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Abstract 

 The fabrication of zone plate lenses that are used for focusing X-rays relies on 
nanofabrication techniques such as e-beam lithography, reactive ion etching, and 
electroplating. The circular grating-like zone plate pattern can have a smallest half-
period, a so-called zone width, of down to 20 nm while it also needs to have a height 
that is 5 to 10 times the zone width to have good diffraction efficiency. This high 
aspect ratio structuring is a very challenging field of nanofabrication. 
 This diploma project has focused on improving the process step of fabricating 
the electroplating mold by cryo-cooling the polymer during the reactive ion etching 
with O2. The low temperature causes passivation of the sidewalls of the mold during 
etching which results in a more ideal rectangular profile of the high aspect ratio 
plating mold.  
 By etching at -100 °C, structures with highly vertical sidewalls and no undercut 
were realized. The experiments showed that there is a tradeoff between the 
anisotropy of the zone profile and the formation rate of polymer residue, so-called 
RIE grass. Through a proper choice of process parameters the grass could be 
completely removed without introducing any undercut. 
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1 Introduction 

 This introduction gives a background to how zone plates can be used, their most 
important properties, and how they are fabricated by nanofabrication methods. The 
chapter is concluded by an outline of the thesis. 
 First an example of how zone plates are used in soft X-ray microscopy is given. 
This field is at present the major application area for zone plates in the Biomedical 
and X-Ray Physics group at KTH. Then the properties of zone plates are described. 
The focus is on the most important properties, which also are the relevant ones for 
defining the goals of this diploma project. Next an overview of the full 
nanofabrication process for zone plate optics is given. Finally the diploma thesis is 
outlined to give an overview of its contents. 

1.1 Soft X-ray microscopy 

 Soft X-ray microscopy can produce images with higher spatial resolution than 
visible light microscopy. Figure 1 shows part of the electromagnetic spectrum. Soft 
X-rays have wavelengths in the 0.1-10 nm range, while light visible to the human eye 
is in the 400-750 nm range, approximately.  

 
Figure 1. Soft X-rays have wavelengths in the 0.1-10 nm range, which is several orders of magnitude 
shorter than the wavelengths of light visible to the human eye (400-750 nm). This provides potential for 
high resolution imaging.  

 The photon energies of soft X-rays are of the same order of magnitude as the 
binding energies of the inner-shell electrons in the low-Z elements. There are many 
K- and L-absorption edges in this region, which may provide an intrinsic contrast 
mechanism between different elements. In particular, in the so-called “water 
window” between 2.34 nm and 4.37 nm, oxygen has a high transmission relative to 
carbon. This provides a high contrast between organic material and water, as can be 
seen in Fig. 2. In addition, the penetration depth of the photons in specimens is good 
(up to 10 µm). These effects make soft X-ray microscopy particularly useful for 
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imaging of biological cells in their natural aqueous environment. In practice, samples 
are frozen before exposure to limit the radiation-induced damage. 

 
Figure 2. The water window is located between the absorption edges of oxygen and carbon. The 
transmission of water relative to carbon enables imaging of thick hydrated samples with natural 
contrast. (From Ref. 1). 

 Synchrotron radiation may be used as an X-ray source. However, the 
development of compact sources is important in order to spread the use of soft X-ray 
microscopy. The in-house soft X-ray microscope at KTH is based on a compact 
liquid-jet laser-plasma X-ray source. The layout of the microscope is shown in Fig. 3. 
In the current system, photon flux and exposure times are limited. Therefore it is 
important to use optic components that have high efficiency. So-called zone plates 
are commonly used. 

 
Figure 3. The layout of the compact soft X-ray microscope at KTH. From the left: The laser-plasma 
source, emitting X-rays. The condenser zone plate (CZP) collects radiation and illuminates the sample. 
An order sorting aperture (OSA) ensures that only the 1st diffraction order arrives at the sample. The 
sample is imaged by a micro zone plate (MZP) objective, onto a CCD detector. (From Ref. 2). 
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1.2 Zone plates 

 The lenses used in conventional visible light microscopes utilize refraction in 
order to focus light. For such short wavelengths as those of X-rays however, this 
effect is too small relative to the absorption in any lens material. In order to construct 
a microscope that can use X-rays for imaging, suitable optic components such as 
condensers and objectives must be constructed based on another principle than 
refraction. One solution for high-resolution imaging is to use Fresnel zone plates, i.e. 
diffractive optics instead. Zone plates for imaging applications are about 50-100 µm 
in diameter, circularly symmetric gratings with radially decreasing zone width and 
period. An illustration and a scanning electron microscope (SEM) image of a zone 
plate are shown in Fig. 4a and 4b respectively. 

 
Figure 4. Schematic illustration of top and side view (a) and an image of an actual zone plate (b) with 
diameter 55 µm. 

 Two parameters are of major interest when designing a zone plate. The first is 
the outermost zone width, which is proportional to the resolution that can be 
achieved when the zone plate is used in an imaging application. Typical outer zone 
widths that are used in soft X-ray microscopy are between 15 and 50 nm. The other 
important parameter is the diffraction efficiency, which is defined as the amount of 
incident X-ray light that is focused into a particular order. Just like a grating, the 
zone plate will diffract light into different diffraction orders. Due to the circular 
geometry, the different orders will appear along the optical axis as shown in Fig. 5. 

10 µm

(a) (b) 
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Figure 5. An incoming plane wave is diffracted into different orders by the zone plate. 50% of the light 
is absorbed and 25% is diffracted into higher orders. The 1st order contains ~10% of the incoming 
radiation, which is used for imaging. (From Ref. 2). 

 The diffraction efficiency depends on the material, the pattern quality and also 
on the thickness of the material. It is important to have high diffraction efficiency, as 
it influences both the exposure time and radiation dose on the viewed sample. An 
ideal zone plate has a line-to-space ratio of 1:1, which will block the even diffraction 
orders (50 %) of the incoming light. The undiffracted 0th order will contain 25 % of 
the radiation, which is blocked by the opaque zone in the center. This means that 
ideally only odd diffraction orders appear, and the diffracted light will interfere 
constructively, cf. Fig. 5. The 1st order is used for imaging and contains ~10% of the 
incoming radiation. 
 For a nanofabricated zone plate it is difficult to realize a line-to-space ratio of 
1:1 when the zone widths are pushed to the smallest possible that can be fabricated. 
E.g., for typical zone plates fabricated by electroplating and with zone widths of 25 
nm, the line-to-space ratio is close to 2:1. If the line-to-space ratio differs from the 
optimal, the even diffraction orders will appear.3 This will move intensity from, 
particularly, the 1st order, decreasing the diffraction efficiency of the zone plate. 
Figure 6 illustrates how light is distributed between different diffraction orders by the 
zone plate as the so-called space-to-period ratio is changed between 0 and 1. A 
space-to-period ratio of 0.5 equals a line-to-space ratio of 1:1, which gives the 
highest efficiency. 
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Figure 6. The diffraction efficiency as function of the space-to-period ratio for a zone plate. The 
efficiency in the 1st order is ideally ~10%. Incorrect positioning of zone boundaries moves energy into 
the even orders, decreasing efficiency. (From Ref. 3). 

 The material of the zone plate also affects the efficiency. In the simplest case the 
zones are considered to be opaque while the space between them is fully 
transmitting. This will give ~10% efficiency in the 1st order, as has been indicated in 
Fig. 6. However, by choosing the material properly the phase shift in the material can 
be utilized to get better efficiency. Figure 7 below shows the first order diffraction 
efficiency (at λ=2.48 nm) as a function of zone height for Au, Ni and Ge, which are 
all well suited and used materials for soft X-ray zone plates. It is clear that the 
material thickness is an important parameter. 

 
Figure 7. Diffraction efficiency of Au, Ni and Ge at λ=2.48 nm as a function of material thickness.  
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 Another factor that influences efficiency and is difficult to control in the 
nanofabrication is the zone profile. Figure 8a shows a sketch of the optimal zone 
plate, as calculated by Tatchyn.4 However this profile cannot be realized with the 
available fabrication techniques, which restrict zones to have horizontal upper 
surfaces. For such zones, Kirz has shown that if the transition between opaque and 
open zones is not sharply defined as in Fig. 8b, but takes place over a finite region 
(cf. Fig. 8c), the efficiency of the zone plate decreases.5 Thus, the best zone profile 
that can be realized is rectangular (Fig. 8b). Notice that this profile has line-to-space 
ratio 1:1, in accordance with previous discussions. 

 
Figure 8. Imperfections in the zone profile affect the efficiency of the zone plate. The ideal zone plate 
(a) has a profile that is hard to realize. The best profile that can be fabricated is rectangular (b), with 
line-to-space ratio 1:1. If the transitions between opaque and open zones take place over a finite region 
(c) instead of being sharply defined (b), the efficiency decreases.  

 To summarize, one aims to fabricate zone plates with ideal 1:1 line-to-space 
ratio and zone height, rectangular zone profile and small outermost zone width. But 
due to the small dimensions involved and the general difficulty of processing at this 
scale, such a zone plate is hard to realize. 

1.3 Overview of zone plate fabrication 

 The zone plates are fabricated in a process consisting of several steps as outlined 
in Fig. 9. During the process the desired pattern is printed into the material by 
electron beam lithography and transferred to a mold material by reactive ion etching. 
Finally nickel is plated into the mold and the mold itself is stripped, leaving the 
finished zone plate. 

(a) 

(b) (c) 
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Figure 9. The fabrication process for nickel zone plates. After preparation of the stack on the substrate 
(a), the sample is patterned by e-beam lithography (b), and reactive ion etching (RIE) steps (c, d) 
transfer the pattern through the hardmask and polymer mold. Finally nickel is electroplated (e) into the 
mold and the mold is stripped (f), leaving the actual zone plate. (From Ref. 2). 

 The process starts with a substrate consisting of a silicon nitride (Si3N4) window 
upon which a stack of materials is prepared (Fig. 9a). The thin silicon nitride window 
is used because of its high transmittance of X-rays. First a metal plating base is 
deposited via so-called electron beam physical vapor deposition. Next, a viscous 
liquid consisting of a polymer in a solvent is placed on top of the plating base and 
spun to the chosen thickness in a process called spin-coating. After a baking step to 
vaporize the solvent a metal hardmask is deposited on top by sputter deposition 
(another kind of vapor deposition technique). Finally a polymer layer acting as 
electron beam (e-beam) resist is spin-coated and baked. This completes the stack 
preparation. 
 Next, e-beam lithography (Fig. 9b) is used to expose the desired pattern of the 
zone plate into the e-beam resist. This reveals the hardmask in the lithographed areas. 
A reactive ion etch (RIE) step (Fig. 9c) transfers the pattern through the hardmask 
and into the polymer resist. Meanwhile the e-beam resist protects the non-
lithographed areas from being etched. Then another RIE step (Fig. 9d), this time with 
a gas chosen to remove the underlying polymer but not the hardmask, is used to etch 
down to the plating base with the hardmask protecting the rest of the polymer.  
 When the pattern has been transferred through the stack of materials nickel is 
electroplated (Fig. 9e) into the mold to fill the pattern. Finally the remaining 

(b) Exposure and
Developement

(c) RIE with BCl3

(e) Nickel Plating

(f) Stripping, RIE
with BCl / O23

(d) RIE with O2(a) Substrate
Preparation

5 nm Ti hardmask
25 nm e-beam resist

150 nm polymer mold
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hardmask and resist are removed (Fig. 9f) by repeating the RIE steps in Fig. 9c and 
9d. This leaves only the nickel pattern, and the zone plate is ready for use. Much 
more can be said about the various fabrication steps mentioned in this overview. 
There is much room for optimization of all the steps in the process, but the focus of 
this thesis lies on reactive ion etching. 

1.4 Outline of the thesis 

 After this introduction to X-ray microscopy and optics the reader should be 
somewhat more familiar with the concepts of zone plates and how they are 
fabricated. Another purpose of the introduction is to stress the importance of 
designing fabrication processes that can produce high aspect ratio nanostructures 
with good anisotropy. This thesis is limited to the study of one of those processes: 
reactive ion etching, a vast subject in its own right. In particular, the focus is on 
profile anisotropy and how the problem of so-called undercut of the hardmask can be 
solved by cryo-cooling the sample during etching. Chapter 2 begins with an 
introduction to the basics of RIE. Next the principles of high aspect ratio structuring 
and anisotropic etching are described. The final section of the chapter concerns how 
anisotropy can be improved by passivation layer formation during cryogenic etching, 
which has been the main experimental interest of this thesis work. In Chapt. 3 the 
performed experiments and some of the results are presented. The lab work has 
involved preparation, etching and imaging of the samples. 
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2 Reactive ion etching for high aspect ratio structuring 

 In this chapter the plasma-etch steps involved in fabricating high aspect ratio 
structures are described. Reactive ion etching is introduced and some of the more 
common etch profiles for the structures are presented. Finally, cryo-cooled polymer 
etching with the aim to achieve better anisotropy through sidewall passivation is 
described. 
 It should be noted that Sect. 2.1 and 2.2 are only intended as a basic introduction 
to some of the aspects in RIE that are relevant for this work.  For a comprehensive 
introduction to plasma etching, see e.g. Ref. 6 and 7. 

2.1 Introduction to reactive ion etching 

 In order to transfer the pattern from the e-beam resist reactive ion etching (RIE), 
a type of plasma etching, is employed. The basic mechanism of RIE is that during 
etching, reactive neutrals from the plasma diffuse to the sample, react and remove 
material from the surface. In addition a potential difference in the RIE chamber will 
accelerate ions towards the sample. The ions will then assist the neutrals in etching 
away the material. Recall Fig. 9c and 9d, showing the use of RIE in the zone plate 
fabrication process.  
 Figure 10a shows a schematic view of the vacuum chamber in the plasma-etch 
system. The sample is placed on a carrier wafer which rests on a powered electrode, 
the cathode, while the rest of the chamber is grounded. The carrier wafer is then 
clamped to the cathode and a flow of helium gas into the space between the cathode 
and carrier wafer (so-called helium backing) enables heat transfer from the wafer, see 
Fig. 10b. Good thermal contact is necessary since the plasma will heat the sample. 
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Figure 10. Schematic overview (a) of the RIE vacuum chamber. Reactive neutrals diffuse to the 
cathode and react at the substrate surface, forming volatile products that remove material from the 
sample. Ions are accelerated towards the substrate, due to the potential difference between the cathode 
and the chamber walls, and assist in the etching process. In (b) a close up sketch of the sample holder is 
shown. A flow of He gas ensures thermal contact between wafer and cathode. 

 To start etching, a high-voltage radiofrequency (RF) field with a frequency of 
13.56 MHz is applied capacitively to the gas which ionizes, forming plasma. The 
plasma produces free electrons, ions and reactive neutrals. The free electrons 
oscillate in the time-varying field, whereas the ions do not have the same mobility 
because of their larger mass. Due to these mobility differences between ions and 
electrons the small cathode will develop a lower time-averaged potential than the 
grounded chamber walls. This potential difference will drive positive ions towards 
the cathode. The reactive neutrals, on the other hand, reach the cathode by diffusion 
since they are unaffected by the applied field. 
 Figure 11 illustrates the time-averaged plasma potential profile in the chamber 
in more detail. Throughout the bulk of the plasma the electric potential is nearly 
constant. Between the plasma and the cathode however, there is a thin region called 
the sheath region where the potential drops steeply. This sheath potential is 
responsible for accelerating ions towards the cathode.  

chamber wall

ICP coil

carrier wafersamplewafer clamp

13.56 MHz RF

ions

plasma

neutrals

(a) 

(b) 
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Figure 11. Time-averaged potential between the electrodes in a RIE chamber. The cathode develops a 
lower potential than both the grounded chamber walls and the plasma. Positive ions are accelerated over 
the cathode sheath due to the potential difference between the substrate and the plasma. (From Ref. 8). 

 The potential difference between the hood and the cathode is called the DC bias 
and is proportional to the applied RF power, which is controlled by the operator. 
Thus, changing the RF power during operation will change the DC bias which will 
affect the sheath potential. This will in turn change the energy and momentum of the 
ions bombarding the cathode.  
 In addition to its affect on the ion energy, boosting the RF power supplied to the 
plasma will increase ionization and thereby the density of reactive neutrals. This 
means that ion energy and the density of reactive neutrals are coupled parameters. It 
is often favorable to be able to control these parameters separately, however. In order 
to increase the plasma density without increasing the DC bias, one may use a 
secondary radiofrequency coil that can supply energy to the plasma inductively 
instead of capacitively. This device is called an inductively-coupled plasma (ICP) 
source (cf. Fig. 10). 

2.2 Etch mechanisms and typical etch profiles in RIE 

 There are several etch mechanisms that contribute to the material removal and 
the resulting etch profile of the structures. The reactive neutrals supplied by the 
plasma are responsible for the chemical etching of the sample, which takes place in 
several steps. First the reactive neutrals diffuse to the sample, adhere to the surface 
and react with the material, creating new substances. These substances are ideally 
volatile and desorb from the surface, thereby removing material. Figure 12 illustrates 
this. Naturally the wafer materials and etch gases need to be chosen such that the 
formed reaction products are indeed volatile. It should be noted that chemical etching 
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is an isotropic process, i.e. etching takes place equally fast in all directions. This may 
cause so-called undercut during polymer etching, i.e. when the etching process 
removes material from under the hardmask, leading to a non-ideal zone profile, cf. 
Fig. 13c. Chemical etching can, by proper choice of etchants and wafer materials, 
have a high selectivity. This means that it only etches certain materials but leaves 
other unaffected. 

 
Figure 12. Sketch of surface etch mechanisms. Reactive neutral species diffuse from the plasma and 
adhere to the sample surface. The neutrals etch the sample by reacting with the material, forming 
volatile etch products that diffuse from the surface. Positive ions with high momentum bombard the 
surface, greatly increasing the vertical etch rate. 

 This chemical etching process is enhanced by the incident ions, which carry a 
high momentum when they strike the surface. The ions may assist adhesion of 
reactive species to the surface, form surface radical species or aid in the desorption of 
volatile products (Fig. 12). An important and useful effect is that the vertical etch rate 
becomes much higher than the lateral etch rate because of this ion bombardment, due 
to the near-vertical path of the incident ions.9 This ion-enhanced etching mechanism 
is thus anisotropic and provides an opportunity to etch deeper while preserving more 
of the material on the sides of the trench, than would have been possible using 
chemical etching only. 
 The ion bombardment may also mechanically eject material from the sample, a 
process which is called sputtering. When colliding with the material the transfer of 
momentum from the ions to the surface may be high enough to overcome the surface 
binding energy, thereby removing material from the surface. It should be emphasized 
that sputtering and chemical etching are different mechanisms, and that it is possible 
to have no chemical etching at all and still remove material from the sample because 
of an energetic ion bombardment.  
 Sputtering may sometimes become a problem during etching since sputtering is 
non-selective, i.e. it affects all materials (albeit to a different degree). For example a 

Incident ion
Reactive neutral
Volatile product
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too high sputtering rate may damage the hardmask during the polymer etch. This  
so-called mask erosion exposes the underlying polymer to the incoming ions, which 
widens the trenches and may change the line-to-space ratio (cf. Fig. 13d). Sputtering 
becomes more important at higher RF energies, since the higher DC bias gives the 
ions more kinetic energy. Lowering the chamber pressure also increases sputtering, 
since the incoming ions will have higher energies due to the decreased probability of 
collision within the sheath region. If needed, RF power can be combined with ICP 
power to increase the number of neutrals without increasing the sputtering rate, as 
was mentioned in Sect. 2.1. 
 Another effect worth mentioning is the aspect ratio dependence of the etch rate, 
also called RIE lag, see Fig. 13e. It has been documented that wider trenches will 
generally etch faster than narrower ones.10 The reason is typically a reduction of the 
number of ions or neutrals that reach the bottom of the narrow trench, but the specific 
mechanisms are not clearly understood.11  

 

Figure 13. Some common etch profiles. From the left: The hard etch mask and the material to be 
etched. The ideal profile has vertical sidewalls. Isotropic etch leads to undercut and can be caused by 
too high pressure and too low RF power. Low pressure and high RF power can lead to mask erosion 
because of sputtering. The aspect ratio dependence of the etch rates typically causes narrower trenches 
to etch more slowly. (From Ref. 8).  

2.3 Improving high aspect ratio etching by sidewall passivation 

 A highly anisotropic etching process is required in order to achieve profiles with 
a high aspect ratio while simultaneously preserving the line-to-space ratio and 
rectangular zone profile (recall Sect. 1.2). The ideal etch profile is completely 
anisotropic, that is, it has vertical sidewalls, as shown in Fig. 13b. In practice, 
isotropic chemical etching causes undercut when material is removed from the 
sidewalls below the hardmask, which disturbs the zone profile, lowers the efficiency 
and can potentially make the structures collapse. The aim is to minimize this lateral 
etching, in order to preserve the material of the sidewalls. Ion-enhanced etching gives 
more anisotropic profiles compared to chemical etching, but there is still much room 
for improvement.  

Substrate

Etch mask

Etched material

Ideal Isotropic etch Mask erosion AR dependence

(a) (b) (c) (d) (e) 
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 Sidewall passivation can improve anisotropy and involves the formation of a 
thin film on the surface, which protects the sample from being etched. This is 
illustrated in Fig. 14. The composition and thickness of the passivating film need to 
be such that etching can continue in the vertical direction under the influence of ion 
bombardment, while the lateral, chemical etching is stopped by the passivating layer. 
Passivation layer formation naturally slows down the vertical etching, but long etch 
times are not a limiting factor in the current process. If the passivation mechanism is 
too strong however, vertical etching is stopped completely. This is termed  
over-passivation. Conversely, a too low passivating layer formation rate is not 
enough to hinder the sidewalls from being etched. Evidently an equilibrium point 
exists that is dependent on the involved chemistries and different process parameters.  

 
Figure 14. Sidewall passivation for high aspect ratio etching. A passivating film forms on all surfaces of 
the sample, protecting the sidewalls from being etched by the neutral species. The vertical etch rate is 
higher than the lateral etch rate due to ion bombardment, and vertical etching can thus continue through 
the passivating layer. 

2.4 Cryogenic etching for sidewall passivation of the polymer mold 

 Reaction rates for chemical etching are often temperature dependent and 
characterized by the Arrhenius expression,  

Etch rate ∝ 𝐴𝐴(𝑇𝑇)𝑒𝑒−𝐸𝐸𝐴𝐴/𝑅𝑅𝑇𝑇 , 

where 𝐴𝐴(𝑇𝑇) is a weakly 𝑇𝑇 dependent coefficient and 𝐸𝐸𝐴𝐴 is the activation energy.6 It 
can be seen that by lowering the temperature, the reaction probability of the neutral 
radicals with the surface decreases. This suppresses the spontaneous chemical 
etching in the lateral direction. However, the vertical etching is ion-enhanced and 
therefore not as dependent on temperature. Thus, lowering the temperature will result 
in a more anisotropic profile. 

Incident ion
Reactive neutral
Volatile product
Passivating layer
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 At the same time, a low temperature can enable sidewall passivation for certain 
chemistries.12,13 It has been shown that a sufficiently low substrate temperature, 
around -100 °C, may give rise to sidewall passivation when using pure O2 plasmas to 
etch polymers. This passivation layer completely desorbs when the sample is 
removed from the chamber and heated to room temperature. 
 For temperatures low enough, there is a net condensation of the etch products 
onto the surfaces of the sample, since the sticking coefficient of the passivation 
precursors increases with decreasing temperature. A too low temperature, on the 
other hand, can cause over-passivation, where even the vertical etching stops 
completely. Other process parameters such as RF power and pressure also influence 
the passivating mechanism and need to be chosen with care. With a suitable amount 
of sidewall passivation it is possible to achieve perfectly anisotropic sidewalls with 
no undercut to the hardmask edge. Perfect anisotropy has been experimentally 
demonstrated in pure oxygen plasmas at temperatures close to -100 °C.12,14 
 Sidewall passivation of polymers in pure O2 plasmas can occur only from the 
condensation of one or several reaction products or from contaminants in the 
chamber. Ion-enhanced polymer etching in O2 plasma produces CO, CO2 and H2O as 
the end products.6 At room temperature the products are all volatile and diffuse away 
from the sample surface. It has been argued15 that since both CO and CO2 are highly 
volatile even at cryogenic temperatures they cannot compose the passivating layer. 
However the vapor pressure of H2O around -100 °C is negligible16 compared to the 
plasma pressure, which means that water does not vaporize readily. In addition, H2O 
does not react with polymers at these low temperatures. Altogether, this suggests that 
H2O is responsible for the sidewall passivation occurring during the process. 
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3 Experimental work and results 

 This section describes the performed experiments and presents scanning 
electron microscope (SEM) micrographs of the results. The overall aim was to 
investigate the appearance of the zone profile after cryogenic polymer etching as a 
function of process parameters, in particular the temperature. Significant findings of 
polymer residue, so-called RIE grass, on the samples after processing required 
investigation of both the hardmask and polymer etch steps in order to find the cause 
of the problem. 
 In Sect. 3.1 the batch preparation of samples is described, along with some 
general information about the RIE system. Section 3.2 presents the hardmask etch 
process, the concept of micromasking and different recipes that were tested so as to 
reduce the RIE grass problem. Section 3.3 covers cryogenic etching of polyimide. 
Among other results the influence of substrate temperature on the zone profile is 
presented. Section 3.4 mentions some tests with titanium that were done to 
investigate the influence of hardmask material on grass growth. 

3.1 Sample preparation and general etching conditions 

 Before etching, stack preparation and e-beam lithography patterning of the 
samples was carried out (cf. Sect. 1.3). The sample preparation began with e-beam 
vapor deposition of 15 nm chromium and 10 nm germanium layers on a 50 mm 
diameter silicon wafer. On this plating base, a 400 nm polyimide (PI-2610, HD 
MicroSystems) layer was spin-coated and baked. Next the hardmask, a 70 nm layer 
of silicon dioxide was vapor deposited on top of the polyimide. The last part of the 
stack preparation was the spin-coating and baking of a 100 nm layer of e-beam resist 
(ZEP 7000, Nippon Zeon Corp.). Figure 15a shows the completed stack of materials. 
The top ZEP layer was patterned by e-beam lithography (cf. Fig 15b).  

 
Figure 15. The prepared stack of materials (a), with a SiO2 hardmask and polyimide mold. The grating 
structure pattern after e-beam lithography is sketched in (b). In reality, the grating pattern only covers a 
small portion of the sample surface. 

 After patterning the wafer was divided into 5x5 mm pieces with identical 
pattern, which resulted in a batch of ~25 samples ready for etch experiments. The 

400 nm polyimide

100 nm ZEP
70 nm SiO2

15 nm Cr + 10 nm Ge
Si wafer

(a) (b) 
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purpose of this preparation method was to arrive with a uniform set of chips that had 
been prepared at the same time and under the same circumstances. The downside of 
batch preparation is of course that any error that occurs during the preparation 
process might affect all samples within the batch. During the course of the project it 
became clear that all samples from the first batch had considerable polymer residue 
after processing. A second batch of samples was therefore prepared and it was 
discovered that the grass intensity was greatly reduced on these samples. This will be 
covered in more detail in Section 3.2. 
 Instead of etching actual zone plates, the experiments within this diploma work 
were performed on test structures with gratings of different period, typically ranging 
from 100 nm down to 35 nm. Figure 16 shows the three types of grating structures 
that have been used. In Fig. 16a there are no support bars, while the structures in Fig. 
16b and 16c have support structures to keep the lines from tilting during the RIE 
process. One can note that the line-to-space ratio at the lower edge of the grating in 
Fig. 16b is 3:1 (i.e. different from the optimal 1:1) but this is irrelevant for the 
experiments done here. All of the zone profiles in Fig. 16 can be used to evaluate the 
etch result. 

 
Figure 16. The different grating structures used for the experiments. The horizontal bars in (b) and (c) 
are support structures, designed to prevent the lines from tilting. 

 The experiments involved two different RIE processes that were run after each 
other. They both influenced the end result, which warranted the study of both steps. 
The first process used CHF3 plasma to transfer the resist pattern through the SiO2 
hardmask. To further transfer the pattern into the polyimide layer an O2 process was 
employed. This process has a high selectivity for polyimide over SiO2, which makes 
high aspect ratio RIE possible. All etching was done using a Plasmalab 100 system17 
installed in the nanofablab at KTH. The last part of this section concerns some 
practical system details, along with general observations made during etching. This 
involves temperature control and carrier wafer material. The reader may want to refer 
to the schematic drawing of a RIE system from Sect. 2.1 for reference. 
 The RIE chamber has a sample stage that can be temperature controlled via a 
liquid nitrogen supply and an electric heating element. For room temperature 

 (a)   (c) (b) 
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processes, no liquid nitrogen cooling was used. The stage temperature was 30 °C and 
increased by a few degrees during etching due to heating by the plasma. For 
cryogenic etching, the liquid nitrogen supply was connected in order to cool the 
stage. During etching, a He backing pressure of 5 Torr was standard (recall Sect. 
2.1). The helium backing enabled heat transfer from the carrier wafer and vacuum 
grease or pump oil was applied between carrier wafer and sample to assure thermal 
contact.  
 During operation, it was discovered that the stage temperature could not be kept 
constant by the system. For cryogenic etching, e.g., it was observed that the actual 
stage temperature, as measured by the system, could be 5 °C lower than the desired 
temperature without the heating element being activated. Conversely, the 
temperature could typically increase to about 3 °C above the desired temperature 
before the liquid nitrogen cooling started having an effect. However, judging by the 
results that will be presented in Sect. 3.3, these small deviations are not likely to have 
caused any significant change in the profile for the cryogenic process used in this 
thesis work. 
 Different carrier wafer materials were tried out. Initial tests with a Teflon wafer 
gave a high He backing flow that was comparable to the flow of the etch gas (10 
sccm), since much He escaped from under the relatively flexible and uneven wafer. 
This could interfere with the process, and therefore Teflon was not used as carrier 
wafer material. In contrast, using the more rigid quartz glass or silicon carrier wafers 
typically resulted in measured He flows in the range of 0.3-1.0 sccm. 
 In addition to its affect on the He flow, the carrier wafer material was found to 
strongly influence the DC bias. For example: Using quartz glass and the standard 
CHF3 recipe, the DC bias was typically in the range 50-60 V. For the same settings, 
but using a silicon carrier wafer instead, the DC bias was around 400 V. Despite of 
the significant increase in DC bias, no clear difference between the samples could be 
seen after the CHF3 etch. Silicon was in general the material of choice and separate 
wafers were used for the hardmask and polymer mold etch. 

3.2 CHF3 etching of SiO2 

 A CHF3 standard recipe, commonly used in our group, was used to etch through 
the exposed SiO2 hardmask and transfer the pattern into the polyimide mold. After 
some time however, it became apparent that residue in the form of RIE grass was 
abundant after the subsequent O2 etch. In order to try to explain and get rid of the 
grass, the CHF3 process was evaluated and another recipe was tested. 
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 The first recipe uses 100 W of RF power, 3 mTorr pressure and 10 sccm CHF3 
flow. Figure 17 shows 100 nm lines of a sample after etching for 6 minutes and 30 
seconds. The image is taken from a 45° tilt angle and the structure is that of Fig. 16b. 
The hardmask (bright) has been etched through and the polymer mold (dark) is 
visible. However there are a lot of grains on the surface of the polyimide, probably 
consisting of residual SiO2. These grains act as micromasks during the subsequent O2 
etch, protecting the underlying polyimide so that it may not be etched away 
completely. In other words, the micromasking is contributing to the formation of RIE 
grass, a polymer residue that covers the surface in a grass-like manner. RIE grass is 
unwanted, since it decreases the effective height of the mold, which lowers the 
diffraction efficiency of the grating. Apart from the significant grass formation, this 
recipe produced adequate results for larger structures. 

 
Figure 17. 100 nm lines after 6 minutes and 30 seconds of CHF3 etch. The polymer mold (dark) can be 
seen below the hardmask (bright). There are many residual grains on the surface, probably consisting of 
SiO2. The grains contribute to the formation of RIE grass, which lowers the efficiency of the grating. 

 To reduce the grass, attempts with longer etch time were done. In Fig. 18, 35 nm 
lines are visible after etching with the same recipe for 7 minutes and 30 seconds. Due 
to the longer etch time, etching has proceeded further into the polymer layer and 
more of the grass has been etched away, leaving it less dense than in Fig. 17. I.e., 
extending the etch time seems to reduce the grass. However it can be seen that the 
relatively high power and low pressure of this recipe have resulted in excessive 
sputtering which has damaged these small structures. The ZEP layer has been 
completely removed in the process, and the hardmask surface is very rough in 
general. Thus there is a tradeoff between grass density and sputtering damage. 
Structures with line widths down to 50 nm were preserved, which is sufficient for the 
purposes of this thesis. However, the result is far from ideal. 

300 nm 
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Figure 18. Micrograph showing 35 nm lines after 7 minutes and 30 seconds of CHF3 etch. More of the 
polyimide is visible and the grass is less dense than in Fig. 17, but the structures are damaged because of 
sputtering. 

 Because of the abundant RIE grass and excessive sputtering a second recipe was 
tried out in order to see if the quality of the pattern transfer could be increased and if 
the grass formation could be reduced. The settings were 65 W of RF power, 10 
mTorr chamber pressure and 10 sccm gas flow. This was a compromise between the 
first recipe and a recipe used for etching very thin layers (around 5 nm) of SiO2. The 
resulting profile after 10 minutes of etching can be seen in Fig. 19a. It was found that 
these settings preserved some of the ZEP, in contrast to the first recipe. Furthermore, 
the smaller structures were unharmed and the profiles’ anisotropy sufficient. 
However for this recipe the residual grains on the polyimide surface were denser than 
for the old recipe because of less sputtering due to the higher pressure and lower RF 
power. Attempts to remove the layer by extending the etch time to 20 minutes (cf. 
Fig. 19b) were unsuccessful. The layer even remained after subsequent cryogenic O2 
etching for 2 minutes (cf. Fig. 19c). 

200 nm 
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Figure 19. Using a recipe resulting in lower ion energies, the grainy layer between the hardmask and 
polyimide could not be sputtered away. The layer remains after 10 minutes (a) and 20 minutes (b) of 
CHF3 etch. The following O2 etch (c) could not penetrate the layer. 

 Later, a new batch of samples was prepared and it was found that the grass 
intensity after CHF3 etching had decreased substantially, as was mentioned in Sect. 
3.1. Using samples from the new batch, the original 100 W RF power, 3 mTorr 
pressure and 10 sccm CHF3 recipe leaved no residual SiO2 grains whatsoever (Fig. 
20a), while the second recipe still did (Fig. 20b). Any residual SiO2 will favor the 
growth of grass during the subsequent O2 etching. Thus, the first recipe was deemed 
to be better for the purposes of this work.  

(a) (b) 

(c) 

300 nm 

300 nm 

300 nm 
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Figure 20. After preparing a new batch of samples, the standard CHF3 recipe leaved no residue (a) after 
6 minutes and 30 seconds, while the newer recipe (b) could not completely remove the SiO2 in 10 
minutes. 

 The results presented in this section suggest that some unknown error occurred 
during SiO2 deposition when the first batch was prepared, which caused the 
extensive micromasking. A possible scenario is that the batch was contaminated by 
other materials used in the vapor deposition system, forming a residue that could not 
be removed by CHF3 etching (except by sputtering). This would explain the 
significantly different result after running the same CHF3 recipe on samples from 
each of the two batches (compare Fig. 17 and Fig. 20a). 

3.3 Cryogenic O2 etching of polyimide 

 The pattern was transferred into the polyimide by etching in O2 plasma. This 
was, as have been mentioned before, the main point of experimental interest - in 
particular the process’ performance at low temperatures. Recall from Sect. 2.4 that 
the etch products will form a passivating film below a certain temperature, which can 
be very favorable for high aspect ratio etching.  
 Before the cryogenic process was investigated, some etching was carried out at 
room temperature, to provide a reference for the upcoming cryogenic experiments. 
The room temperature recipe was 50 W RF power, 3 mTorr chamber pressure and 10 
sccm O2 flow, and had been used routinely by other group members earlier. The etch 
rates were typically ~35 nm/min. 
 Figure 21 shows a time series at 30 °C, using the room temperature recipe. 
Micrographs of 100 nm lines were taken after 2, 7 minutes and 17 minutes of 
etching. Fig. 21d shows 35 nm lines after 17 minutes when the plating base has been 
reached. The undercut is clearly visible in Fig. 21c and Fig. 21d. The grass intensity 
decreases over time, and in the last image most of it has been removed. 

(a) (b) 300 nm 300 nm 



24 

 
Figure 21. Etching of the polyimide in O2 plasma at room temperature causes undercut because of 
chemical etching of the sidewalls. The images (a), (b) and (c) show the etch profile after 2, 7, and 17 
minutes respectively. The undercut is easiest to see in (d) where 35 nm lines are shown after 17 minutes. 

 Next, the cryo-cooled process was explored. The standard cryogenic recipe has 
been 25 W RF power, 100 W ICP power, 4 mTorr pressure, 10 sccm O2 flow, He 
backing pressure of 5 Torr and a stage temperature of -100 °C. Using a silicon wafer, 
the DC bias was typically ~160 V. 
 This recipe was used as the starting point to investigate the etch profile 
dependence on stage temperature. Figure 22 shows 100 nm lines after 2 minutes of 
etching, at 30 °C, -50 °C, -80 °C, -100 °C and -120 °C respectively. With decreasing 
temperature the profile becomes more anisotropic and at -100 °C no undercut can be 
seen. Hence, at this temperature perfect anisotropy is achieved under these particular 
circumstances. 
 The structure of the RIE grass varies significantly with temperature (cf. Fig. 22). 
For example, both its height and diameter increase as the temperature decreases from 
room temperature to -120 °C. The residue becomes less grass-like and more 
“columnar”. This is believed to be due to a combination of decreased chemical 

500 nm 500 nm 

500 nm 

2 min 7 min 

17 min 

 (a)  (b) 

 (c)  (d) 

17 min 
150 nm 
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reaction rate and sidewall passivation, which protects the sides of the grass and 
permits it to grow larger than at room temperature.  
 By lowering the temperature to -120 °C no improvement of the profile can be 
seen compared to -100 °C (cf. Fig. 22). In addition, the etch rate dropped 
considerably. Thus -100 °C was confirmed to be the optimal temperature for this 
process (recall the discussion in Sect. 2.4). 

 
Figure 22. Lowering the substrate temperature makes the zone profile more anisotropic. Cryogenic 
temperatures decrease the lateral etching but favor the growth of RIE grass, compared to room 
temperature etching. 

 Figure 23 shows 100 nm lines using the standard cryogenic recipe at -100 °C 
after 2, 4 and 6 minutes, respectively. The images show no undercut and sidewalls 
are vertical or nearly vertical. However there is significant grass growth. It can be 
seen that the grass intensity and height are reduced during etching. Also, the 
hardmask becomes more sputtered with increasing etch time. The repeated imaging 
of the sample in the scanning electron microscope has resulted in some deformation 
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of the structures. This has disturbed the line-to-space ratio inside the structures which 
is easiest to see in Fig. 23c. 

 
Figure 23. Etching at -100 °C results in more vertical sidewalls as compared to the room temperature 
process. No undercut is visible in the pictures, but the amount of grass is considerable. 

 When comparing the result at -100 °C (Fig. 23) with the corresponding time 
series at room temperature (Fig. 21) some observations can be made. First, the 
undercut that was clearly visible at room temperature is undetectable in Fig. 23 by 
visual inspection. Also, the sidewalls have a steeper slope and are near-vertical. 
Second, the grass in Fig. 23 is longer and has a bigger diameter compared to the 
result at room temperature. In addition, there is more residual grass left after reaching 
the plating base in Fig. 23c than in Fig. 21c. It seems to be clear (recall Fig. 22) that 
cryogenic temperatures are more favorable for both anisotropy and grass growth than 
room temperature conditions. One can note that in spite of the much lower 
temperature, etch rates are higher for the -100 °C process than for the 30 °C process 
because of the higher power applied to the plasma. 
 Another published recipe18 was tested in order to try to reduce the grass seen in 
the images. The settings were 20 W RF power, 350 W ICP power, 2 mTorr pressure, 
10 sccm O2 flow, 15 Torr He backing pressure and the process temperature -100 °C . 
Figure 24 shows 50 nm lines after 1 minute of etching. It was found that the grass 
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intensity was roughly the same as with the standard recipe. The high ICP power had 
a somewhat negative impact on the zone profile which reduced anisotropy as 
compared to Fig. 23. In addition the etch rate was greatly increased. 

 
Figure 24. Increasing the ICP power creates more reactive neutrals in the plasma that can contribute to 
etching. This has greatly increased the etch rate, but unfortunately some undercut has also been 
introduced. 

 With samples from the new batch and a proper choice of CHF3 recipe, the 
micromasking effect could be completely removed, as was demonstrated in Sect. 3.2. 
Figure 25a shows a sample from this new batch after O2 etching for 2 minutes at  
-100 °C. The standard cryogenic recipe was used and the structures have a zone 
width of 100 nm. Figure 25b is the same structure after 4 minutes of etching, and 
Figure 25c is the final image after in total 5 minutes, when the polyimide has been 
etched away down to the plating base. There is no undercut, and no grass can be seen 
in the images. Solving the problem with the abundant grass was especially important 
for this thesis work, since it was observed that cryogenic etching is more favorable 
for grass growth than room temperature processing.  
 The profiles in Fig. 25 are pear-shaped, which has not been observed during the 
previous experiments. This phenomenon is easiest to see in Fig. 25b but has 
decreased after an additional minute of etching (Fig. 25c). It is plausible that 
extending the etch time will improve the anisotropy of the profile. The reason behind 
the pear-shape can be the aspect ratio dependence, that is, a depletion of either ions 
or neutrals near the bottom of the trench (see Sect. 2.2). In this case, increasing the 
ICP power may improve the profile by providing more reactive neutrals and 
increasing the etch rate. Another possible explanation for the pear-shape is  
over-passivation, i.e. that the passivating mechanism is too strong compared to 
etching. Increasing the temperature will decrease the passivation layer formation rate. 

200 nm 
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Figure 25. Samples from the new batch, cryo-etched for 2, 4 and 5 minutes respectively. No grass 
residue is visible. Extending the etch time or adjusting the applied power might decrease the pear-shape. 

 Figure 26 shows 50 nm lines from the same sample as the structures in Fig. 25, 
after in total 5 minutes of etching. There is some residual polyimide outside the 
structures, but the plating base has been reached inside the structures. The result is 
similar to that in Fig. 25b and shows how a higher aspect ratio can decrease the etch 
rate (cf. Fig. 13e). It is likely that extending the etch time will improve the zone 
profile. The aspect ratio is ~13:1. 
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Figure 26. Structures with 50 nm zone width, after 5 minutes of etching at -100 °C. The aspect ratio is 
~13:1. 

 The experiments demonstrated perfect anisotropy by completely eliminating 
undercut when etching near -100 °C, using the standard recipe. There was also an 
improvement in the zone profile, with more vertical sidewalls as compared to the 
room temperature process. The considerable grass growth at cryogenic temperatures 
could be stopped completely by the introduction of a new batch. The pear-shape that 
was documented on chips from the new batch will likely require adjustment of etch 
time or process parameters to realize rectangular zone profiles. 

3.4 Ti hardmask tests 

 In order to try to explain the abundance of RIE grass on the samples from the 
first batch, some experiments were made with other materials than SiO2 and 
polyimide. These tests were performed before the introduction of the second batch. 
The aim was to see if the grass problem was linked to the choice of SiO2 as 
hardmask, and if it could be alleviated by choosing another material. For this purpose 
samples that had 5 nm Ti as hardmask instead of SiO2, and 1.73 µm SU8 instead of 
polyimide, were used. 
 Samples from this Ti/SU8 batch were etched using the standard O2 recipe at  
-100 °C. The samples lacked support structures, and there were severe charging 
effects during SEM viewing due to the thick SU8 polymer layer. Therefore, 
structures tilted easily during imaging and focusing was difficult. In order to increase 
contrast, 3 nm Au was vapor deposited on the sample. Figure 27 shows 100 nm lines 

200 nm 
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after in total 6 minutes of etching. The grainy surface is due to deposited Au. It was 
found that the grass was indeed shorter than on the SiO2/polyimide samples. 

 
Figure 27. Micrograph of a Ti hardmask sample, showing 100 nm lines after 6 minutes of O2 etching at 
-100 °C. The grass appears shorter than for samples with SiO2 as the hardmask material. 
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Conclusions and outlook 

 Cryogenic etching of the electroplating mold can passivate the sidewalls of the 
sample, producing highly rectangular profiles with no undercut. The process is 
therefore of high interest for the nanofabrication of X-ray zone plates. 
 This thesis work has demonstrated that undercut of the hardmask edge can be 
completely eliminated by cooling the polyimide mold to -100 °C during etching. The 
resulting zone profile is more anisotropic compared to the room temperature process, 
and structures with near-vertical sidewalls have been realized. 
 Unfortunately, the formation of a passivating layer that protects the sidewalls of 
the substrate also favors the growth of RIE grass. It was found that there is a tradeoff 
between how much the undercut is reduced, and the amount of grass that is created 
during etching. The temperature is an important parameter in this context. 
Decreasing the temperature below -100 °C did not seem to improve the zone profile. 
Instead, a too low temperature caused over-passivation, further decreasing the etch 
rate and increasing the grass formation rate. A too high temperature, on the other 
hand, decreased the grass growth but did not cause sufficient sidewall passivation to 
completely inhibit the lateral etching. It is therefore important to optimize the process 
with regards to temperature and other parameters, such as the applied power.  
 It was observed that residual hardmask grains contributed to the growth of RIE 
grass, by acting as micromasks for the mold material. The grain density decreases 
with increasing etch time. However, it is important to remember that extending the 
etch time can cause extensive sputtering damage to small structures. 
 Batch preparation of the samples was employed. This produced uniform sets of 
substrates which were used in the RIE experiments. The downside of this method of 
preparing the samples was experienced when it became clear that a problem with the 
first batch, possibly in the form of contamination of the samples, caused extensive 
micromasking and subsequent grass growth during the polyimide etch. It was found 
that the grass could be removed completely by the introduction of a new batch and a 
proper choice of recipes. The pear-shape that was documented on some chips from 
the new batch had not been encountered before during the experiments. If this shape 
is found to persist in newer samples, it will likely require adjustment of the etch time, 
ICP power or possibly the temperature to realize rectangular zone profiles. 
 Finally, one should mention that substrate cooling is a challenge for the possible 
future use of cryogenic etching for batch processing of zone plates. This is due to the 
gap between the silicon nitride window and the carrier wafer (cf. Fig. 9) which 
makes heat transfer from the sample difficult. 
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