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A B S T R A C T

Atomic Layer Deposition (ALD) of zinc oxide has become increas-
ingly significant in recent research. Zinc oxide (ZnO), a wide band
gap semiconductor, is beside its many applicabilities in optic, op-
toelectronics, UV-blocking systems and in medicine, with its semi-
conducting and piezoelectric properties, a promising material as a
pressure-sensing shell material for the ERC-granted project "Smart
Core/Shell Nanorod Arrays for Artificial Skin".
In order to create nanostructured zinc oxide, a combination of ALD
and lithographic techniques is needed. Plasma Enhanced Atomic Layer
Deposition (PEALD) is a vapour phase thin film deposition technique,
which has several advantages compared to other chemical deposition
techniques. Thanks to the high reactivity of the plasma species, the de-
position takes place at reduced processing temperature and provides
as a result more freedom in processing conditions and material tun-
ing. For the lithographic techniques a variation of the shadow mask
lithography and electron beam lithography is used, followed by a lift-
off step.
After the optimization of the ALD process with the appropriate condi-
tion parameters, first steps were taken in structuring ZnO by shadow
mask lithography. To reach structures in the nanometer range, Elec-
tron Beam Lithography was consulted. After the lift-off, nanostruc-
tured ZnO could be obtained, although in an unpredictable shape.
During the integration process of nanostructuring ZnO, the growth
of ZnO on polymers is also investigated, since they are an impor-
tant component in the procedure of lithography. The results of sev-
eral analysing methods, like ellipsometry, X-ray reflectivity and X-ray
diffraction, show that in spite of the diffusion of ZnO into the poly-
mer, high-quality, conformal zinc oxide with a preferential crystalline
orientation is grown.
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K U R Z FA S S U N G

Zinkoxid, ein Halbleiter mit einer direkten Bandlücke, eignet sich,
neben seinen zahlreichen Anwendungen in den Bereichen der Optik,
Optoelektronik, Sonnenschutz und in der Medizin, dank seiner guten
piezoelektrischen Leitfähigkeit als druckempfindliches Hüllenmateri-
al in dem ERC-gesponserten Projekt “Smart Core/Shell Nanorod Ar-
rays for Artificial Skin“.
Um nanostrukturiertes Zinkoxid zu erhalten, wird eine Kombination
aus Atomlagenabscheidung (Atomic Layer Deposition, ALD) und li-
thographischen Techniken benötigt.
Plasma-Atomlagenabscheidung (Plasma Enhanced Atomic Layer De-
position, PEALD) ist eine Technik, die mittels Plasma ein Beschich-
tungsverfahren bei niedrigen Temperaturen (Raumtemperatur) ermög-
licht. Darüber hinaus bietet dieses Verfahren mehr Freiheit in der Ein-
stellung verschiedenster Prozess- und Materialparameter.
Als lithographische Techniken dienen der Schablonendruck (Shadow
Mask Lithography) und die Elektronenstrahllithographie (Electron
Beam Lithography).
Nachdem die Parameter für den ALD-Prozess optimiert wurden, konn-
ten mittels Schablonendruck erste Versuche in der Strukturierung von
ZnO vorgenommen werden. Um Formationen im Nanometerbereich
zu erhalten, wurde die Elektronenstrahllithographie hinzugezogen.
Nach dem Lift-Off konnte nanostruktiertes ZnO gewonnen werden,
wenn auch die Präzisierung der Form noch angepasst werden muss.
Während des Prozesses der Nanostrukturierung des ZnO, wurde auch
das Wachstum von ZnO auf Polymeren untersucht, da diese eine ent-
scheidende Komponente in der Lithographie darstellen. Die Ergebnis-
se verschiedener Untersuchungsmethoden, wie Ellipsometrie, Rönt-
genreflektometrie und Röntgendiffraktometrie, zeigen, dass trotz ei-
ner Diffusion des ZnO in das Polymer, hochqualitative, gleichmäßige
ZnO-Dünnschichten mit einer kristallinen Vorzugsrichtung erzeugt
werden.
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1
I N T R O D U C T I O N

The ERC-sponsored project “Smart Core” [1], conceived by my su-
pervisor Anna Maria Coclite, aims at developing hybrid materials,
which react simultaneously to multiple stimuli and therefore act as
artificial skin in a broad field of application. The material will consist
of a smart core that responds to temperature and humidity, while the
smart shell material will sense the pressure. Any change in thickness
of the smart core will be recorded by the piezoelectric shell material,
which converts the signal in a measurable potential. The use of vapor-
based thin film deposition techniques will allow the obtainment of
this construction, consisting of nanostructured materials. The topic
of my master thesis deals with the development of zinc oxide nanos-
tructures as a shell material using a combination of Atomic Layer
Deposition (ALD) and lithographic techniques.
ALD is a vapor phase thin film deposition technique, which has sev-
eral advantages compared to other chemical deposition techniques.
It enables the deposition of films at room temperature with a high
material quality, good uniformity, precise conformality and accurate
thickness control. This technique has emerged as a powerful tool in
the fabrication of semiconductor devices and has been gaining a lot
of recognition in research lately [2] [3].
The process of ALD relies on the alternate pulsing of precursor and
reactant gases, separated by purge steps, resulting in self-limiting sur-
face reactions. Due to the cyclic nature of the process, the material is
deposited layer-by-layer and therefore guarantees a precise thickness
growth control at sub-nanometer level [4]. Plasma Enhanced Atomic
Layer Deposition (PEALD) is a branch of ALD, which allows due to
the high reactivity of the plasma species deposition at low tempera-
tures (room temperature) and more degrees in freedom of condition
and material tuning [5].
As pressure sensing shell material, the wide-bandgap semiconductor
zinc oxide (ZnO) was chosen, which is a perfect candidate because
of its semiconducting and piezoelectric properties [6] [7]. Zinc Oxide
(ZnO) is used in a wide field of industrial application, for example
as transparent material for electrodes for solar cells. Furthermore, it
is an auspicious material for lithium-ion batteries, since it is environ-
mentally friendly and cheap. ZnO is also utilized in medicine, and
products like baby powder and sun screen, as it is non-irritating and
non-allergic [8].
In the wide area of lithography, shadow mask lithography and Elec-
tron Beam Lithography (EBL) were chosen to structure polymers,
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2 introduction

which serve as a mask for the deposited ZnO.
The basic idea of the ERC project is to deposit with the help of ALD
zinc oxide in a way that the Smart Material can be embedded. Then
the entire construct is cut out and placed on a substrate, as shown in
Figure 1.

Figure 1: Schematic of the process obtaining "’Smart Core/Shell Nanorod
Arrays"’.

Summarizing all this, the aim of this work was to investigate how
lithography could be integrated into the process of nanostructuring
zinc oxide [9] [10]. Therefore, the first task was to optimize the ex-
posure times for each step of the ALD cycle. Then first trials with
shadow mask lithography [2] were done, followed by experiments
with Electron Beam Lithography [11]. Additionally, the growth and
behavior of ZnO on polymers was investigated.



Part I

F U N D A M E N TA L S

In this first part the fundamentals of plasma-enhanced
atomic layer deposition and the lithographic techniques
which were used are explained. Furthermore, the deposited
material zinc oxide is discussed.





2
AT O M I C L AY E R D E P O S I T I O N

Plasma Enhanced Atomic Layer Deposition (PEALD) is a vapor phase
thin film deposition technique, where reactive species are created in
a plasma phase at room temperature. This chapter describes the pro-
cess of ALD with the help of the books "’Atomic Layer Deposition"’
by Tommi Kääriäinen, David Cameron, Marja-Leena Kääriäinen and
Arthur Sherman [12], "’Atomic Layer Deposition of Nanostructured
Materials"’ edited by Nicola Pinna and Mato Knez [5] and the book
chapter "’Atomic Layer Deposition"’ by Harm Knoops et al [13].
ALD relies on successive, surface-controlled reactions from the gas
phase in order to create thin films in the nanometer range by the al-
ternate pulsing of precursor and reactant gases, which are separated
by purging steps [14]. The principle of ALD is schematically visual-
ized in Figure 2.
A typical ALD cycle consists of four steps:

Figure 2: Schematic representation of the several steps in an ALD cycle. In
the lower panels the resulting coverage, or Growth Per Cycle (GPC)
as a function of time is shown. For insufficient exposure times in-
complete saturation and therefore a CVD-like growth is obtained.
Image reprinted from [13]

1. Precursor step: The precursor, typically a metal center surrounded
by chemical functional groups, is pulsed into the reactor and ad-
sorbs to the active sites on the substrate.

2. Postprecursor Purge: An inert gas is flown into the chamber, in or-
der to remove any excess precursor molecules. This is necessary
to avoid reactions between precursor and co-reactant molecules
directly in the gas phase or on the surface, as this could lead to
an undesired CVD component.
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6 atomic layer deposition

3. Co-reactant step: The co-reactant, which is usually a non-metal,
is pulsed into the reactor and reacts with the surface species in
order to obtain the desired film composition.

4. Postreactant Purge: The same applies as for step 2.

The reactants in the first half-cycle (precursor) and second half-cycle
(co-reactant) are self-limiting, which means the process stops when
all available surface sites have reacted. The steps mentioned above,
give one reaction cycle. During each reaction cycle a fixed amount
of material is deposited, this amount is known as Growth Per Cycle
(GPC), which is ideally one monolayer of deposited material. The
GPC as a function of exposure time, as shown in Figure 2, gives the
so called saturation curves. For long enough exposure times satu-
rated growth is obtained, while too short dosing times could lead to
a CVD-like growth, where the precursors react at the same time on
the surface [3].

Figure 3: Desired coverage factors in ALD. Image reprinted from [13]

With ALD, growth control is obtained in several ways (see Figure 3).
Due to the layer-by-layer deposition of high-quality thin films, thick-
ness control at subnanometer level is assured. Furthermore, the uni-
formity and conformality for surface features, including pores, trenches
and surface roughness is excellent. And even at low temperatures
PEALD enables the deposition of high purity and high density mate-
rials.

2.1 plasma enhanced atomic layer deposition

PEALD is a variant of ALD, that offers certain benefits compared to
thermal ALD. The high reactivity of the plasma species allows depo-
sitions at lower temperatures and more degrees in freedom of condi-
tion and material tuning.
A plasma is a state of matter in which free, charged particles among
other gas phase species become highly conductive. Plasma is so



2.1 plasma enhanced atomic layer deposition 7

called quasi neutral, that means that the electron density is over a
large volume approximately the same as the ion density. Generally, a
plasma is generated through acceleration and heating electrons of a
neutral gas, done by an electrical field. These energized electrons ion-
ize gas-phase species and newly charged particles are created when
these charge carriers collide with atoms or molecules. This results in
an avalanche of charged particles, which is balanced by charge carrier
losses, so that a steady-state plasma develops. A plasma provides a
high, diverse but selective reactivity without heat to a surface since
in cold plasmas only the electrons are heated.
PEALD has several merits towards thermal ALD [5]:

• Improved material properties: Due to the high reactivity of the
plasma, properties like the film density, the impurity content
and the electronic properties are enhanced.

• Deposition at reduced substrate temperatures: The reactive species
are created because of the plasma, therefore less thermal energy
is required for the ALD process.

• Good control of film composition: With the settings of the plasma
(operating pressure, plasma power, plasma exposure time) it is
easier to control the surface chemistry.

• Increased growth rate: Because of the high reactivity of the plasma,
a higher density of reactive species is created, which leads to a
higher growth per cycle (GPC).

In our lab we use a showerhead electrode, illustrated in Figure 4. With
a radio frequency (RF) of 13.56 MHz between two parallel electrodes
a plasma is generated. The top electrode is powered, while the other
one is grounded. The substrate is placed on the grounded electrode
and the gases are brought into the reactor via a showerhead. Since the
substrates are directly positioned at the ground electrode, this set-up
of ALD is accounted to "direct plasma ALD".

Figure 4: Illustration of the ALD reactor with showerhead electrode. Image
reprinted from [5].





3
B A S I C P R O P E RT I E S O F Z I N C O X I D E

This chapter brings out the general properties of zinc oxide (ZnO).
More detailed information can be found in the book "’Zinc oxide: Fun-
damentals, Materials and Device Technology."’ by Hadis Morkoç and
Ümit Özgür. [7]. The most important physical properties of ZnO are
listed in Table 1.

Zinc oxide is a wide band gap semiconductor of the type II-VI with
a band gap of Eg = 3.437 eV at 4 K and a hexagonal wurtzite crys-
tal structure (see Figure 5) [6]. This wurtzite structure consists of a

Figure 5: Hexagonal wurtzite structure model of ZnO. Image reprinted from
[8]

hexagonal unit cell with two lattice parameters a = 3.25 Å and c = 5.2
Å. Their ratio is approximately c

a = 1.60. It belongs to the space
group of C46V in the Schoenflies notation or P63mc in the Hermann-
Mauguin notation.
Figure 5 visualises the structure, which consists of two inter-penetrating
hexagonal closed pack (hcp) sublattices, where each has one type of
atom, Zn or O. As typical for the II-VI semiconductors, the bonding
happens widely via ionic bondings (Zn2+ −O2−) with a radius of
0.074 nm for Zn2+ and 0.140 for O2−. This fact contributes to the
strong piezoelectricity of ZnO.
ZnO is significantly softer than other relevant semiconductors, such
as GaN. It has a Mohs Hardness of 4. The melting point lies at 1975

◦C and the density is 5.606 g/cm3. Compared to other tetrahedrally
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10 basic properties of zinc oxide

Table 1: Physical properties of ZnO [8].

properties zno

Lattice parameters at 300 K

- a0 0.032495 nm

- c0 0.52069 nm

- c0a0 1.602

Density 5.606 g/cm3

Stable phase at 300 K Wurtzite

Melting point 1975
◦C

Thermal conductivity 0.6

Linear expansion coefficient a0: 6.5 cm3 x 10−6

c0: 3.0 cm3 x 10
−6

Static dielectric constant 8.656

Refractive index 2.008

Band gap (4 K) 3.437 eV

bonded semiconductors, ZnO is the one with the highest piezoelectric
tensor, which makes it very interesting for many applications.

3.1 application of zno in atomic layer deposition

There are various combinations of precursors along with co-reactants,
substrate materials and deposition temperatures. In our set-up the
following materials are used:
For the deposition of ZnO the most common precursor diethyl zinc
(DEZ) is used. DEZ is a highly pyrophoric organozinc compound
consisting of a zinc center bound by two ethyl groups and has the
chemical formula C4H10Zn. The two chemical ALD half-reactions
can be written as:

OH∗ +Zn(C2H5)2 → OZn(C2H5)
∗ +C2H6 (1)

OZn(C2H5)
∗ +H2O→ OZnOH∗ +C2H6 (2)

where * marks a surface species.
The co-reactant is represented by oxygen plasma, which allows the
growth of films with a higher degree of stoichiometry at room tem-
perature.
The purging happens with argon.



4
L I T H O G R A P H Y

In this chapter the two lithographic techniques, which were used for
the experiments in this thesis, are described.

4.1 shadow mask lithography

4.1.1 Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a water-soluble linear polymer with the
idealized formula [CH2CH(OH)]n. Beside its applications in paper
making and textiles, it is also used for a wide range of coatings. Its
UV transparency, mechanical strength, as well as the thermal durabil-
ity of PVA are good enough for usage in lithography.

4.1.2 Operating Principle

The method that is used here is a variation of shadow mask lithogra-
phy. It meet the demands of being easy to perform and there is no
need for any high tech devices. The basic idea is to have a template,
that is fixed onto a substrate. This substrate is then spincoated with
a polymer. Afterwards the template is removed and one obtains the
polymer mask for the metal compound deposition. The final step is
the lift-off step, where the polymer and the excess material on top of
it is removed and the desired metal compound structure remains.
The idea to realize lithography with the water soluble PVA is not
new and was often tried with different lithographic techniques and
different deposition techniques [4]. The process of nanoimprinting
lithography works very well with a PVA mask and structures in the
nanometer range could be achieved [9].

4.2 electron beam lithography

4.2.1 Polymethyl methacrylate

Polymethyl methacrylate (PMMA) is a polymer (also called acrylic
glass) and has the chemical formula (C5O2H8)n. Due to its excellent
resistance against UV-light and weathering, it is the resist of choice
for electron beam lithography.
The glass transition temperature Tg of atactic PMMA lies at 125◦C.
Since commercial PMMA is often co-polymerized with co-monomers
that differ from methyl methacrylate, the Tg is not a certain value, but

11
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Figure 6: Schematic of the lithography process.

a temperature range from approximately 87 to 157◦C. [15]

4.2.2 Operating principle

Electron Beam Lithography (EBL) is a technique, where an acceler-
ated beam of electrons is used to draw patterns in nanometer range
on a substrate. These substrates are coated with an electron sensitive
resist, that changes its solubility when it is exposed to high-energy
electrons.[11] Here PMMA is used, which is a positive resist. That
means that the exposed area is more soluble and therefore dissolves
in a suitable dissolver like acetone. The benefit of this technique is the
possibility to draw customized patterns without a mask in a high res-
olution in the nanometer range. The resulting pattern then acts as a
mask for the ALD deposition. In the end, a final lift-off step removes
the resist mask and the excess material in top of it and the requested
structured ZnO should remain on the substrate surface. The individ-
ual steps can be seen in Figure 7.

4.3 question of lift-off

Biercuk et al. [10] did the structuring by photolithography using the
Shipley photo-resist and by EBL. Then HfO2 and Al2O3 were de-
posited by ALD at temperatures between 100-150

◦C. The lift-off was
performed by putting the samples in acetone and structures in the
range of 2.5–100 nm and sub-micron lateral resolution were obtained.
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Figure 7: Basic scheme of electron beam lithography in combination with
ALD. Image reprinted from [16].

Another approach was done by Suresh et al. [4] using nanoimprint
lithography (NIL). In this case periodic patterned molds were used to
create nanoporous PMMA. Then, zinc oxide was deposited by ALD
at a temperature of 70

◦C. The lift-off in acetone put forth a periodic
array of ZnO structures.
The main question is how the lift-off will work. For unconformal
deposition techniques this works well, but we don’t know where the
conformal zinc oxide film will be attacked. It is possible that the film
will break at the side walls, or that the side walls will even remain, as
shown in Figure 8.

Figure 8: Schematic of the lift off process. Top: Lift-off for unconformal
deposition techniques, bottom: lift-off for conformal deposition
techniques.





Part II

E X P E R I M E N TA L

This part consists of the description of the optimization
for the deposition recipe and the experiments with litho-
graphic techniques. Furthermore, the utilized analyzing
methods are discussed.





5
S E T U P A N D R E C I P E O P T I M I Z AT I O N

5.1 setup

In Figure 9 the schematic experimental setup is shown. The used de-
vices are listed in Table 2.
The function of each device and the exact procedure is described in
the master thesis of Julian Pilz [17], who worked with this setup be-
fore me. The reactor is a custom-built direct plasma reactor and can

Figure 9: Visualization of the experimental setup. Crossed lines correspond
to signal transmission line, sinusoidal line corresponds to heated
line. [17]

be seen in Figure 10. The shower head radio frequency (RF) electrode
and the ground electrode are 20 and 30 cm in diameter. In order to
obtain milder and better distributed plasma conditions, the reactor
was extended in height, so that the top-electrode grid (shower head)
is more distanced from the substrates than before (see Figure 10). As
a result, the volume of the reactor increased and the clearance be-
tween the shower head RF electrode and the ground electrode was
enlarged from 4 cm to 8 cm. This is the reason why the ALD process
was optimized again.

17



18 setup and recipe optimization

Table 2: Instruments for experimental setup.

device model

Arduino Arduino Uno

Relais module

RF power generator Advanced Energy Cesar 13.560 MHz

Matching network Advanced Energy Navio

Multi gas controller MKS 647C

ALD valve Swagelok ALD 3

Mass flow controller MKS MF1-C

Butterfly valve

Turbo molecular valve Pfeiffer Vacuum TMH071P

Rotary vane pump Pfeiffer Vacuum DUO5M

Pressure gauge

Figure 10: Plasma reactor used for the depositions. Left: Plasma reactor be-
fore the changes. Precursor and argon are flown in from the left,
oxygen from the top. The black coaxial is the connection between
the RF-electrode and the matching network. Right: Plasma reac-
tor after changing. Clearance between top and ground electrode
is enlarged.
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5.2 recipe optimization

In order to optimize the process of plasma enhanced atomic layer de-
position, it is important to minimize the duration of each of the four
steps, which are explained in Chapter 2. Therefore several series of
depositions with different parameters are performed.

1. Precursor dose

2. Purging after precursor dose

3. Plasma dose

4. Purging after plasma dose

5. Number of Cycles

For all depositions described in this thesis the plasma power is con-
stantly used at 60 W.
For each of the optimization series there are always 100 ALD cycles
performed.
Since the self limiting ALD surface reactions build upon the density
and allocation of surface reaction sites and precursor properties, the
Growth per Cycle, which is ideally one monolayer of deposited mate-
rial, is expected to be comparable with further results [17], regardless
of the ALD reactor setup [18].
For an appropriately designed ALD process, every step has to be sat-
urated. This means that the precursor dose has to be long enough to
suffuse the entire substrate with precursor molecules, the exposure
of plasma has to be long enough for a full oxidisation of the surface
and the purging times have to be long enough to remove all excess
precursor molecules and oxidising species from the reactor to avoid
a CVD-like growth behavior.

5.2.1 Procedure

As substrates, polished Silicon(100) wafers with a native oxide are
used. With a diamond tip they are diced into squares with an ap-
proximate side length of 2 cm. The substrates are then cleaned with
isopropyl alcohol and compressed CO2 flow. For each deposition at
least four substrates are evenly distributed in the reactor to ensure
the homogeneous growth of zinc oxide.
After the lid closes the reactor, the valve to the rotary vane pump is
opened. One minute later one can open the connection to the pres-
sure gauge. When a pressure below 150 mTorr is reached, the butter-
fly valve is opened and the turbo molecular pump is turned on. The
valve from the rotary vane pump is closed and the valve to the turbo
molecular pump is opened. Now the turbo molecular pump brings
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the pressure in the reactor down to a base pressure, where the leak
rate should be below a value of approximately 0.08 sccm. Then the
butterfly valve is put at a fixed opening of 35 % for the purpose of
having a pressure of around 130 mTorr during the plasma exposure.
The line connection between the DEZ and the reactor is heated with
heating wires to 40◦C. The valves to the DEZ, oxygen and argon
are opened and the power generator is turned on. The setting of the
matching network is switched to the automatic mode. The Arduino
and multi gas controller are connected to the PC. The flow rates for
oxygen and argon are set to 20 sccm at the multi gas controller for all
depositions. The requested deposition parameters are entered into
the Labview program and the deposition is started.

5.2.2 Variation of precursor dose

In this set of depositions the precursor dose is varied, while the other
values are held at times where they are expected to be in saturation
[17]. The parameters for this depositions are listed in Table 3.

Table 3: Variation of precursor dose

dez dose / s purge / s plasma dose / s purge / s

0.005 20 10 30

0.010 20 10 30

0.015 20 10 30

0.020 20 10 30

5.2.3 Variation of plasma dose

In this set of depositions the plasma dose is varied, while the other
values are held at times where they are in saturation. The parameters
can be seen in Table 4.

5.2.4 Variation of purging time after precursor dose

In this set, the purging time after the DEZ dose is varied, while the
other parameters are held at values where saturated growth is en-
sured. The deposition parameters are listed in Table 5.
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Table 4: Variation of plasma dose

dez dose / s purge / s plasma dose / s purge / s

0.015 20 1 30

0.015 20 3 30

0.015 20 5 30

0.015 20 6 30

0.015 20 7 30

0.015 20 8 30

0.015 20 9 30

0.015 20 10 30

Table 5: Variation of purging time after precursor dose

dez dose / s purge / s plasma dose / s purge / s

0.015 16 8 30

0.015 10 8 30

0.015 8 8 30

0.015 5 8 30

0.015 4 8 30

5.2.5 Variation of purging time after plasma dose

In this set, the purging time after the plasma dose is varied, while
the other parameters are held at values where saturated growth is
ensured. The deposition parameters are shown in Table 6.

5.2.6 FTIR measurement

In order to investigate the contaminations of Carbon in the ZnO film,
deposited with the new optimum recipe, a FTIR measurement is per-
formed. The used device is a BOMEM FT-IR Spectrometer MB102.
Therefore, double-polished Si-wafers with an (100) orientation and a
thickness of 525 µm, are cut into an approximate size of 2 cm x 2 cm
and cleaned with isopropyl alcohol and compressed CO2 flow. With
the same procedure as described in section 5.2.1, the substrates are
brought into the reactor and deposited with ZnO. The deposition pa-
rameters are listed in Table 8.
Before and after the FTIR measurement of the deposited double-polished
Si-wafers, a pristine substrate is measured as a reference spectrum.
The received spectrum of the ZnO films is then divided by this ref-
erence spectrum. The obtained resolution of this measurement is 4
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cm−1 and the measurement environment is purged with CO2.

Table 6: Variation of purging time after plasma dose

dez dose / s purge / s plasma dose / s purge / s

0.015 12 8 30

0.015 12 8 25

0.015 12 8 22

0.015 12 8 20

0.015 12 8 16

0.015 12 8 12
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S H A D O W M A S K L I T H O G R A P H Y

6.0.1 Spincoating

In order to obtain structures on the Si-wafers, which should serve as
a mask during the ALD, a Si-wafer is cut into the size of 2 cm x 2

cm and afterwards is cleaned. Before the substrate is spincoated, a
template is fixed on it (see Figure 11).
Then the substrate is spincoated with PVA. For the PVA solution, 20,2
mg PVA particles are diluted in 2 ml distilled water, and heated up
to 50

◦C. After spincoating, the sample is put on the heating plate for
5 min at 50

◦C. Afterwards the mask is removed and structured PVA
is left on the Si-wafer.

Figure 11: Template for structuring the PVA.

6.1 atomic layer deposition

The PVA now represents a mask for the ALD process. The prepared
substrate is then deposited by ALD. The parameters for this deposi-
tion are shown in Table 8, where 250 cycles are deposited. In Figure 12

the sample with PVA and ZnO on top can be seen.

6.2 lift off

The lift-off for the sample happens for the first 20 min in deionized
water and then another 20 min in an ultra-sonic bath. The progress is
checked with the optical microscope.

23
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Figure 12: Structured PVA with deposited ZnO on top.

6.3 direct lithography

It is tested by putting a template directly on a substrate in the reactor
during deposition.
For this, the mask, which was used for former experiments, is put
on a diced and cleaned substrate and weighted with ceramics (see
Figure 13). Under optimum conditions 200 cycles are deposited. Af-
ter the deposition, the sample is measured by SE and analyzed for
conformality.

Figure 13: Direct lithography in the reactor. Mask is weighted with ceramics
during the deposition.
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E L E C T R O N B E A M L I T H O G R A P H Y

The following steps were performed at the Karl Franzens University
Graz with the help of Prof. Joachim Krenn and Prof. Andreas Ho-
henau.

7.1 spincoating

The first step is to spincoat well prepared (cut and cleaned) Si-wafers
with the resist PMMA, diluted with Ethyl lactate in a ratio of 2:1.
Subsequently the samples are put on a heating plate to dry.

7.2 electron beam lithography

For the EBL process a RAITH 100-2 turnkey system based on a ZEISS
Gemini field emission SEM and a JEOL 6400 tungsten cathode SEM
equipped with a RAITH Quantum lithography unit is used.
For loading the samples into the gadget, the samples, which should
be patterned, are firmly mounted on the sample holder. Then the
airlock is closed and the system is evacuated.
After aligning the sample, the parameters for the EBL process are set.
In a total area of 1300 x 100 µm a patterning raster of 2.5 nm and an
area step size of 5 nm are set. For the form of the pattern, squares in
two different sizes and stars are chosen.
Then the samples are unloaded and put for 30 s into a developer
(isopropanol) and for another 30 s into a stopper (deionized water).

7.3 atomic layer deposition

For later reference measurements about the thickness change and the
growth of ZnO on polymer, the thickness of the PMMA is measured
by ellipsometry. For these measurements unpatterned samples are
used.
Also AFM imaging is used to check the structure of the patterns be-
fore and after the deposition of ZnO (see Figure 31).
The structured PMMA serves as a mask for the ALD process. The
prepared EBL samples, plus the unpatterned PMMA samples are de-
posited by ALD under the conditions of the optimum recipe (see Ta-
ble 8).

25
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7.4 lift-off

To remove the PMMA and the excess material on top of it, a lift-off
is performed. For the lift-off step the samples are put into a beaker,
filled with acetone. This beaker is put into an ultra sonic bath for a
total duration of 180 min. After every 30 min the progress is checked
with the SEM.
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C H A R A C T E R I S AT I O N T E C H N I Q U E S

This chapter explains the most important characterization techniques,
which are used to investigate the thin film properties like thickness,
optical constants, crystallinity and the chemical composition. There
are also techniques used for imaging and investigating the structure
of the zinc oxide. All methods are listed in Table 7.

8.1 spectroscopic ellipsometry (se)

The most used technique is spectroscopic ellipsometry, which enables
the determination of the layer thickness and the refractive index of the
deposited thin films.
In our lab we work with the J.A. Woollam Co M-2000V ellipsometer,
which has a wavelength range of the incident light of 371 nm - 1000

nm. The reflected spectrum is measured for several angles, which can
be preset.
The basic principle can be seen in Figure 14. Unpolarized light is sent

Figure 14: Basic principle of ellipsometry. Image reprinted from [19].

through a polarizer and further onto the sample surface. After inter-
action with the sample, the reflected beam gets elliptically polarized,
depending on the thin film properties. Then, the detector converts
the light into an electronic signal in order to determine the reflected
polarization. This polarization change is represented as an amplitude
ratio Ψ and the phase difference ∆:

rp

rs
= ρ = tanΨ · ei∆ . (3)

27
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Table 7: Characterization techniques.

method properties

Spectroscopic ellipsometry Layer thickness, refractive index

X-ray diffraction Crystal structure

X-ray reflectivity Layer structure, layer thickness

Fourier transform infrared spec-
troscopy

chemical composition

Optical Microscopy

Atomic Force Microscopy Imaging

Scanning Electron Microscopy

The collected data is processed by the software CompleteEASE [20]
and for transparent materials fitted with a Cauchy Model:

n(λ) = A+
B

λ2
+
C

λ4
, (4)

with n the wavelength dependent refractive index, λ the wavelength
and A, B and C the fitting parameters. The model calculates the pre-
dicted response with the help of the Fresnel equations, in order to de-
scribe the thickness and the optical constants of the material. If these
values are unknown, they are estimated and then compared to the
experimental data. An estimator, like the Mean Squared Error (MSE)
is used to quantify the difference between curves. Figure 15 shows
the overlapping of the model and the experimental data with a very
small MSE. The error for all measurements in this thesis lies in the
subnanometer range. The Cauchy model is limited by the Kramers-
Kronig consistency and can cause unphysical dispersion. Absorbing
materials can often have a transparent wavelength region, which can
be modelled with the Cauchy model. However, to cover the whole
range, an oscillator model, like the Lorentz oscillator, can be used
[20]:

ε̃ = ε1 offset +
AEc

E2c − e
2 − iBE

, (5)

where A is the amplitude, B the broadening, Ec the center energy
and ε1 offset the offset. The energy E is related to the frequency of a
wave:

E = hν =̃
1240

λnm
, (6)

where h is the Planck’s constant and λ the wavelength.
For in situ measurements instead of the usual sample stage, a heat-
ing stage is used (see Figure 16), which allows the monitoring the
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Figure 15: Model of ellipsometry data by the software CompleteEASE. Cal-
culated and measured data overlap with a very small Mean
Squared Error.

thickness change of thin films as a function of the temperature. The
cooling works with the help of liquid nitrogen.

Figure 16: Setup for in situ ellipsometry measurement.

8.2 x-ray reflectivity

This section should give a short overview over the method of X-ray
reflectivity (XRR), since it gave important conclusions for this thesis.
XRR is a surface sensitive analysis method and is used to analyse the
layer thickness of thin films and multilayers, surface and interface
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roughness as well as the layer density. The basic idea of this tech-
nique is measuring the reflected X-ray intensity in specular direction
as a function of the incidence angle over a range of angles, which are
close to the critical angle for total reflection. Figure 17 shows the XRR
setup.

The calculations for multilayers are based on the Parrat formalism.

Figure 17: Measurement geometry in a XRR setup. Image reprinted from
[21].

For a system of multilayers, like in Figure 18, the reflectivity is de-
scribed by reflectivity coefficients rj,j+1 [21]:

rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1
(7)

where kz,j and kz,j+1 are the z wave vector components in the two
neighboring layers. For each interface j,j+1 and for each layer j, a
set of 2 x 2 matrices is introduced. These are called in each case the
refraction and the translation matrices Rj,j+1 and Tj. The product of
all of these matrices delivers the transfer matrix M, where the ratio of
M12 and M22 gives the amplitude of the multilayer reflectivity.
If this procedure is applied for a single-layer system, an expression
for the intensity of the reflected beam is given by:

IR
I0

=
r20,1 + r

2
1,2 + 2r0,1r1,2cos2kz,1t

1+ r20,1r
2
1,2 + 2r0,1r1,2cos2kz,1t

(8)

This ratio depends on the reflection coefficients of the air-film in-
terface (0,1) and the film-substrate interface (1,2), in accordance with
Equation 7. The ratio also contributes to the oscillation phenomena,
the so-called Kiessig fringes. The Kiessig fringes result from the con-
structive and destructive interference of reflected x-rays from two in-
terfaces. The phase difference ∆ between two beams is given through
equation 9, where n is the refractive index of the layer (see Figure 19a).
With their period the layer thickness can be determined:

∆ = (AB+BC)n−AD , (9)

In Figure 19b a typical XRR profile is shown. The sharp decrease is
the critical angle, which depends on the material. The oscillations
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Figure 18: Schematic for participating wave vectors in XRR of a multilayer
system. Image reprinted from [21].

(a) Schematic representation of re-
flected and refracted beams for the
derivation of their phase difference
∆. Image reprinted from [21].

(b) XRR profile with Kiessig fringes.
Image reprinted from [22].

Figure 19: XRR schematic and XRR profile showing the Kiessig fringes.

afterwards are the Kiessig fringes. The XRR measurement is per-
formed on a Panalytical Empyrean diffractometer, the setup can be
seen in Figure 20. A 1

32

◦
-divergence slit, a 10 mm-mask and a 0.1 mm

anti-scatter slit are used for the measurement.
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x-ray tube divergence slit 

mask 

beam attenuator 

sample stage 

anti-scatter slit 

detector 

Figure 20: Experimental setup of the Panalytical Empyrean diffractometer
[17].



Part III

R E S U LT S A N D D I S C U S S I O N

In this part the optimized parameters for the ALD process
are presented. This part also covers the results of the tri-
als with shadow mask lithography and the outcome of the
Electron Beam Lithography experiments. Furthermore,
conclusions are drawn about how ZnO grows on polymer
and how the reactor conditions influence the polymer.
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D E T E R M I N AT I O N O F T H E O P T I M U M R E C I P E

In this chapter the analysis of the optimization process for the atomic
layer deposition is discussed. Therefore, the growth per cycle (GPC)
is used, which is ideally one monolayer of deposited material and
an important parameter of ALD technique. The GPC is obtained by
measuring the thickness of the thin films by spectroscopic ellipsome-
try, divided by the number of cycles. Compared to the term ’rate of
deposition’, which is used for other thin film deposition techniques,
the GPC generally results in a low value [23]. The growth per cycle
as a function of four ALD parameters gives the saturation curves.

9.1 precursor dose

In Figure 21 the growth per cycle depending on the DEZ dose is
shown. The deposition parameters can be seen in Table 3. The
GPC with respect to the precursor dose saturates quite fast and stays
within the measured DEZ exposure times within a certain range of
GPC. To ensure that enough precursor molecules are pulsed into the
reactor for adsorbing to the active sites of the substrate, a precursor
dose of 0.015 s is chosen.

Figure 21: Growth saturation curve by varying the DEZ dose. The line
serves as guide to the eye.

35
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9.1.1 XRD measurements

In Figure 22 the θ/2θ-scan of ZnO films deposited with different DEZ
doses can be seen. All samples match the (100) and the (101) peak of
the ZnO reference measurement, whereby a preferential orientation
in the (100) direction can be determined. The absence of the (002)
peak could be attributed to an overlap with the Si (200) peak. The
peak close to the (110) peak of ZnO does not belong to the zinc oxide
film, since its shape is more incisive than the other ones originating
from the ZnO. This peak was also noticed in XRD measurements
with organic films, so it is conceivable that this peak stems from the
background of the measurement table [17]. This applies for all follow-
ing XRD measurements. Considering the crystalline properties of the
ZnO films, which were treated in the thesis of Julian Pilz, the XRD
measurements are consistent with his results.

Figure 22: θ/2θ-scan of ZnO films deposited with different DEZ doses.
Black Lines show the peak position of a ZnO reference measure-
ment (ICSD-26170) [24].

9.2 plasma dose

In Figure 23 the growth per cycle depending on the DEZ dose is
shown. The deposition parameters can be seen in Table 4. The GPC
increases with the raising plasma dose and reaches saturation after 7
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s of plasma exposure. Below this exposure time the plasma exposure
time is too short to oxidise all surface species.

Figure 23: Growth saturation curve by varying the O2-plasma dose. The
line serves as guide to the eye.

9.3 purge after dez dose

In Figure 25 the growth per cycle depending on the purging time
after the DEZ dose is shown. The deposition parameters are listed
in Table 5. The GPC decreases by increasing the time of purging and
saturation is obtained after a purging time of 10 s. For purging times
below 10 s not all excess precursor molecules are removed and they
could react with co-reactant molecules, which leads to an undesired
CVD-component.
At this point it has to be mentioned that after this purging step the
program waits 10 s in order to guarantee a stable O2-flow. This time
is not added to the definition of the purging time after the DEZ dose,
since here only the time where argon is flowing is taken into account.

9.4 purge after plasma dose

In Figure 25 the growth per cycle depending on the purging time
after the plasma dose is shown. The deposition parameters are listed
in Table 5. With increasing purging times the GPC decreases and
saturates at a plasma purging time of 25 s. For purging times below
25 s not all excess oxidising species are removed and they could react
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Figure 24: Growth saturation curve by varying the purging time after the
DEZ dose.The line serves as guide to the eye.

with the DEZ during the precursor step, which leads to an undesired
CVD-component.

9.4.1 XRD measurements

In Figure 22 the θ/2θ-scan of ZnO films deposited with different purg-
ing times after the plasma dose can be seen. In all samples the (100)
and the (101) peak of the ZnO reference measurement appear without
any significant deviation.
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Figure 25: Growth saturation curve by varying the purging time after the
plasma dose.The line serves as guide to the eye.

Figure 26: θ/2θ-scan of ZnO films deposited with different times of purging
afer the plasma dose. Black Lines show the peak position of a
ZnO reference measurement (ICSD-26170) [24].
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9.5 optimum recipe

With the optimum values of all four steps of the ALD-cycle the op-
timum recipe is obtained and is listed in Table 8. The GPC is 1.8
Å/cycle, which is comparable to literature values and values before
the reconditioning of the system.

Table 8: Optimum recipe

dez dose / s purge / s plasma dose / s purge / s

0.015 12 8 28

9.5.1 XRD measurements

An XRD-measurement of ZnO on a Si-substrate, deposited under the
optimum conditions, should demonstrate that the crystalline struc-
ture is exactly the same as before the reconditioning of the reactor. In
Figure 27 the θ/2θ-scan of ZnO films, deposited with the optimum
recipe under old and new reactor conditions, can be seen. Under
the old reactor conditions in all samples the (100) and the (101) peak
of the ZnO reference measurement appear without any significant
deviation. A preferential orientation in the (100) direction can be de-
termined. The θ/2θ-scan of the sample, which was deposited with
ZnO under the current reactor conditions, shows exactly the same
peaks.

9.5.2 FTIR measurement

In order to investigate that the contaminations of Carbon in the ZnO
film, deposited with the new optimum recipe, a FTIR measurement
is performed.
Figure 28 shows the transmittance spectrum of a ZnO film prepared
under the conditions of the optimum recipe. The peak at around
2400 cm−1 refers to the CO2 bending, which is used for purging the
measurement environment. The peak at 1113 cm−1 shows the Si-O
bending and is positive because of the reference measurement of a
pristine Si-substrate. At 525 cm−1 the Zn-O stretching is shown. The
peak at 1100 cm−1 shows that there are still small Carbon impurities
in the ZnO layer. That result corresponds with the results in the the-
sis of Julian Pilz [17].
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Figure 27: θ/2θ-scan of ZnO films deposited with the optimum recipe un-
der new and old reactor conditions. Blue Lines show the peak
position of a ZnO reference measurement (ICSD-26170) [24]. Mea-
surement from old conditions were taken by Julian Pilz.

Figure 28: FTIR transmittance spectrum of double-polished Si-wafers de-
posited with ZnO with the optimum recipe.
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S H A D O W M A S K L I T H O G R A P H Y

With the optimum ALD recipe first trials in the combination of ALD
and lithography are done and the results are described in this chapter.

10.1 analyis of the lift-off by optical microscopy

The structure the template gave is big enough for investigations with
the optical microscope. In Figure 29a the structure of PVA with de-
posited ZnO on top can be seen. In Figure 29b one can identify the
progressive lift-off after a 20 min soaking in deionized water. Fig-
ure 29c shows the state of the sample after another 40 min of lift-off
in deionized water, this time strengthened by ultra-sonic bath.
On the borders of the structure the removal works best, since there
is the largest gathering of the watersoluble PVA. In between the PVA
structures, but also at the position of the PVA before the lift-off, the
ZnO seems to remain. The reason for this lies in the big area, which
should be lifted off. The ZnO on top is not washed away, but simply
touches down on the substrate after the PVA is gone.

10.2 spectroscopic ellipsometry of direct lithography

sample

Figure 30 shows the resulting structure of the trial with the mask di-
rectly in the reactor during the deposition of zinc oxide. At first sight
the structure seems conformal and precise. But an SE measurement
of the layer-thickness reveals, that the ZnO is also deposited under-
neath the template. Figure 30 provides the results of the ellipsometer
measurements. It is shown that underneath the template 20 nm of
ZnO are deposited. On the areas where the template did not cover
the substrate, 42 nm of ZnO were deposited. The cause for this is
the uniformity and conformality of the ALD process. For this reason,
this method of structuring is unusable.
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(a) Sample with structured PVA and
ZnO on top

(b) Sample after 20 min lift-off in deion-
ized water

(c) Sample after 40 min lift-off in deion-
ized water, strengthened by an ultra-
sonic bath

Figure 29: Process of lift-off with PVA.

Figure 30: Structure of ZnO after direct lithography. Right picture: The
brighter region was covered with a template and is still deposited
with ZnO.
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In this chapter the results combining EBL and ALD are shown and
the suitability of the EBL process for nanostructuring zinc oxide is
reviewed.

11.1 atomic force microscopy

Before depositing ZnO on the structured PMMA, the surface is inves-
tigated by AFM imaging. In Figure 31a and 31b the structure after
EBL and before ALD is shown. Figure 31c and 31d represent the
structure of the EBL pattern after the deposition of ZnO. One can
easily recognize the squared pattern, which is filled up with the ZnO.
Nevertheless, the structure remains after the ZnO is deposited on top
of the PMMA.

(a) AFM image before the ALD process (b)

(c) AFM image after the ALD process (d)

Figure 31: AFM image of the EBL samples before and after the ALD process.

45
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11.2 scanning electron microscopy

In order to control the lift-off process of PMMA in acetone, the sam-
ples are investigated by SEM after every 30 min. In Figure 32 the
progressive removal of the PMMA is shown for the starred pattern.
Step by step the original form of the stars returns. After two hours
the difficult pattern is partially uncovered, afterwards the result does
not change anymore.
For the squared pattern, the progress after every lift-off step in Fig-
ure 33 is more difficult to recognize. One can see that the area sur-
rounding the squares gets rougher and rougher, which is an indicator
for the removed PMMA.

(a) after 30 min (b) after 60 min

(c) after 90 min (d) after 120 min

Figure 32: SEM images of starred pattern during the lift-off process. For
better recognizability the colors are inverted.

This behaviour has two explanations. One option is that the lift-off
process has not worked properly, due to the equipment or the han-
dling. Another option is, that the ZnO grows on the polymer in a
way, that it cannot be separated accurately.

11.3 examination of the lift-off

To verify that the thesis of the lift-off works out under the conditions,
which are discussed in Section 11.2, the lift-off behaviour of three
different samples is investigated.
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(a) after 30 min (b) after 60 min

(c) after 90 min (d) after 120 min

(e) after 120 min

Figure 33: SEM images of squared pattern during the lift-off process. For
better recognizability the colors are inverted.

For this purpose, a substrate with a layer of PMMA spincoated onto
it and one pristine substrate are deposited under optimum conditions
by ALD with zinc oxide. The third sample represents a substrate with
only PMMA on it. Figure 34 presents a schematic of the three samples.
With ellipsometry the different layer-thicknesses of the three samples
are measured and listed in Table 9.
Then each sample undergoes the lift-off procedure, as described in
Section 7.4, for the duration of 90 min. Following that, the samples
are again investigated with ellipsometry. The thicknesses of the layers
after the lift-off are listed in Table 9. The layers on sample 34 a and b
with PMMA as ground layer are washed away, as expected, whereas
sample 34c with a ZnO layer does not react with the solvent and
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Table 9: Thicknesses of layers for comparison before and after lift-off

pmma pmma + zno zno

thickness before / nm 200.11 249.52 50.11

thickness after / nm 1.52 1.49 49.45

remains. It is obvious that the samples show the desired behaviour
and thus, the lift-off procedure is successful.

Figure 34: Schematic for the comparison of lift-off behaviour between differ-
ent coatings before and after the lift-off process. a) Spincoated
PMMA on a substrate, b) Spincoated PMMA and ZnO deposited
by ALD on top, c) ZnO deposited by ALD on a substrate
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The comparison of the lift-off for three different samples (see Sec-
tion 11.3) raises the question how the ZnO grows on PMMA. Some
polymers are permeable to small molecules of the deposited material
on top of them, which leads to the diffusion of the precursor into the
bulk material [25].
Suresh et al. [4] established, that for the first 50 cycles of ZnO on
PMMA, the growth of zinc oxide was incomplete. For 200 cycles they
found a cross-linking behaviour, which is expected to be related to
the hydrophilic carbonyl functionality of PMMA, which enables the
concentrating of the zinc precursors within the PMMA template.
Through several investigations of samples, which were first spincoated
with PMMA and then deposited with zinc oxide under optimum con-
ditions (see Table 8), answers could be found.

12.1 analysis of zinc oxide on pmma by x-ray reflectiv-
ity

One way to examine the structure of layers is performing X-ray re-
flectivity (XRR). XRR is a promising method for non-destructive and
quantitative interface characterization.
Before the PMMA-sample is deposited with ZnO, the thickness and
the refractive index of PMMA is checked by ellipsometry. For refer-
ence measurements of the deposited ZnO, several extra Si-wafers are
put in the reactor during the deposition. This enables the measure-
ment of a reference value of ZnO on the Si-substrate by ellipsometry
as well. These values are shown in Table 10.

Table 10: Reference values of PMMA and ZnO

pmma zinc oxide

thickness / nm 200.11 50.11

refractive index 1.492 1.898

With the help of XRR we want to know the exact structure of the lay-
ers when ZnO is grown in PMMA.
A genetic algorithm is used to process the measurement data. The
results show a ZnO thickness of 49.68 nm, which fits the value from
the ellipsometry. For the PMMA, a thickness of 140.44 nm is obtained.
A kind of interlayer, with a thickness of 10.95 nm, can also be seen.

49
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In Figure 35a the XRR profile for the sample is shown. The os-
cillations, the so-called Kiessig fringes, give information about the
thickness of the layers. Their jagged form provides the information
that there are several layers with different densities on the substrate.
The fact that the thickness of the PMMA is significantly lower than
before the deposition stems from the depth-limitation of the XRR-
measurement. The total thickness of the layer is too high to cover for
the XRR.
Anyway, the results show us that we are dealing with an interlayer
between the zinc oxide and the polymer, instead of a sharp border.

(a) X-ray reflectivity profile for ZnO on PMMA

(b) Fourier transform of the XRR profile.

Figure 35: X-ray reflectivity profiles of ZnO grown on PMMA.

12.2 analysis of zinc oxide on pmma by spectroscopic el-
lipsometry

From the XRR-measurement it is known that the ZnO diffuses into
the polymer layer. With spectroscopic ellipsometry and the appro-
priate software CompleteEASE, an exact model of the layer structure
should be determined.
The first trial of fitting the layer structure is a model with two layers,
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where a sharp border between the PMMA and the ZnO is assumed.
The ZnO and PMMA layer are fitted with a Cauchy model, where
the coefficients are calculated by the software. The results in Table 11

show that the individual layers have a lower refractive index than
they would have when separated (compare with Table 10). It also
seems, that the ZnO is thicker than on the reference Si-wafer, while
the PMMA is reduced. That indicates an interlayer as well.
Given this evidence, a model with three layers is fitted. The software
is fed with the Cauchy coefficients for PMMA [26], which are set as
fixed parameters. The ZnO is fitted with a GenOsc model, to de-
scribe the absorption and maintain the Kramers-Kronigs consistency.
For the interlayer a Cauchy layer is used, where the coefficients are
calculated from the software, since they are unknown (see Figure 36).
These results are in accordance with the results of the XRR analysis
in Section 12.1. On top of the sample, the model shows a layer of
pure ZnO with its appropriate refractive index (see Table 10). Next,
there is an interlayer with a refractive index close to the one of ZnO.
On the bottom, there is a layer of PMMA with the fitting refractive
index.
In literature, ideal masks for ALD are those which show only mini-
mal interaction with the volatile precursors and therefore very small
diffusion. Thus, PMMA would not serve as an excellent ALD mask.
Nonetheless, PMMA is widely employed as a resist and can be uti-
lized to gain acceptable ALD material patterns [4].

Figure 36: Three layer model from ellipsometer measurement. The data is
fitted with the Software Compleate EASE.
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Table 11: Thicknesses of layers of PMMA and ZnO measured by spectro-
scopic ellipsometry,
t . . . thickness in nm
n . . . refractive index

PMMA Interlayer ZnO

t / nm n t / nm n t / nm n

2 layer model 185.69 4.480 - - 58.22 1.877

3 layer model 194.41 1.496 8.52 1.859 40.56 1.898

12.3 analysis of zinc oxide on pmma by x-ray diffrac-
tion

According to Napari et al. [25] the crystallinity of their ZnO changes
when it is deposited on a PMMA substrate. To analyze the crystalline
properties of our zinc oxide when it is grown on a polymer, Grazing
incidence X-ray diffraction (GIXD) was used. The following measure-
ments were performed at the XRD1 beamline at Elettra in Trieste.
From the XRD measurement in Figure 27 the preferential direction in
the (100) direction and the present peak in the (101) direction of the
deposited ZnO are known.
Figure 37a shows the GIXD-map of ZnO deposited on a Si-substrate.
The sample shows a polycrystalline pattern. The diffraction rings for
the (100), (002), and (101) reflection are observed. For the (100) direc-
tion the intensity increases towards the specular direction, because
the (100) plane is preferred aligned parallel to the substrate. These
results agree with the XRD measurements in Section 9.5.1.
Figure 37b shows the GIXD-map of ZnO grown on a polymer. The
polycrystalline pattern and the diffraction rings are in accordance
with the results of Figure 37a. Therefore one can assume that the
ZnO we deposit retains its crystallinity when it is grown on a poly-
mer.
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(a) GIXD-map of ZnO on Si-substrate

(b) GIXD-map of ZnO on PMMA

Figure 37: GIXD-map of ZnO grown on a Si-substrate and ZnO grown on a
polymer.
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12.4 glass transition temperature measurements

An important characteristic value for amorphous materials like PMMA
is the glass transition temperature Tg. This is the temperature, where
the polymer turns from a relatively hard and glassy state into a more
viscous one. The Tg for PMMA is more a range than a value and can
be seen in Section 4.2.1.
The idea to measure the Tg of PMMA under several conditions is to
see how the PMMA reacts to the treatment in the reactor during the
deposition.
This analysis is done by an ellipsometer-in-situ measurement with a
temperature ramp. The stage temperature is linearly raised, starting
at 25

◦C, going up to 140
◦C, where the temperature is held for 10

min and then is cooled down to 25
◦C. To ensure the repeatability

this is carried out four times (see Figure 38).

Figure 38: Temperature profile for the measurement of the glass transition
temperature.

12.4.1 Comparison of PMMA and PMMA with ZnO on top

With the procedure described above, the values for the Tg for a PMMA
layer with a thickness around 200 nm are measured. Afterwards this
sample is deposited with ZnO by ALD and the same measurement is
done again.
In Figure 39a the Tg for PMMA can be seen. It is 110

◦C, which fits
the literature value [15].
The Tg for PMMA with ZnO on top behaves in a different manner
than expected. One would assume the ZnO would harden the poly-
mer and the Tg would rise. In this measurement the Tg decreases, but
it is, with 95

◦C, still within the range.
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Figure 39: Temperature dependent thickness changes in PMMA and
PMMA+ZnO. a) Tg for PMMA on a Si-substrate, b) Tg for PMMA
on a Si-substrate and ZnO deposited on top. For b) only the
PMMA layer is modelled.

12.4.2 Comparison of PMMA and plasma treated PMMA

Since the ZnO on top of the PMMA did not have a big impact on the
Tg of the PMMA, the next step is to examine if the plasma exposure
harms the PMMA.
A sample with a PMMA layer with a thickness of around 70 nm is
measured with the procedure described above. Afterwards the sam-
ple is put into the reactor and treated with plasma for seven cycles.
Afterwards the same measurement is done again.

Figure 40: Temperature dependent thickness changes in PMMA and plasma
treated PMMA. a) Tg for PMMA on a Si-substrate, b) Tg for
PMMA on a Si-substrate after plasma treatment in the ALD re-
actor.

Figure 40a shows the Tg = 106
◦C for PMMA. In Figure 40b the Tg =

106
◦C for the PMMa after plasma treatment. This excludes that the

PMMA is destroyed or changed by the plasma. The behaviour which
was observed in Figure 39b must relate to the diffusion of the ZnO
into the PMMA.
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These studies investigate the combination of Atomic Layer Deposition
and lithographic techniques and serve as groundwork for further re-
search in the area of nanostructuring materials with the help of ALD.
For ideal ALD growth, the optimum dose for each ALD step could be
achieved. The optimum recipe is 0.015/12/8/28 s (DEZ dose/purge/-
plasma dose/purge), for which a growth per cycle of 1.8 Å is obtained.
The crystallinity of the deposited ZnO shows a preferential orienta-
tion in the (100) direction.
With shadow mask lithography and PVA first structures of ZnO were
received, but not yet in the nanometer range.
Direct lithography with a template directly on the substrate in the re-
actor confirmed the conformality of the ALD process, since ZnO was
also deposited underneath the template. For this reason this method
is not suitable for nanostructuring ZnO.
With Electron Beam Lithography, using the positive resist PMMA,
nanostructured zinc oxide could be gained. Since the lift-off process
did not remove the excess material conformally, the behaviour of ZnO
on polymers was further investigated.
It was found out that the ZnO defuses into the polymer and results
in an interlayer. Ellipsometer- and XRR-measurements yielded that
the polymer on the very bottom and the ZnO on the very top did not
change their crystallinity, no does their density. The zinc oxide we
deposited remained unchanged on the utilized polymers PVA and
PMMA.
Next steps could be the usage of area selective ALD. The goal here is
to develop techniques for area-selective film growth at the nanometer
range, preferably independent of the deposited film thickness. For
this purpose, the film growth is limited to certain areas, while in the
other parts film growth is avoided. To obtain this selectivity, a sub-
strate is patterned by block copolymers (BCL) or self assembled inerts
toward the ALD reactants [4] [27].
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