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ABSTRACT
Future semiconductor device architectures necessitate innovative patterning processes. Area-selective etching (ASE) of polymers is a self- 
aligned patterning technique with significant potential for the future semiconductor fabrication. In the ASE process, etchant gas penetrates 
the polymer film and becomes activated by the underlying catalytic material. Consequently, at the correct temperature, the polymer 
layer is selectively decomposed above the catalytically active areas, while it remains unaltered above catalytically inactive areas. This area- 
selective process ensures self-alignment, thus preventing edge placement errors. The resulting patterned polymer can be utilized in subse
quent area-selective deposition or lift-off processes. In this article, we study ASE of poly(methyl methacrylate) (PMMA) and poly(lactic 
acid) by first testing several metal oxide and nitride surfaces, namely, Al2O3, HfO2, ZrO2, Ta2O5, CeO2, NiO, TiO2, TiN, and Si3N4, for 
their catalytic effect in an O2, H2, and inert atmosphere. The experiments reveal that most of these surfaces are noncatalytic, therefore 
requiring activation. We demonstrate that a noncatalytic surface (HfO2) can be easily converted to catalytic by depositing a small amount 
of catalytic material (CeO2) on top. We then create a test structure by patterning another noncatalytic material (TiO2) on top with direct 
atomic layer processing, after which we use ASE of PMMA to create a patterned inhibition layer. This inhibition layer is then used in 
area-selective atomic layer deposition of ZrO2. Additionally, we show that the polymer flow during the ASE process can be significantly 
reduced by increasing the molecular weight of the polymer.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0005294

I. INTRODUCTION
The number of transistors and other semiconductor devices 

in integrated circuits has increased drastically over the decades, 
which has continuously led to more powerful and energy efficient 
computers.1 Improvements in lithography have been the most 
important factor enabling this progress, even though alignment 
issues have increased. However, future semiconductor device 
architectures might not be possible to realize with conventional 
lithography techniques alone because scaling of 2D architectures is 

reaching its physical limits. Thus, the semiconductor industry has 
moved toward 3D device architectures. This shift has forced to 
research and develop alternative film deposition and patterning 
methods.

Area-selective atomic layer deposition (AS-ALD) is an impor
tant emerging method, which shows great potential for enabling the 
increase in transistor count in integrated circuits to continue.2–4 In 
AS-ALD, the deposition occurs only on the desired areas (growth 
areas), whereas no deposition occurs on the nondesired areas 
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(nongrowth areas). If the selectivity derives from the different mate
rials exposed on the surface, AS-ALD is self-aligning, thus avoiding 
alignment errors. There are three main approaches to AS-ALD: 
inherent, activation, and passivation. In inherent AS-ALD, the selec
tive deposition between different surfaces occurs without any pre
treatment or additives.5–7 Examples of inherently selective processes 
are many noble metal ALD processes which show large nucleation 
delay on non-noble metal surfaces. In activated AS-ALD, growth 
areas are activated enabling deposition to occur on them, whereas 
nongrowth areas remain unfavorable for the deposition. An example 
of commonly used strategy for activated AS-ALD is seed-assisted dep
osition.8 By far the most common approach to AS-ALD is passiv
ation. In AS-ALD via passivation, the nongrowth areas are passivated 
against the deposition, while the deposition can occur on the nonpas
sivated growth areas. The passivation is done by using small molecule 
inhibitors (SMIs),9,10 self-assembled monolayers (SAMs),11,12 or poly
mers.13,14 Alternatively, the nongrowth areas can be chemically modi
fied to be inert, e.g., by fluorination.15,16

Area-selective etching (ASE) of polymers is a unique method 
for achieving area-selectivity.17–19 It is a self-aligning patterning 
method where a polymer layer is selectively etched via catalytic 
decomposition only on catalytic surfaces. In ASE, the polymer is 
first deposited on the whole structure [Fig. 1(a)]. Due to the 
porosity of many polymers, small gas molecules, such as O2 and 
H2, readily permeate through the polymer [Fig. 1(b)]. When these 
molecules reach the noncatalytic material, they remain intact. On 
the contrary, when reaching the catalytic material, the gas mole
cules are dissociated into reactive atoms. At the correct tempera
ture, the reactive atoms decompose the polymer film only on top 
of the catalytic material, whereas on top of the noncatalytic mate
rial, the polymer stays intact [Fig. 1(c)]. The catalytic polymer 
decomposition mechanism varies depending on the etchant gas. 
Combustion occurs when using O2, and hydrogenolysis when 
using H2 as the etchant gas. The catalytic decomposition can also 
occur without any etchant gas by catalytic cracking.20–22 In the 
latter cases, the catalytic effect has been correlated to the Brønsted 
and Lewis acid sites on the surface. Once the self-aligned decom
position of the polymer is complete and the catalytic surface 
exposed [Fig. 1(d)], the patterned polymer can be used as an 
inhibitor in a subsequent AS-ALD process [Fig. 1(e)]. Polymers 
are excellent inhibitors because they do not necessarily require 
perfect selectivity. If some undesired film growth occurs on the 
polymer, removal of the polymer afterward by simple dissolution 
will remove (lift-off ) also the material deposited on the polymer. 
This is generally not possible with SAMs and SMIs due to their 
small sizes.

In our previous studies,17–19 we showed that by carefully 
choosing the right polymer and atmosphere, several surfaces can 
be used as either catalytic or noncatalytic. For example, Pt showed 
excellent catalytic effect in air atmosphere for the decomposition 
of both poly(methyl methacrylate) (PMMA)17,18 and poly(lactic 
acid) (PLA).19 However, in the presence of H2, Pt catalytically 
decomposed only PLA. By contrast, native CuOx catalytically 
decomposed PMMA (Ref. 18) but not PLA (Ref. 19) in an inert 
atmosphere and in the presence of H2. Many surfaces did not 
show any catalytic effect in any of the atmospheres. Our experi
ments have shown, however, that already a small amount, less than 

FIG. 1. Schematic depiction of ASE of polymers via catalytic combustion 
followed by area-selective atomic layer deposition. (a) Polymer film 
deposited on a substrate with catalytic and noncatalytic surfaces. 
(b) Diffusion of O2 molecules through the polymer and their dissociation 
into atomic oxygen on the catalytic surface, while on the noncatalytic 
surface O2 molecules stay unchanged. (c) The reactive oxygen atoms 
combust the polymer only on the catalytic surface. (d) The catalytic 
combustion of the polymer exposes the catalytic surface while the polymer 
on the noncatalytic surface stays intact. (e) After the ASE step, the 
patterned polymer can be exploited, for example, in the AS-ALD 
process.
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a monolayer, of the catalytic material, e.g., Pt or CeO2, is enough 
to activate the catalytic decomposition of polymers.18 This means 
that noncatalytic metal surfaces can be converted to catalytic by 
depositing only a small amount of Pt, and noncatalytic dielectric 
surfaces are made catalytic by adding a small amount of CeO2.

Good patterning resolution was achieved with ASE of polyi
mide17 and PMMA18 although noticeable polymer flow occurred 
with PMMA because temperatures above its melting point had to 
be used. The polymer flow was significant in ASE of PLA which 
caused poor patterning resolution.19 However, we demonstrated 
that the PLA flow can be reduced by using more crystalline PLA, 
likely due to its higher melting point. The semicrystalline PLA also 
showed better Cu-ALD inhibition properties and remained intact 
during the Cu-ALD, whereas amorphous PLA was degraded.

In this work, we study multiple metal oxide and nitride sur
faces for their catalytic effect in the decomposition of PMMA and 
PLA. Both the polymers used in this study are commercially avail
able, nontoxic, and environmentally friendly.23,24 The oxide sur
faces studied are Al2O3, HfO2, ZrO2, Ta2O5, CeO2, NiO, and 
amorphous and crystalline TiO2. The nitride surfaces studied are 
TiN and Si3N4. We show that most of these surfaces are noncata
lytic, but we can convert them to catalytic by depositing a small 
amount of CeO2. We demonstrate this by converting a noncata
lytic HfO2 surface to catalytic with 30 ALD cycles of CeO2 (<1 nm 
in thickness), after which we pattern another noncatalytic material, 
amorphous TiO2, on top. We then spin-coat PMMA film on top 
of this structure and use ASE to pattern the PMMA. Finally, we 
use AS-ALD of ZrO2 on HfO2(CeO2) versus PMMA/TiO2 to dem
onstrate the feasibility of the whole process. These experiments 
show that already a thin film (∼3.5 nm) of the noncatalytic TiO2 is 
enough to deactivate the catalytic effect. Also, we show that by 
increasing the molecular weight of the PMMA, we can drastically 
decrease the polymer flow when using Pt as a catalytic surface.

II. EXPERIMENT
A. Preparation and characterization of surfaces for 
testing

All the tested surfaces were used as-deposited and air- 
exposed. Air exposure was unavoidable because PMMA and PLA 
thin films were spin-coated in air. No cleaning or other pretreat
ment was used, apart from removing dust particles with a nitrogen 
blow, unless otherwise noted. Film thicknesses were measured by 
ellipsometry and energy-dispersive x-ray spectroscopy (EDS). 
Ellipsometry measurements were done with a Film Sense FS-1 
multiwavelength ellipsometer. EDS spectra were measured with a 
Hitachi S-4800 field emission scanning electron microscope 
(FESEM) equipped with an Oxford INCA 350 EDS spectrometer, 
and the thicknesses were calculated from the EDS results using a 
GMRFILM program.25 An electron beam acceleration voltage of 
20 kV was used when measuring the film thicknesses. The Hitachi 
S-4800 FESEM was also used for scanning electron microscopy 
(SEM) imaging. Crystalline phases of the thin films were identified 
by using a PANalytical X’Pert Pro MPD x-ray diffractometer. Cu 
Kα (λ = 1.54 Å) radiation with a grazing incidence geometry were 
used. PANalytical Highscore Plus 4.1 software was used for analyz
ing the results.

Al2O3, HfO2, ZrO2, Si3N4, and TiN coated silicon wafers were 
obtained from ASM Microchemistry with film thicknesses around 
8–10 nm, as measured with the EDS. TiO2, CeO2, NiO, and 
Ta2O5 thin films were deposited on Si(100) substrates by ALD 
using an F-120 ALD reactor (ASM Microchemistry). Nitrogen 
(5.0) was used both as a carrier and a purging gas, and the pres
sure was approximately 10 mbar during all the depositions. TiO2 
films were deposited from TiCl4 and H2O.26 Amorphous TiO2 
films were obtained at a deposition temperature of 120 °C and 
crystalline TiO2 (anatase) at 300 °C. CeO2 films were deposited 
using Ce(thd)4 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate) 
(Volatec Oy) and O3 at 250 °C.27 NiO films were deposited from 
bis(N,N′-ditert-butylacetamidinato)nickel(II) (Strem) and H2O at 
150 °C.28 Ta2O5 films were deposited from Ta(OC2H5)5 and H2O 
at 325 °C.29

B. Deposition of polymer films
PLA (Mw ¼ 40 000 � 80 000 g mol� 1, Biosynth) films were 

deposited by dissolving the polymer in acetonitrile and PMMA 
thin films by dissolving in toluene and then spin-coating in air 
using a P-6000 Spin Coater from Specialty Coating Systems, Inc. 
Three different molecular weights (weight average, Mw) of PMMA 
were used: Mw = 15 000 (Sigma Aldrich), 550 000 (Alfa Aesar), and 
996 000 (Sigma Aldrich) g mol� 1. After the spin-coating, the 
PMMA and PLA samples were baked in air for 1 h at 100 and 
60 °C, respectively, to remove the remaining solvent. All the tested 
surfaces were measured and modeled by an ellipsometer before 
the spin-coating. After the spin-coating, the polymer film thick
nesses and the refractive indices were measured and modeled as 
Cauchy layers by an ellipsometer. The refractive indices of PMMA 
and PLA films were ∼1.49 and ∼1.46, respectively. After the spin- 
coating and baking, thicknesses of the PMMA films varied 
between 80 and 110 nm, and those of the PLA films between 70 
and 96 nm. However, all the polymer film thicknesses for the 
same surface-polymer combination were within 10 nm. Polymer 
thicknesses at 25 °C presented in the graphs (Figs. 2 and 3) are 
average polymer thicknesses of the surface-polymer samples after 
the spin-coating and baking. The thicknesses of the PMMA films 
on the patterning samples varied between 30 and 40 nm.

C. Decomposition of polymer films on different 
surfaces

Catalytic effects of all the surfaces were tested in air, in an 
inert atmosphere (N2, 99.999%), or in the presence of H2 (5% H2/ 
95% Ar) at different temperatures. The air experiments were done 
in ambient air and isothermal conditions with a Vulcan® 3-550 
furnace. The furnace was first heated to the target temperature, 
and once this was reached, the samples were inserted into the 
furnace. After the target time, the samples were taken out of the 
furnace and cooled down at room temperature. No intentional air 
flow was used but the local ventilation close to the furnace exhaust 
possibly created a small air flow inside the furnace. Both N2 and 
H2 experiments were done in a leak tight tubular furnace 
(Carbolite Furnaces CTF 12/75/700) at atmospheric pressure. A 
special sample holder allowed the movement of the samples 
between the cold end and the heated zone of the tubular furnace, 
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thus exploiting isothermal conditions within the heated zone. 
After the samples were inserted into the cold end of the furnace, 
thorough pumping followed by purging with either N2 or H2/Ar 
gas was conducted to remove all the air from the furnace, after 
which a minimal gas flow was kept throughout the experiment. 
The furnace was then heated to the target temperature, and the 
samples were inserted into the heated zone. After the target time, 
the samples were retracted into the cold end to cooldown. It is 
worth mentioning that the cold end was not at room temperature, 
but, e.g., at less than 90 °C when the heated zone was at 300 °C.

The polymer film thickness change was observed by measur
ing the thickness before and after the annealing. The polymer film 
thickness was measured with an ellipsometer using both fixed and 
fitted refractive indices. The refractive indices changed slightly as 
the polymer thickness decreased. However, it did not significantly 
affect the thickness values whether the fixed or the fitted refractive 
index was used. Therefore, the thicknesses obtained with the fixed 
refractive indices, i.e., 1.49 for PMMA and 1.46 for PLA, are used 
in the graphs (Figs. 2 and 3). Some of the results were confirmed 
by measuring the intensity of the carbon Kα-line (0.277 keV) 

FIG. 3. Thicknesses of PLA thin films on different surfaces after 120 min at 
different temperatures (a) in air, (b) in the presence of H2, and (c) in the inert 
atmosphere.

FIG. 2. Thicknesses of PMMA thin films on different surfaces after 120 min at 
different temperatures (a) in air, (b) in the presence of H2, and (c) in the inert 
atmosphere.
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using EDS. In our previous studies, the ellipsometry results of 
PMMA and PLA have been in-line with other characterization 
methods, namely, EDS, FTIR, and Raman spectroscopy.18,19

D. Patterning of low and high molecular weight 
PMMA by ASE

The effect of the molecular weight of PMMA on the pattern
ing resolution was tested using Pt patterns made on native SiO2 by 
the lift-off process. Si wafer with a resist patterned by displacement 
Talbot lithography30 was obtained from AlixLabs AB. The resist 
had a hexagonal array of circular openings of around 200 nm in 
diameter with a 500 nm pitch. Electron beam evaporation was 
used to deposit about 20 nm thin film, consisting of a thin Ti 
adhesion layer followed by a Pt layer, after which the lift-off was 
finished by dissolving the resist. The patterned samples were char
acterized by atomic force microscopy (AFM) using a Veeco 
Multimode V instrument. A Si probe with a nominal tip radius of 
10 nm and a spring constant of 40 Nm−1 was used to capture 
images in the air. Images were either flattened (second order) or 
planefitted (second order) to remove artifacts from the sample tilt 
and scanner bow. The AFM images and the height profiles were 
exported using Gwyddion 2.68 software. The patterned Pt/SiO2 
samples were spin-coated with PMMA (Mw = 15 000 and 
996 000 g mol−1) and then annealed in air to create the pattern by 
ASE.

E. Inhibition of ALD-ZrO2 with PMMA
The inhibition of ALD-ZrO2 by PMMA (Mw

¼ 996 000 g mol� 1) was studied by comparing bare native oxide 
terminated Si surface and Si surface covered by ∼40 nm PMMA 
film with x-ray photoelectron spectroscopy (XPS) and low-energy 
ion scattering spectroscopy (LEIS) measurements. ZrO2 was 
deposited with a Beneq TFS 200 reactor from tetrakis(ethylmethy
lamido)zirconium (IV) (TEMAZr) (Sigma Aldrich) and H2O at 
140 °C. The XPS measurements were conducted using a commer
cial system from PREVAC.31 The spectra were acquired at 200 eV 
pass energy with monochromatized Al Kα x-ray source 
hν = 1487.7 eV and a hemispherical electron analyzer with a 2D 
spatial detector. The slits used for the experiments were S2.5 × 25. 
The pressure in the chamber during the measurements was 
∼3 × 10−10 mbar. For evaluation of the spectra, CASAXPS software 
was used. LEIS spectra were measured with an IONTOF Qtac 100 
dedicated LEIS instrument. The spectra were collected using 3 keV 
helium ions, which provide the best available light-element 
(O and Si) detection and good sensitivity for detecting heavy ele
ments such as Zr.

F. Preparation of activated HfO2/TiO2 test structure for 
the ASE of PMMA

Noncatalytic HfO2 surface was first converted to catalytic by 
depositing 30 ALD cycles of CeO2 from Ce(thd)4 and O3 at 
250 °C. In our previous study, we thoroughly tested the catalytic 
effect of CeO2 which showed that even a small amount of CeO2 is 
enough for the catalytic effect. Growth per cycle was around 0.3 Å, 
as measured with EDS, thus the nominal thickness of the CeO2 

film was less than 1 nm. From now on, this CeO2 coated HfO2 
surface is referred to as HfO2(CeO2). After this, four ∼350 μm 
wide amorphous TiO2 lines were deposited on the HfO2(CeO2) 
surface. The amorphous TiO2 lines were deposited using ATLANT 
3D’s Direct Atomic Layer Processing (DALP®)32 in ALD mode, 
using the titanium(IV) isopropoxide + H2O recipe developed on 
the NANOFABRICATORTM tool. The deposition was performed 
at a substrate temperature of 150 °C, and the targeted line thick
nesses were 3.5, 14, 24.5, and 35 nm. Profilometry performed 
across the lines showed results in good agreement with the tar
geted thicknesses.

G. Self-aligned patterning by ASE of PMMA and 
AS-ALD of ZrO2

The patterned TiO2/HfO2(CeO2) sample was spin-coated 
with PMMA (Mw ¼ 996 000 g mol� 1) and annealed in the air to 
create the pattern by ASE. After the ASE process, ZrO2 was depos
ited with 50 cycles of TEMAZr and H2O at 140 °C. The self- 
aligned patterning of PMMA and the AS-ALD of ZrO2 were 
studied by SEM and measuring the intensity of the carbon Kα-line 
(0.277 keV) and the zirconium Lα-lines (∼2.04 keV) using EDS at 
an electron beam acceleration voltage of 10 keV. The EDS mea
surements from the TiO2 and the HfO2(CeO2) regions were mea
sured close to the boundary of these two regions.

III. RESULTS AND DISCUSSION
In our previous works, on a noncatalytic native SiO2 surface 

PMMA films showed evident decomposition at 325 °C (Ref. 18) 
and PLA films at 275 °C.19 Thus, a surface is considered catalyti
cally active if the polymer film is fully decomposed after annealing 
for 120 min below these temperatures. The 120 min threshold was 
chosen because in our previous studies catalytic decomposition in 
some cases required more than 60 min but no more than 
120 min.17,18 Even though many surfaces were ranked noncatalytic, 
some of them showed faster decomposition of the polymers as 
compared to the truly noncatalytic surfaces. It is important to 
mention, therefore, that such surfaces might be usable as catalytic 
by increasing either the annealing time or temperature. This is 
because a minor degradation of a polymer on a noncatalytic 
surface is acceptable if the polymer can still inhibit the subsequent 
deposition. Additionally, it is worth noting that the polymers are 
heated well above their glass transition temperatures, thus some 
densification might occur during the annealing explaining minor 
decreases in thicknesses even on noncatalytic surfaces.

A. Catalytic effects of metal oxide and nitride films
In our previous works, CeO2 and the native CuOx promoted 

the decomposition of PMMA films,18 and CoO and NiO pro
moted the decomposition of PLA films.19 Therefore, in this study, 
several other metal oxide films, namely, TiO2, HfO2, ZrO2, and 
Ta2O5, were tested. Additionally, NiO was tested with PMMA, 
and CeO2 and Al2O3 with PLA. Also, important nitrides used in 
semiconductor devices, Si3N4 and TiN, were tested with both 
polymers.
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Neither of the TiO2 surfaces, amorphous or crystalline, 
showed good catalytic effect in the decomposition of PMMA in 
any of the atmospheres (Fig. 2) although the decomposition was 
evident at 300 °C, as compared to some other surfaces such as 
Si3N4 and HfO2. Similarly, ZrO2, Ta2O5, and TiN showed no 
evident catalytic effect in the decomposition of PMMA in any of 
the atmospheres. Our previous experiments demonstrated that 
CeO2 shows catalytic effect already at 250 °C in air.18 Unlike in the 
air, CeO2 did not show any catalytic effect in the inert atmosphere 
or in the presence of H2 [Figs. 2(b) and 2(c)]. NiO showed excel
lent catalytic effect in air and some catalytic effect both in the 
inert atmosphere and with H2. However, the decomposition was 
not complete in 120 min at 300 °C with H2. It is unclear why the 
decomposition of PMMA is complete in the inert atmosphere but 

not in the presence of H2. A possible explanation is that the NiO 
film gets reduced by H2, thus stopping the catalytic effect of the 
oxide. A similar effect was previously observed with Cu/CuOx and 
Co/CoOx.18,19 However, in our previous work,19 NiO showed 
excellent catalytic effect with PLA in the presence of H2 but not in 
the inert atmosphere. This is most likely because condensation 
polymers, such as polyesters, are highly susceptible to hydrogenol
ysis.33,34 In conclusion, only NiO and CeO2 in the air, and NiO in 
the inert atmosphere can be ranked catalytic in the decomposition 
of PMMA. Although both amorphous and crystalline TiO2 were 
ranked noncatalytic, they were able to accelerate the decomposi
tion of PMMA.

None of the tested surfaces, other than CeO2, showed evident 
catalytic effect in the decomposition of PLA (Fig. 3) in any of the 

FIG. 4. (a) AFM images and three height profiles (lines 1–3) measured on (a) the bare Pt dot structure, (b) the Pt dot structure after spin-coating with 15 000 and 
996 000 g . mol−1 PMMA, and (c) the Pt dot structure after ASE of 15 000 and 996 000 g . mol−1 PMMA in air at 200 °C for 120 min.
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atmospheres. Some surfaces, like Al2O3 and ZrO2, showed some 
promising results in the inert atmosphere and/or in the presence 
of H2 at 225 and 250 °C [Figs. 3(b) and 3(c)]. The decomposition 
of PLA was evident but not complete at these temperatures. The 
reason for this decomposition is unclear. Since none of these sur
faces was able to fully decompose the PLA films at 250 °C or lower 
in 120 min, they were ranked noncatalytic. The CeO2 surface 

showed excellent catalytic effect in all the atmospheres. In air, the 
decomposition of PLA on CeO2 was complete at 225 °C, and in 
the inert atmosphere and in the presence of H2 at 250 °C. This 
demonstrates that CeO2 can be used as a catalytic surface with 
PLA as well.

These results show that many materials used in semiconduc
tor devices are inherently noncatalytic for the polymer decomposi
tion. Therefore, to use them as growth surfaces in AS-ALD via 
ASE, they first must be converted to catalytic. It is important to 
note that some of the tested surfaces did show faster polymer 
decomposition than the others at the temperatures where also the 

FIG. 5. XPS widescan spectra in a binding energy range of (a) 500–0 and (b) 
400–50 eV after 50 cycles of ZrO2 on native oxide terminated Si, native oxide 
terminated Si after acetone immersion, PMMA, and PMMA after acetone 
immersion.

FIG. 6. LEIS (3 keV He) spectra in an energy range of (a) 750–3000 and (b) 
1750–3000 eV after 50 cycles of ZrO2 on native oxide terminated Si, native 
oxide terminated Si after acetone immersion, PMMA, and PMMA after acetone 
immersion.
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noncatalytic decomposition takes place. It is, however, unclear 
whether these surfaces can be used as catalytic surfaces without 
first converting them to catalytic.

B. ASE of low vs high molecular weight PMMA
Previously, we demonstrated that increasing the crystallinity 

of the polymer improves the resolution of the patterning by 
ASE.19 This is due to the higher melting points of more crystalline 
polymers. Increasing the molecular weight can significantly 
increase the glass transition temperature of the polymer and the 
viscosity of the polymer melt of amorphous polymers, which 
should improve the patterning resolution.35 Resolutions of the 
ASE-patterned PMMA with different molecular weights 
(Mw = 15 000 and 996 000 g mol−1) were compared using the 
structure consisting of Pt dots on a Si substrate [Fig. 4(a)].

After spin-coating ∼40 nm thick PMMA films, no noticeable 
difference between the different molecular weight PMMAs was 

noticed [Fig. 4(b)]. Both 15 000 and 996 000 g mol−1 showed 
∼10 nm high bumps over the Pt dots. Both polymers showed also 
similar surface roughness.

ASE of PMMA was then done in air at 200 °C for 120 min 
[Fig. 4(c)]. An evident difference between the different molecular 
weight PMMA samples was observed. The lower molecular weight 
sample still showed bumps over the Pt dots as before the annealing 
[Fig. 4(b)] though the bumps were clearly wider after the annealing. 
This indicates that the polymer melt flowed during the process, 
making the patterning by ASE impossible. The higher molecular 
weight PMMA, by contrast, showed minimal flow during the process 
and the bumps were converted into dips because of the polymer 
removal from top of the Pt dots [Fig. 4(c)]. The height difference 
between the Pt dots and the highest point of the surrounding 
PMMA film was almost 10 nm. Because the height of the Pt dots was 
20 nm, the maximum PMMA thickness on the Si area was around 
30 nm. Therefore, the PMMA thickness had decreased by only about 
10 nm on the noncatalytic Si surface during the ASE process.

FIG. 7. SEM images and EDS spectra of the TiO2/HfO2(CeO2) structure at (a) the thinnest and (b) thickest TiO2 line. 
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C. Inhibition of ALD-ZrO2 with PMMA
ALD growth inhibiting properties of PMMA were tested by 

exposing native oxide terminated Si and PMMA-coated (∼40 nm) Si 
samples to 50 cycles of TEMAZr and H2O at 140 °C. After the ZrO2 
ALD, some of the Si and PMMA samples were immersed in acetone 
overnight and were then rinsed with isopropanol and de-ionized water. 
The thicknesses of ZrO2 films on the Si substrates were around 5 nm, 
as measured with ellipsometry. Four different ZrO2-ALD samples were 
then measured with XPS (Fig. 5) and LEIS (Fig. 6): Si, Si immersed in 
acetone, PMMA on Si, and PMMA on Si immersed in acetone.

Prominent Zr peaks were visible on both Si and Si immersed 
in acetone samples, as measured with XPS (Fig. 5) and LEIS 
(Fig. 6). On both Si samples, small peaks from the Si substrate 
were visible in XPS at ∼100 eV (Si 2p) and ∼150 eV (Si 2s) 
(Fig. 5). On the PMMA sample, only small peaks at ∼330–350 eV 
(Zr 3p) and ∼180–190 eV (Zr 3d) were visible in XPS, indicating 
that a small amount of TEMAZr had reacted on/in the PMMA 

film. When the PMMA was dissolved in acetone, none of the Zr 
peaks were visible but the Si peaks were prominent. The peaks at 
∼167 and ∼185 eV are due to plasmon loss feature from Si 2s pho
toelectrons.36 Similar plasmon loss feature from Si 2p photoelec
trons can be seen at binding energies of ∼117 and ∼135 eV. This 
shows that TEMAZr did not react with the Si surface underneath 
the PMMA film. This was confirmed with LEIS (3 keV He) that 
showed a small amount of Zr (∼2500 eV) on the PMMA sample, 
while Zr was below the detection limit after dissolving the PMMA 
film in acetone (Fig. 6). A small amount of unidentified contami
nation was visible at ∼2000–2100 eV on the Si surface after the 
PMMA film was dissolved in acetone (Fig. 6).

D. Self-aligned patterning by ASE of PMMA and 
AS-ALD of ZrO2

Patterning by ASE of PMMA followed by AS-ALD of ZrO2 
was studied with ∼350 μm wide TiO2 lines deposited on the 

FIG. 8. SEM images and EDS spectra of the TiO2/HfO2(CeO2) structure after ASE of PMMA at 250 °C for 120 min at (a) the thinnest and (b) thickest TiO2 line. 
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HfO2(CeO2) surface. These structures were made by depositing 
first 30 ALD cycles of CeO2 (<1 nm) on HfO2 and then depositing 
TiO2 locally by DALP. DALP enabled straightforward patterning 
of the TiO2 lines with different thicknesses (3.5–35 nm) on the 
HfO2(CeO2) surface without any complicated lithography steps. 
EDS measurements revealed that Ti (Kα-line at ∼4.5 keV) was 
below the detection limit when measured on the 3.5 nm thick 
TiO2 line [Fig. 7(a)], but a prominent Ti peak was detected on the 
35 nm thick TiO2 line [Fig. 7(b)]. No Ti was detected when mea
sured on the HfO2(CeO2) surface. All the TiO2 and the 
HfO2(CeO2) surfaces showed small carbon peaks due to carbon 
contamination. SEM images (Fig. 7) showed that the edges of the 
TiO2 lines are not perfectly sharp, preventing the assessment of 
the ASE-patterning resolution. It is also important to note that 
defects, such as small unidentified particles and scratches, were 
visible on both the HfO2(CeO2) and TiO2 surfaces.

The TiO2/HfO2(CeO2) structure was spin-coated by ∼40 nm 
thick PMMA (996 000 g mol� 1) film and then annealed in air. 

Two temperatures, 250 and 275 °C, were tested. SEM images and 
EDS measurements showed that 120 min at 250 °C was enough to 
decompose the PMMA from top of HfO2(CeO2), whereas PMMA 
clearly remained on the TiO2 surface (Fig. 8). Additionally, 3.5 nm 
[Fig. 8(a)] and 35 nm [Fig. 8(b)] of TiO2 worked equally well in 
deactivating the catalytic decomposition. A small amount of 
carbon was detected on HfO2(CeO2), which could either be hydro
carbon contamination from the atmosphere or residue of the 
decomposed PMMA. Also, some darker spots on the HfO2(CeO2) 
surface were visible in the SEM images, which indicates incom
plete decomposition of the PMMA film. However, similar dark 
spots were also visible on the HfO2(CeO2) surface before the 
PMMA deposition, albeit not as large or numerous (Fig. 7).

Annealing at 275 °C for 60 min gave similar results. 
According to SEM and EDS, the PMMA film was fully decom
posed on the HfO2(CeO2) surface while PMMA was again detected 
on the TiO2 surfaces, both 3.5 and 35 nm (Fig. 9). This time less 
defects on the HfO2(CeO2) surface were visible in SEM and the 

FIG. 9. SEM images and EDS spectra of the TiO2/HfO2(CeO2) structure after ASE of PMMA at 275 °C for 60 min at (a) the thinnest and (b) thickest TiO2 line. 
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intensity of the carbon peak in the EDS spectrum was miniscule. 
This shows that residues on the catalytic surface can be decreased 
by increasing the ASE temperature.

After the ASE of PMMA on the TiO2/HfO2(CeO2) samples, 
ALD-ZrO2 was performed at 140 °C using 50 cycles of TEMAZr 
and H2O (Figs. 10 and 11). EDS measurements showed prominent 
Zr peaks on the HfO2(CeO2) surface from both the samples. No 
Zr was detected on any of the TiO2 surfaces but prominent C 
peaks were visible, revealing no major decomposition of the 
PMMA film during the ZrO2 ALD (Figs. 10 and 11). Furthermore, 
both the TiO2 thicknesses showed similar results, i.e., no ZrO2 
growth, further demonstrating that already a thin film (∼3.5 nm) 

of noncatalytic material is enough to deactivate the catalytic effect 
leaving enough polymer intact for inhibiting the ALD growth.

IV. SUMMARY AND CONCLUSIONS
We tested several metal oxide and nitride surfaces for their 

catalytic effect in the decomposition of PMMA and PLA. The 
results showed that most of the materials are noncatalytic or their 
usability as a catalytic surface is uncertain. However, a noncatalytic 
surface can be converted to catalytic by depositing a thin layer of 
catalytic material. We demonstrated this by converting noncata
lytic HfO2 surface to catalytic by 30 ALD cycles of CeO2. After 

FIG. 10. SEM images and EDS spectra of the TiO2/HfO2(CeO2) structure 
after ASE of PMMA at 250 °C for 120 min followed by AS-ALD of ZrO2 at (a) 
the thinnest and (b) thickest TiO2 line.

FIG. 11. SEM images and EDS spectra of the TiO2/HfO2(CeO2) structure after 
ASE of PMMA at 275 °C for 60 min followed by AS-ALD of ZrO2 at (a) the 
thinnest and (b) thickest TiO2 line.
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this, a noncatalytic TiO2 film was patterned on top and the ASE of 
PMMA was done using this structure, demonstrating the feasibility 
of the whole process. It was also shown that already a thin layer 
(∼3.5 nm) of noncatalytic material is enough to prevent the cata
lytic decomposition from occurring.

We also studied the inhibition of ZrO2 ALD with PMMA on 
the Si surface by XPS and LEIS. Only a small amount of Zr was 
detected in/on a ∼40 nm thick PMMA after 50 cycles of TEMAZr 
and H2O, and when the PMMA was removed, no Zr was detected 
on the Si surface, further demonstrating the excellent inhibition 
properties of PMMA. AS-ALD of ZrO2 on HfO2(CeO2) versus 
TiO2 was demonstrated by ASE of PMMA, followed by 50 cycles 
of TEMAZr and H2O (∼5 nm thick ZrO2).

Finally, we showed that the polymer flow during the ASE 
process can be greatly reduced by increasing the molecular weight 
of the polymer.
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