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ABSTRACT: Ceramic films with high values of ferroelectricity, piezoelectricity, and dielectricity with perovskite structure, like lead zir-
conate titanate (PZT, PbZr,Ti,_ O3), lead strontium titanate (PST, Pb,Sr; ,TiOs3), and barium strontium titanate (BST, Ba,Sr,_,TiO3),
are subjects of intensive research due to their use in sensors, energy harvesters, capacitors, and FeERAMs. Here a novel, simple way to
produce micropatterned perovskite PST thin films on silicon substrates by a polymer-based direct UV-lithography process is pre-
sented. By acrylic acid modification of PST precursor sols it is possible to generate photosensitive metal organic PST precursor xero-
gel films by spin-coating and subsequently drying on silicon wafers. These films can be patterned by UV-lithography and developed
with organic solvents. The resulting patterned gel films can be crystallized in air via rapid thermal annealing. The obtained perovskite

thin ceramic films are polycrystalline and fine grained. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40901.
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INTRODUCTION

Because of their high values of ferroelectric polarization, piezo-
electric coefficient, and dielectric permittivity ferroelectric films
with perovskite structure like lead zirconate titanate (PbZr,Ti;.
O3, PZT), lead strontium titanate (Pb,Sr;_TiOs, PST), and
barium strontium titanate (Ba,Sr; (TiOs, BST) films are widely
used in the fields of sensors, energy harvesting, capacitors, and
FeRAMs technology.'™® PST and BST films can be used for tun-
able microwave device components, such as phase shifters, fil-
ters, varactors, and delay lines.”® PST thin films are promising
candidates for these specific applications as PST thin films show
lower loss tangent, larger tunability, and lower processing tem-
peratures than BST thin films.’

Many methods to produce PST thin films were reported. The
films are deposited by different types of evaporation and sput-
tering techniques, for example, Pulsed Laser Deposition or RF
Magnetron Sputtering.”™'> Chemical solution deposition meth-
ods especially by sol-gel techniques have also been well investi-
gated.®'>™'® Sol-gel process offers the opportunity to produce
very homogenous ceramic films. Due to the easy mixing of the
starting materials during sol synthesis the stoichiometry of the
films can simply be adjusted. This is another advantage espe-
cially for doped materials.

© 2014 Wiley Periodicals, Inc.
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Patterning of PST films is only reported in combination with
PZT as strontium doped PZT." Leech et al. used a 5 ns pulsed
eximer laser to pattern strontium doped PZT thin films that
were deposited by RF magnetron sputtering. To our knowledge
no other articles are dealing with micropatterning methods for
pure PST films. But in fact almost all proven methods and
processes to pattern other ferroelectric ceramic films like PZT
films should be suitable for PST films as well. We have summar-
ized these methods and processes in our earlier article about the
micropattering of PZT thin films.*

An interesting alternative to these methods is provided by sol-
gel chemistry. By photosensitive metal precursor sols it is possi-
ble to produce directly photopatternable green films, which can
be converted to crystalline ceramic films by thermal treatment.
Several additives that make a sol photosensitive were used for
directly UV-photopatternable PZT films. Chemical modifiers
like f-diketones (acetylacetone, benzoylacetone) give high pho-
tosensitivity to the sol.>"** Also ortho-nitrobenzaldehyde can be
used as photoreactive compound.”>** For photopolymerizable
monomers only few methods were reported.”>*” Marson et al
used a photosensitive PZT solution fabricated out of amorphous
PZT powder, made by a sol-gel process, acrylic acid, and a sen-
sitizer. Photosensitive films were produced by spin coating of

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40901
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this solution and the obtained photosensitive films were pat-
terned by UV-lithography. These green films were transformed
to thick ceramic films by thermal treatment. The crystalline
PZT films were up to 1.9 pum thick with a minimum feature
size of 50 um but show massive crack formation.”>?® Chemical
modification of precursor alkoxides and acetates with photopo-
lymerizable monomers like methacrylic acid is another way to
obtain photoreactive sols. Kololuoma et al. produced patterned
PLZT (lanthanum-doped PZT) thin films by methacrylic acid
modification of a precursor sol. The sol synthesis started with
dissolution of acetate trihydrate and lanthanum acetate hydrate
in methacrylic acid. The solution was stirred for 72 h, dehy-
drated by vacuum distillation and finally diluted with 2-
isopropoxyethanol. A second solution containing zirconium and
titanium alkoxides was obtained by dissolving the metal alkox-
ides in 2-isopropoxyethanol and stirring for 72 h to replace the
propoxy and isopropoxy ligands with 2-isopropoxyethanol.
Then, the solvents were removed by vacuum distillation. Finally,
the lead lanthanum solution and a photoinitiator (Irgacure 819,
Ciba) were added to this solution to get a UV-sensitive sol. To
avoid the hydrolysis of used precursor alkoxides all steps of the
synthesis were performed under N, atmosphere. Photosensitive
sols were produced by spin coating on borosilicate and silicone
substrates with a thin TiO, film. The films were patterned by
contact UV-lithography with a photomask and developed after
a post exposure bake with isopropanol. The green PLZT films
were transformed to ceramic films in a 23 h annealing process
with a maximum temperature of 630°C. Finally, patterned
ceramic PLZT films with perovskite phase as well as a pyro-
chlore phase, a thickness of about 100 nm and a minimum fea-
ture size of about 30 um were formed.*”

In our previous article on fine patterned PZT thin films by
direct UV-lithography we were able to present a less time con-
suming, much easier approach to produce UV-sensitive sols.*’
High photosensitivity was achieved by chemical methacrylic
acid modification of the precursor alkoxides/acetates and the
addition of an UV-initiator (diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide). UV-curable xerogel green PZT films were
obtained by spin coating and drying. These films were patterned
by UV-lithography using a maskaligner. The patterning process
is based on a polymerization reaction of methacrylic acid—metal
complexes in the irradiated areas induced by UV-lithography.
This reaction decreases the solubility of the irradiated gel-film
areas in organic solvents and so it can be used for a patterning
process. The obtained green PZT films were transformed to fine
patterned, crystalline PZT thin films with perovskite structure
by rapid thermal annealing. Crack free films were about 50 nm
thick with resolutions in the lower um range (1-3 pm). Special
attention was paid to the ease of the process. Even for the sol
synthesis no sophisticated techniques like the use of inert gas
atmosphere or dehydration of the sol by distillations were
necessary.

Based on the gained knowledge a simple and easy polymer-
based method to produce micropatterned PST thin films was
developed. The simple single step lithography process is based
on the chemical acrylic acid modification of a PST precursor
sol which is acting like a negative photoresist. For optimal
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Filtering (0.2 pm)
1. Spin-on: 1. 500 rpm / 5 sec, 2. 10000 rpm / 60 sec
2. Predrying (80 °C, 10 min)
3. UV-irradiation through mask
4. Developing

Pyrolysis (400 °C, 60 min, 5 K/min, air)
RTA (450-650 °C, 20 min, 50 K/sec, air)

PST-structures

Figure 1. Flow chart of the UV-lithography process for patterned PST
thin films.

applicability, the sol synthesis was kept as simple as possible.
No sophisticated techniques as the use of an inert gas atmos-
phere were used and no distillation steps to dehydrate the sol
were necessary. Therefore, the presented process is much easier
to handle and less time consuming than other known methods
to produce UV-sensitive sols. UV-irradiation is able to start a
radical polymerization reaction of the monomer metal precur-
sor complexes of the synthesized sols. The resulting polymer
metal matrix in the irradiated areas is less soluble in organic
solvents than the monomer metal complexes in the not irradi-
ated areas. This solubility difference is applied to a fine pattern-
ing process and so the sol is acting like a negative photoresist.
The obtained PST green xerogel films can be transformed to the
desired perovskite PST thin films by thermal annealing. Finely
patterned crack free ceramic thin PST films are accessible by
this simple polymer-based method using direct UV-lithography.

EXPERIMENTAL

Sol Synthesis and Characterization

Figure 1 schematically shows the preparation and patterning
process of the PST thin films. For the synthesis of the sol, the
following chemicals were used as received from suppliers: lea-
d(II) acetate trihydrate (99.0-130.0%, Alfa Aesar), strontiu-
m(IV) acetate hemihydrate (Reagent grade, Alfa Aesar),
titanium(IV) isopropoxide (p.a., Merck), acrylic acid (AA, p.a.,
Merck), and 2-methoxyethanol (ME, 99.9%, Aldrich). Molar
ratios were 0.4 : 0.6 : 1.0 : 3.4 : 19.0 for Pb, Sr, Ti, AA, and 2-
methoxyethanol, respectively. The metal alkoxides and acetates
were weighed out and mixed to give Pbg 4Sry¢TiO5 films. For
an amount of 10 mL sol, the chemicals were mixed as follows:
First, lead acetate trihydrate (0.72 g, 1.89 mmol) and strontium
acetate hemihydrate (0.61 g, 2.84 mmol) were mixed into
acrylic acid (1.15 g, 15.97 mmol). Then, titanate isopropoxide
(1.35 g, 4.74 mmol) was added slowly to the solution. After-
wards the UV-photoinitiator (diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide, TCI, 0.032-0.32 g, 0.09-0.9 mmol) was added,
the resulting stock solution was diluted with 2-methoxyethanol
(6.85 g, 15.97 mmol) and stirred until a homogeneous light

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40901
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yellow solution was obtained. The resulting solution was filtered
with a membrane syringe filter (0.2 pm). Finally, the viscosity
of the sol was measured by rheometry (Thermo Haake Rheo-
Stress 300), using a cone/plate system and shear rates of 10—
1000 1/sec at 21°C.

Xerogel Film Fabrication and Characterization

Fabrication of the patterned PST xerogel films was carried out
in a class 1000 clean room (temperature 21°C). Thin films were
formed in a two stage spinning process onto Si-substrates (ori-
entation 100). The sol was spread over the substrate for 5 sec at
500 rpm and then, spun-on for 30 sec at 10,000 rpm. After spin
coating, the resulting films were dried on a hotplate at 80°C for
10 min. For the patterning process contact lithography with a
photomask and UV-irradiation from a mercury UV-lamp source
(9 mW/cm? at 365 nm) was used (Suess MA6). The lamp out-
put is checked periodically by clean room service staff. The
films were exposed for 10 min (UV dose: 5.4 J/em?) and with-
out further treatment (no post bake etc.) developed with a mix-
ture of ethyl acetate, 2-methoxyethanol, and methanol (volume
ratio: 75 : 10 : 15) to obtain patterned PST xerogel films.

Ceramic Film Fabrication and Characterization

PST xerogel structures were first pyrolized at 400°C for 1 h
(heating/cooling rate: 5 K/min) and then, sintered in ambient
air by rapid thermal annealing (MILA-3000, ULVAC-RIKO) at
different temperatures (450-650°C) for 20 min with a heating
rate of 50 K/sec. The obtained patterned thin ceramic PST films
were investigated by scanning electron microscopy (SEM), X-ray
diffractometry, profilometry, and hysteresis measurements. The
morphology and quality of the films was investigated by SEM
(Phenom World, Phenom Pro Desktop SEM). Due to the oper-
ation mode of the Phenom Pro Desktop SEM the films could
be investigated without further treatment like the deposition of
a conductive layer. SEM pictures were taken using an accelera-
tion voltage of 5 kV. The thicknesses of the films were measured
by profilometry (Tencor P11) using a scanning speed of 200
pum/sec with a sampling rate of 50 Hz. Film composition and
phase formation were investigated by X-ray diffractometry (Sie-
mens D5000) with CuK,, radiation (1= 1.5406 A) in the 20
range of 20 to 60° with steps of 0.02°. Hysteresis measurements
were performed with a Radiant RT66B dielectric tester. For
these measurements not patterned, crystallized films deposited
on platinum plated silicon wafer were used. As top electrode a
silver electrode painted with silver lacquer was used. The bot-
tom Pt-electrode was wired to the tester by an alligator clip and
the silver top electrode was connected by a contact spring. A
bipolar voltage profile in the range of —2.5-2.5 V was chosen.
The measurement was performed after a pre-loop (delay 100
ms) with the same settings with a hysteresis period of 100 ms.

RESULTS AND DISCUSSION

Sol Properties

Viscosities of the synthesized PST sols showed a significant
dependence on the 2-methoxyethanol (ME) content (Figure 2).
The viscosities of the sols were decreased with higher 2-
methoxyethanol content and the diluted sols showed almost
Newtonian behavior. The viscosity was reduced by 83 % in sols
with a 2-methoxyethanol content of 50 vol %, in sols with 75
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Figure 2. Influence of the 2-methoxyethanol (ME) content of the PST sols
on the viscosity of the sols. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

vol % ME about 92 %. So the increase of the 2-methoxyethanol
content from 50 to 75 vol % lowered the viscosity of the sol by
approximately 50 %. To obtain thin films only sols with higher
2-methoxyethanol content of 75 vol % were used for prepara-
tion of films presented in this article.

Patterning of Xerogel Green PST Films

Xerogel green PST films obtained by spin coating and drying of
the sol showed UV-sensitivity. After UV-irradiation the green gel
films were no longer soluble in some organic solvents. This
change is a strong hint to structural changes in the films, most
likely caused by a polymerization reaction of the acrylic acid. The
suggested mechanism of the polymerization reactions is shown in
Figure 3. In the first step, the UV-irradiation causes a decomposi-
tion of the UV-photoinitiator (diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide) into two radicals.”® These radicals can start a
radical polymerization reaction of the metal acrylates. The result-
ing polymers show different solubilities in variant organic sol-
vents compared to the not polymerized (metal acrylate-)
monomers. The observed solubility change between polymerized
and not polymerized areas of the green film was applied to a fine
patterning process. For this purpose, the xerogel green PST films
were selectively irradiated with UV-light using a chrome glass
mask and then developed in appropriate organic solvents. Because
of the polymerization reaction the metal precursors are integrated
in a polymer matrix and are stable fixed until the thermal anneal-
ing of the green film and the resulting formation of the ceramic
film. So the developed PST sol can be processed like a commercial
photoresist and is acting like a negative photo resist. To obtain
good developed microstructures it is very important to have sig-
nificant differences in the solubility between UV-irradiated and
not irradiated areas. A development solution of ethyl acetate, 2-
methoxyethanol, and methanol (volume ratio: 75 : 10 : 15)
showed the best results. At room temperatures development times
between 5-8 min were used.

Influence of Initiator Content
The influence of the UV-initiator content on the green film
quality was investigated. If low initiator quantities (0.09 mmol)
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Figure 3. UV-light induced decomposition of the initiator and proposed mechanism of radical polymerization of metal acrylates.

8

Figure 4. Green films produced out of sols with different initiator content (from left to right: 0.09, 0.45, 0.9 mmol) showing quality differences of films

after development in organic solvent solution.

are used, the patterned green film structures smudge during
development in the organic solvent mixture resulting in poor
green film quality. Using higher initiator quantities (0.45, 0.9
mmol) causes smudge-proof structures. Exemplary patterned
green films are shown in Figure 4. Green films made out of sols
with higher initiator concentrations are crack free, fine pat-
terned, and show good surface quality. The measured thick-
nesses of the films from low initiator quantities (0.09 mmol)
were about 100-110 nm. Green films made out of both sols
with higher initiator concentrations were more homogenous
and had average thicknesses around 220 nm. During develop-
ment with organic solvents films produced out of sols with less
initiator were partly solved and, therefore, thickness was
decreased by almost 50 % compared to films with higher initia-
tor content. For films produced out of sols with higher initiator
quantities (0.45, 0.9 mmol) an UV-dose around 5.4 J/cm?
turned out to be sufficient for this patterning process. This UV-
dose was chosen based on the gained knowledge of the PZT sys-
tem.”® Experiments with various UV-doses were not performed

for the PST system. But corresponding tests were performed on
the PZT system in our previous work, so some expectations can
be given. Lower UV-dose should have the same negative effect
on film quality like low initiator content due to a lower radical
concentration and, therefore, insufficient polymerization reac-
tion. Higher UV-dose should not change green film quality
noticeably, because after a sufficient curing reaction there
should not be a relevant improvement by extending the dura-
tion of the exposure. The UV-dose was calculated by multiply-
ing lamp output and exposure time.

Ceramic Film Quality

Thin ceramic films with very low defect concentrations were
obtained after thermal treatment of the green films. Figure 5
shows microscope pictures of the manufacturing process steps
to the final ceramic micropatterned film. The first picture shows
green film structures (left), the second picture (middle) shows
the same film after debinding step (400°C, dwell time 1 h, heat-
ing-/cooling rate 5 K/min). The resulting ceramic film after the

Figure 5. Microscope pictures illustrating the manufacturing process from green film (left), debinded film (middle) to sintered ceramic film (right).
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Figure 6. SEM photographs showing the high resolution of the process and the smooth surface morphology of the film.

final sintering step by rapid thermal annealing (650°C, dwell
time 20 min, heating rate 50 K/s) is shown on the third picture
(right). No significant lateral shrinkage was observed during
thermal annealing.

Thin ceramic films with an average thickness of 80 nm, a lateral
solution of 2-3 pm and only a few defects were produced suc-
cessfully. A collection of micropatterned PST structures are
shown in Figure 6. The films are polycrystalline and have a fine
grained structure. The thickness of green xerogel and crystalline
ceramic films was measured by profilometry. Average green film
thickness was 220 nm and average ceramic film thickness was
80 nm. So volume shrinkage of the film during thermal treat-
ment was about 64 vol %.

Thermal Decomposition Behavior

Dried powder of PST xerogel was investigated by Thermog-
ravimetry and differential thermal analysis (TG/DTA)-measure-
ment with the following temperature program. The oven was
heated to a temperature of 80°C (heating rate: 5 K/min) and
hold for 60 min, then heated to 400°C (heating rate: 5 K/min)
and again hold for 60 min. A last heating step to 1200°C (heat-
ing rate: 5 K/min, 30 min) is added, and finally, the oven is
cooled down to room temperature (cooling rate: 10 K/min).

During thermal treatment a five-step decomposition process of
the dried gel powder was detected (see Figure 7). The first mass
loss step of 6.5 wt % between 30 and 80°C indicates most likely
the evaporation of organic compounds (e.g., ME and AA) of

1004 mass loss: 6,5 % 104 11200
{ 0,2 =
0 mass loss: 12,1 % J,” - 10005_)
/ 00 O e
%1 E480
= 023> 2
7 L1600 ©
k= 0,4 < @
= la00 &
060 g
mass loss: 2,4 % “.: -0,8 1200 F

a0t laos2cc massloss 18%)] 4, g
0 100 200 300 400 500
Time [min]

Figure 7. Thermogravimetry and differential thermal analysis of dried
precursor sol. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the gel. Mass loss of 12.1 wt % between 110 and 290°C com-
bined with an exothermal DTA signal indicates the start of
decomposition of organic compounds. The exothermal decom-
position reaction reaches a maximum in the next mass loss step
of 32.3 wt % up to 400°C, most likely caused by the loss of
combustion products like water and carbon dioxide. This com-
bustion is continued in the next mass loss step (2.4 wt %) up
to 650°C. Until a temperature of 900°C is reached no further
mass loss is detected. This last mass loss of 1.8 wt % at very
high temperatures is most likely caused by the evaporation of
volatile lead oxide. So loss of lead oxide is not a serious prob-
lem in this process because much lower temperatures are
needed for the transformation of green films to the desired
ceramic films with perovskite phase (see next section). Sun
et al. published similar results for the thermal decomposition
behavior of their PST-sol-gel systems.*’

Crystal Structure

Phase transition during thermal annealing of PST films to the
desired perovskite phase was investigated by X-ray diffractome-
try (XRD) measurements. For these measurements samples of
unstructured xerogel films were deposited on Si-substrates and
annealed at various temperatures in the range of 400-650°C.

Crystal structure of the as-fired films was investigated by XRD
technique. Figure 8 shows XRD-patterns of annealed, unstruc-
tured PST-films. The desired polycrystalline perovskite structure
is formed at temperatures around 450°C below this temperature
phase transition to the desired perovskite phase was not
observed. The pleasantly low phase formation temperature
made PST films obtained by this method interesting candidates
for ferroelectric applications. Due to the low process tempera-
tures it may be possible to use cheaper materials than high tem-
perature compatible platinum or gold films as electrically
conductive layers. Such materials may be silver or even
aluminum.

Ferroelectric Properties

Ferroelectric properties of nonpolarized ceramic films were
investigated by hysteresis measurements at room temperature.
For first measurements samples of unstructured xerogel films
were deposited on platinum plated Si-substrates and annealed
at 650°C. As top electrodes small silver dots deposited by using
silver lacquer were used. Preliminary results of nonoptimized
thin films reveal ferroelectric behavior (see Figure 9). The
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Figure 8. XRD patterns of PST films deposited on Si-substrates, annealed
at 400°C (1 h, 5 K/min) and sintered at higher temperatures (450-650°C,
20 min, 50 K/sec). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

shown hysteresis curve was measured after a pre-loop with the
same settings. Obtained polarization values (remanent polariza-
tion P,=0.02 uC/cm?®) are smaller than previous reported
measurements on thicker films.*'*'>** PST films produced by
chemical solution deposition methods with thicknesses around
400 nm showed remanent polarizations (P,) between 1-2 uC/
cm®®!21 Films produced by physical vapor deposition meth-
ods like RF magnetron sputtering showed a remanent polariza-
tion of P,=6 uC/cm® *° The polarization values of the PST
films manufactured by direct UV-lithography might be
improved by using a multilayer approach to obtain thicker films
and by improving the electrical contact between the film and
the top electrode. Deposition of a well-defined gold or platinum
electrode by vacuum evaporation through a mask may be a bet-
ter alternative to using silver lacquer. Detailed dielectric meas-
urements (permittivity, polarization, tunability) on optimized
samples and the investigation of temperature dependence of
polarization and permittivity are either under investigation or
at least planned for the near future. The results will be pub-
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Figure 9. Hysteresis measurement of ceramic film deposited on platinum
plated Si-substrate, annealed at 400°C (1 h, 5 K/min) and sintered at 650°C
(20 min, 50 K/sec).
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lished later focusing on the dielectric properties of ceramic films
produced by direct UV-lithography.

CONCLUSIONS

A polymer-based process for deposition and direct pattering of
PST thin films by UV-lithography was demonstrated. Therefore,
a photosensitive PST precursor sol which is acting as a negative
photoresist was developed. The needed photosensitivity was
achieved by chemical acrylic modification of the precursor sol
and by addition of an UV-initiator to that sol. Photosensitive
xerogel green PST films were obtained by spin coating and con-
trolled drying. Induced by UV-light a polymerization reaction
of acrylic acid-metal complexes takes place in irradiated areas of
the green film. The resulting polymer-metal matrix is less solu-
ble in organic solvents than not irradiated areas of the green
film. This solubility change was applied to a patterning process
by UV-lithography. Patterned green xerogel films were about
220 nm thick with minimum feature sizes in the low pm range
(2-3 pum). These films were transferred to ceramic crystalline
PST thin films by thermal annealing. The obtained perovskite
thin films were almost defect free, fine grained and up to
80 nm thick. This process is an easy to handle and simple alter-
native to known methods for deposition and patterning of fer-
roelectric thin films. Due to the strict reduction to simple
fabrications methods and renunciation of sophisticated techni-
ques like the use of inert gas atmosphere or dehydrations steps,
the process is an interesting alternative to other methods based
on photosensitive sols. The developed sol system can be used
like a standard negative photoresist and processed with existing
clean room infrastructures and methods. Thicker ferroelectric
films should be easily accessible with further affords, for exam-
ple, multilayer approaches. Nonvolatile RAMs may be an inter-
esting application for these PST thin films. Nevertheless film
quality has to be optimized to improve the ferroelectric proper-
ties of the films. Further investigations of the dielectric proper-
ties of the films are under investigation and will be published
later.
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