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Growth of {100}-oriented lead zirconate
titanate thin films mediated by a safe solventf
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Chemical solution deposition (CSD) is a well-established process for the fabrication of metal oxide
functional layers such as piezoelectric lead zirconate titanate (PZT) thin films. The latter exhibit an
enhanced electromechanical response in the presence of {100} crystalline orientation with respect to
the substrate surface. Lead titanate (PbTiOs) seed layers are commonly used to promote the growth of
this orientation on platinized silicon, which otherwise usually affords the {111} orientation. In this work,
we present a comparative study of two solvents used for the preparation of PZT and PbTiOz solutions
for CSD, ie. the popular but highly carcinogenic and teratogenic solvent 2-methoxyethanol and the
benign solvent 1-methoxy-2-propanol. In addition to tremendous health and safety benefits, we show
that 1-methoxy-2-propanol-derived PbTiO3z seed layers promote the {100} orientation more efficiently
than their 2-methoxyethanol-derived counterparts, owing to their nanocrystalline microstructure and
strong orientation. This resulted in a noticeable enhancement of the electrical and piezoelectric
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1 Introduction

Chemical solution deposition (CSD) enables low-cost fabrication
of metal oxide thin films for electronic, photovoltaic> and
piezoelectric® applications. It consists in the deposition of a
solution containing the metal precursors dispersed in a solvent
onto a substrate and subsequent annealing steps to convert the
solution into the functional solid oxide. In particular, silicon-based
microelectromechanical systems (MEMS) can benefit from CSD-
derived piezoelectric layers for their manufacture. Lead zirconate
titanate (Pb(Zr,Ti;_,)Os, PZT) thin films are commonly used for
these applications owing to their outstanding electromechanical
response. The latter can be strongly enhanced by fine tuning of the
chemical homogeneity of the layers and the crystalline orientation
with respect to the substrate plane. In 2003, Ledermann et al
showed that for the morphotropic phase boundary (MPB) composi-
tion of PZT (Zr/Ti = 53/47), the {100} orientation exhibits a piezo-
electric coefficient that is twice as high as the {111} orientation.*
Control of crystalline orientation is therefore crucial for the fabrica-
tion of high-performance piezoelectric layers.

Platinized silicon (bulk Si/SiO,/TiO,/Pt) is frequently used
as a substrate for piezoelectric stacks, owing to the excellent
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properties, with P, = 38 pC cm™2, E. = 55 kV cm™?, ¢ = 1300, tand = 0.04 and e3¢ ~ 14 C m™2,

stability and electrical conductivity of platinum. However, the
growth of CSD-derived PZT layers directly on platinized silicon
usually affords the {111} orientation, as the film adopts the
texture of the underlying Pt(111) electrode.’ It is nevertheless
possible to induce the growth of the {100} orientation of
the PZT film via the use of seed layers deposited on the
substrate. Both lead(u) oxide (PbO) and lead titanate (PbTiOj3)
seed layers were shown to promote the development of {100}
texture in PZT.® The use of seed layers is also a popular strategy
for lowering processing temperatures, thus resulting in
ecological and economic benefits associated with the reduced
energy consumption, as well as technological integration on
temperature-sensitive substrates.”

The seed layer can be also deposited by CSD. In the case of
PbTiO;, the chemistry of the precursor solution can be essen-
tially very similar to the one used for the fabrication of the PZT
layer. A typical solution preparation route for PbTiO; solutions
involves lead(u) acetate and a titanium(wv) alkoxide dissolved
in a polar solvent such as 2-methoxyethanol. However, as the
seed layer is intended to be very thin (<20 nm), PbTiO;
solutions are usually more dilute. 2-Methoxyethanol is a pop-
ular solvent for CSD processing of PZT or PbTiO; layers as it has
excellent chelating properties which can stabilize water-
sensitive alkoxides.®

Dekleva et al. studied the behavior of the PbTiO; sol-gel
system in 2-methoxyethanol and evidenced the formation of
complex heterometallic structures in solution.’ Sengupta et al.
investigated the local coordination environment of the metals
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Table1 Structures and room-temperature physicochemical properties of
2-methoxyethanol (2ME) and 1-methoxy-2-propanol (IM2P)

Solvent 2ME 1M2P
oSO \O/YOH
Molar mass (g mol ") 76.09 90.12
Boiling point (°C) 124 118
Density (g cm ) 0.965 0.916
Surface tension (mN m™") 30.84 27.7
Viscosity (mPa s) 1.72 1.7

in dried PbTiO; gels and found that homocondensation of the
metal species had occurred preferentially during the sol-gel
transition and heat treatment.'® Another study by Aréon et al.
evidenced the presence of Pb-O-Ti linkages in PbTiO; precur-
sor solutions based on 2-methoxyethanol.'"’ The solvent is
therefore a key component of these chemical systems as it
provides a homogeneous dispersion of the metal cations in
solution and mediates the formation of the amorphous metal
oxide network. Although stable solutions with a long shelf life
can be prepared using 2-methoxyethanol, this solvent is highly
carcinogenic and teratogenic. Nevertheless, it is still featured
in a number of recent contributions for the processing of PZT
thin films.">"**

1-Methoxy-2-propanol has a structure similar to that of
2-methoxyethanol as it possesses an identical backbone and
only differs by a methyl substituent in alpha of the alcohol
moiety (Table 1). However, unlike 2-methoxyethanol, its degra-
dation in the body does not produce harmful by-products.
Indeed, 2-methoxyethanol is successively oxidized to methoxy-
acetaldehyde and methoxyacetic acid, then integrated into the
Krebs cycle, yielding 2-methoxycitrate. The latter interferes with
the natural metabolite citrate, impacting important metabolic
pathways involved in cell development, hence the adverse
carcinogenic effects.'®> Thanks to the methyl moiety, the oxida-
tion of 1-methoxy-2-propanol after O-demethylation succesively
yields lactaldehyde, lactate and pyruvate, which are natural
metabolites.'® 1-Methoxy-2-propanol can therefore be consid-
ered as a safe solvent and a potential candidate for the
replacement of 2-methoxyethanol.

Nevertheless, its use for both the deposition of PbTiO; seed
layers and subsequent growth PZT layers has not been investi-
gated yet. Although it is known that the nature of the seed layer
has an influence on orientation of the PZT film grown on top of
it, it is not obvious whether the solvent used for processing also
plays a role in this process. In the present work, we will present
a comparative study between the hazardous solvent 2-methoxy-
ethanol and the safe solvent 1-methoxy-2-propanol for the
fabrication of CSD-derived PZT layers on platinized silicon.

2 Experimental procedures
2.1 Preparation of solutions

PZT solutions were prepared via a conventional synthesis
route.’” All the chemicals used in this work were purchased
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from Sigma Aldrich, USA. Lead(u) acetate trihydrate, zirconiu-
m(wv) butoxide and titanium(wv) isopropoxide were used as
metal precursors. The stoichiometry was Zr/Ti = 53/47 and lead
was used with 10% excess to compensate lead losses due to the
sublimation of PbO during processing. The solvent was either
2-methoxyethanol (2ME) or 1-methoxy-2-propanol (1M2P). The
latter could not be purchased in anhydrous form, it was there-
fore dried over 3 A zeolite molecular sieves prior to use. After
separate dissolution of the alkoxides in the solvent, 2 mole
equivalents of acetylacetone were added and reacted for
15 min. The solutions were combined and freeze-dried lead(u)
acetate was added. After dissolution of the lead precursor at
80 °C, the mixture was refluxed for 2 h under inert atmosphere.
A distillation of the by-products was performed and the result-
ing solution was diluted with the respective solvent such that
Cy + Cpi = 0.3 mol L' in the final PZT solution. PbTiO;
solutions were prepared via a similar route, with a Pb excess
of 30% and Cr; = 0.1 mol L™ in the final solution.

2.2 Deposition of PbTiO; seed layers and PZT films

Platinized silicon substrates (Si [650 um]/SiO, [500 nm]/TiO,
[20 nm]/Pt(111) [100 nm]) were purchased from SINTEF, Nor-
way. The substrates were degassed on a hot plate at 350 °C for
5 min before deposition. Solutions were dispensed using
syringes fitted with 0.2 pm PTFE filters. The PbTiO; seed layers
were fabricated by spin coating of the solution (3000 rpm, 30 s),
subsequent drying (130 °C, 3 min), pyrolysis (350 °C, 3 min) and
crystallization in a rapid thermal annealing (RTA) furnace
under air atmosphere (700 °C, 1 min, 50 °C s~ '). PZT films
were deposited via a similar process: the deposition-drying-
pyrolysis sequence was performed several times (five or four
times in the case of 2ME-based and 1M2P-based solutions,
respectively). Crystallization was carried out in air at 700 °C for
5 min (50 °C s~ ). This whole sequence afforded 200 nm-thick
layers and was repeated four more times to obtain micron-
thick films.

2.3 Characterization details

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
and on a PANalytical X’Pert Pro diffractometer with Cu-K,
radiation (0.154 nm wavelength). Scanning electron microscopy
(SEM) pictures were obtained on a FEI Helios NanoLab 650
microscope. The electrical and piezoelectric characterization
was performed using an aixACCT TF Analyser 2000. Sputtered
platinum top electrodes were patterned by lift-off photolitho-
graphy and were reannealed at 400 °C for 10 min prior to
characterization. The electrical characterization was performed
with 100 pm-diameter top electrodes. Polarization—-electric field
loops were recorded at 100 Hz up to 4500 kV cm ™', whereas
relative permittivity—electric field loops were recorded at 1 kHz
up to +500 kv cm ™' with a small-signal amplitude V,¢ of
500 mV. Dedicated test samples with 10 x 2 mm?® top
electrodes were fabricated for the piezoelectric characteriza-
tion, as described by Prume et al'® The electromechanical
characterization was performed via the four-point bending
(4BP) or direct method, where charges across the electrodes

This journal is © The Royal Society of Chemistry 2021
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are monitored as function of sample bending in order to extract
the effective transverse piezoelectric coefficient e3¢ A 10 Hz
bipolar mechanical excitation was applied to the sample under
a bias DC field up to £200 kV cm™*. The converse method was
also used for the measurement of butterfly loops (displacement
as function of electric field) and extraction of 631’f.19 For
these measurements, a 20 Hz bipolar electrical excitation up
to £200 kv cm ™! was used. All the measurements were per-
formed at room temperature on initially unpoled samples.

3 Results & discussion
3.1 Film thickness

The aim of the present work is to compare 2-methoxyethanol
and 1-methoxy-2-propanol as solvents for CSD processing of
PZT thin films. In order to provide a meaningful comparison,
we first studied the effect of the nature of the solvent on the
thickness of the resulting layers. Indeed, the thickness of
spin-coated films both depends on the spinning rate and the
physical properties of the deposited liquid. As a starting point,
we compared the obtained thickness under the same deposi-
tion conditions, i.e. via the standard processing route for 2ME-
based solutions, as illustrated in Fig. 1a. As can be seen on the
cross sections shown in Fig. 1b, five spin coating-drying-
pyrolysis sequences followed by crystallization afford 200 nm
and 260 nm-thick PZT films, using respectively the 2ME and
1M2P-based solutions. In order to study layers of similar
thickness, we decided to perform five spin coating-drying-
pyrolysis sequences with 2ME-based solutions and only
four when using 1M2P-based solutions. Using this adapted
procedure, we deposited the 950 nm-thick PZT films whose
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cross sections are illustrated in Fig. 1c. Both 2ME and 1M2P-
derived PZT layers are dense and exhibit similar columnar
microstructure.

3.2 Film orientation

The micron-thick PZT films were then analyzed by X-ray dif-
fraction (XRD) in 0-20 configuration. As can be seen in the
diffraction patterns shown and compared in Fig. 2, both
samples exhibit a strong {100} texture (the {110} to {100}
intensity ratio in a randomly oriented sample is approximately
4.5 to 1). Surprisingly, the PZT films obtained via the 1M2P-
based solutions displayed a stronger {100} orientation than
their 2ME-derived counterparts. In addition, the recorded
intensities of the reflections were significantly higher for the
PZT films obtained from solutions prepared using 1M2P.

The difference in the quality of the PZT orientation likely
resides in the crystallization mechanism of the PZT layer, which
is mediated by the PbTiO; seed layer. To confirm that the seed
layer induces the observed orientation effect, we performed a
cross-check experiment by making a matrix of both layers
deposited from different solvents, as illustrated in Fig. S1 in
the ESL.f From the XRD patterns of 200 nm-thick PZT films
spin-coated on PbTiO; seed layers, it appears that the 1M2P-
derived seed layer is indeed responsible for the strong {100}
orientation in PZT, regardless of the solvent used for the
deposition of the latter layer. We therefore proceeded with a
closer examination of the microstructure of 2ME and 1M2P-
derived seed layers in order to gain a deeper understanding of
the solvent influence.

XRD patterns and surface SEM micrographs are shown in
Fig. 3. The XRD peaks recorded in 6-20 geometry and associated

(@)

Repeat (m-1) times

Repeat (n—-1) times

t_

Drying
130 °C, 3 min

Spinning
3000 rpm, 30 s

- | —
Pyrolysis Crystallization
350 °C, 3 min 700 °C, 5 min

Fig. 1

(a) Process workflow for the deposition of PZT thin films via spin coating. (b) SEM cross sections of PZT films obtained by the conventional

deposition procedure (m = 5 and n = 1) for solutions based on 2ME and 1M2P. In (c), the number of steps was adapted in order to grow films of similar

thickness, namely 950 nm.
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Fig. 2 XRD patterns of micron-thick PZT thin films deposited on plati-
nized silicon using (a) 2ME and (b) 1M2P-based solutions (PbTiOz seed
layer and PZT film). Note that the absolute scale is identical for both XRD
patterns. A linear scale representation of these XRD patterns is shown in
Fig. S2 (ESIH).

with the PbTiO; phase have relatively low intensities as the seed
layer is very thin. Substrate-related parasitic peaks are also
present in the XRD patterns. However, it clearly appears that
1M2P-derived PbTiO; seed layers exhibit a strong (100) orienta-
tion with a striking (100)/(001) peak splitting compared to the
2ME-derived ones. A marked difference also appears upon
observation of the top surface by SEM. On the one hand,
2ME-derived seed layers consist of nanoislands, where indivi-
dual PbTiO; grains adopt irregular shapes. On the other hand,
the use of 1IM2P promotes the growth of PbTiO; nanocrystal
clusters with well-defined facets. Despite the apparent random
orientation of these nanocrystals, it is clear from the XRD
analysis that the (100)/(001) orientation prevails statistically.
The 2: 1 intensity ratio between the (100) and (001) peaks could
be explained by stress relaxation of the stand-alone grains,
in contrast with the 2ME-derived layers, where the (001) con-
tribution is more pronounced. Indeed, PbTiO; generally exhi-
bits a negative coefficient of thermal expansion in the
ferroelectric phase due to a strong decrease of the out-of-plane
lattice parameter with increasing temperature.>*>" This in turn
induces a compressive thermoelastic stress in PbTiO; at room
temperature, which favors the (001) orientation. The SEM
top views together with the AFM measurements (respectively
Fig. 3c and Fig. S5d, ESIt) show that the well-defined grains in
1M2P-derived PbTiO; are well separated from each other (thus
inducing stress relaxation) contrary to 2ME-derived PbTiO;.
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Fig. 3 (a) XRD patterns of PbTiOz seed layers deposited using 2ME and
1IM2P-based solutions. The peak at ~44.5° can be attributed to the
substrate (see Fig. S3, ESIt), while the low-intensity peak at ~28° could
be associated to the (110) reflection of rutile (TiO,). A linear scale repre-
sentation of these XRD patterns is shown in Fig. S4 (ESIT). SEM top views
reveal the presence of (b) PbTiOz nanoislands in the case of the 2ME-
derived seed layer and (c) nanocrystals for the 1IM2P-derived seed layer.

Out-of-plane piezoresponse force microscopy (PFM) analysis
of the PbTiO; seed layers was performed and results are shown
in Fig. S5 (ESIt). In both cases PFM signal is present across the
whole surface, proving that both layers are continuous.
Several explanations could be invoked to explain the differ-
ences in microstructures and orientations. First, it could be
hypothesized that the amount of precursor material deposited
on the substrate by spin coating could influence the growth of
the crystalline phase. Due to the difference in rheological
properties, we have determined in previous experiments that
1M2P-derived layers are approximately 5/4 times thicker than
2ME-derived films processed in the same conditions. We can
estimate that the average thicknesses are ~13 nm and ~16 nm
in the case of 2ME and 1M2P-derived seed layers, respectively.
Assuming that the expected thickness of the liquid film is

. 1 . . .
proportional to N (where w is the angular velocity of spin-
w
ning), we investigated the influence of the spinning rate (there-
fore amount of deposited material) on the microstructure of the

This journal is © The Royal Society of Chemistry 2021
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seed layers. The results are presented in Fig. S6 (ESIt). It
appears that adjusting the spinning rate such to deposit a
similar amount of material does not have a significant influ-
ence on microstructure development. Interestingly, when the
1M2P-based PbTiO; solution is spun at 4700 rpm, a greater
amount of well-defined isolated nanocrystals can be seen on
the surface (Fig. Sée, ESIT). In these conditions, the develop-
ment of such different microstructures could be ascribed to
different wetting interactions between the precursor solution
and the substrate.

Another possible explanation could reside in solution chem-
istry. The different structures of 2ME and 1M2P likely result
in different reactivities towards metal precursors. As a conse-
quence, the species formed in solution upon mixing and
refluxing presumably have different structures and distribu-
tions of the metal cations. According to Muralt, in the case
of sputter-deposited PbTiO; seed layers, crystallization of the
(100) orientation was ascribed to a high partial pressure of
PbO in the system.?” In the present case, we could hypothesize
that the metal species obtained upon reaction with 1M2P possess
lead-rich clusters that could in turn provide a lead-rich environment
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during crystallization, thus favoring the growth of the (100)
orientation.

We also performed an experiment to study the influence of
acetylacetone, which is added as a chelating agent for the
stabilization of titanium(iv) isopropoxide. As can be seen in
Fig. S7 (ESIt), the nanocrystal microstructure of the seed layer
is only obtained upon combined use of 1M2P and acetylace-
tone. We can therefore conclude that the highly oriented seed
layers result from a synergistic effect between 1-methoxy-2-
propanol and acetylacetone.

In order to gain additional insights, we performed thermo-
gravimetric analysis (TGA) coupled with differential thermal
analysis (DTA) of powders obtained by drying the acetylacetone-
based PbTiO; solutions. The results presented in Fig. S8 (ESIf)
reveal that the crystallization of the 2ME-derived PbTiO;
powder occurs at higher temperatures than its 1M2P-derived
counterpart and follows a different crystallization path,
as shown by exothermic contributions to the DTA signal.
The decomposition of 2ME-derived powders and conversion
into perovskite phase could proceed via carbonate species,
which are undesired intermediates as they persist up to high
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Fig. 4 Electrical and piezoelectric characterization of spin-coated micron-thick PZT films obtained from 2ME and 1M2P-based precursor solutions.
(a) Polarization—electric field loops at 100 Hz. The dashed lines show the polarization loops measured as a result of the wake-up effect. (b) Relative
permittivity—electric field loops at 1 kHz (Vac = 500 mV). (c) ez ¢ coefficients as function of DC bias field measured via the 4PB method (10 Hz mechanical
excitation) and (d) displacement—electric field butterfly loops (20 Hz electrical excitation).
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temperatures (~ 600 °C).>*> The nature of the solvent participating
as a metal ligand could influence the formation of carbonates.
Indeed, the primary alcohol in 2ME could be oxidized to a
carboxylic acid and undergo decarboxylation, which in turn would
generate carbonates. The presence of a secondary alcohol in 1IM2P
could prevent this phenomenon. Further investigations would be
required to verify this hypothesis and provide a better under-
standing of the crystallization mechanism.

3.3 Electrical and piezoelectric characterization

We then proceeded with the electrical and piezoelectric char-
acterization of our 950 nm-thick PZT layers in order to study the
influence of the solvent used in the process on the properties of
the final layers. The polarization—-electric field loops measured
at 100 Hz are shown in Fig. 4a. Under normal measurement
conditions (progressive increase of the maximum electric field),
both samples exhibited similar properties with a remanent
polarization P, = 18 uC cm™> and coercive field E. = 35 kV cm™".
Interestingly, the prior application of higher electric fields (in the
0.7-1 MV ecm ! range) occasionally resulted in a wake-up effect of
the ferroelectric capacitors, for which a remanent polarization
as high as 30 and 37 pC cm ™2 was measured for 2ME and 1M2P-
derived films, respectively. The latter are also characterized by
square-shaped loops, reminiscent of those of single crystals.
Relative permittivity—electric field loops at 1 kHz are shown in
Fig. 4b. The relative permittivity at zero bias reaches a value of
& = 1300, with losses tan J remaining at 0.04, regardless of the
solvent used.

The effective transverse piezoelectric coefficient ez, was
evaluated via the four-point bending method.'® Fig. 4c shows
the evolution of the e, ¢ with a bias electric field. Films derived
from 2ME and 1M2P-based solutions both exhibit a remanent
piezoelectric coefficient close to 7 C m™>. However, the max-
imum values of the piezoelectric coefficient were noticeably
higher for the 1M2P-derived sample, with +13.8 C m™?, as
compared to —12.6 C m ™2 and 12.1 C m™ 2 for the 2ME-derived
sample. A similar trend was observed when performing piezo-
electric characterization via the converse method, where a
20 Hz electrical excitation was applied to the sample and the
displacement was monitored as function of the electric field.
The characteristic butterfly loops are shown in Fig. 4d. By
performing a linear fitting in the —100 to 0 kV em™" range
and using the formula from Mazzalai et al.'® we extracted
values of —13.9 and —14.6 C m > for the 2ME and 1M2P-
derived samples, respectively. An improvement of the electro-
mechanical response up to 15% in the case of the sample
fabricated through the 1M2P route could be ascribed to the
improvement of the {100} orientation provided by the solvent.
The e3¢ values that we report are consistent with the ones
obtained for typical CSD-derived {100}-textured PZT layers that
feature a chemical gradient (see Fig. S9, ESIt).*** Note that
the chemical gradient is quantitatively similar for both 2ME
and 1M2P-derived layers, but more pronounced in the vicinity
of the substrate for the 1M2P-derived PZT film, as shown in
Fig. 10 (ESIt).
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This last observation could account for the moderate
improvement of the piezoelectric response, which results from
the competition between orientation and chemical gradient.
We speculate that a strong enhancement of the piezoelectric
response could be achieved through multi-layered deposition of
solutions with varying Zr/Ti ratios to counteract the develop-
ment of the chemical gradient, as originally proposed by
Calame and Muralt.>* However, this investigation is beyond
the scope of the present study.

We can therefore conclude that 1-methoxy-2-propanol pro-
vides a suitable replacement to 2-methoxyethanol for the
processing of PZT films, as the latter exhibit an enhanced
electromechanical response that could be attributed to the
strong {100} orientation induced by 1-methoxy-2-propanol-
derived PbTiO; seed layers. Moreover, 1M2P is a safe solvent,
whereas 2ME is highly carcinogenic and teratogenic and there-
fore banned in industry.

4 Conclusions

In this work, we studied the influence of the solvent on the
processing and ferro- and piezoelectric properties of PZT
thin films. 2-Methoxyethanol and 1-methoxy-2-propanol were
selected for the study, as 2-methoxyethanol is a popular though
carcinogenic solvent for PZT processing and 1-methoxy-2-
propanol has a similar structure, while none of the harmful
effects. We discovered that the use of 1-methoxy-2-propanol
enables the deposition of high-quality PZT layers whose
electrical and piezoelectric properties are improved when
compared those of layers obtained via the 2-methoxyethanol
route and processed in similar conditions. The improvement
could be ascribed to the high {100} orientation induced in the
PZT films thanks to a highly oriented PbTiO; seed layer derived
for a 1-methoxy-2-propanol-based solution. We found that a
synergistic effect between 1-methoxy-2-propanol and acetylace-
tone was responsible for the crystallization of PbTiO; seed
layers into a highly (100)/(001)-oriented nanocrystalline micro-
structure. Consequently, we believe that 1M2P could advanta-
geously replace 2ME in PZT thin films processing because on
the one hand, it is a safe solvent contrary to 2ME and on the
second hand, PZT films processed this way exhibit better
piezoelectric properties.
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