interfere with each other and 
create a diffraction pattern. Consequently, refraction and reflection occurs 
when the wavefront experiences a smooth change in phase or amplitude. 
However, since in principle, there exists no media that is so “perfect” that 
the light only undergoes a smooth change in phase or amplitude some 
researchers say that refraction and reflection can be or even should be treated 
as a special case of diffraction. 

Diffraction was for a long time seen only as a problem since it limits the 
resolution in optical systems, for instance a perfect refractive lens without 
aberrations is limited by diffraction. However, in the 19th the Fresnel lens 
(by Augustin Fresnel) and the zone plate (by Lord Rayleigh) were 
constructed, which both take use of diffraction to focus the light. The 
advantage with these elements is that they can be made much thinner than a 
classical lens, something which generally holds for diffractive optics. The 
Fresnel lens, due to the compact construction, was soon widely used as 
lighthouse lenses.  The use of diffraction gratings for spectroscopic 
measurements is another important early application of diffractive optics. In 
the 1940s Dennis Gabor invented holography [3], which was further 
developed in the 1960s, aided by the invention of the laser that produces 
coherent light [4]. In 1969, Lesem et al. demonstrated the kinoform which is 
an optical element that modulates the phase of the incident laser light to 
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produce a desired diffraction pattern [5]. By combining the idea of using 
diffraction to steer light in a desired manner, together with powerful 
computers to aid in the design and techniques used in the microelectronic 
industry, new types of optical devices that manipulate light based on 
diffraction has been realized; and the research is still intensive in this area. 
By letting the light waves in a “smart” way interact with each other, complex 
image pattern can be created which would be impossible with traditional 
optics. Besides that, these types of diffractive optical elements (DOEs) also 
have high design flexibility, compactness and low weight. Typical feature 
sizes of a DOE are a few micrometers in height and lateral dimension, the 
control of the geometry needs to be in the sub-micrometer scale. For a 
detailed description of the DOEs designed in this thesis see chapter 2.2. 

2.1.3  Refractive versus diffractive optics 
As mentioned earlier some optical functions that DOEs solve, cannot be 
reached by using refractive optics. The design freedom is therefore much 
higher for DOEs compared with refractive optics, almost any optical 
function can be realized with DOEs. In some areas, for instance in focusing 
the light or redirecting the light, there exist equivalent structures in the 
refractive and diffractive “world”, i.e. they have the same optical function. 
Refractive elements for focusing or redirecting light are lenses and prisms, 
respectively. The counterparts in diffractive optics is the Fresnel lens for 
focusing and the blazed grating for redirecting the light. The decision to 
choose refractive elements or DOEs , when so is possible, depends on many 
parameters. But one can roughly say that DOEs are mostly used for laser 
light since DOEs have a strong wavelength dependency, which is not the 
case for refractive optics. Refractive optics generally has higher efficiency 
and creates less straylight. Sometimes hybrid elements are chosen since then 
the benefits of both types can be taken.[6]  

2.2  Theory, design and fabrication 
In this chapter refractive microlenses and different types of DOEs, used in 
this thesis, are described and the fabrication of them in resist (polymer) 
materials. The aim of this thesis has been to fabricate DOEs in 
semiconductor materials for different applications, but the first step is the 
design followed by fabrication of the DOEs in a suitable resist. All of the 
DOEs presented are based on manipulating the phase of the light, there are 
also possibilities to generate DOEs by manipulating the amplitude of the 
light but with the consequence that all light will not be used. This type of 
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DOEs demands that the light is monochromatic, i.e. coherent; therefore all 
the applications in this thesis are based on lasers as the light sources. All the 
structures presented are designed for micro-optics applications, which means 
that typical feature sizes are in the range of µm, both laterally and vertically. 

2.2.1  Refractive microlenses 
An elegant technique to fabricate microlenses is by thermal reflow of 
photoresist. This technique, developed by Popovic et al., makes use of the 
surface tension in melted resist [7, 8]. As mentioned earlier this type of 
microlens consists of one spherical surface whereas the other is flat and is 
based on refraction. One difference from lenses appearing in the macro 
world is the extremely small size and hence the application area. Normally, 
microlenses are used in compact optical systems, e.g. interconnects and 
fibercouplers, to focus the incoming light at a certain distance. The paraxial 
focal length for this type of microlenses is expressed in equation 3 (f=fo, see 
Fig. 3). 

 

 
 
Fig. 3. The parameters describing a single surface microlens. 
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The fabrication of microlenses by thermal reflow can be as follows (see Fig. 
4): 

1. A layer of suitable resist is spun onto a substrate material. The 
thickness of the resist is directly related to the focal length of the lens. 
The resist material used is normally a positive thick photoresist. The 
resist is then soft baked on a hot plate or in an oven to harden the 
resist.  

2. By photolithography, define pillars of photoresist. This type of 
photoresist is sensitive to UV-light and when certain areas of 
photoresist have been exposed for UV-light it is possible to dissolve 
these areas with a solution, i.e. developer. By using a chromium mask 
that have circular areas of chromium, where the UV-light cannot pass 
through, cylindrical pillars are achieved. 

3. By placing the substrate on a hot plate at a temperature higher than 
the melting temperature of the resist the pillars melt and form a 
perfect spherical surface, or cap of a sphere, due to the surface tension 
forces. The base diameter of the pillars remain constant during the 
melting process if the wetting properties between the resist and 
substrate are adequate. 

 

resist

substrate

chromium
mask

UV
exposure

Develop

Melting

 
 
Fig. 4. Process scheme for fabrication of microlenses by thermal reflow of resist.  
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Using the assumption that the volume of the resist and the base diameter 
remains constant when the resist is melted makes it possible to calculate the 
thickness required for a specific focal length of the lenses. The height h of a 
microlens with a base radius of r is given by 

2/122 )( rRRh −−=    (4) 

The volume of a cylindrical resist pillar is tπr2, where t is the thickness of 
the resist before melting, and the volume of the created lens is πh2(3R-h)/3 
and hence follows that the initial resist thickness is given by 

)( 2

2
3

6 r
hht +=    (5) 

Using Eqs. (3)-(5) for a given focal length and base diameter, the exact 
thickness of the deposited photoresist can be calculated. This technique 
offers the possibility to fabricate, in a fast way (a normal process time is ~1 
hour), arrays of million microlenses of good optical quality. In Fig. 5 a 
scanning electron microscope (SEM) picture of a resist microlens is shown. 
 

 
 
Fig. 5. SEM picture of a resist microlens fabricated by thermal reflow of resist.  
 
With this technique resist microlenses with a height ranging from a few 
micrometer to over 500 µm and a base diameter of a few µm up to 1 mm can 
be fabricated. A restriction is however that the design freedom in these 
ranges is limited, for instance for a large base diameter the thickness of the 
resist must be relatively high, otherwise the lens will collapse in the middle 
due to the fact that the surface tension force is not big enough to create a 
spherical surface. The F-number of the resist microlenses are therefore 
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restricted to less than 2.5, the F-number is defined as the ratio between the 
focal length and the aperture of the lens. The microlenses fabricated in 
photoresist can be used as they are, but for many applications there is a need 
to transfer the optical surface into the substrate. This can be because of 
materials integration, optical transmission or chemical resistance. This will 
be discussed and treated in chapter 5.4.2 where also evaluation methods of 
the fabricated microlenses will be discussed.   

2.2.2  Blazed gratings 
A blazed grating is a simple but yet powerful DOE, where the analytical 

solution is known [9, 10]. For most situations an analytical solution, which 
would directly yield the matching DOE, is not known. This is due to the fact 
that inverse diffractive calculations get so complicated. The fact that a 
blazed grating is so well understood makes it to an interesting test structure 
when developing new fabrication technique for DOEs. A blazed grating has 
an abrupt phase swing of 2π which is typical for most DOEs and, generally, 
if the fabrication technology allows the fabrication of blazed gratings there 
are good possibilities that the process also works well for fabricating more 
complex DOEs. A blazed grating redirects an incoming wavefront to a 
specific angle and is used in for instance spectral analyze. Fig. 6 shows how 
it is possible to design a diffractive blazed grating from the refractive 
counterpart - the prism. By dividing the prism in slices (dotted lines), with a 
thickness that corresponds to a phase shift of 2π, the diffractive blazed 
grating is generated.  

 

h2π 

2h2π

3h2π 

4h2π 

z 

 
 
Fig. 6. Construction of the blazed grating from the refractive counterpart – the 
prism.   
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The thickness h2π, corresponding to a 2π phase shift of a plane wave of 
wavelength λ0 propagating through the grating in the z-direction, is: 

0

0
2 nn

h
−

=
λ

π     (6) 

where n and n0 are the refractive indices of the grating material and the 
surrounding material, respectively. The phase jump of 2π is needed to match 
the different wavelets, generated from the blazed grating, in such a way that 
all are in phase, see Fig. 7a. 
 

 
(a) (b) 

 
Fig. 7. (a) A blazed grating illuminated with light of the wavelength λdesign, the 
wavelength for which the grating is designed. There is a perfect match between the 
light wavelength and step height of the grating. (b) Same grating as in (a), but now 
illuminated with a shorter wavelength, λ<λdesign. One can also say that the step height 
is too great for this wavelength. 
 
This means that there is a phase delay of 2π between neighboring wavelets, 
but this has no physical effect. For a blazed grating the optimal depth h for 
diffraction of all light into the m:th order is given by, at small diffraction 
angle and assuming that the ambient medium is air:  

1
0

−
≈

n
mh λ

    (7) 

This depth can easily be derived by combining Snell’s law (Eq. 1) and the 
grating equation: 

θλ sin0 pm =     (8) 

where p is the grating period. For instance by choosing m=1, this depth will 
give 100% of the light in the first diffraction order (+1). In this case it would 
also be possible to slice the prism in pieces of 2h2π and have 100% of the 
light redirected at the same angle as above but with the difference of doubled 
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grating period and that one should say that the light is diffracted into the 
second diffraction order. This slicing method can be used to transform any 
type of refractive structure to a diffractive structure. If there is a deviation 
from the optimal depth h the wavelets will not be perfectly matched in the 
mth order, which will lower the amount of light diffracted into the mth order, 
and light will also be diffracted into other orders, see Fig. 7b. By using the 
analytical solution [11] for a blazed grating the relative power in different 
diffraction orders for different grating depth can be calculated. The solution 
is based on scalar theory and therefore only valid as long as the scalar theory 
holds, i.e. the smallest feature size of the DOE is at least two times greater 
than the wavelength of the incident light [12-14]. In Fig. 8 the power in the 
lower orders is plotted against the phase modulation for an ideal continuous-
phase transmissive blazed grating. The phase modulation is directly related 
to the grating depth and a phase modulation of zero corresponds of course to 
a flat surface, and hence all of the light will appear in the zeroth order. As 
the depth is increased, the light starts to be distributed into other diffraction 
orders and at a phase modulation step of 2π all of the light will appear in +1 
diffraction order. From the plot in Fig. 8 one can derive that the depth error 
must be less than 17% of the optimal depth to achieve a diffraction 
efficiency of more than 90% in the +1 order. The sensitivity for depth errors 
is quite high for most DOEs which therefore demands an accurate 
fabrication process. 
 

 
 
Fig. 8. Calculated diffraction efficiencies in the zeroth, +1 and +2 order for a blazed 
grating versus the phase modulation.   
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A blazed grating can yield a diffraction efficiency of 100% if the phase-
relief is ideally continuous as in Fig. 6, but due to the often very complex 
fabrication of continuous DOEs, the continuous phase-relief is approximated 
with a binary or multilevel profile. For instance, if a blazed grating is 
approximated in a 5-step surface relief the maximum diffraction efficiency is 
decreased from 100% to 87.5% in the +1 order. The optimal phase swing is 
also decreased from 2π to 5*2π/6. Continuous DOE means that the phase of 
the DOE surface relief is continuously varying between 0 and 2π while a 
binary or multilevel DOE has a fixed number of values between 0 and 2π. 
Typically, binary and multilevel DOEs suffer from lower diffraction 
efficiency than continuous DOEs. 

2.2.3  Diffractive lenses 
Using the same approach as described in the previous chapter, preserve the 
surface profile of the refractive element with the height restricted to never 
exceed h2π, the diffractive equivalent structure to the refractive lens can be 
generated (see Fig. 9) [15,16]. However, in this case the refractive surface 
from which the diffractive lens originates are usually not made spherical but 
rather the perfect aspherical shape for minimization of the aberrations (i.e. 
Cartesian oval). 
 

 
 
 

    
 
Fig. 9. Construction of a Fresnel lens (below) - the diffractive counterpart to the 
refractive lens (top).  
 
This diffractive lens, or Fresnel lens, has much the same optical function as a 
classical refractive lens. The main reason for using Fresnel lenses instead of 
refractive lenses is that the diffractive lens is much more compact since the 
diffractive lens is built up by a mere ripple on a surface, such lenses can also 
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be mass-produced using e.g. injection molding [17]. The diffractive lens 
consists of different zones, blazed like zones, with a decreasing width seen 
from the center of the lens. This decrease of the zone width can be 
understood by thinking that the light rays from each part of the different 
zones should converge to the focal point. The focal length of a Fresnel lens 
can be calculated from the formula 

λ
λ

m
mrf m

2

222 −
=    (9) 

where rm is the inner radius of the mth zone. With the paraxial approximation  
f >> mmaxλ it follows (accurate for F-numbers>2) 
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To design a Fresnel lens with focal length f and a an aperture diameter D the 
number of zones N needed is given by 
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The width of the outermost zone can be calculated using Eq. (10) and (11). 
F-number for diffractive lenses are often restricted by manufacture limits 
since lower F-number gives smaller width of the outermost zone of the 
Fresnel lens. If a Fresnel lens is designed to have a focal length of 200 µm 
and an aperture of 200 µm, i.e. F-number= 1, at a wavelength of 633 nm, this 
lens will consist of 38 zones and the smallest feature size will be 1.4 µm. 
Sub-micron resolution is always very difficult to achieve with accuracy, 
therefore a low F-number or a so-called fast diffractive lens mostly suffer 
from low diffraction efficiency. As for most DOEs, the Fresnel lens has 
strong dispersion (negative), the focal length is linearly dependent on the 
wavelength, see Eq. (10). A refractive lens’ focal length variation with 
respect to the wavelength is small; it depends on the term nλ-1, see Eq. (3), 
and the refractive lens shows a small positive dispersion. In hybrid lenses the 
strong dispersion of a Fresnel lens can be utilized by combining it with a 
refractive lens for elimination of the chromatic aberration of the refractive 
lens [18, 19]. However, in many applications the strong dispersion can be 
neglected where monochromatic laser light is used. 
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2.2.4  Fan-out elements 

Laser

DOE

Diffraction
pattern

 
Fig. 10. A schematic of the fan-out element designed to split a laser beam. The DOE 
modulates the phase of the impinging laser beam redistributing the beam into 16 
equally bright light spots in the diffraction plane.  
 
A fan-out element can be seen as an advanced beam-splitter. The intention is 
to split the incoming laser beam into a fixed number of beams were each of 
the outgoing beams contains a certain amount of power; the beam directions 
are settled by the fan-out element (see Fig. 10). Such a function is valuable 
when the light, containing information, needs to be directed to many 
channels or for laser machining, e.g. soldering, drilling or welding. This type 
of advanced manipulation of the light where a predicted light pattern is 
generated would be extremely difficult/impossible to generate with 
refractive/reflective components. The most accurate way to find the phase 
relief distribution for a certain light pattern in the diffraction plane is to use 
rigorous diffraction theory, which strictly uses Maxwell’s equations. This 
theory is unfortunately not suitable for designing fan-out elements due to its 
complexity. Another method, the scalar diffraction theory, where the light 
waves are described by scalar wave functions and ignores the vector nature 
of light is better suited for obtaining a fan-out phase-relief. The scalar theory 
is an approximation which is widely used since it leads to simplifications 



Mikael Karlsson 

25 

when designing and analyzing DOEs. Using this method has the 
consequences that polarization effects cannot be included and also the fact 
that this method is only a good approximation for wavelengths shorter than 
about 2-3 times the smallest feature of the phase pattern. Calculations of 
scalar diffraction problems are nonetheless many times nontrivial and further 
approximations are needed, and thus only a few examples of exact solutions 
exist, e.g. blazed gratings. One such approximation is to consider diffraction 
in the Fraunhofer region (or far-field). When this approximation is valid, 
which is true for small diffraction angles, the light distribution in the 
diffraction plane and the scalar field in the plane of the diffractive element 
are related to each other by a Fourier transform, see Appendix. The Fourier 
transform is performed using computers with help of the fast Fourier 
transform (FFT) algorithm. When searching for a phase-relief which 
generates a desired diffraction pattern, there are different methods [20-23]. 
One method is to iterate with FFT between the DOE plane and the 
diffraction (image) plane and in both planes change the phase until the 
algorithm gives the desired solution, i.e. wanted image [24-26]. Another 
method is the optimal-rotation-angle (ORA) method where the phase of each 
discrete point (pixel) in the DOE plane is chosen so that the diffraction 
efficiency is increased, i.e. no inverse Fourier transform is performed [27]. 
Of course, the solutions that these algorithms produce are seldom perfect but 
diffraction efficiencies can be as high as 95% for continuous DOEs. 
Fig. 11a shows a continuous DOE designed for splitting an incident laser 
beam into 16 spots forming a ring pattern, as in Fig. 10. 
 

 
      (a)                                                         (b)         
Fig. 11. (a) Calculated phase-relief for a continuous-relief DOE generating 16 spots 
forming a ring pattern. The phase difference between the black and the white areas 
is 2π rad. (b) Binary DOE, designed for the same purpose as the DOE in (a). The 
phase difference between the black and the white areas is π rad.   
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In this thesis a binary fan-out, designed with the ORA method, is used to 
split the laser beam. Normally, it is the true continuous structures that yield 
the highest efficiency for a certain diffraction pattern. However, sometimes 
the efficiency for a binary structure is enough for the intended application. 
Due to the simplicity of binary fabrication compared to fabrication of 
continuous structures the choice can then be a binary DOE, see Fig. 11b. The 
desired phase shift for a binary structure is π and hence the optimal relief 
height becomes  

)1(2
0
−

=
n
mh λ                          (12)  

where m is an odd integer (1,3,5..). 

2.2.5  Subwavelength grating 
A subwavelength grating is a diffraction grating where the grating period Λ 
is smaller than the illuminating wavelength λ0. When the period becomes 
smaller than Λmax, all the light will be transmitted into the zeroth 
transmission order. The grating equation determines whether a diffraction 
order propagates or not. The maximum grating period Λmax is given by 

Λ
=− 0sinsin
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where nt is the refractive index of the grating material, ni is the incident 
medium’s index of refraction, θt and θm are the angle of incidence and the 
angle of the mth diffraction order, respectively, and measured from the 
grating's surface normal, λ0 is the incident free-space wavelength and Λ is the 
period of the grating. By manipulation of Eq. (13) the maximum period 
length Λmax, up to an incident angle of θmax, to avoid all diffraction orders 
except m=0 is given by 
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In the normal case the incident medium is air and the incident angle zero 
degrees, i.e. light is perpendicular to the surface normal, and hence Λmax is 
given by 

tn
0

max
λ

<Λ                          (15) 

Other diffraction orders will not propagate since they are of evanecent 
nature. The fact that all light propagates in the zeroth order means that the 
light is not deviated. However, depending on the grating's depth and 
geometry one can synthesize an appropriate refractive index distribution so 
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that the Fresnel (surface) reflection is reduced [28-30]. On the scale where 
the grating period is very much shorter than the wavelength, the 
subwavelength grating can be expressed in terms of homogeneous regions 
with an effective index of refraction that is a combination of the indices of 
the substrate and incident medium (see Fig. 12). 
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Fig. 12. The principle of effective mediums; (top) For a binary surface profile the 
effective medium is a single film and (below) for a continuous surface profile the 
effective medium is a gradient-index film. 
 
Scalar theories cannot accurately predict such fine structures. Instead, the 
effective refractive index can be quantified by effective-medium theories 
(EMT) [31-34]. Normally the design is finalized with the more time-
spending rigorous coupled wave analyzes (RCWA). This because EMT are 
approximations, while RCWA have no approximations to the Maxwell's 
equations and the accuracy is limited only by the number of propagating (or 
evanecent) waves, considered in the analyze.   
This relatively new type of antireflection structure (ARS), although they 
exist in the nature as so-called moth-eye structures1, can be used to anti-
reflection treat optical materials [35, 36]. Until today the normal process is 
to coat the optical material with either a quarter wave film or a multilayer 
stack coating. However, for some materials there can be problems with the 
adhesion of the thin film and in some applications there is not suitable to ad 
another material for instance due to thermal, mechanical or chemical 
reasons. 

 
 
1Moth-eye structures are the periodic subwavelength structures present on the eye of a certain 
night-flying moth, created by nature to avoid reflection from the moth eyes and thus avoiding 
discovery of predators [39, 40]. 
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When designing ARS one can choose between a 1-dimensional and 2-
dimensional grating. One also decides if the grating should have binary, 
stepped or a true continuous profile. Generally, 2-dimensional works well 
both for unpolarized and polarized light whereas a 1-dimensional grating 
only works well for the latter. The effect of using continuous gratings instead 
of binary, is a better performance in case of etch depth errors, wavelength 
detunings or deviations from the design angle (normal incidence) of the 
incoming light [37]. 
In this thesis binary 2-dimensional ARS surfaces were designed with the 
help of a computer program [38], which is based on rigorous coupled wave 
analyzes. 
 

Λ < λ 

b

a 

h 

 
Fig. 13. Schematic illustration of a two-dimensional antireflection structured 
surface. The duty cycles in the two dimensions are a/Λ and b/Λ, respectively. 
 
Important parameters when designing binary ARS are the duty cycle and the 
height of the structure (see Fig. 13). By varying these two parameters an 
optimal design can be found. The computer program only treats the ARS 
surface and hence, to find the transmission through the substrate, the 
transmission values from the computer analysis have to be modified due to 
reflections from the backside of the substrate. The transmission through the 
substrate is easily calculated by combining the output computerized values 
with the bulk reflectance R equation (assuming ambient air and no 
absorption in the substrate) 
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where the bulk transmission T is given by T=1-R. 
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In Fig. 14 a typical behavior of binary ARS surface transmission as function 
of the etch depth is shown. 
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Fig. 14. Calculated transmission through a single interface of air and an AR 
structured diamond surface as a function of the grating depth. The period is 4 µm 
and the size of each square is 2.4 x 2.4 µm (duty cycle=0.6 in both dimensions) and 
the illuminating wavelength is 10.6 µm. The incident light is perpendicular to the 
grating surface. 

2.2.6  Resist fabrication methods 
The most accurate technique for fabrication of continuous, multilevels or 
binary DOEs, is by electron-beam (e-beam) lithography. E-beam lithography 
has similarities with earlier described photolithography. A thin layer of 
resist, in this case an electron sensitive resist, is spun onto a suitable material 
and then exposed to an electron beam using a computer controlled xy-stage, 
with a lateral resolution down to the nm range. As in photolithography one 
can choose between positive or negative resist which means that either the 
exposed areas, i.e. positive resist, or the unexposed areas, i.e. negative resist, 
will be dissolved in the developing step. By applying different doses of 
electrons into the e-beam resist it is possible to generate true continuous 
structures, since the developed depth in the resist depends on the electron 
dose [41-43]. In our case we used a scanning electron microscope, which 
was connected to a CAD computer and which enables complex structures to 
be manufactured in resist down to a lateral resolution of 50 nm. This 
technique was employed for the fabrication of the blazed grating, Fresnel 
lenses and the binary ARS structures while the fabrication of the binary fan-
out DOE was carried out with photolithography. 

There exist a number of fabrication techniques, other than e-beam 
writing, to fabricate micro-optical structures in resist. E-beam writing is 
indeed one of the most accurate but is has some limitations. For instance it is 
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not possible to fabricate deeper structures than about 5 µm due to limitations 
in the electron penetration. When large areas are written by e-beam 
lithography there are limitations due to stitching errors. Large area 
processing is also very time consuming.  
One technique that enables low cost fabrication of micro-optical structures in 
resist is replication by hot embossing [6, 44]. The scheme for the hot 
embossing is as follows: 

 
1. Fabrication of micro-optical structures in a suitable material for instance 

resist or silicon. 
  
2. Fabrication of a Ni copy of the micro-optical surface by electroplating. 

 
3. The Ni-copy is pressed down, at an elevated temperature, on a substrate 

with suitable resist on top of it. 
 
This process is used in paper II and VI, where the original structures was 
fabricated by e-beam lithography. Using this technique one can tolerate that 
the original structuring is time consuming. 

Another interesting technology is gray-tone lithography with high-energy 
beam sensitive (HEBS) glass [45, 46]. Here optical lithography is used, 
which enables mass production, to fabricate continuous structures in resist. 
This technique enables relatively deep structures in resist, up to hundred µm. 
We have made some initial experiments with this technology to fabricate 
Fresnel lenses in thick photoresist (~50 µm), showing acceptable 
performance. 
Direct laser beam writing [47] and laser ablation are two other methods used 
to structure resist materials [48]. The laser beam writing systems typically 
have lower resolution than e-beam lithography but are much faster and give 
possibilities to fabricate deeper structures in the resist. Laser ablation is 
performed with wavelengths in the 200 nm regime and hence favorable for 
fabricating small features. Laser ablation can also be used to structure other 
materials. 
Focused ion beam is another method that has shown to have the potential to 
structure resist (or any material) [49]. The accuracy is comparable to e-beam 
lithography and with the possibility to structure any material this technique 
is an interesting candidate for fabrication of optical structures in 
semiconductor material. 
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3  Plasma etching 

This thesis is roughly divided in three parts; first as described in chapter 
2, the design and fabrication of different micro-optical elements in resist, and 
secondly, plasma etching - which is described in this chapter, and third, the 
transfer of micro-optical structures into GaAs or diamond and their 
applications. It is of great importance to understand the different plasma 
processes and the physics behind them, especially in micro-optics 
applications where any deviation in a fabricated component from the 
designed optical structure will yield lower optical efficiency. It is the 
combination of the work in both of these areas, which has realized the third 
part of this thesis- new types of micro-optical structures in GaAs and 
diamond and some of their applications. Plasma etching is a key technology 
when optical structures, fabricated in some kind of resist, are transferred to 
an underlying material. The main application area for plasma etching is 
otherwise the fabrication of nanometer sized structures in different materials 
for state-of-the-art integrated circuits. For instance none of the memory chips 
on the market today could be fabricated without plasma etching. Plasma 
etching is characterized by its mass production ability with high yield and is 
currently, in principle, the only etch technology used in the microelectronic 
industry.  

3.1  Plasma- background 
Plasmas used to etch materials are normally "cold" plasmas. Plasma is a 
natural state of matter and is defined as an ionized gas with approximately 
equal numbers of positive and negative charges where the species have high 
speed relative to each other. In thermal plasmas the electrons, ions and 
neutral species are in thermodynamic equilibrium, but in cold plasmas the 
electrons and ions are more energetic than the neutrals, i.e non-equilibrium. 
Cold plasmas are used for plasma etching because one can then use a low 
temperature process to create molecular reactions (i.e. forming of reactive 
species) that otherwise, without a plasma, demands temperatures of say 
1000-10000˚C. In the further discussion, cold plasmas will only be named as 
plasma.  
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A plasma is created in reactors, normally consisting of a vacuum chamber 
with two opposite parallel plate electrodes placed inside. Gases are 
continuously introduced in the reactor through a gas feed system. Typical 
pressure in the system is between 1mTorr and 10 Torr. By applying a high 
frequency voltage to the electrodes, a current will start to flow that generates 
a plasma which emits a characteristic glow. The ionization degree is very 
small, typically 1 charged particle per 10000 neutral atoms and molecules 
(for an Ar plasma). Normally, the positive charges are mostly gas atoms or 
molecules that has lost one electron and the negative charges free electrons. 
 

Power
source

Electrode

Vacuum
chamber

Plasma

 
Fig. 15. A schematic of a plasma. 

3.2  Plasma physics and chemistry 
To generate a plasma there must, from the start, exist some free charges that 
can respond to the applied electric field. This is ensured by cosmic rays or 
light (i.e. window on the chamber), which has enough energy to create some 
free electrons and ions. The electron, due to its small mass, responds quickly 
to the applied electric field and collides with the gas atoms. When the 
electrons have started to gain low kinetic energies, the collisions are elastic 
which means a small energy transfer to the gas atoms since the electrons are 
less heavier than the gas molecules. This fact leads to that the electrons will 
gain sufficient energy to collide inelastically with the gas atoms and thereby 
causing ionization and dissociation of the gas molecules. The positive ions 
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can be treated as immobile due to their high mass and hence it follows that 
the energy they might collect will be lost quickly to the background gas 
temperature after collisions. Many electrons are lost by recombination with 
ions or diffusion towards the walls etc. The discharge reaches a steady state 
when the electron losses are equal to the electron generation. Electron 
density, which depends strongly on the power, is normally between 109-1013 
cm-3. The electron energy can be described in terms of a distribution of 
energies. The distribution is often Maxwellian and is of the form 
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where ε is the electron energy, k Boltzmann's constant and T is the electron 
temperature. The average electron energy, 3kT/2, in a plasma is typically in 
the range of 1-10 eV, the ions in the plasma are much colder and have 
energies in the range of 0.02 to 0.1 eV which is equivalent to room 
temperature to a few hundred degrees Celsius (1 eV is equal to 11600K or 
11327ºC). Since typical values required to break the chemical bonds or 
exciting a molecule is in the range of 0.1 to 20 eV, chemically active species 
can be formed. The energetic electrons will diffuse quicker to the chamber 
wall than the ions. Therefore the plasma will start to be charged slightly 
positive with respect to the chamber wall. A steady state condition will occur 
when the plasma potential reaches a value high enough to yield same loss 
rate for both electrons and ions and thereby will the bulk plasma retain the 
neutrality. This potential is called the plasma potential. As a consequence, 
the plasma will always have the highest positive potential compared to any 
surface in contact to the plasma. The region between the plasma and the 
chamber wall, or any other surface, is called the sheath or dark region. It is 
over this region the potential drops and typical thickness for the region is in 
the order of the Debye length (~10-2 cm). The Debye length is defined as the 
distance of the plasma perturbation, caused by a small potential inserted in 
the plasma, and is given by 
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where ε0 is the permetivity in free space, kT describes the electron energy 
and n respectively e describes the electron density and charge. The positive 
plasma potential with respect to any surface in contact with the plasma, will 
cause an ion bombardment of this surface. The ions, which are accelerated 
through the sheath, will hit the surface at almost normal incidence. This ion 
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bombardment is often wanted in plasma etching and very often magnified by 
biasing the electrode where the wafer is placed to reach so-called ion-
assisted etching.  
As an example, in an oxygen plasma discharge the following reactions take 
place: 
 
a) ion and electron formation 
 

eOOe 222 +→+ +  
 generation of charged carriers which sustain the plasma 
 
b) atom and radical formation 
 

eOOOe ++→+ 2  
 forming of atomic oxygen (reactive species) 
 
c) photon production 
 

eOe +→+ *
220  

2
*
2 OhO +→ ν  

where *O2  is an excited state of 2O  and νh is the 
characteristic plasma induced optical emission. 

These above mentioned reactions are examples of the most important type of 
reactions in an oxygen plasma, however, in reality a lot more reactions will 
take place.  
To get an understanding of a plasma etch process one can divide the process 
in following important steps: 
 
1. Generation of reactive species (and ions)  
2. Diffusion of reactive species to the surface 
3. Adsorption of reactive species at the substrate surface (nondissociative) 
4. Diffusion of reactive species on the substrate surface 
5. Formation of reaction products 
6. Desorption of the volatile reaction product 
7. Diffusion of the reaction product to the plasma and removal by the 

pumping system 
 
Loosely one can say that the reactive species (i.e. reactive neutrals) cause the 
etching and hence the etching process is purely chemical, but the ion 
bombardment can play an important role in many of the above mentioned 
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steps. For instance can the impinging ions stimulate chemical reactions, 
desorption, surface diffusion and remove involatile reaction products etc. 
This means that one can, by controlling the ion bombardment (i.e. bias), 
decide if the etch process is chemical dominated (i.e. isotropic etching) or 
physical dominated (i.e. anisotropic), see also Fig. 16. With the possibility to 
control the ion bombardment and by using different gas mixtures, four 
different plasma etching methods have been developed. These are chemical 
etching, ion enhanced etching, inhibitor controlled etching and sputtering 
(see Fig. 16). 
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Fig. 16.  Schematic description of four different plasma etching methods, (a)  
chemical etching, (b) sputtering, (c) ion-enhanced etching and (d) ion-enhanced 
inhibitor etching. 
 
Chemical etching is performed in plasma systems, which yield low ion 
bombardment, and the role of the plasma is to create etching species (i.e. 
radicals). The mechanism behind the etching is the flux of neutral etchants 
and therefore the process is generally isotropic, which seldom is wanted. On 
the other hand, a pure chemical etching has often a very high selectivity. 
With selectivity one means the etch rate ratio between the substrate and 
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mask material. Pure chemical etching is often used for removal of resist and 
thin films that cover a whole wafer, i.e. no structuring of material. 
Sputtering relies purely on the impact of high energetic ions, which are 
accelerated in an electrostatic field (i.e. high bias), to the surface with the 
result of ejected surface atoms. Pure sputtering as an etching method is 
seldom used due to low etch-rates and low selectivity. Main advantage is 
that any material can be etched.[50, 51] 
Ion enhanced etching is widely used since one then takes advantage of both 
reactive species and energetic ions. In the 1970s Winters and Coburn etched 
poly-silicon in XeF2, without a plasma, and then with pure Ar ion 
bombardment. By using the two sources simultaneously they discovered that 
the etch rate for the combination was approximately one order of magnitude 
higher than the sum of the individual sources [52]. Ideally, highly 
anisotropic etching can be performed by using ion-enhanced etching since 
the ion bombardment is highly directional. 
Inhibitor controlled etching is relying on processes which yield formation of 
a passivating thin film on all surfaces of the substrate. The passivating film 
is not etched spontaneously by the etchants, but if high enough bias is 
applied to the substrate the ion bombardment will eject or sputter the 
passivating film away from the surface. This will lead to a highly anisotropic 
process since the sidewalls will be protected of the film, which is not 
affected of the ion bombardment due to the directionality of the ions. 

3.3  Plasma etch systems 
Plasma etch systems can either use direct current (dc), radio frequency (rf) at 
13.56 MHz or microwave at 2.45 GHz as power source. Other frequencies 
could be used in theory but international communication authorities assign 
these specific frequencies. A matching network (to which the radio 
frequency power is connected) is used to change the complex plasma 
impedance into a resistive load. 

The most common system in the microelectronic industry is the reactive 
ion etching (RIE) system. It is a capacitively driven rf diode system where 
the electrode that holds the wafer is powered, see fig. 17. The word RIE 
suggests that the ions are reactive, this is not the case but rather the 
bombardment of high energy ions in combination with reactive species aids 
the formation of reaction products. The high ion bombardment in a RIE 
system is due to the high self-induced bias between the plasma and the 
electrode. This bias is directly related to the input power. A disadvantage 
with RIE is that it is not possible to create higher plasma density, and hence 
form more reactive species, without increasing the ion energy or in other 
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words; you cannot increase the ion flux without an increase of the ion 
energy. High ion energy will create high ion bombardment, which can 
degrade the electrical performance of the etched material due to induce of 
crystal defects and give rough surfaces due to redeposition of the sputtered 
material. Hence, the possibilities of increasing the etch rate with an increase 
of input power is limited. 

The above mentioned disadvantages of RIE has led to the development of 
systems where the ion flux, which is directly related to the plasma density, 
and the ion energy can be varied independently. There exist different types 
of such systems, often called high-density low-pressure systems. Generally, 
the power is supplied through a dielectric window in these systems, a so-
called noncapacitive coupling. There are mainly two types of high-density 
systems, the electron cyclotron resonance (ECR) discharge and the 
inductively coupled plasma (ICP) system. The ECR system is a microwave 
powered system (2.45 GHz) in combination with a magnetic field. Due to 
up-scaling difficulties and the complexity of this system, the interest for this 
system has decreased. 
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Fig. 17. (left) Schematic picture of an RIE system and (right) schematic picture of an 
ICP system. 
 
ICP systems are driven with a single or multi-turn coil (rf: 13.56 MHz) that 
sustains the plasma through a dielectric window, see fig. 17. The rf current 
in the coil induces an opposing rf current in the plasma; the plasma acts as a 
secondary of a transformer with the ICP coil as the primary. The plasma 
density for this system is usually in the range of 1010 – 1011 cm-3, which is 
slightly lower than ECR systems. The plasma density in ICP systems is 
typically a factor 10 higher than in RIE systems. The sheath is also thinner in 
an ICP system compared to an RIE system, which reduces the ion scattering. 
ICP and ECR systems are equipped with a separate capacitively coupled rf-
power supply to be able to bias the electrode where the wafer is placed. The 
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ICP source creates a high density plasma, also at low pressure, which 
generates a high ion flux to the substrate that can aid surface reactions but 
with low ion energy. Low ion energy means low ion bombardment. By 
biasing the electrode with the external capacitive system the ion energy can 
be increased independently of the ion flux, see Fig 18. [53] 

 

Bias power

 Ion flux

Ion energy

Source power is constant (> bias power)

Ion flux

Ion energy

Source power
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Fig. 18. (left) Change in ion flux and ion energy versus the bias power, source power 
constant and (right) the ion flux and ion energy plotted against the source (ICP) 
power, bias constant. 
 
These high-density plasma systems offer possibilities such as higher etch 
rates, better uniformity, higher selectivities and lower wafer damage than in 
RIEs. In many cases the high density plasma/low pressure systems also 
yields much lower surface roughness compared to RIE. However, many 
times it is a trade of between the advantages of the ICP process. For 
instance, if one wants to lower the wafer damage compared to a RIE process 
by using an ICP process it is not sure that one will also get a higher etch rate. 
The ICP system is relatively simple to up-scale and the system is not as 
complex as the ECR system. Therefore, the trend in the microelectronic 
industry and micromechanics is to replace RIE systems with ICP systems. 
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In this thesis all of the plasma etching used for the fabrication of optical 
structures in GaAs and diamond has been carried out in an ICP system (see 
Fig. 19). 
 

 
 
Fig. 19. Picture of the home-built ICP system, used for the plasma etching of GaAs 
and diamond. 
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4  GaAs 

This chapter is about GaAs as an optical material and presents the 
fabrication of micro-optical elements in GaAs by ICP etching. An 
application for micro-optical elements in GaAs is also demonstrated. The 
application is monolithic integration of DOEs with vertical-cavity surface-
emitting lasers (VCSELs) and was carried out within the work of this thesis.  
 

4.1  GaAs as optical material 
GaAs is a so-called III-V semiconductor. Properties as direct band-gap and 
high electron mobility make GaAs very useful for fiber optics 
communication and high frequency electronic applications, and GaAs is 
therefore widely used for the fabrication of photonics and electronic devices. 
Examples of specific GaAs based devices are waveguides, high electron 
mobility transistors (HEMTs), heterojunction bipolar transistors (HBTs), 
fiber pump lasers, light emitting diodes (LEDs), surface emitting lasers and 
photodetectors in the IR-region. 
The refractive index of GaAs is 3.5, at a wavelength of 950 nm, and with 
that follows that the Fresnel reflection is quite high from GaAs (about 30% 
with air as ambient medium). Therefore there is often a need to AR-treat the 
micro-optical elements fabricated in GaAs, this to avoid interference effects 
and to avoid light losses. For wavelengths shorter than 900 nm, GaAs is not 
transparent and thus only used for micro-optical elements for wavelength 
longer than 900 nm [54]. 

4.2  Transfer of micro-optical structures into GaAs by 
ICP etching 
The plasma etch system used in our experiments is a home built ICP etching 
system (see Fig. 19). In the start of this work much effort was put into 
upgrading the system, such as building new matching network, installing 
new power sources, and identifying suitable process parameters for a stable 
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plasma. The process parameters are mainly ICP power, bias, gas mixture, 
gas flows and process pressure. Plasma etching is in many cases system 
dependent which means that process parameters from a working process in 
one plasma system cannot be transferred to another system without, 
sometimes many changes. Of course, the process from another system will 
give hints and help to establish the same process in another system. The 
theoretic understanding of plasma etching processes becomes better and 
better but still a lot of the knowledge is based on empirical findings, intuition 
and maybe most important, experience. This is due to the complexity of 
plasma physics and plasma chemistry, which makes it almost impossible to 
predict what happens in detail for a certain process. There are too many free 
parameters. 

Many groups have investigated RIE of GaAs for optoelectronic 
applications [55-61]. There also exist some reports on ICP etching of GaAs 
mesas and trenches [62-66].  

In the area of micro-optics, there are several groups that have investigated 
the transfer of micro-optical structures, originally fabricated in resist, into 
GaAs or Si by RIE. The optical elements have been microlenses and binary 
DOEs [35, 36, 67-73]. The scheme they have used for the transfer of 
analogue optical structures into GaAs (or Si) is as follows (see Fig. 20): 

 
1. Deposit a layer of resist onto the GaAs. 

 
2. Structure the wanted optical structure in resist. 

 
3. Transfer of the optical structure into GaAs by plasma etching 

 
This is also the method used in this thesis for the transfer of micro-optical 
structures into GaAs. The DOEs fabricated were of continuous-type since 
binary structures typically suffer from lower diffraction efficiency. The 
chemistry used for etching GaAs is normally a gas combination of Cl2, BCl3 
and Ar. Cl2 etches GaAs spontaneously at low etch rates but since the GaAs 
surface will in all practical situations be covered with a thin layer of oxide, 
BCl3 is added which effectively removes such oxides and guarantees a 
reproducible etch performance. Ar is used to stabilize the plasma and to 
ensure an efficient ion bombardment. In the context of our work a process 
was developed in the pressure regime of 2-10 mTorr. Normally a low 
pressure is wanted to enhance the anistropic part of the etching. In Fig. 21 
atomic force microscope (AFM) pictures of a Fresnel lens fabricated in e-
beam resist (PMGI) and transfered into GaAs are shown. This fabrication 
method differs from the one used in the microelectronic and micromechanic 
field where the normal process is that one has a mask material which is not 
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affected by the plasma and where the underlying material is etched through 
openings in the mask material, see Fig. 16. In the method used here for 
fabrication of DOEs in GaAs, one needs to have accurate control of how two 
different materials are etched in the plasma. This is a rather unexplored area. 
Important parameters are the selectivity between the etch rate in the resist 
material and the etch rate in the underlying substrate material, and surface 
roughness of the etched surface. When knowing the selectivity, the micro-
optical structures can be designed so that the final optical structures will 
have the right dimensions. 

 

GaAs

Direct-write 
electron beam

lithography

Transfer by 
inductively 

coupled plasma 
etching

Monolithic 
GaAs DOE

e-

resist

GaAs

Direct-write 
electron beam

lithography

Transfer by 
inductively 

coupled plasma 
etching

Monolithic 
GaAs DOE

e-

resist

 
 
Fig. 20. Method used for the fabrication of micro-optical elements in semiconductor 
materials. 
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Fig. 21. (Top) AFM scan of a diffractive lens in e-beam resist. (Below) AFM scan of 
the same diffractive lens, transfered into GaAs by ICP etching. 
 
As can been seen in Fig. 21 there are however differences between the 
profile of the DOE in resist and the DOE transfered into GaAs. Any 
deviation from the designed shape of a micro-optical structure will affect the 
optical performance of the element. Mainly two effects were seen in the 
transfer of optical structures into GaAs, and these are well viewed in Fig. 21. 
One effect is the aspect ratio dependent etching [74,75] which means that the 
etch rate is dependent on the height to width ratio, i.e. smaller trenches etch 
slower. As can be seen in the GaAs Fresnel lens, each Fresnel zone gets 
shallower when the width of the zones gets smaller. However, this is not a 
major problem since compensation methods can be performed in the e-beam 
exposure step, by fabricating deeper structures when the width decreases. 
The other effect is the distortion of the structures, that is, rounding effects at 
the bottom of the blaze like structure, which was identified as coming from 
the etch rate angular dependency. This effect comes from the fact that in any 
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ion-enhanced plasma etch process the amount of ion bombardment on the 
surface will differ with the angle between the surface and the impinging ions 
[76]. By simulation using a computer program specially developed for 
evaluation of the etch rate angular dependence, the distortion of the 
structures could be studied and verified [77]. The angular dependence of the 
etch rate makes it difficult to fabricate continuous-relief DOEs with 
extremely short periods and high diffraction efficiency by use of this transfer 
method. 
The etch process was found to yield an accurate transfer for larger periods at 
high etch rates, typically 0.5-1 µm/min in GaAs, and with selectivities 
ranging from 0.8 to 1.4 between GaAs and e-beam resist. The process also 
produces extremely smooth surfaces with a typical surface roughness of 1 
nm root mean square value (rms). In Fig. 22 SEM pictures of a Fresnel lens 
and a blazed grating, both fabricated in GaAs, are shown. 
 

  
 
Fig. 22. SEM pictures (left) of a Fresnel lens and (right) a blazed grating in GaAs. 
The faint lines come from the cartesian e-beam exposure. 
 
A blazed grating, 5-step approximation, with a period of 10 µm was 
optically evaluated with a surface emitting laser operating at 940 nm, which 
is the design wavelength of the grating. The blazed grating had a diffraction 
efficiency in the first order of about 70%, with a theoretical maximum of 
87%. This value was also compared with calculated values from the Fourier 
transforms of the blazed profiles measured with AFM. 
(Paper I)  
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4.2.1  Other possible techniques for fabrication of micro-optical 
structures in semiconductor materials 
Transfer of optical structures, originally fabricated in resist, into 
semiconductor materials can also be done using other dry etch methods such 
as ion beam etching (IBE), reactive ion beam etching (RIBE) or chemically 
assisted ion beam etching (CAIBE) [12, 78, 79]. All of these methods relies 
more (IBE) or less (CAIBE) on milling by ions and hence normally suffers 
from high surface damage, compared to plasma etching. The etch rate for 
IBE is normally low and also yields low selectivity. The advantage with IBE 
is that any material can be etched. 
There also exist some methods where the structure is fabricated directly in 
the semiconductor material and no resist is needed, such as focused ion beam 
(FIB) direct milling and laser ablation. There are a few publications on the 
direct writing of micro-optical structures in GaAs by FIB [49,80]. This 
method can be employed to any material but the major draw-back with this 
method is the process time.  

4.3  Monolithic integration of VCSEL/DOE 

4.3.1  The VCSEL 
The VCSEL is an important device for optical interconnects [81, 82] and 
other applications such as data storage [83] and local area networks [84]. Iga 
et al. demonstrated the first VCSEL in 1979 [85]. This VCSEL was pulsed 
and operated at 1.3 µm wavelength and had GaInAsP/InP as material 
system. However, due to the small index difference between GaInAsP and 
InP (and some other difficulties) the AlGaAs/GaAs material system, which 
did not have these difficulties, gained more interest. Therefore, most 
development has been in the AlGaAs/GaAs system. In 1988 the same group 
demonstrated the first continuous-wave operating VCSEL at room 
temperature and at a wavelength of 0.85 µm [86]. The realization of the 
VCSEL gained immediately a lot of interest and is now an important 
research area. VCSELs have already been commercialized into optical 
systems. The different types of VCSELs cover the wavelength regime from 
0.3 µm to 1.6 µm. The GaAs based, i.e. GaAs as substrate material, VCSELs 
emit light in the wavelength regime between 0.63 µm and 1.3 µm [87]. 
A VCSEL consists of an active medium (lasing medium), usually multiple 
quantum wells, placed between two distributed Bragg reflector (DBR) 
mirrors, see Fig. 23. The cavity is perpendicular to the plane of the active 
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layers and therefore the light output is orthogonal to the wafer surface. 
Normally, the thickness of the cavity is equal to λ, which puts very high 
demands on the mirrors since the short cavity length gives a low gain and 
therefore a high reflectivity is needed. Typical values for the reflectivity of 
the mirrors are >99.9%. The fabrication of the VCSEL stack, i.e. mirrors and 
active medium, is performed with epitaxial growth methods. Some of the 
advantages of VCSELs are the possibility to fabricate them in very dense 2-
dimensional arrays, the orthogonal light output, single longitudal-mode 
operation, circular mode profile, the possibility for on-wafer testing, 
extremely low threshold and small power consumption. 
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Fig. 23.  Cross section of a so-called mesa etched top emitting VCSEL. 
 
In many of the VCSEL applications, such as optical interconnects and  
photonics integration, there is a need for micro-optical elements [87]. This 
because the output beam, in most cases, must be shaped in some manner and 
in some applications also directed. In areas like lab-on-a-chip, where 
chemical analysis is done on a small chip, the read-out is often performed 
with light. Here, low-cost VCSELs combined with micro-optical elements 
can certainly play an important role. Generally, one can say that in 
applications when VCSELs, LEDs and photodetectors are used there is also 
need for micro-optical elements. 
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4.3.2  Integration of DOE with VCSEL; Optical performance 
In an application where a VCSEL is used there also exist one or several 
optical elements to modify the light. An external optical element can be 
used, but with the drawback such as time-spending alignment of the optical 
element to the light output. By integrating the micro-optical elements 
directly on the VCSEL with processes compatible with the VCSEL 
fabrication, alignment problems can be reduced and also enable the 
possibility to equip the whole VCSEL array, at one step, with for instance 
resist microlenses. Even more advantageous is it to fabricate the micro-
optical structures in the VCSEL substrate, i.e. monolithic integration, and 
thereby avoid thermal mismatch, differences of refractive index etc. 
Monolithic integration of refractive microlenses and binary DOEs with 
bottom emitting VCSELs has been demonstrated by other groups [72, 88, 
89]. However, in this thesis monolithic integration of continuous DOEs with 
bottom emitting VCSELs is demonstrated, see Fig. 24.  
 

 
 
Fig. 24. AFM picture of a Fresnel lens in GaAs monolithically integrated with a 
VCSEL.  
 
Another research group has also showed the benefits of monolithic 
integration of analogue DOEs with bottom emitting VCSELs by FIB [80]. 
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FIB is however, in principle, only suited for laboratory experiments since the 
technique is extremely time consuming. The e-beam writing step in our 
showed process is also time consuming, but by taking use of replication by 
hot-embossing in resist we turned the process into much faster turnaround. 
One issue that has to be addressed when using this technique is however the 
need for an accurate aligning method. In the case of e-beam writing the 
lateral accuracy is typically on the order of nm, whereas with hot embossing 
state-of-the-art equipment allows a lateral accuracy around 0.5-1 µm [90]. 
The VCSEL/DOE combination was optically evaluated and showed good 
performance, see Fig. 25. We believe that this demonstrated method might 
fill a gap in the industry demand for low cost fabrication methods with high 
yield. 
 

 
 
Fig. 25. (a) Image of the intensity distribution in the focal plane with the 
VCSEL/Fresnel lens operating at 4 mA (b) Intensity profile in the focal plane (c) 
Intensity distribution from a VCSEL/blazed grating, recorded with a CCD-camera, 
where the left spot is the first order of diffraction and right spot is the second order 
of diffraction. The zeroth and +3 orders contain negligible optical power, as can be 
seen in the picture. The VCSEL is operating at a drive current of 2.9 mA. (d) 
Intensity profile from (c). 
 
(Paper II) 
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5  Diamond 

In this chapter diamond and its unique properties are described. The 
“highlight” of this thesis is also presented here - bringing diamond into the 
field of optics.  

5.1  What makes diamond so special? 
There has always been a fascination in diamonds mainly due to their beauty 
and rarity. Of course, diamond is also known as a girl’s best friend and 
hence maybe the most valuable material that exists! 
Besides that, diamond also has attributes to satisfy other needs. It has been 
known for quite a time that diamond possess outstanding properties such as 
being the hardest material that mankind knows, chemical inertness, extreme 
wide optical transparency window and the highest thermal conductivity at 
room temperature of all solids. Diamond consists of carbon atoms, where the 
atoms are ordered in a cubic crystal structure with strong and short covalent 
bonds between all atoms. Every carbon atom bonds to four other carbon 
atoms in well-defined angles, i.e. as a tetrahedron in all 3-dimensions (see 
Fig.26). (Graphite is also consisting of carbon atoms but the graphite crystal 
structure is built in carbon layers with weak bonds between the layers.) 
 

 
 
Fig. 26. The crystal structure of diamond.  
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Diamond is an insulator due to the lack of free electrons that can move in the 
diamond crystal; they are locked up in the diamond structure. In insulators 
the heat is conducted by lattice vibration, in contrast to metals where 
conduction electrons are responsible for the high thermal conductivity. The 
low atom number of carbon (6) and the stiff bindings between the carbon 
atoms in the diamond crystal enhance the propagation of the lattice 
vibrations through the crystal and explains the extraordinary thermal 
conductivity. Due to the last fifty years of research on synthetic diamond 
fabrication, diamond is now beginning to be used in the industry for coatings 
on industrial wear parts where the hardness of diamond is being utilized 
[91]. The first work on synthetic diamond was published in the mid 1950s, 
when graphite was transformed to diamond in a process that took place 
during high pressure and high temperature. In the early 1980s, microwave-
plasma enhanced chemical vapor deposition (MPECVD) [92] and the hot-
filament CVD [93] were invented which yielded practical growth rates (>1 
µm/h). These low-pressure synthesis methods can provide diamond wafers 
and diamond films. Diamond films as wear resistant layers and as heat sinks 
in different applications has already become an industry. Maybe more 
thrilling is the use of diamond in electronic devices. There has been an 
interest in using diamond as an electronic material since the CVD processes 
of diamond was invented, because of diamond’s high bandgap (which is 
indirect) and high charged particle mobilities. Diamond is mainly interesting 
in the field of high-power electronics, high temperature electronics and as 
sensors for extreme environment. For electronic devices, production of 
single crystalline diamond is needed, which nowadays is an intense research 
area. These electronic grade films are often epitaxially grown on diamond 
substrates (homoepitaxy) or nondiamond substrates (heteroepitaxy) by 
MPECVD techniques, where in both cases the demands on the substrate and 
the plasma system are extreme. However, there have been several drawbacks 
encountered such as that the carrier mobility depends strongly on the 
temperature and impurity concentration. Another drawback is that it is today 
only possible, in an efficient way, to p-dope diamond, e.g. by boron doping. 
Especially interesting are the recent results which describe the development 
of synthetic monocrystalline diamond with high carrier lifetime and mobility 
for use in electronic diamond-based devices [94]. The lack of an efficient n-
doping of diamond enables therefore only unipolar semiconductor devices, 
e.g. Schottky diodes. However, research is performed on n-doping of 
diamond, e.g. using phosphorus, and some results have been presented but 
not yet implemented in the form of devices. 
Another future area for diamond may be in biomedical devices due to 
diamond’s inertness and chemical resistance. There have already been some 
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demonstrations of such devices [95, 96], where for instance diamond has 
been made either hydrophobic or hydrophilic.  
The future for diamond looks bright since the production costs for diamond 
is decreasing fast, the quality of the synthetically produced diamond 
becomes better and simultaneously, the possibility of structuring (at low 
cost) the high quality diamond becomes available, where the latter is 
demonstrated in this thesis. 

5.2  Diamond as an optical material 
As mentioned earlier diamond has an extremely wide transparency window. 
Diamond is transparent from wavelengths of 220 nm, in accordance with the 
5.5 eV indirect bandgap, and above. In the range between 3-7 µm there is 
intrinsic absorption bands due to two and three-phonon transitions [97]. The 
high thermal conductivity of diamond makes it interesting for use as optical 
material for high power lasers. There is also a very limited number of 
materials for the spectral range of 8-12 µm. Diamond is in many ways 
superior to these materials since it remains transparent at elevated 
temperatures, due to that the large bandgap does not allow formation of free 
carriers. Diamond, due to its hardness and inertness, can also withstand 
severe environmental conditions. One drawback with diamond as an optical 
material is the optical absorption that generally is higher than in other IR-
materials. Until today the only use of diamond as an optical material has 
been as outcoupler windows for carbon dioxide lasers (CO2-lasers) due to 
the lack of techniques for microfabricating diamond of optical quality.  
In Table 1 some relevant properties of diamond are shown, and as a 
comparison relevant values for ZnSe are also given. 
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Table 1. Properties of CVD diamond substrates (used in this thesis) and 
ZnSe.  

Property 
 

Diamond ZnSe 

Absorption coefficient 
at 10.6 µm (cm-1) 

0.03-0.1 0.0005 

Thermal conductivity 
at 300K (W/mK) 

1900-2200 16-18 

Hardness (GPa) 
 

80±18 1.05 

Refractive index at 10 µm 
 

2.38 2.4 

Thermal expansion 
coefficient at 300K (ppm/K) 

1.0 7.1 

Sand erosion at 80 m/s  
C25/52 sand (mg/kg) 

0.18 >20000 

Temperature coefficient of 
refractive index, dn/dT (10-6 K-1) 

10 57 

Resistant against 
concentrated acids 

Yes No 

  

5.3  Fabrication of micro-optical elements in diamond 
by ICP etching 
Due to its hardness diamond is very difficult to structure. One way is by 
laser ablation create optical structures, and a Russian research group has 
demonstrated binary structures in diamond using this method [98, 99]. This 
technique is however in principle only suited for laboratory demonstrations 
(and binary structures). Another method is by growing diamond on 
structured silicon wafers followed by sacrificial etching of the silicon but 
with the drawback of relatively high surface roughness [100, 101]. 
There have been some reports on RIE and ECR etching of trenches in 
diamond, all based on oxygen chemistry [102-106]. A process which used 
O2 and Ar yielded etch rates of about 200 nm/min and with low degeneration 
of surface characteristic. By using the same technique described in the 
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previous chapter, but this time with diamond as the substrate material, 
continuous structures (blazed gratings and Fresnel lenses) were transferred 
into diamond of optical quality. This was in fact for the first time continuous 
structures in diamond for use as optical elements was demonstrated. The 
period of the blazed grating was 45 µm and the design wavelength was 400 
nm (blue light). The blazed grating was evaluated with a solid state laser and 
showed a diffraction efficiency of 70% in the first order (see Fig. 27). The 
accuracy of the transfer was accurate (see Fig. 27) and produced surfaces 
with the same rms value as before the etching. 
 

 
 

 
 
Fig. 27. (Top) Interferometer picture of a blazed grating in diamond and (below) the 
diffraction pattern from the diamond grating, illuminated with light of the design 
wavelength (λ=400 nm). 
 
Although the blazed grating period was rather long in this case (45 µm) it 
seemed as if the effect of the angular dependency was not as severe as for 
the GaAs etching. This of course has to be examined by transfer of blazed 
gratings with short periods, say 3-10 µm. If the etch process is more 
forgiving to this type of continuous structures, shorter periods can be 
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achieved in diamond than in GaAs. A drawback was the low selectivity 
between diamond and the e-beam resist, which was found to be about 0.1. 
However, low selectivity was expected since the main etch gas for both 
diamond and resist is oxygen. Normally, one wants to have one etch gas for 
the resist and one for the substrate and by combining the etch gases in 
different amounts be able to change the selectivity. The low selectivity 
makes the fabrication of deep continuous structures difficult since one then 
needs to fabricate extremely deep structures in resist, which is a challenge. 
The diamond used in our experiments was polycrystalline and the fact that 
the etch rate is different in pure diamond from the etch rate in the grain 
boundaries was noticed. In applications where an extremely smooth optical 
surface is needed, single crystalline diamond has to be the choice. Initial ICP 
etching experiments of single crystalline surfaces yielded, as expected, 
smooth surfaces since single crystalline diamond lacks grain boundaries. 
However, the single crystalline diamond is still extremely costly and in 
many optical applications there is no need for single crystalline diamond.    
(Paper III and part of paper VI) 

5.4  Applications 
The focus in this thesis has been on using diamond as optical material for 
CO2 lasers but the technique can of course be used for other wavelengths and 
for other non optical applications. As mentioned in the previous chapter 
there are many future applications in the electronic and biomedical area, 
where plasma etching probably will be a key technology. 

5.4.1  Diamond fan-out element for high power lasers 
In this research a DOE was designed and fabricated in diamond. The DOE is 
a binary fan-out element designed to generate 16 spots forming a ring 
pattern. The fan-out element is optimized for the wavelength of a CO2 laser, 
λ=10.6 µm. CO2 lasers are widely used in the industry for cutting and 
drilling metal as well as in the medical industry. Until today ZnSe has been 
the choice of optical material for shaping the CO2-laser beam but 
calculations show that diamond is superior to ZnSe and would give the 
opportunity of longer life time and enable use of higher power from the CO2-
laser [107]. The fan-out was fabricated in two versions, one for use with a 
CO2-laser and the other for use with a HeNe laser (λ=632.8 nm). The DOE 
was carefully optically evaluated with a HeNe laser and showed excellent 
performance (see Fig. 28). 
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Fig. 28. (left) Image showing the intensity distribution in the far field for red light 
and (right) green light. The distance between the diamond DOE and the image plane 
is 5.92 m and the diameter of the ring is 10.5 cm (red light) and 9 cm (green light). 
 
The fan-out element, designed for a wavelength of 10.6 µm, was used to drill 
holes in a thick PMMA plate by placing the DOE in the CO2 laser beam. In 
Fig. 29 a SEM picture of the fabricated fan-out element in diamond is 
shown. 
 

 
 
Fig. 29. SEM picture of the plasma etched diamond DOE (etch depth 3.84 µm). 
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Fig. 30 shows PMMA microstructured with the CO2/DOE combination.   
 

  
 
Fig. 30. (left) Picture of a PMMA sample microstructured with a CO2-laser together 
with a diamond fan-out element. The picture shows four different exposures 
(exposure time 0.5 s). (right) Picture from the CO2-laser experiment.  
 
(Paper IV and part of paper VI) 

5.4.2  Diamond subwavelength gratings for AR properties and 
diamond microlenses 
Since diamond has a high refractive index, 2.4 at λ=10.6 µm, 29% of the 
incoming light will be lost due to Fresnel reflection. To reduce the surface 
reflection the surface can be coated with one or several layers of suitable thin 
film materials. However, it would be beneficial to avoid introducing another 
material. For instance, if diamond is chosen because of its resistance in harsh 
environments the whole idea will fall if another material also has to be 
introduced. By instead using a subwavelength grating no other material 
system has to be introduced. In this work subwavelength gratings, with a 
design wavelength of 10.6 µm, were designed and fabricated on both sides 
of a diamond substrate. The pattern was first fabricated by e-beam 
lithography and followed by a transfer, using ICP etching, into an underlying 
aluminum layer which is on top of the diamond wafer. The aluminum layer 
served in the next step as an etch stop layer, when the AR structure was 
etched into diamond. The AR-grating was optically evaluated with a 
spectrophotometer and showed that the transmission was increased from 
71% to almost 97%. Theoretical maximum is about 99%. The rest of the 
light is mainly specularly reflected, no higher diffraction orders exist. In Fig. 
31, an SEM picture of the AR–gratings and a figure of the optical 
transmission measurements are shown. 
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Fig. 31. (top) Scanning electron microscope picture of a diamond subwavelength 
grating designed for reducing surface reflections at a wavelength of 10.6 µm. The 
grating period is 4 µm and the grating depth is 1.8 µm. (below) Transmission spectra 
measured with a spectrophotometer of blank diamond, diamond with subwavelength 
grating on one side and double-side treated diamond. The transmission has been 
increased from 71% to 97%. The calculated transmission values are also shown. 
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An array of refractive microlenses was also fabricated in diamond. The 
microlenses was fabricated by thermal reflow of photoresist followed by a 
transfer using ICP etching. The diamond microlenses were evaluated by a 
white-light interferometer2. By this way one obtains information of the 
surface profile and the deviation from a perfect spherical lens curvature 
could be calculated. The deviation from a perfect spherical lens was only 
about 5 nm (rms), measured over 90% of the lens area. The lens was also 
evaluated with a Twyman-Green interferometer. With this technique the 
wavefront from the microlens is evaluated, i.e. how the lens behaves 
optically. The phase error, at 633 nm, was found to be less than 31 nm. Both 
of these results verify the high fidelity of the manufacturing process. In Fig. 
32 a surface plot of a diamond microlens is shown. The focal length of this 
diamond lens is 365 µm, and the f-number is 4. 
 

 
 
Fig. 32. Interferometer picture of a spherical microlens fabricated in diamond 
(diameter 90 µm, height 2 µm). 
 
We have also performed some initial experiments on replicating different 
types of micro-optical structures, e.g. blazed grating, Fresnel lenses etc., on 
diamond substrates coated with thick resists. The initial results are promising 
and hopefully this will open up the possibility to fabricate deep micro-optical 
structures in diamond at low cost. Special attention in the future work will be 
put on replicating in resists, for instance BCB and SU-8, which yields higher 
selectivity to diamond. 
(Paper V and part of paper VI) 
2This kind of interferometers is limited by the curvature of the inspected surface, hence if the 
surface is too curved it is impossible to get information of the surface. Therefore AFM is 
mostly used to get the exact surface profile for micro-optical elements. 
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6  Conclusions 

A process for the fabrication of micro-optical structures in GaAs has been 
developed. The fabrication process makes use of direct-write electron-beam 
lithography followed by transfer of the resist structures into GaAs by 
inductively coupled plasma etching.  The plasma etch process was carefully 
investigated by means of accuracy of the transfer process, the angular 
dependency of the etch rate, selectivity and surface roughness. Diffractive 
optical structures were monolithically integrated with GaAs-based vertical-
cavity surface-emitting lasers. Also, initial experiments have been made with 
replication of blazed gratings by hot embossing. 

 
Micro-optical elements in diamond are demonstrated, using in principle 

the same method as for the fabrication of GaAs structures. Novel optical 
elements in diamond were manufactured and optically evaluated within this 
thesis; blazed gratings, Fresnel lenses, refractive microlenses, diffractive fan-
out elements and subwavelengths gratings for reduction of surface reflection. 
The outstanding properties of diamond and a decrease in the production cost 
of synthetic diamond, combined with a rapid and accurate micromachining 
method, will allow the commercialization of diamond optics. We believe 
that diamond optics, in the future, will be found in high-power laser 
applications and applications where the environmental conditions are 
extreme such as high temperature, corrosive gases, high aero-dynamic load, 
etc. 
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Appendix A 

Here follows a short description of the relation between the field just behind 
the DOE and the field in the diffraction (image) plane. For a more complete 
overview of this matter, see ref. [108].   

 

UdiffUi Ut

n

DOE
Image
plane

0 L
z

 
Fig.  A.1. Schematic description of the principles of a DOE. 

 
In Fig. A.1 the incident wave Ui propagates in a medium with refractive 

index n. When Ui propagates through the surface relief the wave will be 
spatially modulated. The phase modulation can be expressed as: 

),( yxi
it eUU ϕ∆=   (A. 1) 

),()1(2),(
0

yxhnyx −=∆
λ
πϕ   (A. 2) 

where Ut is the transmitted field, x and y the coordinates in the DOE plane, h 
the relief height, n the refractive index of the DOE medium (assuming air as 
surrounding medium).  

The optical field propagates through free space to the diffraction plane and 
to calculate the field in the diffraction plane (where the image is formed) the 
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Fresnel approximation is used. With this approximation, i.e. the lateral 
coordinates in the DOE plane (x,y) and the diffraction plane (u,v) are much 
smaller than the distance between the two planes L, the field in the 
diffraction plane Udiff is given by the Fourier transform of the field 
transmitted through the DOE Ut, (aside some multiplicative factors) [10]: 
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where k is the wave number. 
By using the Fraunhofer approximation, 2L>>k(x2+y2), we are in the far-

field of the DOE and the optical field is given by: 
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where the phase factor in front of the integral in Eq. A.4 is left out since it 
becomes unity when the intensity in the far field is calculated. Because of 
the approximations made, the scalar diffraction field as given by Eq. A. 4 
can be calculated using the fast Fourier transform (FFT). In this way the 
image pattern, generated from a surface-relief, can be evaluated using simple 
algorithms on a personal computer. 
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Abstracts of publications I-VI 

Publication I 
 
Transfer of micro-optical structures into GaAs by use of inductively 

coupled plasma dry etching 
 

Mikael Karlsson and Fredrik Nikolajeff 
 

The transfer of continuous-relief micro-optical structures from resist into 
GaAs by the use of direct-write electron-beam (e-beam) lithography 
followed by dry etching in an inductively coupled plasma is demonstrated. 
BCl3-Ar chemistry was found to give satisfactory results; N2 and Cl2 were 
added to change the selectivity between GaAs and e-beam resist. The 
transfer process generates smooth etched structures. Distortion of the 
diffractive structures in the transfer process was examined. Blazed gratings 
with a period of 10 µm were optically evaluated with a 940-nm VCSEL. 
This grating was a five-step approximation of a blazed profile. The 
diffraction efficiency was 67% in the first order, with a theoretical value of 
87%. Also, simulations of the optical performance of the transferred 
diffractive elements were made by use of a Fourier transform of the grating 
profile. Our goal is to integrate micro-optical structures with VCSELs. 
 

Publication II 
 

Monolithic integration of continuous-relief diffractive structures with 
vertical-cavity surface-emitting lasers 

 
Mikael Karlsson, Fredrik Nikolajeff, Josip Vukusic, Hans Martinsson, 

Jörgen Bengtsson, and Anders Larsson 
 

In this work, we have studied the transfer of diffractive optical elements 
(DOEs), originally made in resist, into GaAs for monolithic integration with 
vertical-cavity surface emitting lasers (VCSELs). The DOEs are blazed 
gratings and Fresnel lenses, and have been fabricated on the back surface of 
bottom emitting VCSELs using electron-beam lithography or replication by 
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hot embossing in resist followed by a quick-dry etch step. Diffraction 
efficiency was measured to be 81% in the first order of diffraction for the 
blazed grating. 
 

Publication III 
 

Transfer of continuous-relief diffractive structures into diamond by use 
of inductively coupled plasma dry etching 

 
Mikael Karlsson, Klas Hjort, and Fredrik Nikolajeff 

 
The transfer of continuous-relief diffractive structures from resist into 
diamond by use of direct-write electron-beam lithography followed by dry 
etching in an inductively coupled plasma is demonstrated. The gases used 
for the diamond etching are O2 and Ar. The chemical-vapor-deposited 
diamond substrate is of optical quality. Our results show that the transfer 
process generates fairly smooth etched structures. Blazed gratings with a 
period of 45 µm and Fresnel lenses have been manufactured. The blazed 
gratings have been optically evaluated with a femtosecond laser operating at 
400 nm. The diffraction efficiency was 68% in the first order, with a 
theoretical value of 100%. We intend to investigate the transfer process 
further and then to fabricate diffractive and refractive elements for use with 
Nd:YAG high-power lasers. 
 

Publication IV 
 

Fabrication and evaluation of a diamond diffractive fan-out element for 
high power lasers 

 
Mikael Karlsson and Fredrik Nikolajeff 

 
Fabrication and evaluation of diamond binary diffractive fan-out elements is 
demonstrated. The diffractive optical elements (DOEs) are designed for two 
different wavelengths, 633 nm and 10.6 µm. The DOE splits an incident 
beam into 16 spots that form a ring pattern. The surface reliefs were 
fabricated by photolithographic methods followed by plasma etching, which 
produced well-defined patterns with smooth surfaces. One DOE was 
optically evaluated with a HeNe laser, operating at a wavelength of 633 nm, 
and showed good performance. The DOE designed for a wavelength at 10.6 
µm was tested together with a carbon dioxide laser. The light pattern was 
used to microstructure a 10 mm thick PMMA piece with very good result. 
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Publication V 
 

Diamond micro-optics: Microlenses and antireflection structured 
surfaces for the infrared spectral region 

 
Mikael Karlsson and Fredrik Nikolajeff 

 
Fabrication and evaluation of a subwavelength grating in diamond, designed 
to reduce the Fresnel reflection, is demonstrated. The antireflection (AR) 
structures are designed to reduce the surface reflection at an illuminating 
wavelength of 10.6 µm. With this AR-treatment, where no other material are 
introduced (i.e. no thin film coating), the unique properties of diamond can 
be fully used. The fabricated AR structures were optically evaluated with a 
spectrophotometer. The transmission through a diamond substrate with AR 
structures on both sides was increased from 71% to 97%, with a theoretical 
value of 99%. Microlenses in diamond is also demonstrated. The lenses are 
evaluated with interferometers and showing good performance. The micro-
optical structures were fabricated by electron-beam lithography or 
photolithographic methods followed by plasma etching. 
 

Publication VI 
 

Fabrication of advanced micro-optical structures in diamond by 
inductively coupled plasma etching 

 
Mikael Karlsson, Klas Hjort, and Fredrik Nikolajeff 

 
The main focus in this paper is to describe in detail how our novel process 
works, what type of microstructures that can be manufactured by this 
technique and the potential of this technique in micro-optics. The diamond 
micro-optical structures are fabricated by first structuring polymer materials 
spin coated onto diamond substrates, followed by a transfer of the polymer 
structures by dry etching. The polymer microstructures were defined either 
by standard photolithography, electron-beam writing or replication by hot 
embossing. Micro-optical binary structures and different types of continuous 
structures are demonstrated in CVD diamond with optical quality. The dry 
etching process is evaluated and described in detail. 
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