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Achieving High Ferroelectric Polarization in Ultrathin
BaTiO3 Films on Si

Pratik Bagul,* Han Han, Pieter Lagrain, Stefanie Sergeant, Ilse Hoflijk, Jill Serron,
Olivier Richard, Thierry Conard, Jan Van Houdt, Ingrid De Wolf,
and Sean R. C. McMitchell*

Ferroelectrics show promise for low-power, non-volatile memory technologies.
However, material challenges in state-of-the-art ferroelectric hafnates and the
high coercive fields required limit their application in devices. Scaling of other
candidate materials is challenging, often requiring epitaxial single-crystalline
growth using specialised substrates. Here, ferroelectricity is demonstrated
in polycrystalline BaTiO3 films at 10 nm thickness on Si substrates.
They exhibit the highest reported remnant polarization for polycrystalline
layers, 13 μC cm−2, a value that is competitive with the epitaxial
BaTiO3 state-of-the-art. This is realised by introducing a novel conductive
oxygen barrier, platinum silicide, which also offers strain enhancement
of the ferroelectricity. Moreover, it is demonstrated that these layers
can be positioned in device-like stacks whilst maintaining ferroelectricity
at 10 nm. The findings of polycrystalline perovskite ferroelectric
growth in stack configurations akin to those in production flows paves
the way for high performance perovskites with greater material complexity.

1. Introduction

Ferroelectric materials have attracted a lot of attention for their
potential applications, such as memory technologies,[1–8] sensors
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and actuators,[9,10] energy
harvesting,[11,12] electro-optics,[13–16]

and medical imaging.[17] Ferroelectrics
exhibit a spontaneous polarization be-
low the Curie temperature, Tc, and are
switchable by an electric field, which
makes them ideal for low-power memory
applications. Inserting a ferroelectric ca-
pacitor in a one transistor one capacitor
(1T1C) memory element would yield a
potential dynamic random-access mem-
ory (DRAM) replacement technology
where the non-volatile nature signif-
icantly reduces operational power.[18]

The remnant polarization (Pr) of the
ferroelectric is a crucial figure of merit
as it directly influences the transistor
state and signal magnitude. Additionally,
the coercive field (Ec) is another impor-
tant material parameter, which, when
low, enables low-voltage switching for

low-power operation. Complex oxide perovskite ferroelectrics
would be ideal materials because they offer a much lower Ec
compared to competing materials, such as hafnate fluorites[19,20]

and the relatively new wurtzite ferroelectrics,[21,22] while typi-
cally exhibiting high Pr. Until now, the lack of a practical pro-
cess flow, scalable to suitable thickness dimensions (<15 nm),
has significantly limited the application of these materials. In re-
cent years, the observed ferroelectricity in epitaxial films with a
thickness much lower than what was previously believed possible
has renewed interest in perovskite ferroelectrics. Ferroelectricity
has been reported in ultrathin epitaxial films of one such ma-
terial, barium titanate (BaTiO3), down to 2 nm.[7,23–28] However,
the epitaxial growth of high-quality ferroelectric perovskites re-
quires the use of specialized substrates such as SrTiO3, DyScO3,
MgO, and YSZ, which are expensive and complex to integrate
onto the Si wafers required for standard complementary metal-
oxide-semiconductor (CMOS) fabrication processes. Incorporat-
ing these layers into Si-based devices often requires the use of
difficult epitaxial tricks that need constant in-situ monitoring
and only work directly on the Si wafer surface. Both conditions
preclude the use of production-worthy 1T1C-type architectures
where capacitors are inherently placed away from the Si wafer in
terms of stack position. The use of polycrystalline ferroelectrics
with production-compatible electrode templates can open new
avenues for the practical integration of these materials in CMOS
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technology. However, scaling has yet to be demonstrated in poly-
crystalline films, due to material- and processing-related chal-
lenges with perovskite ferroelectrics. Furthermore, the remanent
polarization reported in polycrystalline ferroelectrics is typically
only a fraction of their epitaxial counterparts, although in theory,
large polarization should be achievable by engineering strain on
ferroelectric perovskites using templates.

In this study, we report a novel strategy to scale polycrystalline
BaTiO3 films to an ultrathin thickness of 10 nm by using a plat-
inum silicide template while achieving a high remanent polar-
ization of 13 μC cm−2 (Pr of bulk BaTiO3 is ≈26 μC cm−2). This
is higher than all values reported in the literature on polycrys-
talline and is competitive with epitaxial BaTiO3 at these thick-
nesses. These high performance, ultra-thin films are grown by
pulsed laser deposition, a technique once thought to be solely a
research tool, but now is becoming increasingly industrially rele-
vant with large area deposition tools readily available.[29] In addi-
tion, we demonstrate the potential of using this strategy to enable
the application of perovskite ferroelectrics for memory applica-
tions in a CMOS-compatible process.

2. Results and Discussion

2.1. State-Of-The-Art Platinum Silicide

For the successful growth of ferroelectric BaTiO3 on a Si-based
stack, it is essential to have a bottom electrode layer that acts as an
oxygen barrier to prevent the oxidation of the underlying layers.
Silicon is particularly easy to oxidize under the deposition con-
ditions needed for high-quality perovskite growth. Furthermore,
the bottom electrode should also provide a template for the per-
ovskite structure to encourage crystallinity. To meet these require-
ments in this stack type, we are the first to utilize the novel con-
ductive oxygen barrier electrode material, platinum silicide. Plat-
inum silicide has a similar conductivity as Pt and has been stud-
ied extensively for interconnects given its low formation temper-
atures, good conductivity, and relatively good thermal and chem-
ical stability.[30–34] It has also been shown that epitaxial PtSi on
(111) Si can improve the orientation of LiTaO3 and thereby its fer-
roelectric properties.[35] However, in this study it was, for the first
time, developed as a conductive oxygen barrier template layer for
the growth of polycrystalline perovskites.

To be compatible with CMOS-based technology, the growth of
the needed layers should be indiscriminate to stack position. By
demonstrating performance of the platinum silicide-based capac-
itor stack grown on a commonly used polycrystalline electrode
layer, TiN, deposited on a Si substrate, we illustrate the potential
to meet this requirement. This stack configuration emulates a ca-
pacitor in the back-end-of-line (BEOL), however, it is important
to note that the temperatures used in this work are much higher
than the thermal budget of back-end-of-line processing. Here we
deposited 10 nm Si and 10 nm Pt sequentially on the TiN layer
using a direct-current (DC) sputtering process (see details in the
Experimental Section). Figure 1b shows this as-deposited stack
heterostructure along with the changes in the deposited stack af-
ter 750 °C annealing, and the stack with subsequent deposition
of LaNiO3 and BaTiO3 are shown in Figure 1a and Figure 1c re-
spectively. The formation of platinum silicide was studied using
temperature-dependent in-situ x-ray diffraction measurements

(XRD) from room temperature to 800 °C, which revealed the for-
mation of a silicide phase at ≈230 °C, as shown in Figure S1
(Supporting Information). The metallic platinum peak (2𝜃≈39°)
disappeared and a new peak (2𝜃≈56°) appeared, which can be
attributed to the formation of platinum silicide (Pt2Si). No fur-
ther change was seen until 780 °C, which was higher than the
temperature window of interest for our work. At higher temper-
atures, we observed multiple peaks likely related to the decom-
position of TiN and the formation of oxides. However, this was
not studied in detail. Silicide formation occurs by interdiffusion
between Pt and Si, which has also been previously observed from
other studies, and the formation temperature of this phase is
in line with the reported literature.[36,37] Further confirmation of
the formation of Pt2Si was obtained using x- ray photoelectron
spectroscopy (XPS) (Figure 1d), which showed a small shift in
binding energy (≈1.1 eV) for Pt4f spectra compared to the ref-
erence with metallic platinum. This shift in binding energy cor-
responded to Pt2Si,[33,38,39] and was in agreement with the XRD
pattern. Furthermore, high-resolution transmission electron mi-
croscopy (TEM) images, as shown in Figure S2 (Supporting In-
formation), also confirmed the intermixing of Pt and Si to form
a silicide layer.

To verify the oxygen barrier properties of the platinum sili-
cide, BaTiO3 films with a 10 nm LaNiO3 bottom electrode were
grown on two different stack configurations, namely stack A
(Pt/TiN/Si substrate) and stack B (Pt/Si/TiN/Si substrate). De-
lamination of the films was seen in stack A, as seen by scan-
ning electron microscopy (SEM; Figure S3, Supporting Informa-
tion). DC-sputtered Pt films are reported to have a less dense mi-
crostructure and smaller grain size thereby reducing the activa-
tion energy for oxygen interdiffusion,[40] agreeing well with the
observation of stack A. It is likely that the grain boundary den-
sity was high in the deposited Pt providing migration paths for
oxygen during the deposition process at elevated temperatures,
thereby oxidizing the underlying layers. With the presence of sil-
icon in stack B, the formation of platinum silicide through the
interdiffusion of Si and Pt was expected. This resulted in a reduc-
tion in the observed grain boundary density preventing oxygen
diffusion to the underlying layers and thus acting as an oxygen
barrier layer. The XRD pattern for BaTiO3 deposited on stack B
confirmed the formation of Pt2Si as shown in Figure 1e. Further-
more, we also noted that the Pt and Si layers intermixed during
the high temperature deposition of LaNiO3 (500 °C) followed by
BaTiO3 (750 °C) to form platinum silicide without ex-situ pre-
anneal. The 40 nm BaTiO3 film grown in this stack exhibited
polycrystallinity with the presence of both (001) and (110) ori-
entations. Ferroelectric positive-up-negative-down (PUND) mea-
surements (Figure 1f) on this BaTiO3 film show ferroelectricity
with a high remanent polarization value (2Pr) of 38 μC cm−2. This
clearly shows that platinum silicide can enhance the ferroelec-
tric properties of BaTiO3 films in addition to its oxygen barrier
properties.

2.2. Platinum Silicide on Si

To study the influence of platinum silicide on the BaTiO3 films,
a simplified stack consisting of 5 nm platinum deposited directly
on a silicon wafer (Figure 2a). This was done to reduce stack
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Figure 1. Template development for the high temperature deposition of perovskites Schematic of stack heterostructure of (a) post-750°C anneal resulting
in the intermixing of Pt and Si to form platinum silicide, (b) as-deposited 10 nm Pt/10 nm Si/10 nm TiN/ 10 nm Si, and (c) after deposition of 40 nm
BaTiO3/10 nm LaNiO3 using pulsed laser deposition (PLD) (d) X-ray photoelectron spectra for the as-deposited and post-750°C anneal heterostructure,
(e) 𝜃-2𝜃 XRD pattern of the as-deposited, post-750°C anneal, and 40 nm BaTiO3/10 nm LaNiO3 films (f) P-V and I–V characteristics measured for the
40 nm BaTiO3 films using positive-up-negative-down (PUND) measurements confirming ferroelectricity in the films.

complexity allowing for easier probing of intrinsic ferroelectric
effects. XRD measurements were performed before and after an-
nealing at 750 °C in vacuum to confirm phase formation and
transformations in this stack. Figure 2d shows that the metallic
Pt peak (2𝜃≈39.6°) disappears, coinciding with the emergence of
a new peak at 2𝜃≈43.7°, which could be attributed to the forma-
tion of a platinum silicide phase, PtSi. The one-to-one stoichiom-
etry was likely the result of complete intermixing of Pt and Si
due to the unlimited supply of crystalline Si, and thinner Pt. This
is commonly observed when Pt is deposited directly on silicon
wafers and then annealed.[30,36]

To confirm the identified phase from XRD, XPS measure-
ments were undertaken on samples before and after annealing.
The evolution of the Pt4f spectra is presented in Figure 2e. In
the pre-annealed substrate, the Pt4f7/2 peak was positioned at
≈70.9 eV which corresponds to metallic Pt. Upon annealing, a
shift was observed in the Pt4f7/2 binding energy to 72.4 eV. This
is a known transition in the formation of PtSi.[33,38] Further confir-
mation of the PtSi phase was obtained using Raman spectroscopy
(Figure 2f). The annealed substrate showed sharp Raman peaks

at 82 cm−1 and 140 cm−1 which is consistent with previous stud-
ies on PtSi using Raman spectroscopy.[41] Pt2Si is reported to have
a weak Raman peak at 90cm−1 which was not detected, suggest-
ing the absence of Pt2Si. High-resolution TEM images of the sili-
cide layer (Figure 2c) show grains extended from the bottom in-
terface (with Si) to the top of the layer. In addition, moiré patterns
were also observed suggesting the overlap of grains with multi-
ple orientations. PtSi is commonly reported to follow the epitaxial
orientation with (111) Si.[42–44] In contrast, here, the fast Fourier
transform (FFT) images from this silicide layer showed that PtSi
was polycrystalline. There was no epitaxial relationship observed
with respect to the substrate, possibly due to the (001)-orientation
of the Si. This is a trait that is typical for BEOL layers, allowing
knowledge gained from this simplified stack to be applied to real-
life devices.

Depending on the stack configuration, the platinum silicide
used in this work had a mixed phase, primarily constituted of
PtSi and Pt2Si. Due to the formation process, compositional gra-
dients have been observed within the layer, with Pt-rich phases
observed toward the top interface. However, while the two main
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Figure 2. Platinum silicide formation on Si wafer (a) Stack heterostructure with 5 nm Pt deposited on Si wafer, (b) Platinum silicide formation after
annealing the stack heterostructure at 750 °C, (c) High resolution TEM image showing the intermixing of platinum and silicon to form platinum silicide,
(d) 𝜃-2𝜃 XRD pattern of the as-deposited heterostructure and post-750°C anneal, (e) XPS spectra of Pt4f showing the shift in the binding energy corre-
sponding to the formation of platinum silicide (PtSi) after annealing at 750°C, and (f) Raman spectroscopy measurements confirming the formation of
platinum silicide after annealing at 750°C from Raman peaks at 82 and 140 cm−1.

phases, PtSi and Pt2Si, have orthorhombic and tetragonal struc-
tures respectively, the unit cell sizes are similar leading to similar
trends in strain. Furthermore, the conductivities of these phases
are of the same order of magnitude as that of Pt, ensuring good
electrode properties in both stack configurations. As such, there
is no distinction made between the two phases in the following
text.

2.3. Thickness Scaling of Polycrystalline BaTiO3

Using the above simplified stack (5 nm Pt/Si substrate), the in-
fluence of thickness scaling of BaTiO3 on its ferroelectric prop-
erties was investigated. BaTiO3 films (10-35 nm) were grown via
pulsed laser deposition (PLD) with 10 nm LaNiO3 as the bottom
electrode, as shown in the schematic in Figure 3a. The deposi-
tion conditions for both BaTiO3 and LaNiO3 are outlined in the
methods section. The diffraction patterns collected in the 𝜃−2𝜃
XRD scan geometry were measured for all BaTiO3 and are shown
in Figure 3b. The peaks seen at 21° and 32° indicated the pres-
ence of both (001) and (110) oriented grains. A noticeable shift
toward higher 2𝜃 angles with increasing film thickness was ob-
served, suggesting a relaxation of the strain in the BaTiO3 films.
Furthermore, all films exhibit ferroelectric behavior as shown by

PUND measurement results in Figure 3c. The remanent polar-
ization (Pr) values were in the range of 13–18 μC cm−2, which are
higher than the polarization values previously reported for poly-
crystalline BaTiO3. To put these remarkable polarization values in
context, Figure 3d shows a comparison with the reported litera-
ture for BaTiO3 films of varying thickness. Our BaTiO3 films out-
performed the limited studies on polycrystalline BaTiO3 (square
markers) and were comparable to epitaxial films (circular mark-
ers) at scaled thicknesses. PtSi seemed to enhance the ferroelec-
tric response in the BaTiO3 films, the presence of which was
confirmed by the XRD peak at 43°. It is important to note that
BaTiO3 films grown on the more complex heterostructure stack
(10 nm Pt/10 nm Si/10 nm TiN/Si) used to emulate growth in
the back-end-of-line also exhibited ferroelectricity at 10 nm thick-
ness (Figure S4, Supporting Information) showing that this work
is transferable to real device structures.

2.4. Polarization Enhancement of Polycrystalline BaTiO3

The cause of the significant enhancement of ferroelectricity by
using a PtSi template for the perovskite stack is further investi-
gated. Several studies have shown that ferroelectric polarization
is influenced by factors such as strain, grain microstructure,
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Figure 3. Thickness scaling of BaTiO3 films on platinum silicide (a) schematic of the stack heterostructure (with 5 nm Pt/Si as starting stack) used for
the depositions of 10 nm LaNiO3 and BaTiO3 films from 35 to 10 nm (b) X-ray diffraction pattern measured as a function of the BaTiO3 film thickness.
Polycrystalline films with a (001) and (110) BaTiO3 orientation are observed, (c) P–V characteristics measured using PUND as a function of the BaTiO3
film thickness, ferroelectricity observed in 10 nm polycrystalline BaTiO3 films (d) Comparison of the ferroelectric remanent polarization of BaTiO3 thin
films with the previously reported literature. Square markers depict polycrystalline films, while circle markers depict epitaxial films.

oxygen vacancies, orientation of the film and crystal
defects.[18,45,46,47] To understand the influence of these fac-
tors on our films, the remanent polarization (Pr), out-of-plane
lattice parameter, and grain size for different films are plotted as
a function of the BaTiO3 thickness in Figure 4.

As BaTiO3 was scaled down, the effects of different strain
regimes could be seen. Changes in the out-of-plane lattice pa-
rameter are indicative of the in-plane strain. As the out-of-plane
parameter expands, the in-plane parameter contracts in line with
Poisson’s ratio, and vice versa. In the thickest film (35 nm), the
grain size and lattice parameter were like that of the strain-relaxed
material, leading to a bulk-like Pr. As the film thickness reduced,
the observed lattice parameter exhibited a small strain (≈0.25%
out-of-plane with respect to the parameter at 35 nm thickness),
while the grain size was still large. In this light strain regime
(≈25 nm), the ferroelectric response was high (Pr = 18 μC cm−2

compared to Pr = 26 μC cm−2 of bulk BaTiO3), clearly showing a
strain enhancement of the ferroelectric response. It is well known
that small strain can yield large responses in ferroelectrics,[48,49]

and here, the observed ≈0.25% strain yielded a regime where in-
terfacial strain enhanced ferroelectricity without inhibiting ionic
displacement or grain growth. In the lower thickness range (10–
20 nm), the out-of-plane lattice parameter increased with decreas-
ing thickness, suggesting an increasing strain contribution. The
ferroelectric response degraded in response to this; Pr decreased,
while Ec increased. Furthermore, the grain size in this thickness
range decreased in a stepwise fashion from the strain-relaxed

regime and continued to reduce with decreasing film thickness.
This suggests that a strain regime was present at these thick-
nesses that was dominated by interfaces. As the BaTiO3 is further
scaled from 20 nm, interfaces became more important leading
to an increase in strain to ≈1% at 10 nm thickness. This magni-
tude of strain is known to have large effects on ferroelectricity,[50]

and here led to a reduction of Pr to 13 μC cm−2 at 10 nm thick-
ness as the interfacial strain inhibited ionic displacement. Below
this thickness, no ferroelectricity was observed, probably because
the interfacial strain became so large that ferroelectricity was in-
hibited. The strain values quoted here are all with respect to the
35 nm film and not to the bulk. The crystal structure within per-
ovskite films is often distorted with respect to the bulk by mi-
crostructural phenomena. Thus, the most bulk-like thicker film
was as the reference to account for this. This distortion likely en-
hanced ferroelectricity in these films to outperform other BaTiO3
films reported in the literature. It is unlikely that the strain from
LaNiO3 alone was the only contributing factor to such high polar-
ization values. The polarization values are typically much lower
when BaTiO3 is grown on the LaNiO3 bottom electrode.[51–56] By a
process of exclusion, PtSi must contribute to the strain imposed
on the full perovskite stack and distort the BaTiO3 structure in
such a way to enhance the ferroelectric response. The observed
change in coercive field with thickness of the films can also be
explained by these same strain effects.[57–59] The trend in coer-
cive field (extracted from piezoforce microscopy measurements
(PFM)) with BaTiO3 film thickness was like that of the lattice
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Figure 4. Figures of merit from different measurements as a function of
BaTiO3 films thickness a) Coercive field values extracted from CR-PFM
measurements, b) Remanent polarization values extracted from PUND
measurements, c) out-of-plane lattice parameter (LP) obtained from XRD
scans, and d) grain size extracted from AFM scans.

parameters, further confirming the influence of strain on the
perovskite stack. As interfacial strain became dominant at lower
thickness, Ec increased, as Pr decreased. Ionic displacement was
likely inhibited in this thickness regime, and a larger E-field was
needed to switch the ferroelectric.

Furthermore, it is known that the strain state in a thin film
can be influenced by the difference in the thermal expansion co-
efficients between the film and the underlying film/substrate.
LaNiO3 reportedly has a higher thermal expansion coefficient[60]

than BaTiO3, thus resulting in a compressive strain on the
BaTiO3 films during the post-deposition cooling process. A com-
pressive strain would align the domains/polarization of the
BaTiO3 films along the applied electric field direction, contribut-
ing to the enhancement of ferroelectricity. Microstructural fac-
tors did not seem to have a dominant effect, yet they could have
played a role in the modification of the ferroelectric response.
Compared to reported literature on grain size dependence of po-
larization in BaTiO3 films,[45,61] our films exhibited much smaller
grain sizes. Nevertheless, they had high ferroelectric polarization
values compared to literature. As described above, grain align-
ment is important and could contribute to an enhancement of
polarization. Furthermore, an exceptionally high partial oxygen
pressure was used during the growth of these films. Literature
on the growth of BaTiO3 films often report the use of low oxygen

pressures to obtain the c-oriented tetragonal structures.[52,56,62,63]

However, this generally leads to insufficient oxygenation during
the growth process resulting in the formation of oxygen vacancies
and causing high leakage and a degradation of the ferroelectric
properties. On the other hand, the high partial oxygen pressures
used in this study were chosen to reduce oxygen vacancies, re-
ducing leakage, particularly at scaled thicknesses. Growth under
these highly oxidizing conditions was only possible due to the
use of the conductive oxygen barrier, PtSi. Whilst there are sev-
eral factors that could be contributing to the enhancement in po-
larization as discussed, strain from the underlying layers was the
dominant phenomenon, which can be seen from a clear depen-
dence of the polarization on the change in the lattice parameter
of the BaTiO3 films.

2.5. Anomaly of the Coercive Field

One limitation of our BaTiO3 films was the high switching
voltage observed from ferroelectric hysteresis measurements. A
comparison of the coercive field values extracted from hystere-
sis and contact resonance piezoresponse force microscopy (CR-
PFM) measurements are shown in Figure 5a. A significant dif-
ference was seen between the switching fields obtained from
the two measurements. Coercive field values of the order of
100 kV cm−1 have been previously reported for BaTiO3 films in
the literature.[25,26] The CR-PFM measurements revealed values
on this order of magnitude; however, the hysteresis measure-
ments yielded tenfold higher values. Such values are significantly
higher than the known breakdown field for BaTiO3,[64] suggest-
ing the presence of parasitic/interfacial layers. These interfacial
layers could store and remove the injected charge during one hys-
teresis cycle.[65] This would lead to an actual applied field across
the BaTiO3 layer which is much lower than that applied to the
whole stack. Interfacial layers were, indeed, revealed as the ad-
ditional layers between the Pt and LaNiO3 layers in the TEM
images (Figure 5b). The energy dispersive spectroscopy (EDS)
spectra confirmed the presence of silicon oxide (SiO2) and lan-
thanum oxide (La2O3) at the interface. These oxides SiO2 (k≈3.9)
and La2O3 (k≈26) have lower dielectric constant (k) values com-
pared to BaTiO3 (k>100), and a lower-k value can indeed cause
a higher voltage to drop across the layer. Therefore, an effec-
tive Ec for the device stack was measured to be much higher
than the actual Ec of the ferroelectric BaTiO3 layer, and even
higher than the breakdown voltage of BaTiO3 films (EBD(BaTiO3)
≈1.5–3 MV cm−1).[64] The difference in the measured coercive
field values can be explained by the fact that the field was satu-
rated at the tip during the PFM measurements, making it more
sensitive to local electromechanical displacements, thus mitigat-
ing the influence of the parasitic layers to an extent. In addi-
tion, the different measurement frequencies for the two tech-
niques can also contribute to the observed differences. In gen-
eral, higher measurement frequencies do not allow for complete
domain switching, thus resulting in higher switching fields as
observed with the PUND measurements (f = 5 kHz) compared
to PFM measurements (f = 1 kHz). The inset in Figure 5a shows
the amplitude and phase image from the PFM measurements
on a 10 nm BaTiO3 film (data for all BaTiO3 films can be found
in supplementary information). The amplitude contrast between
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Figure 5. Understanding the influence of stack on coercive field of BaTiO3 films a) Comparison of coercive field values obtained from PUND measure-
ments and CR-PFM measurements for different BaTiO3 film thicknesses, inset showing amplitude and phase image from PFM measurements on 10 nm
BaTiO3 films b) High-resolution TEM images showing the presence of interfacial layers between LaNiO3 and PtSi, c) Energy dispersive spectra across
this heterostructure, showing that the interfacial layers are comprised of SiO2 and LaxOy.

oppositely poled areas and absence of a perfect 180-degree phase
contrast suggests the presence of charging effects in the films,
which indicates non-ferroelectric contributions to the PFM sig-
nal in addition to the intrinsic ferroelectric response.[66,67] This
makes it challenging to get an accurate quantitative understand-
ing from the PFM measurements. Techniques have been re-
ported separate the non-ferroelectric contributions for a better
quantitative analysis,[68–70] however, it is not required here. In this
work PFM data was simply used as a qualitative measure to pro-
vide a comparatively better estimate of the order of magnitude of
the actual coercive field of BaTiO3, and thus the qualitative con-
clusions are not affected by the presence of charging effects.

The formation of SiO2 was likely due to the reaction between
Si that migrated to the top of the PtSi layer and the oxygen in
the PLD chamber during deposition. Although it is reported that
Si segregation is observed at the top surface of the PtSi at el-
evated temperatures,[71] a compositional gradient was observed
with a Pt-rich surface in our PtSi layers, which exerted an addi-
tional driving force for Si migration to the top surface and fur-
ther oxidized before silicidation occurred. It is thought that the
compositional gradient caused by intermixing of a Pt-Si bilayer
would easily form the more energetically favourable Pt2Si at the
top interface leaving behind unreacted Si that would oxidize. At
the same time, during the deposition of LaNiO3, nickel ions im-
pinging onto the surface of platinum silicide also reacted with
the silicon from the PtSi. Nickel has a strong tendency to transi-

tion from the thermodynamically unstable Ni3+ valence state to
Ni2+.[72] The Ni ions toward the bottom surface of LaNiO3 were in
direct contact with the migrating Si and could form a silicide. The
perovskite structure of LaNiO3 commonly preserves stoichiome-
try and structure by pushing out outgrowths of the binary oxides,
in this case La2O3. This migration of Ni into the PtSi layer and
the formation of La2O3 was clearly detected from the EDS spec-
tra (Figure 5c). Only nickel from the bottom 2–3 nm of LaNiO3
migrated into the PtSi layer, suggesting that there were compet-
ing reactions between the formation of SiO2 and nickel silicide.
Once a certain thickness of SiO2 was formed on top of PtSi, Ni
could no longer migrate into PtSi to form nickel silicide. This
was also confirmed by the EDS map where only a thin layer of
SiO2 was detected on top of PtSi with no other elements. Given
the impact of oxygen on the formation of interfacial oxides lay-
ers and thereby on the coercive field, future work is needed to
optimize the growth conditions in a way to achieve polarization
enhancement while keeping the coercive field low.

3. Conclusion

In summary, we report a CMOS-compatible integration strat-
egy for the growth of ultrathin ferroelectric BaTiO3 films with
platinum silicide as the bottom electrode. This platinum sili-
cide layer enables the high-temperature growth of complex ox-
ide perovskites by preventing the diffusion of oxygen to the

Adv. Electron. Mater. 2025, 11, 2400440 2400440 (7 of 10) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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underlying layers. Furthermore, platinum silicide forms ≈

250 °C, thus opening potential applications for back-end-of-line
integration where the thermal budget is limited to 400 °C. The
BaTiO3 films grown on platinum silicide were polycrystalline
and showed ferroelectric behavior down to 10 nm, which is the
first time reported for polycrystalline films. Furthermore, high
remanent polarization values were obtained at such scaled thick-
nesses, which was dominantly due to the strain on the BaTiO3
films from the underlying layers. While the potential of plat-
inum silicide in a state-of-the-art stack configuration was demon-
strated, future optimization of the PtSi layer is still needed for
true integration. The high effective Ec was shown to be due to
parasitic oxide layers and thus should not diminish this first-time
demonstration of a CMOS-compatible, thickness scaled polycrys-
talline perovskite ferroelectric capacitor with impressive proper-
ties. Nevertheless, it is an issue that must be solved and war-
rants further research. At the same time, the reliability of the
electronic devices also needs to be studied in future work. Over-
all, even though the temperatures used in this work are signifi-
cantly higher than the thermal budget for back-end-of-line pro-
cessing, this work offers a new approach for the growth of poly-
crystalline perovskite ferroelectrics on Si substrates in device-like
stacks. The learnings from this work can be transferred to other
low-temperature perovskite ferroelectrics to achieve an industry-
compatible integration process which is applicable to real-life
devices.

4. Experimental Section
Thin Film Preparation: Pt and Pt/Si/TiN buffer layers were grown

on two different 300 mm p-doped Si wafers using direct-current (DC)
magnetron sputtering at room temperature, which were then diced into
smaller pieces of 3.8 × 3.8 cm2. BaTiO3 films (10–40 nm) were grown
on these smaller pieces using a Solmates 200 mm production Pulsed
Laser Deposition system (KrF excimer laser). 10 nm LaNiO3 films were
used as a bottom electrode and were deposited in a single process with
the BaTiO3, using their respective stoichiometric ceramic target sources.
BaTiO3 films were grown at a temperature of 750 °C under an oxygen
partial pressure of 0.20 mbar. With the incident laser beam rastering
across the diameter of the rotating ceramic target, laser repetition rate
of 20 Hz was used for a laser fluence of 1.0 J cm−2. The number of
laser pulses was calibrated for each deposition condition set to reach
the desired thickness values which were evaluated using a Wollam RC2
spectroscopic ellipsometer (in the 400–900 nm wavelength range) and
cross-section scanning electron microscopy (SEM). The deposition pa-
rameters for the 10 nm LaNiO3 bottom electrode were kept the same
for all samples, with a fluence of 1.5 J cm−2, a substrate temperature of
500 °C, and an oxygen partial pressure of 0.10 mbar. The structural anal-
ysis of these films was then conducted using X-ray diffraction scans per-
formed using a Panalytical X’Pert Pro diffractometer with a Cu K𝛼 radiation
source.

PtSi Characterization: To understand the formation of PtSi phases in
the two different stacks, samples from each stack configuration were an-
nealed at 750 °C. Raman spectroscopy was performed using the Horiba
Jobin-Yvon HR800 Raman tool on the as-deposited and annealed sam-
ples from both stack configurations. Raman spectra were recorded in the
50–550 cm−1 wavenumber range with 405 and 532 nm wavelength laser
radiation with a ND filter. XPS analysis was carried out using Angle Inte-
grated mode using a QUANTES instrument from Physical Electronics with
a monochromatized photon beam of 1486.6 eV. The spectra were analyzed
using the CasaXPS software. In-situ X-ray diffraction (XRD) measurements
were performed using the in-situ XRD setup at UGent. The samples were
heated from room temperature to 1000 °C at a heating rate of 0.2 °C s−1 in

a He atmosphere. XRD patterns were recorded throughout the annealing
procedure with a fixed 2𝜃 window of 20° around the PtSi peak of interest.
𝜃−2𝜃 scans in the range of 20–65° were also recorded before and after the
anneal.

Transmission Electron Microscopy: Cross-sectional images of the sam-
ple structure were captured with a high-resolution transmission electron
microscopy (HRTEM) using Titan G2 operated at 200 kV. Energy disper-
sive spectroscopy (EDS) was used along with HRTEM analysis to study
the chemical composition of the stack.

Electrical Characterization: The evaluation of ferroelectric properties
was carried out using MFM (metal-ferroelectric-metal) structures with Pt
dots (90 μm in diameter) deposited as top electrodes using a shadow
mask process. P-V hysteresis loops were measured by applying a triangular
pulse with a frequency of 5 kHz using an aixACCT TF Analyzer 2000 mea-
surement setup. Positive up negative down (PUND) measurements were
performed using the same setup to extract the polarization values and
switching voltage for all the samples. The non-switching response from
the PUND measurements was subtracted from the switching response to
obtain the absolute values of ferroelectric parameters without additional
parasitic contributions. Both P-V and PUND measurements were carried
out with a bias voltage in the range of 8–11 V. A frequency of 5 kHz and
delay of 100 μs between read/write pulses was used for the PUND mea-
surements.

Atomic Force and Piezoresponse Force Microscopy: The films were char-
acterized using a Bruker IconPT AFM to access the morphology. The PFM
measurements were carried out using Bruker Icon Dimension with an a.c.
amplitude of 1 V and at a contact-resonance frequency of ≈105 kHz. The
phase images were obtained after poling a box-in-a-box pattern with a bias
of 8 V, where the total scan area was 4 μm, and the outer and the inner
poled boxes were 2 and 1 μm, respectively. Butterfly curves were also ob-
tained in contact-resonance PFM mode.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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