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ABSTRACT 
This Thesis summarizes the present status of the nanofabrication of 

diffractive optics, i.e. zone plates, and test objects for soft x-ray microscopy at 
KTH. The emphasis is on new and improved fabrication processes for nickel 
and germanium zone plates. A new concept in which nickel and germanium 
are combined in a zone plate is also presented. The main techniques used in the 
fabrication are electron beam lithography for the patterning, followed by 
plasma etching and electroplating for the structuring of the optical materials. 

The process for fabricating nickel zone plates has been significantly 
improved. The reproducibility of the electroplating step has been increased by 
the implementation of an in-situ rate measurement and an end-point detection 
method. We have also shown that pulse plating can be used to obtain zone 
plates with a uniform height profile. New plating mold materials have been 
introduced and electron-beam curing of the molds has been investigated and 
implemented to increase their mechanical stability so that pattern collapse in 
the electroplating step can be avoided. The introduction of cold development 
has improved the achievable resolution of the process. This has enabled the 
fabrication of zone plates with outermost zone widths down to 16 nm. The 
nickel process has also recently been adapted to fabrication of gold structures 
intended for test objects and hard x-ray zone plates. 

For the fabrication of germanium zone plates we developed a highly 
anisotropic plasma-etch process using Cl2 feed and sidewall passivation. 
Germanium zone plates have been fabricated with zone widths down to 30 nm. 
The diffraction efficiency is comparable to that of nickel zone plates, but the 
process does not involve electroplating and thus has for potential for high-
yield fabrication. 

The combination of nickel and germanium is a new fabrication concept 
that provides a means to achieve high diffraction efficiency even for thin 
nickel. The idea is to fabricate a nickel zone plate on a germanium film. The 
nickel zone plate itself is then used as etch mask for a highly selective CHF3-
plasma etch into the germanium layer. Proof of principle experiments showed 
an efficiency increase of about a factor of two for nickel zone plates with a 50-
nm nickel thickness. 
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1 INTRODUCTION 
1.1 SOFT X-RAY MICROSCOPY 

Soft x-ray microscopes are installed at a number of synchrotron facilities and 
used for a wide variety of studies including material science,1,2 environmental 
science3-5 and biology.3,6,7 The soft x-ray part of the electromagnetic spectrum 
provides many opportunities for microscopy. The wavelengths are in the 
nanometer range, which provides potential for high imaging resolution. There 
are also possibilities for element specific contrast due to the numerous K- and L-
absorption edges in this region. In particular, the wavelength range between the 
K-absorption edges of oxygen, λ=2.34 nm, and carbon, λ=4.37 nm, provides 
contrast between carbon and water. This spectral range is called the water 
window and is highly interesting for microscopy since up to ~10 µm thick, 
hydrated samples, such as cells or soils, can be studied with natural contrast (cf. 
Fig. 1). 

 

Figure 1. The water window is located between the absorption edges of oxygen, λ=2.34 nm and 
carbon, λ=4.37 nm. The high transmission of water relative to carbon permits studies of thick 
hydrated samples with natural contrast to carbon, e.g., cells in aqueous environment. (From Ref. 8). 

X-ray microscopy was proposed already shortly after the discovery of x-
rays in 18959 but no adequate sources or optics were available at that time. It was 
not until 1976 that the first x-ray microscope with sub-visual resolution was 
demonstrated.10 The microscope objective was a diffractive lens, i.e., a zone plate, 
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fabricated by holographic lithography. Since then the improved nanofabrication 
methods, adapted from the integrated-circuit industry, has enabled better optics 
and developed x-ray microscopy into a truly nano-scale imaging technique. 

1.2 COMPACT SOFT X-RAY MICROSCOPY 

For soft x-ray microscopy to become a widely spread technique, compact 
sources are necessary.11 At present, laser-plasma and gas-discharge sources are 
promising alternatives and microscopes have been built with both these types of 
sources.12,13 Two microscopes based on laser-plasma sources have been built at 
KTH. Figure 2 shows the layout of the most recent microscope. The wavelength 
emitted from the laser-plasma source is determined by the line emission from the 
target material. In the current systems either methanol or liquid nitrogen is used. 
Methanol emits useful line radiation at λ=3.37 nm,14 and the liquid-nitrogen 
source at λ=2.48 nm and λ=2.88 nm.15 The photon flux is limited and the exposure 
times are typically a few minutes. In has therefore been the focus of the 
fabrication to combine high resolving power with high diffraction efficiency. 

Source

CZP with
central stop Sample MZP CCDOSA

Cr-filter

 

Figure 2. Arrangement of the compact microscope at KTH. From the left: The laser-plasma source 
emitting soft x-rays. The Cr-filter provides some spectral filtering and blocks the laser light. The 
condenser zone plate (CZP) collects radiation and illuminates the sample (critical illumination). An 
order sorting aperture (OSA) provides spectral filtering and ensures that only the 1st diffraction order 
from the CZP arrives at the sample. The sample is imaged by a zone plate objective or micro zone 
plate (MZP) onto an x-ray sensitive detector (CCD). (From Ref. 16) 

1.3 OPTICS FOR SOFT X-RAYS 

At soft x-ray wavelengths refractive optics, e.g., ordinary lenses, cannot be 
used because, in all materials, the refraction is too small in relation to the 
absorption. Reflective optics are widely used. Examples are multilayer mirrors, 
Wolter mirrors, and Kirkpatrick-Baez mirrors.17,18 However, for high-resolution 
imaging diffractive optics, i.e. zone plates, are the best alternative. An example of 
a zone plate objective is shown in Fig. 3. Compared to optics for visual light the 
performance of x-ray zone plates is poor. They are small, only about 50-100 µm 



CHAPTER 1. INTRODUCTION 

 3 

in diameter and thus have small collection efficiency. Furthermore, only about 
10 % incident radiation is usefully focused. The rest of the x-rays are absorbed, 
spread in unwanted directions, or pass through unaffected. They also have 
strong chromatic aberrations. In addition, the manufacture of highly resolving 
zone plates involves difficult lithography and pattern-transfer problems that are 
currently the limiting factor for x-ray microscopy. Even so, they are presently the 
best alternative for x-ray microscope objectives. 

 

Figure 3. A zone-plate objective lens with a diameter of 54.5 µm and an outermost zone width of 
25 nm. The focal length is approximately 400 µm at λ=3.37 nm and 550 µm at λ=2.48 nm. Overveiw (a) 
and details form the central (b) and the outer part (c). (45° tilt angle). 

1.4 OUTLINE OF THE THESIS 

After this brief introduction to soft x-ray microscopy and optics Chapt. 2 
follows with a discussion on the properties of zone plates. The purpose is only to 
describe the basic functionality of zone plates and to motivate the choice of 
fabrication processes. Chapter 3 outlines the fabrication processes used for zone 
plate fabrication and some results are presented. In addition, initial results 
obtained with, for us, new processes for gold and tungsten are presented in 
Sect. 3.4. The fabrication of optics adapted to Zernike phase contrast and 
differential interference contrast is also discussed. The uninitiated reader 
unfamiliar with the different process techniques will find these explained in 
Chapt. 4, where each process step is discussed more in depth. One of the 
purposes of this text is to introduce diploma students and researchers to the 
field. I have therefore chosen to include some practical details that I believe are 
important. I also describe some fundamental aspects of both plasma etching and 
electroplating with the purpose of putting the uninitiated researcher on the right 
track in their understanding of these process steps. For the reader that is not 
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familiar with the different microscopy techniques I would like to mention that all 
micrographs in this thesis were obtained using scanning electron microscopy. 
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2 ZONE PLATES 
This Chapter presents some basic properties of zone plates such as 

composition, resolving power, the multiple diffraction orders, diffraction 
efficiency, and interrelation between parameters such as focal length, diameter 
and outermost zone width. This is not a detailed discussion and the reader is 
referred to the literature for a more comprehensive treatment.18-20 

2.1 COMPOSITION AND BASIC PROPERTIES 

A zone plate can be described as a circularly symmetric grating with 
radially decreasing period. In its simplest form a zone plate consists of 
completely transparent and opaque zones (cf. Fig. 4). 

dr
n

r
N

r
n

 

Figure 4. A schematic illustration of a zone plate. rn denotes the radius of the nth zone boundary and 
drn is the zone width defined as drn=rn-rn-1. N is the number of the outermost zone. (From Ref. 16).   

The placement of the zone boundaries can be deduced, from the diagram in 
Fig. 5, by requiring that the light from a point source located at a point S, at a 
distance a, should interfere constructively at another point P located on the 
optical axis at a distance b. Constructive interference occurs for all image 
distances for which the optical path between adjacent open zones differ by an 
odd number of wavelengths. This results in multiple diffraction orders and is 
further discussed in Sect. 2.2. If the path difference is instead an even number of 
wavelengths then the light form an open zone will cancel itself out by destructive 
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interference. Consequently, even diffraction orders don’t occur for an ideal zone 
plate pattern. If a is equal to infinity then b is recognized as the focal length of the 
zone plate.  

S
a b PO

r
n+2

r
n

 

Figure 5. Construction of the zone boundary locations by requiring that the optical path between S 
and P differ by one wavelength for adjacent rays. Constructive interference occurs at P. rN is the 
radius of the nth zone boundary. (From Ref. 16). 

 When the zone boundaries are located the zone plate is fully defined and the 
following useful expressions can be derived.21  

 

    NDdr
f

λ
≈ ,    (2.1) 

    . 1.22Rayl NR dr= ,    (2.2) 

    
2

2
n = 

2
n

r n f
λ

λ ⎛ ⎞+ ⎜ ⎟
⎝ ⎠

,    (2.3) 

 
Here f is the focal length, D is the diameter, N is the number of zone boundaries, 
drN is the width of the outermost zone, RRayl. is the highest achievable resolution 
fulfilling the Rayleigh criterion, and rN is the radius of the nth zone boundary.  

The outermost zone width, drN, is an important parameter since the 
resolving power of a zone plate is directly proportional it.22,23 To attain the 
theoretical resolution from Eq. 2.2 the pattern placement errors need to be kept 
below ~1 drN.24 In addition, the illumination must be monochromatic to avoid 
degradation of the optical performance. The requirement is linked to the number 
of zones in the zone plate through Δλ/λ<1/N, where Δλ is the spread in 
wavelength.  
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2.2 DIFFRACTION ORDERS 

Figure 6 illustrates how a plane wave incident on a zone plate is diffracted 
into multiple orders, both negative and positive. For a zone plate with a local 
line-to-space ratio of 1:1 only odd diffraction orders are present. If the zones are 
fully absorbing 50 % of the radiation is absorbed and 25 % is contained in the 
undiffracted 0th order. Of the remaining 25 % about 10 % is diffracted into the 
first order and the remaining radiation is spread into higher orders (and negative 
orders). The focal length, fm, and the diffraction efficiency, ηm, of the mth 
diffraction order are given by25 

    

1

2

   

1
( )

m

m

f
f

m

m
η

π

=

=
,  1, 2, 3, ... m = ± ± ±   (2.4) 

This means that numerical aperture can be gained by using higher orders but at 
the price of much reduced diffraction efficiency. 

m=-1

m=0

m=3

m=1

m=-3

m=-5

�

f

m=5

 

Figure 6. An illustration of how a plane wave is redirected by the zone plate into different orders. The 
presence of multiple diffraction orders must be taken into consideration in the design of the optical 
system. The 0th order of undiffracted light contains ~25 % of the radiation. 50 % is absorbed and the 
remaining 25 % is diffracted. (From Ref. 16) 

If the line-to-space ratio differs form the optimal (locally 1:1) the even 
orders will appear. In Fig. 7 the diffraction efficiencies for different orders for a 
grating are graphed as functions of the space-to-period ratio. This graph gives an 
indication of the fabrication tolerances regarding this parameter. The absolute 
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width of a zone is difficult to control and consequently errors in the line-to-space 
ratio can be significant for narrow zones.  
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Figure 7. The diffraction efficiency of the 1st, 2nd, and 3rd diffraction orders as function of the space-to-
period ratio for an absorption zone plate. This ratio is difficult to control for narrow lines. 
(From Ref. 16)  

2.3 DIFFRACTION EFFICIENCY 

The diffraction efficiency of a zone plate is important, especially for 
compact systems, since it influences both the exposure time and the radiation 
dose on the sample. Here we define it as the fraction of the incoming light that is 
diffracted into the first order. Unless otherwise stated, optically thin gratings are 
assumed. This makes it easy to calculate the diffraction efficiency.26 The 
transition to optically thick gratings depends on the wavelength and for water-
window wavelengths significant deviations from thin grating theory do not 
occur for zone widths >15 nm (cf. Sect. 2.3.1).  

The diffraction efficiency of a zone plate depends on the quality of the 
pattern, the choice of optical material, and the thickness of the material. For 
completely absorbing zones the maximum efficiency is ~10 %.27 Higher efficiency 
is possible if the optical material is phase shifting and transparent. With no 
absorption the efficiency can attain ~40 % but for soft x-rays absorption is always 
significant and it is instead relevant to search for a high value of δ/β, where δ and 
β are defined by the refractive index n=1-δ+iβ. A high value of delta alone is also 
desired since it corresponds to a strong phase shift, meaning that a relatively thin 
material layer can be used, which is important from a fabrication perspective. It 
is also important that the material is stable at ambient conditions and that it can 
be structured to high enough aspect ratios.  

For the water window nickel and germanium are suitable materials. Gold 
acts mostly like an absorber but, unlike nickel, which is ill suited around 
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λ~1.5 nm, it gives decent efficiency at shorter wavelengths as well. In Fig. 8 their 
efficiencies are expressed as function of material thickness for λ=2.48 nm. 
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Figure 8. Diffraction efficiency (at λ=2.48 nm) as a function of material thickness for three common 
materials for soft x-ray zone plates: nickel, germanium, and gold. 

Material thickness is not the only important parameter. Fabrication 
imperfections such as sub-optimal line-to-space ratio (cf. Fig. 7), and line-edge-
roughness (LER) have a strong influence on the efficiency for line widths below 
~50 nm. This is reflected in the efficiency measurements from which it can be 
seen that the efficiency depends strongly on the zone width (cf. Fig. 11). 

2.3.1 Optically thick gratings 

If the grating period is decreased to small enough values in relation to the 
wavelength the thin-grating approximation ceases to be valid. The efficiency can 
then no longer be calculated by a simple formula26 and instead it is necessary to 
solve the wave equation in a 2-D calculation. Figure 9 shows the results of 
efficiency calculations, based on a finite difference method similar to that used by 
Kurokhtin et al.,28 for nickel gratings with different line widths and λ=2.48 nm. a A 
steep decrease in achievable diffraction efficiency occurs as the line width 
shrinks below 15 nm. In practice the situation is worse still because of the 
increasing fabrication difficulty. Producing 10-nm lines without considerable 
imperfections is simply not realistic with the presently available technology for 
zone plate fabrication. To enable high diffraction efficiency below 10 nm new 
types of optics are necessary. One candidate is the so called volume zone plates 
in which higher diffraction orders are used.29 High efficiencies are possible at 

                                                 
a The calculations were performed by Michael Bertilson. 
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high resolution but the fabrication includes stacking several zone-plate-like 
patterns on top of each other with high accuracy, a demanding process indeed.  
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Figure 9. First order diffraction efficiency at λ=2.48 nm for nickel gratings with different line widths. 
The line-to-space ratio is 1:1. 

2.3.2 Efficiency measurement 

Our arrangement for measuring zone-plate efficiency30 is schematically 
displayed in Fig. 10. It operates at λ=2.88 nm provided by a liquid-nitrogen laser-
plasma source. The results are obtained in the form of a 2-D local-efficiency map 
from which an average radial efficiency is calculated (cf. Fig. 11). The radial 
efficiency dependence is correlated to the fabrication difficulty. It drops quickly 
with radius although the line width decreases much more slowly. This can be 
explained by the fact that fabrication imperfections, such as suboptimal line-to-
space, line-edge-roughness, and deviation from the vertical zone profile, are not 
relative to the line width. Their magnitude in nanometers is constant and their 
detrimental effect therefore increases with decreasing structure width.  
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CCDOSA

Spectral filter
Plasma 
source

Pulsed
laser

Liquid-N2 jet 

Zone plate

Damping
filter

 

Figure 10. The arrangement for the zone plate efficiency measurements. The radiation diffracted by 
the zone plate has low intensity and is therefore compared to the damped beam. The damping filter is 
in turn calibrated to the undamped beam, so that the intensity incident on the zone plate can be 
calculated. (From Ref. 30) 

 

Figure 11. A radial efficiency plot along with its corresponding local efficiency map for a germanium 
zone plate with drN=30 nm and a thickness of 310 nm. The groove efficiency is displayed, which 
means that the substrate absorption is not included. The same efficiency plot also appears in Sect. 3.3. 
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3 ZONE PLATE FABRICATION 
This Chapter provides a brief introduction to zone plate fabrication in 

general and a more detailed discussion about the fabrication processes for zone 
plates and resolution test targets used in this Thesis. The zone plates have 
mainly been fabricated in nickel but germanium has also been used. In Sect. 3.4 
initial result achieved in tungsten and gold are shown and in Sect. 3.6 the 
fabrication of zone plates for phase contrast is discussed. A more detailed 
discussion of each process step is found in Chapt. 4. 

3.1 INTRODUCTION 

X-ray zone plates are patterned with electron beam lithography (EBL), 
which offers high resolution and flexibility.31 The subsequent pattern transfer is 
performed by plasma etching, electroplating, or a combination of both, 
depending on the optical material. For soft x-rays nickel is commonly used but 
germanium32-34 is also a suitable material. For hard x-rays high-Z materials such 
as tungsten,35  tantalum34,36 and gold are preferred. These are also applicable for 
soft x-rays but provide lower efficiency. Tantalum, tungsten, and germanium 
can be plasma etched. Nickel and gold, on the other hand, cannot be etched to 
high aspect ratios and are therefore electroplated into a structured mold.  

In the electroplating-based processes the plating mold can be structured 
using a single-layer,37 a bi-layer,38 or a tri-layer technique. In a single-layer 
process the developed e-beam resist is directly used as plating mold. To realize 
high-aspect-ratio structures the exposure needs to be performed with a high 
acceleration voltage to avoid line widening due to forward scattering.39,40 
Modern lithography systems operate at up to 100 keV and enables fabrication 
of highly resolving zone plates with a high aspect ratio using a single-layer. 
When a bi-layer resist is used the exposed pattern is transferred by dry etching 
into an underlying mold. This separates the lithography step from the high 
aspect ratio structuring and the remaining e-beam resist adds to the structure 
height. However, it requires that the e-beam resist has high etch resistance. We 
have based our processes on a tri-layer resist. In this type of process the pattern 
in the e-beam resist is first transferred to an intermediate layer, in our case a 
titanium film. The intermediate layer is then used as mask for the plasma etch 
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into the plating mold material. The benefit of a tri-layer is that the e-beam resist 
can be thin and chosen independently of the layer that is structured. In 
addition, a high etch selectivity can be obtained between the hardmask and the 
mold material. 

For plasma etching of tungsten, tantalum, or germanium a hardmask is 
normally used to achieve the required etch selectivity. In the case of 
germanium, zone plates have been fabricated by first structuring a tri-layer 
with a thick polymer layer on top of the germanium film.32,33 The polymer film 
both acts as mask for the germanium etch and reduces the backscattering in the 
exposure.41-43    

Other schemes for zone plate fabrication have been used or attempted. A 
recently developed method is the zone-doubling technique in which atomic 
layer deposition is used for controlled deposition of the optical material onto a 
pre-patterned silicon substrate.44 Before EBL became the standard technique 
UV holography was used for zone plate patterning.45 Nanoimprint,46 an 
emerging technique for serial production with nano-scale resolution, has also 
been suggested as an alternative lithography technique.47 A technique which 
doesn’t rely on lithography at all is that for sputtered sliced zone plates.48,49 
Alternating layers of two materials are deposited on a rotating wire substrate 
and with correct layer thicknesses a zone plate pattern is obtained. The 
resulting rod is then sliced into zone plates. Unfortunately, it has been shown 
to be difficult to fabricate full 2-D zone plates this way. However, linear zone 
plates, so called multilayer Laue lenses, have been successfully fabricated for 
hard x-ray applications.50,51  
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3.2 OVERVIEW OF THE FABRICATION PROCESSES 

In the work covered by this Thesis three different processes for zone plate 
fabrication have been used. These are for zone plates in germanium, nickel and 
a combination of nickel and germanium that we refer to as nickel-germanium 
(cf. Fig. 12). 

The nickel process was started in 2000. It was then a copy of the process 
used for zone-plate fabrication at the Georg-August University in Göttingen. 
Since then the process has been improved as regards rate control of the 
electroplating (cf. Paper 1) and control of the mass distribution (cf. Paper 2). 
New plating mold materials have been introduced and an effort has been made 
to increase the mechanical stability of the molds by e-beam curing so that 
pattern collapse in the electroplating step can be avoided (cf. Paper 3). The 
introduction of cold development has increased the achievable resolution of 
the process. The electroplating process has also recently been adapted for the 
fabrication of gold structures intended for test targets and hard x-ray zone 
plates. 

The germanium process (cf. Paper 4) was started during the summer of 
2008 shortly after the installation of a plasma etcher with suitable etch 
chemistries available. Germanium used to be a common zone plate material. 
However, the early fabrication used CBrF3, an ozone depleting gas, which was 
later banned. In addition, good results were obtained with nickel zone plates 
and consequently the processing of germanium was not continued. The 
novelty of our germanium process is that the plasma etch is done with Cl2 and 
in combination with sidewall passivation. The results are better than with 
CBrF3 and makes germanium a competitive option again.  

The nickel-germanium process (cf. Paper 5) is a new fabrication concept 
that was developed simultaneously with the germanium process. It provides a 
way to achieve high diffraction efficiency without having to electroplate nickel 
into high-aspect-ratio structures. In this process a nickel zone plate is fabricated 
on a germanium film. The nickel zone plate itself is then used as etch mask in a 
plasma-etch step of the germanium. The etch rate in the nickel structures is 
very low so that the nickel zone plate remains on top of a germanium zone 
plate after the etch. This results in an increase in the diffraction efficiency. 

The three different zone-plate fabrication processes are illustrated in 
Fig. 12. The first step is the preparation of the material stack on the substrate. 
This is done by physical vapor deposition and spin coating. The sample is then 
patterned by electron beam lithography (EBL) and developed for 30 s in hexyl 
acetate. The pattern in the e-beam resist (ZEP7000) is transferred to the 
titanium hardmask by reactive ion etching (RIE) with BCl3. From this point the 
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three different processes diverge. In the case of germanium zone plates a RIE 
step in Cl2 is used to structure the germanium film. This is the last step of that 
process. By etching in short intervals and exposing the samples to air sidewall 
passivation is achieved, which results in a very high anisotropy. For the 
electroplating processes a polymer plating mold is structured by RIE with O2. 
Nickel (or gold) is then electroplated into the mold. The polymer needs to be 
removed to allow the transmission of soft x-rays. This is done by repeating the 
titanium and polymer etch steps. The nickel process is completed at this point 
but for nickel-germanium zone plates a final RIE step with CHF3 transfers the 
zone plate pattern into the underlying germanium film.  

The optics and the test targets are fabricated on silicon nitride membranes 
that are suspended on a silicon frame. The standard thickness used has been 
50 nm. The x-ray transmission of a 50 nm window is 79 % at λ=2.48 nm, 71 % at 
λ=2.88 nm and 80 % at λ=3.37 nm. There are a few differences between 
membranes and solid substrates in terms of fabrication. The heat conduction is 
much lower than for solid substrates and this influences the reactive ion 
etching for which the rate is typically increased. It also requires that the resists 
are baked in an oven and not on a hot plate. The EBL is improved on 
membranes compared to solid substrates since virtually no backscattering is 
present. This has a positive effect on the resolution. Due to bending of the 
membrane accurate thickness measurements can be difficult and the accuracy 
of the spin coating is also reduced. 
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Nickel-germanium
zep 20 nm
Ti 5 nm
mold 50-100 nm 
Ge 50-150 nm
Cr 5-10 nm
Si3N4 50 nm

(d) RIE with O(d) RIE with O2

(a) Substrate preparation

(b) E-beam lithography

(c) Ti etch, BCl3 

(d) Polymer etch, O2

(e) Ni plating

(f) Strip, BCl3 & O2

(g) Ge etch, CHF3

Nickel (or Gold)
zep 20 nm
Ti 5 nm
mold 100-200 nm 
Ge 10 nm
Cr 5 nm
Si3N4 50 nm

(a) Substrate preparation

(b) E-beam lithography

(c) Ti etch, BCl3 

(d) Polymer etch, O2

(e) Ni plating

(f) Strip, BCl3 & O2

Germanium
zep 50 nm
Ti 10 nm
Ge 250-300 nm
Ti 10 nm
Cr 5 nm
Si3N4 50 nm

(a) Substrate preparation

(b) E-beam lithography

(c) Ti etch, BCl3 

(d) Ge etch, Cl2

 

Figure 12. The fabrication processes for germanium, nickel, and nickel-germanium zone plates. All 
processes rely on electron beam lithography and on reactive ion etching (RIE). X-ray transmissive 
silicon nitride windows are used as substrates. 



CHAPTER 3. ZONE PLATE FABRICATION 

 18 

3.3 RESULTS AND DISCUSSION 

Table 1 summarizes results achieved with the different processes. The 
diffraction efficiencies, at λ=2.88 nm without substrate absorption, for a 
selection of zone plates are compared and Fig. 13 shows the radial dependence 
of their efficiencies. The germanium and the nickel-germanium zone plates are 
the best of the initial results whereas the nickel zone plates represent typical 
results from successful fabrication. 

ID

T18 25
T18 30
Ge325D5.4
M01 zp25
M01 zp30
M02 zp50

η [%] tNi [nm] tGe [nm]Material

Ni
Ni
Ge

Ni-Ge
Ni-Ge
Ni-Ge

drN [nm]

25
30
30
30
25
50

13.0
13.2
11.5
10.3
11.1
10.6

~150
~150

-
57
56
50

-
-

310
150
150
115  

Table 1. Diffraction efficiencies at λ=2.88 nm for a selection of zone plates fabricated with the 
different fabrication processes. drN denotes the width of the outermost zone, η is the measured 
groove efficiency, and tNi and tGe are the thicknesses of the nickel and germanium layers 
respectively. For the Ni-Ge zone plates, tNi denotes the thickness before the germanium etch. 
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Figure 13. Radial efficiency dependence for the zone plates listed in Table 1. 
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3.3.1 Germanium zone plates 

The germanium process is the simplest of the described processes since it 
only involves electron beam lithography and plasma etching.  As shown in 
Table 1 an average groove efficiency of 11.5 % (λ=2.88 nm) has been achieved 
for a 30-nm zone plates in 310 nm of germanium (cf. Fig. 14). That corresponds 
to 70 % of the theoretical maximum for that germanium thickness. The radial 
variation of the efficiency, displayed in Fig. 13a, shows a typical radial decay. 
Since there is no variation in the material thickness the reduced efficiency for 
the narrow lines in the outer part of the zone plate reflects the increasing 
fabrication difficulty. We conclude that these initial results are competitive to 
those of nickel zone plates and that the reproducibility of RIE compared to 
electroplating brings hope of a high-yield fabrication process. 

 

Figure 14. A germanium zone plate with drN=30 nm and a diameter of 56 µm. The left image shows 
an overview and to the right the outermost zones are shown at high magnification. 

3.3.2 Nickel zone plates 

The nickel electroplating process has a couple of advantages compared to 
the germanium process. First, judging from the early results with germanium 
the achievable resolution is superior with the electroplating process. Figure 15 
shows an overview of a nickel zone plate and details of high resolution zone 
plates with drN of 25 nm, 20 nm, and 16 nm. A larger portion of the 16-nm zone 
plate is shown in Fig. 16. The reasons for the higher resolution are that there is 
less back scattering from the polymer mold material than from a germanium 
film in the EBL step42,43 but also that the RIE with Cl2 of germanium requires a 
thicker titanium hardmask than does the RIE of polymer with O2. A thicker 
hardmask requires a thicker e-beam resist and that reduces the resolution.  
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Figure 15. An overview of a nickel zone plate with drN=25 nm and detailed views from the 
outermost part of that zone plate and two other zone plates.   

The second advantage is that nickel can yield a higher efficiency than 
germanium. For zone plates with drN of about 50 nm or wider this is certainly 
true. However, in our experience, the efficiency gain is not very large for 30-nm 
and 25-nm zone plates (cf. Table 1). This is due to the fabrication limitations 
associated with the etching and, in particular, the electroplating of high-aspect-
ratio structures (cf. Sect. 4.3.4 and 4.4).  

The radial efficiency dependence for a 30-nm and a 25-nm zone plate are 
shown in Fig. 13b. The efficiency in the outer parts of the zone plates is affected 
by the reduced nickel thickness in addition to reduced pattern quality. The 
average groove efficiency (substrate absorption excluded) for the nickel zone 
plates is approximately 13 % at λ=2.88 nm.  
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Figure 16. A detailed view of a zone plate with 16-nm outermost zone width. 

3.3.3 Nickel-germanium zone plates 

As with the germanium process, this is a newly developed process and 
only initial results have been obtained. These are in the form of zone plates 
with drN from 25 nm to 50 nm, a selection of which appears in Table 1. The 50-
nm zone plates had a germanium thickness of 115 nm, nickel thicknesses 
varying between 50-62 nm before the germanium etch, and efficiencies in the 
range 10-11 %. For the 25-nm and 30-nm zone plates the germanium was 
150 nm thick and the plated nickel layer was 50-60 nm. The efficiencies were 
10 -11 % for these as well. The measured efficiencies correspond to 
approximately twice the maximum theoretical efficiency for a nickel zone plate 
with the same nickel thicknesses as these zone plates had before the 
germanium etch. The amount of nickel lost was calculated from the etch rate 
measured in nickel to 5 nm and 7.5 nm for the 115 nm and the 150 nm thick 
germanium layer respectively (cf. Paper 5). The germanium is anisotropically 
etched with RIE in CHF3 (cf. Fig. 17). Cl2 does not work well in this process 
since it forms a contaminating film with the nickel. A rinse in water is needed 
to remove the contamination, which is incompatible with high aspect ratio 
structures. More about this etch step is found in Sect. 4.3.6. 
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Figure 17. 25-nm half-pitch gratings with ~60 nm of nickel on 150 nm of germanium (a) & (b). The 
sample was tilted 52°. To the right, top view of a 30-nm zone plate (c). The outermost zones are 
shown in detail (d). 

The strength of this method is that it can be used to improve an arbitrary 
nickel zone plate as long as it has a sub-optimal nickel thickness. The added 
etch step is uncomplicated and the fabrication difficulty lies in the fabrication 
of the nickel zone plate. In Fig. 18 the theoretical efficiency at λ=2.88 nm for 
different thicknesses of germanium is plotted versus the nickel thickness. It is 
clearly seen that the most important efficiency gain is obtained for thin nickel 
layers. Consequently, this method has it greatest potential for very high 
resolution zone plates. For the 16-nm zone plates, for instance, the mold was 
only 60 nm thick and the nickel layer therefore even thinner. That leaves much 
room for improvement. It can also be useful for 30-nm and 25-nm zone plates 
since a relatively thin nickel layer still provides a high efficiency. Thus high 
aspect ratio electroplating can be avoided.  

 

Figure 18. Theoretical efficiency at λ=2.88 nm for the combination of Ni and Ge. The different lines 
represent different Ge thicknesses. The efficiency increase is larger for thin nickel making the 
process more suitable for high resolution zone plates. (From Paper 5). 
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3.4 INITIAL RESULTS IN GOLD AND TUNGSTEN 

For hard x-ray optics and for test objects, high-Z and high-density 
elements such as gold, tungsten, and tantalum have desirable properties. 
Substantial effort has been made to structure these materials since they have 
been used as absorber material for x-ray proximity lithography.52 Until now we 
have worked with tungsten and gold. Figure 19 shows initial promising results 
obtained in tungsten. Gratings with 40-nm and 35-nm half-pitch were etched 
with high anisotropy into a 300 nm thick film. The etch was performed in an 
SF6/O2 plasma with a substrate temperature of -150 °C. The etch rate was 
approximately 100 nm/min. A 20-nm chromium layer was used as etch mask. 
This layer was etched using a Cl2/O2 plasma. The conclusion from our early 
results is that the high-aspect-ratio structuring is not the main problem. 
Instead, it is the deposition of the material and the EBL. Tungsten deposits tend 
to be stressed and the backscattering in the EBL gives rise to a strong, short 
range, proximity effect. The influence on the resolution remains to be 
investigated. 

 

Figure 19. Initial results in tungsten: gratings with 40-nm half-pitch (a) and 35-nm half-pitch (b) in 
a 300 nm thick tungsten film. (52° tilt). 

The gold process is almost identical to the electroplating-based nickel 
process, with the difference that gold is used as seed layer in the plating base. 
Gold is unfortunately easily sputtered and care must be taken when the mold 
is structured with RIE. If overetched the gold will sputter and deposit on the 
sidewalls resulting in sidewall growth in the plating. Initial results are shown 
in Fig. 20. These are 40-nm half-pitch gratings with a structure height of about 
135 nm. 
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Figure 20. Gold grating lines with 40-nm half-pitch. (52° tilt angle). 

3.5 RESOLUTION TARGETS 

Test targets for evaluation of the microscope and zone plate performance 
have also been fabricated. Figure 21 shows a Siemens star and grating lines, 
which are common patterns for test objects. These were earlier fabricated in 
nickel but will in the future be fabricated in gold since it provides higher 
absorption.  

 

Figure 21. Test targets fabricated in nickel. From the left: an overview of a Siemens star (a), the 
central part of the Siemens star (b) with 50 nm minimum period (52° tilt angle), grating lines with 
minimum period of 50 nm (c and d). 

3.6 SINGLE-ELEMENT PHASE-CONTRAST OPTICS  

Besides ordinary zone plates some special optics designed for phase-
contrast imaging have also been fabricated (cf. Papers 6,7,9,10). The idea 
behind the design of these optics has been to integrate the necessary optical 
functionality in one optical element so that they are easy to use and to 
fabricate. The fabrication of the optics described in the following subsections is 
almost identical to that of ordinary zone plates. The only difference is in the 
patterning. 
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 Phase contrast is a very useful technique in visual-light microscopy53 and 
for hard x-rays.54-56 For soft x-rays, contrast enhancement by phase imaging is 
possible but the effect is much smaller due to the high absorption in most 
materials. However, even a small increase in contrast may be valuable, 
especially when very small and thin objects are studied.  

3.6.1 Differential interference contrast 

To obtain differential interference contrast (DIC) a zone plate with two 
focii is needed. When such a zone plate is used as imaging objective it forms 
two separated images that interfere with each other. At a given point in the 
image plane the interference thus gives information of the difference in optical 
path from the two corresponding points in the sample plane. The separation of 
the two spots should be below the resolution limit so that a double image is not 
obtained. The illumination in the sample plane must also have a sufficient 
degree of coherence over a distance corresponding to the spot separation (cf. 
Paper 9). 

Zone plates for DIC can be realized by introducing a phase shift along a 
straight line in the zone plate as in Fig. 22. Here, a DIC zone plate with a phase 
shift of π along the central line is shown. The spot separation depends on the 
position and the magnitude of the phase shift (cf. Paper 9). If more than one 
phase shift is introduced, they define a period that determines the spot 
separation (cf. Paper 7). 

 

Figure 22. The central part (left) and the outermost part (right) of a DIC zone plate. (From Ref. 16). 

From a fabrication perspective it is important that the design of the 
pattern has a high degree of symmetry. A random bitmap pattern is not 
suitable for exposure in the available EBL system. The patterns used here are 
ordinary zone plate patterns, which have been modified with one or more 
phase shifts. They are readily exposable once properly implemented.  
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3.6.2 Zernike phase contrast 

Zernike phase contrast is normally achieved by phase shifting the 
undiffracted light that passes through the object. This is done by means of a 
phase shifting ring in the back focal plane of the microscope objective. The 
phase ring can instead be integrated on the zone plate by radially displacing 
the zones within two radii. The magnitude of the displacement determines the 
phase shift and an inversion of the pattern corresponds to a phase shift of π. 
The radii are chosen so that the light from the annular condenser that is not 
diffracted by the sample passes between them. Such a zone plate is easy to use 
and phase contrast is achieved. An example is shown in Fig. 23. However, the 
effect is limited to the central part of the field of view. Undiffracted rays from 
the condenser that pass through the outer parts of the field of view simply miss 
the phase ring and thus the effect is lost. 

 

Figure 23. Left: images taken with a compact soft x-ray microscope using a normal zone plate (ZP) 
and a Zernike zone plate (ZZP). The contrast is reversed and improved. Right: an illustration of the 
microscope arrangement containing the vital components. Below is an image of a Zernike zone 
plate where the phase shifted region (the phase ring) is marked. (From Paper 10). 
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4 PROCESS STEPS 
In this Chapter the relevant steps of the zone plate fabrication are 

discussed in more detail. The basics of the different processing techniques are 
also presented.  

4.1 SUBSTRATE PREPARATION 

4.1.1 Vapor deposition 

The materials that have been commonly used during this work are 
titanium as hardmask for RIE with oxygen and chlorine, chromium as 
adhesion layer and conductive layer in the plating base, and germanium as 
seed layer for nickel plating and as optical material. These materials were with 
very few exceptions deposited by e-beam evaporation (Edwards Auto 306) at 
high vacuum conditions. Gold has been used as plating base for gold plating 
and was deposited using resistive heating. The base pressure was normally 2-
4×10−6 mbar and deposition rates have been 0.3-1 Å/s. 

4.1.2 Spin coating & baking 

The plating mold materials and the e-beam resist have been spin coated 
onto the membranes. The baking has been done in an oven since baking on a 
hotplate does not work well with membranes. One type of e-beam resist, 
ZEP7000 (Nippon Zeon Corp.), and three different mold materials: ARC XL-20 
(Brewer Science), a polyimide (PI-2610, HD MicroSystems), and SU8 2005 
(MicroChem) have been used. Normally applied bake times and temperatures 
are given in Table 2. The SU8, which is an epoxy-based photo resist, was first 
pre-baked, then flood exposed with UV light, and after that hard baked in 
order to crosslink the film.  

The ARC has been our standard mold material but unfortunately it is no 
longer available. It gives a high reproducibility but its rigidity is limited and a 
curing step is needed to achieve aspect ratios above ~4:1 (cf. Sect. 4.5.1). The 
hardening enables reproducible aspect ratios of about 5:1. The RIE with O2 of 
the ARC needs to be carried out in intervals to avoid line tilt. We attribute this 
to heating since it occurs on membranes but not on solid substrates. The SU8 
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and the polyimide were introduced because they are more heat resistant, and 
in the case of polyimide, also because of its rigidity. SU8 is not more stable than 
ARC but it shows good adhesion to germanium and is heat resistant. However, 
it tends to give non-uniform films, especially on membranes. The polyimide 
exhibits very good mechanical properties enabling aspect ratios of 
approximately 8:1 for electroplated structures. However, the etch rate in the 
oxygen plasma is lower than for ARC and there have been issues with 
initiating the electroplating when a polyimide mold is used. Nickel growth on 
the titanium mask also seems to occur more often. 

Material

ZEP
ARC
Polyimide
SU8, pre-/hard-bake

Temp.

170 °C 
170 °C 

90 °C/250 °C 
300-350 °C 

Time

30 min

30 min/2 h

3 h
2-2.5 h

 

Table 2. Bake parameters for the different mold materials and the e-beam resist. 

4.2 ELECTRON BEAM LITHOGRAPHY 

This Section discusses electron beam lithography (EBL) and its use for 
zone plate patterning. In EBL a focused beam of electrons prints the desired 
pattern in an electron-sensitive resist. The exposed resist changes so that its 
solubility in a given developer is either increased (positive resist) or decreased 
(negative resist). The sample is then immersed in the developer and the 
exposed or the unexposed areas are dissolved leaving a pattern in the resist. 

EBL is used for zone plate fabrication because of its high resolution 
capabilities. The exposure is slow, however, which is a problem for large area 
optics.57 On the other hand it offers great flexibility and is therefore well suited 
for research and small-scale fabrication.  

4.2.1 Patterning with the Raith 150 

The e-beam system at Albanova, KTH, is a Raith 150 system schematically 
illustrated in Fig. 24. It has three major components: an electron beam column, 
a pattern generator, and an interferometrically controlled stage.  

The column generates and focuses the e-beam. Among other components 
it contains the electron source, the focusing lenses, beam-correction elements, 
beam deflectors, and beam blanker (turns the beam on and off). It can be 
operated between 0.5 kV and 25 kV (originally it was possible to run it at 
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30 kV). Only 25 kV has been used for lithography in this work. Lower 
acceleration voltages have been used for viewing. 

 The pattern generator (Elphy-plus) controls the e-beam deflection and the 
beam blanker and therefore controls the actual writing of the pattern. The 
digital-to-analog converters that drive the beam deflectors have 16-bit 
resolution. This gives an addressable grid of 65536×65536 pixels. The maximum 
deflection speed is 10 MHz, which limits the minimum exposure time in each 
pixel (the minimum dwell time) to 0.1 µs.  

The interferometrically controlled stage enables traveling distances to 
cover a full 4”-wafer. It is, however, not only used for moving the sample. The 
stage is also used as a reference for the calibration of the beam deflection. It is 
therefore important that the stage movements are accurate. This is further 
discussed below. 

Cathode
Electron gun

Anode

Condenser lens,
stigmator and scan coils

Objective lens

Electron detectors

Interferometrically
controlled x-, y-stage

Sample with resist

Writefield area
(within dashed square)

Beam blanker

Current apertures

Control and
user-interface
computers

Pattern generator Scan coil
amplifiers

Blanker control

Electron-gun,
lenses,
and stigmator
power supplies

Stage control

Detector control

 

Figure 24. A schematic illustration of the e-beam system. The column generates, focuses, and 
deflects the electron beam. The interferometrically controlled stage is used to move the sample 
with high accuracy. The pattern generator controls the beam blanker and the scan coils so that the 
desired pattern is traced out by the e-beam. (From Ref. 16) 

The amount of current incident on the sample is set by apertures in the 
column. Normally an aperture with a diameter of 10 µm has been used, which 
gives a current between 30-40 pA. Apertures ranging from 7.5 µm to 120 µm 
are available. Larger apertures compromise the resolution but provide higher 
current (current scales with the area of the aperture). Normal exposure times 
for a zone plate with 60-µm diameter is in the range 3-5 min. Minimizing the 
exposure time is important to avoid drift-induced pattern distortions. The drift 
has been measured to be 5-10 nm/min directly after loading and 1-2 nm/min 
after about 12 hours. This means that samples should be loaded the night 
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before exposure to avoid problems with drift. The exposure time is not only 
limited by the current. For a high resolution pattern, the speed of the pattern 
generator (10 MHz in this case) becomes limiting. Since the minimum dwell 
time is 0.1 µs the dose deposited during that time must be low enough not to 
overexpose the pattern. 

4.2.1.1 The interferometrically controlled stage and elliptical zone plates 

The position accuracy of the interferometric stage is very important for 
zone-plate patterning since it determines the pattern placement accuracy. To 
avoid aberrations the accuracy should be better than the width of the 
outermost zone over the entire area of the zone plate.24 The resolution of the 
interferometers is 5 nm but the movement is only measured in the x- and the y-
direction and therefore allows for errors induced by rotation. More important, 
it is the position of the stage that is measured not the position of the sample. 
The sample holder can move relative to the stage and introduce positioning 
errors up to hundreds of nanometers. All other errors, such as write-field non-
linearities,58 are insignificant in comparison. 

The calibration of the beam deflection, or the write-field alignment, is 
performed by scanning a mark from three different positions. The location of 
the mark in each of the scanned images then gives information about how the 
deflection should be corrected if the stage positions are known. The procedure 
is iterated until the write-field is satisfactory aligned. A stage positioning error 
leads to a misaligned write-field. The patterns can then be rotated, magnified 
(or demagnified), or skewed. If the magnification is different in different 
directions, or if the write-field is skewed, elliptical zone plates will result. Since 
the focal length scales with the diameter the eccentricity translates into 
astigmatism. An equal error in the magnification in both directions will 
introduce spherical aberration but this effect is small and in practice only the 
focal length of the zone plate is changed. 

In order to obtain zone plates without detrimental astigmatism the write-
field alignment must be done with care. The stage errors vary from day to day 
and the time required for the alignment vary accordingly. The eccentricity of 
the zone plates is normally measured using the EBL system. However, there is 
a problem with measuring an error using the same erroneous stage that 
originally caused the error. It is also a time consuming procedure. We recently 
developed a software that automatically measures the eccentricity of a zone 
plate. It collects a number of images from the edge of the zone plate (normally 
16) and uses image recognition to locate the edge of the zone plate. A reference 
mark is scanned before and after every image is taken to ensure that the stage 
positioning is accurate. This will allow better statistics for future development. 
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A natural development of this is to automate the write-field alignment 
procedure in a similar way. Presently, we work with reduced yield because 
some of the zone plates turn out astigmatic. 

4.2.2 Resist and development 

The interaction between the e-beam and the resist depends on the type of 
resist used. In the case of ZEP7000, which is of chain scission type, the electrons 
break bonds and cut the polymers to pieces. The reduced molecular weight 
increases the solubility in the developer. We have used hexyl acetate as 
developer and a development time of 30 s. The sensitivity of the resist is an 
important factor because of the limited current in the Raith system. The 
required exposure dose has been between 100-200 µC/cm2 for our conditions. 
The thickness of the resist has usually been 20-50 nm depending on the 
application. A thinner layer enables higher resolution but the thickness must be 
sufficient for the subsequent pattern transfer. 

4.2.2.1 Resolution 

The resolution obtained in an EBL process is not only dependent on the 
spot size of the electron beam. For the Raith system the focused spot is less 
than 5 nm but as the beam enters the resist the beam broadens due to forward 
scattering.39 A long-range background dose is also present due to 
backscattering from the substrate.59 Inelastic scattering in the resist generates 
secondary electrons that are responsible for most of the actual exposure. The 
range of these electrons is a few nanometers.43,60 These factors limit the 
achievable resolution.61-63 The development process should also be considered 
as a part of the lithography step. For example, for the ZEP resist it has been 
shown that the molecular weight and developer properties influence the 
lithographic result.64-67 

An important point is that the achievable resolution is higher in sparse 
patterns and isolated features compared to dense patterns such as zone plates. 
This fact was used in the zone-plate fabrication process presented by 
Chao et al.68 The basic idea in that method was to fabricate only every second 
zone and then repeat the process for the remainder of the pattern. In this 
manner higher resolution can be achieved than with a single exposure. 

4.2.2.2 Cold development 

By cooling the developer both the resist and the developer properties are 
altered. It has been reported that cold development can improve the resolution 
for positive tone e-beam resist.69-72 Different explanations for the improvement 



CHAPTER 4. PROCESS STEPS 

 32 

are given. One suggestion is that it is a result of the fact that a higher dose is 
used.70 Another theory is based on how the solubility of the resist depends on 
the glass transition temperature and how the glass transition temperature, in 
turn, depends on the degree of exposure.69 Within this work cold development, 
with hexyl-acetate temperatures down to -50 °C, has been applied for ZEP7000, 
and an increase in resolution has been observed. The exposure dose has been 
about three times as high as for room-temperature development. This is a 
problem since it results in a correspondingly increased exposure times and 
drift. Figure 25 shows the outermost parts of zone-plate patterns with drN of 
14 nm (a), 15 nm (b), and 16 nm (c). The 14-nm zone plate pattern was not 
resolved in these experiments. The 15-nm pattern is a borderline case. It did 
not transfer well for further processing and further optimization is needed. The 
16-nm patterns are transferable and reproducible results were obtained in 
electroplated structures (cf. Fig. 16). Quantification of the resolution 
improvement with cold development has not been thoroughly investigated.  

 

Figure 25. High resolution zone-plate patterns after an O2-plasma etch 40 nm into the mold. 

4.3 REACTIVE ION ETCHING  

Reactive ion etching (RIE) and plasma etching are used interchangeably 
throughout this text to denote the same etch steps, although RIE is actually one 
specific type of plasma etching. Plasma etching is a widely used and important 
technique in the integrated-circuit industry and in many other micro- or 
nanofabrication applications.73-75 In this Section we examine the plasma-etch 
steps involved in the zone-plate fabrication processes. Some basics of RIE are 
reviewed as background. 

Three different plasma-etch systems are currently installed in the 
nanofablab at KTH: two Plasmalab 80+, and one Plasmalab 100 (Oxford 
Industries). One of the 80+ system has been dedicated to O2-plasma etching 
and Ar sputtering and the other for BCl3. They have been used for etching of 
polymers and titanium respectively. The Plasmalab 100 is a recent acquirement 
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and was installed during the late spring of 2008. It has several available feeds: 
O2, Ar, Cl2, CF4, CHF3, and SF6. This has enabled processing of a wide range of 
materials. A couple of them have already been shown, i.e., germanium and 
tungsten. The Plasmalab 100 also  has a cryogenic stage with helium back side 
cooling for substrate temperature control. 

4.3.1 Basic principles 

During etching reactive species from the plasma diffuse to the substrate 
and react at the substrate surface. The reactive species are neutrals, e.g., atomic 
oxygen for polymer etching or chlorine atoms for silicon etching and are 
brought to the surface by diffusion. The product then desorbs from the surface 
and makes place for new reactants. So far, the etch process described is purely 
chemical. In reactive ion etching the surface is also bombarded with positive 
ions. The simultaneous ion bombardment increases the etch rate to a value 
much higher than what is achieved by ion bombardment and chemical etching 
separately.76 The ions can either stimulate the chemical reaction or increase the 
desorption rate of products from the surface to make it susceptible to new 
reactants.77 Since the ions hit the surface near normal incidence the vertical etch 
rate is much enhanced leading to anisotropic etching, which enables high-
aspect-ratio structuring. 

In RIE mode the plasma is generated by a high-voltage radiofrequency 
field applied between the grounded hood of the chamber and the powered 
electrode (on which the sample is placed, also called cathode). The free 
electrons are accelerated in the time-varying electric field and oscillate back 
and forth in the chamber. The ions are too heavy to respond to the high 
frequency field and are only affected by the time-averaged, slowly varying 
electric field. Figure 26 depicts a schematic time-averaged potential variation. 
The potential is more or less constant through the bulk of the plasma. It then 
drops steeply over the positively charged regions closest to the electrodes. 
These regions are called sheaths or dark spaces and their extension from the 
electrodes is on the order of centimeters. Since the area of the working 
electrode is smaller than that of the counter electrode (chamber walls) it will 
have a lower potential (time average).73,78 The ions bombarding the surface are 
accelerated by the potential difference between the plasma and the cathode, the 
sheath potential. The magnitude of the sheath potential is related to, but higher 
than, the potential difference between the cathode and the hood.73 The latter is 
the so called DC bias, which is displayed to the user during operation.   
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Figure 26. Time averaged potential between the electrodes in a RIE chamber. The ions are 
accelerated over the sheaths due to the potential difference between the electrodes and the bulk of 
the plasma. Reactive neutrals do the actual etching but the rate is much increased by the ion 
bombardment. 

In RIE mode the ionization of the plasma and therefore the density of 
reactive neutrals cannot be separated from the energy of the bombarding ions. 
This problem is solved by the use of a Inductively-Coupled-Plasma (ICP) 
source. It makes it possible to supply energy to the plasma and, thus, increase 
the ionization without increasing the sheath potential. This is done inductively 
as opposed to capacitively as in RIE. Here, we refer to the capacitively coupled 
power as RF power and the inductively coupled power as ICP power although 
the ICP source is, indeed, also driven by an RF generator. 

4.3.2 Influence of process parameters 

Apart from the choice of etch gas, the parameters controlled by the user 
are: RF power, ICP power, pressure, and flow rate. Setting these correctly is 
important for the etch result. Figure 27 shows the three most common 
deviations from the ideal trench evolution: undercut due to isotropic etch, 
faceting due to mask erosion, and aspect-ratio dependence of the etch rate. 
Other effects can occur but have not been observed within this work.79 
Qualitatively, the influence of the process parameters can be summarized by 
stating that the negative effects of  high pressure and low RF power are more 
isotropic etching and a more pronounced aspect-ratio dependence of the etch 
rate. A high RF power and a low pressure, on the other hand, give mask 
erosion but good anisotropy. The effect of the ICP-source power depends on 
the application and the etch chemistry. If a high etch rate is needed the ICP 
source can improve the anisotropy since a lower pressure can be used for a 
given rate. However, for nanostructures, and in particular for our applications, 
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the etch rate is not important. For polymer etching in O2 plasma it is out 
experience that the etch profiles are not noticeably affected. In contrast, in the 
case of germanium etching with CHF3 ICP power reduces the anisotropy. In 
the 80+ system the ICP helps to stabilize the plasma and enables lower strike 
pressure. Intriguingly it has a destabilizing effect in the Plasmalab 100. The 
flow rate of the etch gas has not been observed to have any effect for any of the 
chemistries used. Substrate temperature can also be an important parameter. A 
low substrate temperature enables sidewall passivation for certain 
chemistries.80,81 This means that the surface is covered by a film that protects it 
from the reactive species. The film should be easily sputtered by the incident 
ions so that the etching can proceed vertically. Sidewall passivation is very 
favorable for high-aspect-ratio structuring.   

   

Substrate

Etch mask

Etched material

Ideal Isotropic etch Mask erosion AR dependence  

Figure 27. Commonly observed etch profiles in RIE. Isotropic etch is normally caused by too high 
pressure, and insufficient RF power. Low pressure and high RF power can lead to mask erosion 
due to sputtering. The aspect-ratio (AR) dependence of the etch rate typically results in reduced 
rate for narrow trenches.  

4.3.3 Titanium etch in BCl3 plasma 

Titanium has been used as hardmask for etching in both O2 and Cl2 

plasmas. The pattern generated by e-beam lithography is transferred from the 
e-beam resist into the titanium layer by RIE in BCl3. The parameters have 
normally been the following: RF power 80 W, pressure 15 mTorr, BCl3 flow 
10 sccm. This results in a DC bias of ~70-90 V. The selectivity of titanium over 
ZEP7000 is approximately 1:1, but a certain overetch and some margin in the 
ZEP thickness are needed to obtain reproducible results. The minimum ZEP 
thickness for a 5-nm hardmask is therefore 15-20 nm. It is hard to accurately 
determine the etch rate and the selectivity since the titanium thickness that can 
be etched in one run is only about 5 nm because of contamination problems. 
This makes measurements uncertain. In addition, the drift in process 
parameters due to the accumulating contamination, and the long pump-down 
times make the experiments difficult and time consuming.  

The main issue in this process step is the contamination that forms on the 
chips and on the chamber walls. The chip contamination problem was already 
noted by the Göttingen group and it was concluded that the contaminants 
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were titanium chlorides, which are all water soluble. The problem was solved 
by introducing a water-rinse step after the BCl3 etch.41 It is not possible to etch 
more than about 5 nm in one run as the etch rate decreases probably due to the 
contamination problem. The samples then need to be unloaded and rinsed and 
loaded again if thicker layers are to be etched.  

Most of the contamination, at least that which coats the chamber, does not 
originate from the samples but from the stainless steel cathode, which has a 
much larger area. About 20 standard recipes can be run before a cleaning of the 
system is needed. The cathode and the inside of the chamber are then coated 
by a brownish coating that can be removed by scrubbing with isopropanol and 
water. The DC bias gradually decreases with increasing contamination. 
Directly after cleaning it is over 90 V but decreases down to 70-80 V depending 
on how often it is cleaned. 

4.3.4 Polymer etch in O2 plasma 

The polymer etch in O2 plasma has been used for structuring the plating 
molds in the nickel and gold processes. This process step has a high degree of 
reproducibility and is relatively free of problems. Our standard recipe has been 
50 W RF power, 2-3 mTorr pressure, and 10 sccm O2 flow. The DC bias is then 
~440 V.  The resulting etch rate is ~50 nm/min for ARC, ~45 nm/min for SU8, 
and ~35 nm/min for polyimide. Figure 28 displays the etch-rate dependence 
with respect to pressure, RF power, and ICP power for polyimide. Our 
standard recipe was originally developed for etching of ARC for which heating 
is a problem on membranes when high RF powers are applied. Therefore the 
RF power has been kept low and etch intervals longer than 2 min have been 
avoided. SU8 and in particular polyimide are very heat resistant and higher 
powers can therefore be used. 
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Figure 28. Etch rates for polyimide in O2 plasma. 
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To obtain an anisotropic etch with acceptable mask erosion the pressure 
and the sample RF power need to be set correctly as they are the two most 
important parameters. Figure 29 shows the etch profile of polyimide gratings 
for different RF powers. The amount of undercut decreases and the mask 
erosion becomes more severe with increasing power. It can also be seen that 
grass (irremovable residue with grass-like appearance) starts to appear at 50 W.  

 

Figure 29. Etch results for different RF powers at a pressure of 3 mTorr. The gratings have 35-nm 
half-pitch and are etched into 300 nm of polyimide. The Ti etch mask was 5 nm thick. Mask erosion 
increases with increasing RF power but the undercut decreases. (60° tilt angle). 

The pressure has an even stronger influence on the etch profile, which can 
be seen in Fig. 30. Here, 400 nm thick polyimide gratings with 40-nm half-pitch 
are depicted. The profile is significantly better at low pressures and the aspect-
ratio dependence of the etch rate is less pronounced. In practice the lowest 
pressure for which a stable plasma can be maintained is used. For the system in 
question this is 2-3 mTorr. The ICP power and the flow rate do not have a 
noticeable influence on the profile. 

 

Figure 30. Etch results for different pressures and a constant RF power of 50 W. The gratings have 
40-nm half-pitch and are etched into 400 nm of polyimide. The Ti etch mask was 5 nm thick. The 
AR dependence of the etch rate and the undercut become more severe for higher pressures. At 
81 mTorr the lines have started to collapse and therefore seem lower. Note also how the mask 
erosion varies with pressure. (60° tilt angle). 

 From Fig. 29 and Fig. 30 it can be seen that our standard recipe using 
50 W RF power and 2-3 mTorr pressure produces straight sidewalls with little 
undercut. It may seem that the undercutting of the mask is not as important as 
the effect of mask erosion. Nevertheless, the isotropic etch needs to be 
considered, especially for high resolution structures. This is illustrated in 
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Fig. 31a where the same lines are shown after 1 min of O2 etching, after 2 min 
O2 etching and electroplating, and after the mold strip. These are zones close to 
the edge of a 16-nm zone plate. A 5-nm titanium etch mask was used. It can be 
seen that the second minute of O2 etching erodes the mask and widens the gaps 
slightly. However, when the mold has been removed it is seen that the nickel 
lines are significantly wider than what is expected after plating. In this case the 
undercut is more limiting than mask erosion.  

Fig. 31b depicts typical zone profiles of electroplated structures and 
Fig. 31c shows an overplated polyimide grating with 40-nm half-pitch and a 
thickness of 450 nm. From Fig. 31c it is possible to see the limitations of the etch 
process. The bottom of the trenches is barely cleared. At the same time, further 
etching is not possible since the undercut and the mask erosion are too severe. 
A 5 nm titanium mask and 50 W of RF power were used in this case. It is 
possible that a thicker mask in combination with increased RF power would 
improve the anisotropy. 

 

Figure 31. Outermost part of a 16-nm zone plate shown at different stages of the process to 
illustrate the effect of mask erosion and undercut (a). Typical zone profiles (b) and an overplated 
450 nm thick polyimide grating with 40-nm half-pitch. (c). (b) and (c) are focused-ion-beam cross 
sections and are tilted 52°.  

 A method to overcome the limitations illustrated by Fig. 31c is sidewall 
passivation. This can be achieved in the Plasmalab 100 system by cooling the 
sample to low temperatures. Figure 32 shows initial results in the form of a 
polyimide grating with 50-nm half-pitch etched to a depth of 500 nm. 25 W of 
RF power, 100 W of ICP power, 4 mTorr pressure, and an O2 flow of 10 sccm 
were used. A helium back-side pressure of 5 mTorr was applied and the 
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cathode was kept at -100 °C. No undercut is visible and due to the moderate RF 
power there is no mask erosion. The narrower lines tilted when unloaded, 
probably because the sample was still cold when exposed to air causing 
condensation of water. This has not yet been used for zone plate fabrication 
since the practical problem of controlling the temperature of membranes 
remains to be solved. It is however likely that the improved etch profiles will 
result in increased diffraction efficiency for narrow line widths. It will also 
enable the fabrication of hard x-ray gold zone plates. With an anisotropic etch 
process and the use of supporting structures82 it is possible structure the 
required zone thickness.  

 

Figure 32. Polyimide grating with 50-nm half-pitch etch at a substrate temperature of -100 °C. The 
structure height is 500 nm. 

Although relatively problem free regular cleaning of the O2 etcher is 
needed since it is heavily used for a variety of processes. One effect of a 
contaminated RIE can be seen in Fig. 33. Nickel has grown on top of the 
titanium mask.  

 

Figure 33. Nickel has grown on the titanium mask. The problem disappeared after cleaning the 
etcher. 
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4.3.5 Germanium etch in Cl2 plasma 

Reactive ion etching with Cl2 was used for the fabrication of germanium 
zone plates, described in Paper 4. Since this is a new process it is likely that 
improvements can be made. So far the best results have been obtained with the 
following etch recipe: 25 W of sample RF power, 2 mTorr pressure, and 10 
sccm gas flow. A helium back-side pressure of 5 Torr has been applied to keep 
the working electrode at 20-30 °C. No heat-conductive medium has been used 
to thermally connect the membranes to the carrier wafer, which means that 
only the carrier wafer is cooled and not the membranes. The heating effect is 
significant on membranes and a six-fold increase of the etch rate has been 
observed compared to solid substrates (this may vary with the recipe). 

Sidewall passivation can be achieved for this etch process. Since oxides 
normally etch slowly in Cl2 plasmas, isotropic etching can be inhibited by 
oxidation of the germanium surface. The oxide layer on the bottom of the 
trenches is then cleared by the ion bombardment so that the etching can 
proceed vertically while the sidewalls remain protected. The surface oxidation 
can be achieved by simply unloading the sample and exposing it to air between 
the etch steps. This completely stops the lateral etch rate and the anisotropy is 
determined by the length of the etch intervals. Figure 34a shows a 25-nm half-
pitch grating etched into over 300 nm of germanium in four steps, 30 s + 30 s + 
60 s + 60 s (3 min total). It is possible to see the effect of the increased length of 
the later etch intervals. The upper part of the lines is thicker and the sidewalls 
are more vertical than for the lower part where the etch process has been more 
isotropic.  

 

Figure 34. Ge gratings formed by RIE with Cl2. The gratings in (a) have 25-nm half-pitch and are 
etched into 310 nm of Ge. (b) shows the grass formation resulting form oxidation with an O2 
plasma between the etch intervals. The grating half-pitch is 100 nm.  

 It would be convenient if the passivation could be achieved without 
unloading the sample. Therefore, other schemes to inhibit sidewall etching 
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have been investigated but none of them has worked well. Oxidation with O2 

plasma and addition of 5 % oxygen to the feed gas (1 sccm O2- and 19 sccm Cl2-
flow rate) both methods prevented sidewall etching but also resulted in 
excessive grass formation (cf. Figure 34b). A third method was attempted in 
which a flow of oxygen (50 sccm at a chamber pressure of 90 mTorr) was 
applied for up to 10 minutes between the Cl2-etch intervals. This did not have a 
noticeable passivating effect.  

The grass formation constitutes the only unresolved issue in this process. 
Grass formation sometimes occurs for unclear reasons and there may be 
multiple causes. The cathode material has some importance. For example, 
reproducible grass formation was observed using an aluminum cathode. It is 
also possible that the BCl3 etch of the titanium layer leaves residues causing 
grass. Another reason could be the oxidation of the surface. The latter has some 
support in that the grass problem is more severe when short etch intervals are 
used. Problems have been encountered with 30-s intervals and therefore a 
mixture of 30-s and 60-s intervals has been used. If the etch intervals are too 
short the oxide might not be properly cleared from the surface. When the 
surface is then exposed to air it will be oxidized again but the surface will then 
be rougher and in this way grass could build up.  

Titanium has been used as hardmask for the Cl2 RIE and it has a high 
durability. With the recipe given above a 10-nm hardmask lasted for 6 minutes, 
twice as long as needed for clearing 25-nm lines in 300 nm thick germanium. 
This could be explained if, for instance, the film was oxidized during 
deposition. Pure titanium is etched by Cl2 plasmas but titanium oxides, and in 
particular the native TiO2, are very resistant.83,84 The etch resistance of a 
hardmask of pure titanium would rely on the presence of native oxide (2-5 nm 
thick85,86) and the etch rate would therefore be expected to be time dependent. 
However, no time dependence has been observed. 

4.3.6 Germanium in CHF3 plasma 

Germanium can also be anisotropically etched with CHF3. This was used 
in the fabrication of nickel-germanium zone plates described in Sect. 3.3.3. To 
achieve sufficient anisotropy for the nickel-germanium zone plates the 
pressure was kept as low as possible (3 mTorr). No ICP-source power was 
applied. It destabilizes the plasma and it causes isotropic etching. The 
increased isotropy is likely due to a larger fraction of reactive species. This 
seems reasonable since the fluorine rich feeds SF6 and CF4 etch germanium 
isotropically. The RF-power setting was not observed to be as critical. 50 W was 
normally used, which gave an etch rate in germanium of about 10 nm/min. 
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For the fluorine-containing feeds, chromium is generally a suitable mask 
material. However, for the CHF3 at the parameters needed for anisotropic 
etching in narrow lines the mask erosion is problematic and a thick mask is 
needed. Therefore, the results obtained do not motivate the fabrication of 
germanium zone plates in fluorine chemistry. Chlorine gives better results. 
However, it is too early to dismiss the fluorine feeds, since cryogenic etching 
has not been investigated. Electroplated nickel works well as mask. It sputters 
at a low rate (~0.3 nm/min) and since a relatively thick nickel layer can be used 
only a small portion is lost. CHF3 therefore works well for the fabrication of 
nickel-germanium zone plates. 

4.4 ELECTROPLATING 

Electroplating is a widely used technique for decorative applications, 
corrosion resistance, and also for microelectronics.87-90 For zone-plate 
fabrication it is useful since it can replicate structured molds and enables 
formation of high-aspect-ratio metal structures. A simple electroplating cell 
consists of two electrodes immersed in a metal-ion containing electrolyte. The 
electrodes are connected to a current source and the applied current flows 
through the electrolyte from the anode to the cathode. At the cathode the 
positive metal ions are reduced and deposited as a metal film. Although 
uncomplicated in theory, the electroplating is difficult to control and it is the 
process step with the lowest yield. Considerable effort has therefore been made 
to increase the process stability. In the following Sections our electroplating 
arrangement is described as well as the techniques used for plating rate 
monitoring and the mass-distribution control by pulse plating.  

4.4.1 Plating arrangement 

The electroplating has been performed in commercial plating baths 
acquired from Enthone Inc. We have used a sulfamate bath, Lectro-Nic 10-03, 
for the nickel plating and a sulfite bath, Neutronex, for the gold plating. 
Typical plating rates have been 25-50 nm/min, which is many times below 
normal operating rates for the baths used. The gold process was first started in 
2006 as a project for hard x-ray resolution test targets with micrometer 
resolution.91 It has not been used for nanostructures until recently and the 
discussion will therefore predominately concern nickel plating. 
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Figure 35. The electroplating cell. (From Ref. 16) 

The electroplating cell is depicted in Fig. 35. It is mounted on an inverted 
microscope to enable the rate control described in Sect. 4.4.2. The chip is held 
by a clamp with an electrically isolated contact point. This enables 
measurement and control of the current to the chip. For direct-current plating 
(DC plating) a large area dummy cathode (~1 cm2) has been connected in 
parallel with the sample. Agitation has generally not been used and has not 
been observed to influence the mass distribution for the current densities in 
question.  

When a dummy cathode is connected in parallel with the sample the 
plating rate is effectively controlled by a constant potential rather than a 
constant current. For a total current of 5 mA only about 1 µA goes through the 
chip, which means that the system is dominated by the dummy cathode. The 
advantage of this system is that the plating rate on the sample is independent 
of the plated area and it is therefore very flexible and insensitive to the area of 
the exposed pattern or scratches from chip handling with tweezers. On the 
other hand, the plating rate is sensitive to changes in the applied voltage. 
Consequently, a change in the contact resistance between the clamp and the 
chip changes the plating rate. This is not a problem when the in-situ rate 
control is used (cf. Sect. 4.4.2.1). The rate is then known and can be adjusted 
during plating. However, if the contact is insufficient so that the plating does 
not start the plating base slowly dissolves resulting in adhesion failure (cf. 
Fig. 36a). This problem does not occur if the current to the chip is directly 
controlled.  
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Figure 36. Adhesion failure in 100 nm wide polyimide lines (a). The more commonly observed line 
tilt, here in 60-nm lines (b). 52° tilt angle. 

The arrangement for pulse plating differs only in that no dummy cathode 
is used. In this case it is important that the plated area is accurately known 
since the idea is to control the current density (cf. Sect. 4.4.3). There can 
therefore be no unwillingly exposed areas of the plating base. 

4.4.2 Rate measurement and end-point detection 

In order to accurately fill the plating mold and to avoid overplating a rate 
monitoring technique and an end-point detection method have been developed 
(cf. Paper 1). In both techniques the light transmitted through the nickel is 
measured during plating in the microscope. If the current to the chip and the 
plated area are known the deposited thickness can be obtained from Faraday’s 
law,92  
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, (4.1) 

 
where, r is the rate in thickness per unit time, j is the current density, Awt is the 
atomic weight, z is the valency of the ions, F is the Faraday constant, ρ is the 
density of the plated film, and ξ is the current efficiency. A current density of 
1 mA/cm2 corresponds to a plating rate of about 20 nm/minute for nickel (z=2), 
and 60 nm/minute for gold (z=1). However, if special precautions have not been 
taken the area is unknown, which is the reason for the use of a dummy 
cathode. To obtain a well-defined area it is necessary to clear a large area on the 
chip. This has been used on absorbing substrates but not yet in combination 
with the rate measurement described in this Section. It is likely that such a 
combination would further improve the reproducibility. 
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4.4.2.1 In-situ rate measurement 

To monitor the deposition rate during plating the current through the sample 
and the light intensity transmitted through the nickel layer are measured and 
fitted to an exponential decay model (cf. Paper 1). The light is measured 
through a relatively large plated area (50×50 µm2 or larger). Results obtained 
from a test series of glass chips are shown in Fig. 37. 

The plating rate in large structures can be accurately monitored but 
unfortunately local plating rate variations do occur and, in particular, narrow-
line grating structures plate more slowly than open areas (not true for 
electroplating in general). This is the reason why the rate measurement has 
been combined with an end-point detection method. 
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Figure 37. The in-situ rate control is performed by measuring the light transmitted through the 
nickel layer. To the right, thicknesses predicted by the measurement technique are plotted versus 
the profilometer-measured thicknesses. (From Paper 1). 

4.4.2.2 End-point detection 

In the end-point detection method the light transmitted through a grating 
structure or a zone plate is measured during plating. The end-point signal is a 
sudden dip in the transmitted light intensity that occurs when the grating is 
fully plated. The metal growth is first restricted by the mold walls but when 
the mold is completely filled the nickel begins to grow isotropically over the 
mold. The on-set of the isotropic growth results in the dip in the transmitted 
light and the plating can be stopped. Figure 38 shows the typical variation of 
the measured intensity, which goes through a series of phases, A-D. At A the 
nickel is thin and the signal decays exponentially with the nickel thickness. At 
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B the nickel is opaque but the grating structure transmits light. The signal 
decays linearly in this region. At C the signal drops as the metal starts to grow 
isotropically over the mold. At D the metal continues to grow isotropically. The 
grating through which the intensity was measured is shown before plating in 
Fig. 38a and after plating in Fig. 38b. The slight overplate is not detrimental 
since mold can still be removed.  
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Figure 38. The decay of the light transmission (left) measured through the grating to the right. The 
grating is shown before (a) and after (b) plating. The half-pitch was 50 nm and the mold thickness 
was 160 nm. The resist lines appear bright in (a) but dark in (b). (From Paper 1). 

4.4.3 Pulse plating and pulse reverse plating 

With pulse plating93,94 it is possible to achieve very high instantaneous 
current densities at a low mean current. We have used this to manipulate the 
current distribution to achieve uniformly plated zone plates (cf. Paper 2). Pulse 
plating has been used for improved mass distribution95,96 in other contexts but 
also for increased quality of the deposit.97-99 In pulse reverse plating both 
cathodic and anodic pulses are applied. This gives more flexibility for mass 
distribution manipulation since both deposition and dissolution are 
controlled.100,101 

4.4.3.1 Mass distribution 

When the plating is carried out with a direct current we typically obtain a 
non-uniform mass distribution. The thickness of the deposit is greatest in the 
center of the structures and decreases towards the edges. The plating rate also 
decreases with decreasing line width. In zone plates the effects add up since 
the zone width decreases with radius. The result is therefore a nickel height 
that decreases with radius as shown in Fig. 40a (p. 49). The observed 
phenomenon is not expected from basic theoretical models, which predict an 
increased plating rate at the edges of structures resulting in the so called rabbit-
ears profile.102 This is due to current crowding caused by the electrical 
resistance in the plating bath and geometrical factors. On patterned substrates 
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the plating rate is expected to depend on the pattern density but not on the 
feature size.103,104 The exception is when the features are large and deep in 
relation to the diffusion layer so that mass transport by convection is possible 
in the larger structures. 

The observed profile is not often discussed in literature but a few others 
have noticed a similar line-width dependence105-107 and decrease in plating rate 
near edges for low current densities.107 However, the proposed mechanisms, 
which are based on reduced ion transport, can not explain the long-range effect 
that we observe in large and shallow structures, e.g., 50×50 µm2 squares in a 
150 nm thick resist mold. We cannot rule out that the bath contains 
components with leveling effect at the low current densities used, although the 
bath does not contain additives for that purpose.108 Indeed, leveling agents act 
to reduce the deposition rate in areas that would normally plate fast and 
increase it in slowly plating areas.109-111 As to the plating rate dependence on 
line width, this effect may be process related. Narrow lines are simply more 
difficult to clear properly. We have also observed that insufficient exposure 
dose reduces the plating rate even for wide lines. This is likely the reason for 
the lower nickel height in the center of the zone plate shown in Fig. 40a. We 
conclude that the observed mass distribution does not have a definitive 
explanation at this point.  

Even though we cannot explain the observed non-uniformity it can be 
corrected by modulation of the current. To understand how that works it is 
necessary to know how the current density depends on the overpotential. The 
overpotential is the deviation from the equilibrium potential at which no 
current flows. The dependence is given the Butler-Volmer equation,112 
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where, j- and j+ are the cathodic and anodic currents densities, η is the 
overpotential, n is the number of electrons transferred in the rate limiting 
reaction, β is the dimensionless symmetry coefficient, F is the Faraday constant, 
R is the universal gas constant, and T is the temperature. j0 is the exchange 
current density and represents the magnitude of the anodic and cathodic 
currents at the equilibrium potential.112  In Fig. 39 the net current, the cathodic 
current and the anodic current, are plotted as a function of the overpotential 
for β=0.5, T=325 K, n=1, and j0=1.5 mA/cm2. The values of the kinetic parameters 
were taken from reported measurements on nickel sulfamate baths similar to 
ours.113,114 The data should be seen as approximate values since it was not 
acquired for our specific conditions. Note that n=1 although it is Ni(II) that is 
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present in the bath. The reason is that the two electrons are not transferred 
simultaneously but in two separate steps.114 There are anodic and cathodic 
currents at both the anode and the cathode. On the sample (the cathode) 
cathodic current corresponds to deposition and anodic current to dissolution of 
the metal layer.  
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Figure 39.. A plot of the Butler-Volmer equation describing the relation between the overpotential, 
η, and the current density, j. Both anodic current,  j+, and cathodic current, j-, are present at both 
electrodes. 

The dependence of the current density on the overpotential is 
exponential. This has consequences for the current distribution since the 
potential drop in the electrolyte is linearly dependent on the current (Ohm’s 
law). So qualitatively, for high current density the distribution will be 
determined by the potential drop in the electrolyte and therefore by the 
geometry of the sample and the plating cell and the resistance of the 
electrolyte. In the limit when the surface kinetics are ignored we have the so 
called primary current distribution. Reversely, the smaller the current, the 
more limiting the electrochemical reaction at the cathode surface will be. When 
both effects are taken into account we obtain the secondary distribution.95,102  

The primary distribution predicts the rabbit-ears profile, i.e. thicker 
deposits near edges. The secondary distribution is more uniform and the 
uniformity is expected to increase with decreasing current density. Since we 
observe insufficient plating rate near the edges for low overall current densities 
the uniformity is expected to be improved by application of higher current 
densities. If the current is reversed (anodic current) nickel from the sample is 
dissolved. The behavior of the anodic current distribution is qualitatively 
similar to the cathodic current distribution. In other words, at low anodic 
current densities the rate of dissolution is higher at the central parts of the 
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structure and at high current densities the dissolution is faster at the edges. 
Control of the mass distribution can therefore be achieved by application of 
suitable parameters for the anodic and cathodic current pulses. Figure 40 
shows the improved uniformity of the zone-height profile of a zone plate 
plated with pulse reverse plating (b) compared to one plated with direct 
current plating (a). 
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Figure 40. Height profiles of two zone plates plated with DC plating (a) and pulse reverse plating 
(b). The reduced nickel thickness in the central part of the DC plated zone plate is likely due to a 
sub-optimal exposure dose. More details are found in Paper 2. 

For large area optics one has to take into account the potential drop in the 
plating base. The potential difference on different parts on the cathode will 
increase with the current. Pulse plating is therefore likely to be more 
problematic for large area optics. In addition, the geometrical variations, such 
as local pattern density, will have greater influence when pulse plating is used 
as the current distribution is shifted towards the primary distribution.  

4.4.3.2 Nucleation 

The nucleation rate is affected by the high instantaneous overpotentials 
used in pulse plating. This counteracts the build up of grains and the deposits 
can therefore be smoother.97,98 At low overpotentials the adions diffuse on the 
metal surface until they arrive at a growth site (step or kink) where the 
potential barrier is low enough for the reduction to take place. Few growth 
sites and long surface diffusion distances lead to large grains.115 When a high 
overpotential is applied the adions are more likely to be reduced anywhere on 
the surface resulting in a larger number of growth sites.97,98 
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Figure 41. Rough nickel deposit in a zone plate with drN=50 nm. Deposits of this type are 
occasionally obtained for low current densities, but never when pulse plating is used. However, in 
the normal case even low-current-density DC plating yields fine-grained deposits. 

Rough deposits, as shown in Fig. 41 are sometimes obtained with the 
nickel bath if the bath has been heated and used during a long period of time 
(~1 day). That type of deposit has never been observed using pulse plating. 
Normally however, there has been no significant difference in terms of grain 
size between pulse plating and DC plating. 

 

Figure 42. Nickel plated on an oxidized  titanium seed layer using DC plating (a) and pulse plating 
(b). Gratings plated directly after development using DC plating (c) and pulse plating (d). The 
grating half-period was 200 nm and 50 nm respectively. The sample tilt was 45° in (a), (b), and (d). 
(c) is a top view. 
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Pulse plating also allows plating on substrates on which nucleation is 
normally difficult. Figure 42 (a) and (b) shows nickel plated on a plating base 
consisting of 5 nm of chromium and 10 nm of titanium using DC plating (a), 
and pulse plating (b). The titanium layer was oxidized since it had been 
exposed both to air and RIE with O2. The formation of growth sites is limited in 
the case of DC plating and the nickel therefore grows in islands. For pulse 
plating, on the other hand, the nucleation is forced by the high overpotential 
and a smooth film is obtained. A similar example is shown in Fig. 42 (c) and (d) 
where grating lines have been plated directly after development, that is 
without descum. The residual resist inhibits growth in the case of DC plating 
(c), but not for pulse plating (d). The plating base was our standard 
combination of 5 nm of chromium and 10 nm of germanium. The peak current 
density of the pulses was approximately 300 mA/cm2 and the current density 
for the DC plating was 1-2 mA/cm2. 

4.5 E-BEAM CURED MOLD MATERIALS 

When a zone plate mold is immersed in the plating bath the lines may tilt 
due to surface tension forces. The structures can also be peeled off from the 
plating base (cf. Fig. 36). This is currently the limiting factor for the achievable 
aspect ratio. The requirements on resist stability increase with aspect ratio, but 
also with decreasing line spacing and absolute dimension. A similar problem, 
which has attracted more attention, is pattern deformation in the drying step 
after development of nano- and microstructures.116 To improve the mechanical 
stability we have applied e-beam curing of our standard mold material, ARC 
XL-20, on a regular basis. We have also used intense e-beam exposure of SU8 to 
obtain a very rigid mold material (cf. Paper 3). 

4.5.1 E-beam curing of ARC XL-20 

An aspect ratio of about 4:1 is regularly fabricated with ARC plating 
molds. If the mold is e-beam exposed after 1 min of O2 etching the stability of 
the mold is increased. Problems with peeling and tilt are reduced and an aspect 
ratio of ~5:1 becomes reproducible. The hardening is performed in the EBL 
system at 5 kV and with a dose between 10 and 30 mC/cm2. The plating rate is 
increased in the exposed areas so it is important that all areas that are to be 
plated are exposed with the same dose. 
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4.5.2 E-beam curing of SU8 

The work on e-beam hardened SU8 was inspired by the results achieved 
by the Göttingen group using an x-ray-hardened copolymer of phenylethylene 
and divinylbenzene (PEDVB) as plating mold material.33,117 The PEDVB was 
synthesized specifically for this application and the radiation dose needed for 
proper curing was 2×109 Gy. To obtain this dose, the samples were exposed at a 
synchrotron facility (BESSY II). Nickel zone plates with an outermost zone 
width of 20 nm and a zone height of 175 nm105 as well as nickel gratings with 
90-nm half-pitch in a 1400 nm thick mold were fabricated using this polymer.118 

SU8 is an epoxy-based negative-tone photoresist which can also be 
exposed with electrons or x-rays. Normally, when the resist is exposed an 
initiator is activated and the film is crosslinked during the post bake. This 
standard procedure does not produce a coating with a high modulus. 
Typically, an aspect ratio of 4:1 to 5:1 has been achieved in 30-nm half-pitch 
gratings. This is similar to results with ARC.  

In our experiments the SU8 was exposed before the titanium etch mask 
was added (cf. Fig. 12), using the 5-keV electron gun inside the vapor-
deposition system (Edwards Auto 306). The base pressure was ~10-5 mbar. The 
e-beam current was typically about 1 mA and the beam was swept over a large 
area to reduce the current density on the sample. The best results were 
obtained with the highest applied dose of ~25 mC/cm2. The exposure resulted 
in a decrease in film thickness of about 25 % and a considerable increase in film 
hardness. The film was unscratchable with dull instruments like a pair of 
tweezers. It was also very brittle and turned to a fine dust when scratched with 
a scalpel. The improved mechanical properties were also reflected in the 
achievable aspect ratio. Figure 43 shows 35-nm half-pitch gratings of 
electroplated nickel after the 400-nm thick mold has been removed. The aspect 
ratio of the nickel lines exceeds 11:1. 

Despite the positive effect on mold rigidity the described hardening 
procedure was never incorporated into the standard processing, the main 
reason being the lack of process control. The deposited dose and the 
temperature of the sample were not well controlled. The heating was also too 
intense for membranes, which broke instantly. In addition, the cause for the 
change in film properties remains unexplained. It is possible that the film was 
partly charred. The surface was altered, perhaps due to the intense heat but it 
is also possible that it was coated with carbon containing contaminants (similar 
to spot burning in the EBL system). A 10-nm titanium hardmask was used in 
these experiments. Instead of the normal two runs in the BCl3 etch, three were 
needed, indicating a modification of the surface. The adhesion of the titanium 
layer was also reduced and problems were sometimes encountered in the rinse 
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steps after BCl3 and in the plating steps. The Ti-film could slip relative to the 
mold and in the worst cases it was peeled off completely. An extreme example 
is shown in Fig. 44. 

There are many practical process oriented problems that need to be 
resolved but the results show that very high aspect ratios can be achieved by 
relatively simple means. An improved arrangement for the hardening that 
allows accurate control of the deposited dose and better vacuum conditions 
may solve some of the problems. 

 

Figure 43. Focused ion beam cross sections of electroplated nickel gratings with 35-nm half-pitch. 
The mold height was 400 nm, which gives and aspect ratio greater than 11:1. Unfortunately the 
gratings are slightly overplated. (52° tilt angle). 

 

Figure 44. Adhesion failure of a 10 nm thick titanium film on e-beam cured SU8. 
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CONCLUSION AND OUTLOOK  
There are currently many opportunities for process development. Which 

processes to develop and how, depends on the future role of the zone plate 
fabrication. 

The nickel process, which is still the basis for our fabrication, has been 
much improved in terms of process stability. This is mainly due to the work on 
electroplating; a work which must remain high priority if a stable process is to 
be maintained. Cold development has provided improved resolution. This 
work will be continued, but it remains to be seen if there is any use for zone 
plates with 16-nm zone widths or smaller. For compact microscopes it is 
certainly not obvious. Besides, it is not an easy task to meet the pattern 
placement requirements to obtain aberration free zone plates. 

The nickel-germanium process has potential for being implemented as a 
standard process since it is an uncomplicated extension of the nickel process. It 
can be used for either increased process yield or for improved diffraction 
efficiency.    

Personally, I find the re-introduction of germanium zone plates 
particularly interesting and I believe there is hope for high yield fabrication. 
The only real concern is the long-term stability of germanium. This of course 
concerns the nickel-germanium process as well.  

We are currently starting a fabrication of hard x-ray optics. This will 
probably include the implementation of processes for gold, tungsten, and/or 
tantalum. Gold will be relatively easy because of our experience with 
electroplating. Cryogenic etching is a key in this context since it enables the 
fabrication of the high aspect ratios required for hard x-ray optics. Tungsten 
and tantalum are even more interesting since they can be dry etched, but a few 
practical issues still need to be resolved. 

Our weak point in terms of fabrication is the patterning. This is due to the 
limitations imposed by our lithography system. The collaboration with 
Danchip at the Technical University of Denmark in Copenhagen that was 
initiated through the x-ray microscopy group in Århus is therefore highly 
important. At DanChip a state-of-the-art lithography system is installed and 
access to such a system would vastly expand our fabrication capabilities.  
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 SUMMARY OF PAPERS 
The author of this Thesis has been involved in all parts of the work presented 
in Papers 1-5. This includes the scientific ideas, the experimental planning, and 
the actual fabrication and experimental work. In papers 6-10 he has contributed 
with the fabrication of optics and test objects together with Julia Reinspach and 
Anders Holmberg.  He has also been actively involved in the fabrication 
related planning. 
 
Paper 1 describes an in-situ rate monitoring technique and a method for end-
point detection for the electroplating of nanostructures. The methods are based 
on light transmission and current measurement and enables accurate 
determination of the thickness of the deposited layer. 
 
Paper 2 demonstrates how nickel zone plates can be uniformly plated by the 
use of pulse and pulse reverse plating so that the plating mold is optimally 
used. It is described how the nickel-height profile of the zone plate varies with 
the current density of the pulses.  
 
Paper 3 reports on the use of electron-beam-cured SU8 as plating mold 
material in a tri-layer fabrication process for electroplated nickel zone plates. 
The SU8 is flood exposed in an intense electron beam and acquires very high 
mechanical stability. Thus, pattern collapse can be avoided in the electroplating 
step and high aspect ratios can be realized. 
 
Paper 4 reports on a new fabrication process for germanium zone plates. The 
novelty of the process is the use of Cl2 for the reactive ion etching of the 
germanium film. A sidewall-passivation method, which enables high-aspect-
ratio structuring, is also described. 
 
Paper 5 presents the fabrication of a new type of soft x-ray optics that consists 
of a nickel zone plate on top of a germanium zone plate. A nickel zone plate is 
fabricated on a germanium film and used as mask for a pattern transfer into 
the germanium. Thus, a high diffraction efficiency can be obtained even with 
thin nickel. 
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Paper 6 describes how single-element diffractive optics for differential 
interference contrast can be designed and fabricated with high resolution. It is 
discussed how the pattern should be calculated and transformed to a code 
suitable for electron beam lithography. 
 
Paper 7 presents an interferometer for soft x-ray radiation (λ=2.88 nm) based 
on a liquid-nitrogen laser-plasma source. The interferometer utilizes a single-
element diffractive optical element, which is similar to a zone plate but focuses 
the radiation into two separated focal spots. The optic was fabricated with the 
fabrication process described in Paper 6. 
 
Paper 8 describes the construction and performance of a high-resolution 
compact soft x-ray full-field microscope operating at λ=2.48 nm emitted from a 
liquid-nitrogen laser-plasma source. In-house fabricated nickel zone plates 
were used to image test objects and both dry and wet biological samples.  
 
Paper 9  demonstrates high-resolution differential interference contrast (DIC) 
in a compact soft x-ray microscope using a single-element diffractive lens. A 
new type of DIC zone plate was fabricated, which was more properly adapted 
to the illumination conditions.  
 
Paper 10 presents the implementation of Zernike phase contrast in a compact 
soft x-ray microscope using a single-element diffractive optic. Instead of 
placing a phase plate in the back focal plane of the objective the phase contrast 
is achieved by integration of this functionality in a single optical element. 
These zone plates are circularly symmetric and the fabrication is therefore 
almost identical to that of ordinary zone plates. 
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