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van der Waals Epitaxy of Highly (111)-Oriented BaTiO3 on MXene  
Andrew L. Bennett-Jackson,a Matthias Falmbigl,a

 Kanit Hantanasirisakul,a,b Zongquan Gua,c, 
Dominic Imbrenda,a,c Aleksandr V. Plokhikh,a Alexandria Will-Cole,a Christine Hatter,a,b

, Liyan Wu,d 
Babak Anasori,a,b Yury Gogotsi,a,b and Jonathan E. Spanier*a,c,e 

We report on the high temperature thin film growth of BaTiO3 on Ti3C2Tx MXene flakes using van der Waals epitaxy on a 
degradable template layer. MXene was deposited on amorphous and crystalline substrates by spray- and dip-coating 
techniques, while the growth of BaTiO3 at 700 °C was accomplished using pulsed laser deposition in an oxygen rich 
environment. We demonstrate that the MXene flakes act as a temporary seed layer, which promotes highly oriented BaTiO3 
growth along the (111) direction independent of the underlying substrate. The lattice parameters of the BaTiO3 films are 
close to the bulk value suggesting that the BaTiO3 films remains unstrained, as expected for van der Waals epitaxy. The initial 
size of the MXene flakes has an impact on the orientation of the BaTiO3 films with larger flake sizes promoting a higher 
fraction of the polycrystalline film to grow along the (111) direction. The deposited BaTiO3 film adopts the same morphology 
as the original flakes and piezoresponse force microscopy shows a robust ferroelectric behavior for individual grains. 
Transmission electron microscopy results indicate that the Ti3C2Tx MXene fully decomposes during the BaTiO3 deposition 
and the surplus Ti atoms are readily incorporated into the BaTiO3 film. Electrical measurements show a similar dielectric 
constant as a BaTiO3 film grown without the MXene seed layer. The demonstrated process has the potential to overcome 
the longstanding issue of integrating highly oriented complex oxide thin films directly on any desired substrate. 

 

Introduction  
Perovskite oxide thin films offer a wide range of physical 
properties1 including ferroelectricity for highly tunable and low-
loss dielectric permittivity,2 for high photogenerated carrier 
mobility in a band insulator,3 for tip-enhanced intrinsic 
photovoltaic response,4 and for large piezoelectricity and 
pyroelectricity,5 and ferromagnetism,6 multiferroicity,7,8 and 
superconductivity.9  Thin films of these perovskite oxides allow 
for controlled manipulation of nanoscale phenomena, such as 
domain walls, which can enhance polarization and other 
physical properties.10–12 Heteroepitaxial growth of thin film 
perovskite oxides can provide opportunities to tune these 
physical properties, but is greatly reliant on the chosen 
substrate.13-17 Recently, orders of magnitude enhancement in 
dielectric constant has been realized in PbZr0.2Ti0.8O3 
ferroelectric thin films grown on (111) SrTiO3 (STO) substrates. 

The high symmetry in (111) orientation leads to a manifold of 
polarization directions and hence complex nanotwinned 
ferroelectric domain structure. The high domain wall density 
spurs the extrinsic contribution in the dielectric properties and 
provides alternate switching paths on the potential landscape, 
saving more energy than 180° reversal switching.16  

While in recent years the availability of single-crystalline 
perovskite oxide substrates has allowed for such control of thin 
films, the lattice mismatch between the film and substrate must 
be small for strain-coherent and dislocation-free films produced 
by high temperature deposition techniques such as pulsed laser 
deposition (PLD) and molecular beam epitaxy (MBE). However, 
the substrate choice for the film growth is limited by cost and 
on-wafer integration. Additionally, the use of MBE and hybrid 
metal organic chemical vapor deposition-MBE has grown high 
quality STO18,19 and BTO20,21 on Si (001), however several 
processing steps are required to first remove the native SiO2 and 
then grow the oxide film without oxidizing the Si/oxide 
interface. Thus, it would be highly beneficial to utilize 
ubiquitous substrates such as glass, silicon, or sapphire for 
easier integration into current microelectronics as well as the 
capability to transfer these functional thin films onto flexible 
substrates after the deposition with minimal processing steps.  

The use of van der Waals epitaxy,22,23 which was applied by 
Koma et al. in the 1990’s, is an approach to grow 3D 
semiconductor thin film materials on 2D layered materials 
substrates with a large lattice mismatch.24 This process uses thin 
2D sheets of layered material, which acts as a seed layer to 
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promote crystalline and oriented growth of the thin film 
overlayers. The bonds between the 2D layer and the thin film 
are of van der Waals character and therefore significantly 
weaker than the ionic and/or covalent bonds typically formed 
between the film and single-crystalline substrates.25 Hence, a 
larger difference in the lattice mismatch and the thermal 
expansion coefficient can be accommodated without the 
formation of dislocations at the thin film-substrate interface. 
Recent works have used nanosheets of Ca2Nb3O10,26-28 MoO2,29 

and graphene22,30 as seed layers to promote oriented thin film 
growth on various substrates. While these methods have 
proven that oriented crystalline growth is attainable on 
ubiquitous substrates, one downside of this approach is that the 
nanosheet seed layer with its properties inherently becomes a 
part of the thin film heterostructure,31 which is not always 
desirable, limiting its applicability. 

In order to remove this constraint, it would be essential to 
have a decomposable seed layer, which can promote oriented 
crystalline growth on various substrates without affecting the 
functionality of the thin film overlayer. In this paper, we report 
on the utilization of the 2D titanium carbide Ti3C2Tx (MXene)32 
as a decomposable seed layer, which does not require 
additional processing steps to remove it from the resulting thin 
film. BaTiO3 (BTO) grown by PLD was selected since BTO is a 
well-characterized archetypical ferroelectric oxide perovskite 
material.33 Among a variety of MXenes available to date,34 
oxygen terminated Ti3C2Tx is chosen as a seed layer for the BTO 
growth because of its titanium-based chemistry compatible 
with BaTiO3. Both materials are well studied in their respective 
classes (2D transition metal carbides and ferroelectric oxide 
perovskite). Given that most (if not all) MXenes have the same 
hexagonal structure, they should act as a degradable seed layer 
for BTO thin film growth. The MXene can be produced in large 
quantities with controlled size of single-layer 2D flake, and it can 
be coated on various substrates from solution.35 Moreover, we 
demonstrated that the Ti atoms of the MXene layer are 
incorporated into the BTO structure during the growth process. 
The energy dispersive spectroscopy line scan, shows only a 
slight increase in Ti concentration from the bottom to the top 
electrode. We therefore believe that the common chemistry is 
not necessary for the templating effect observed. 
 BTO thin films were deposited by PLD onto fused silica and 
(111) Pt/Si substrates with a thin (»12 or »64 nm thick, 
Supporting Information) MXene film on top. Results reveal a 
strong templating effect of MXene yielding highly oriented 
growth of BTO films along the (111) direction, suggesting that 
the degree of orientation can be controlled by the initial flake 
size of the MXene film. Atomic force microscopy images reveal 
a similarity of the PLD-grown BTO film grain size and shape to 
the typical initial MXene flakes (Fig. 3(a), (b), and S4 - S6)), 
whereas cross-section transmission electron microscopy 
indicates  a negligible amount of amorphous material and 
defects at the interface between Pt and BTO thin film. Switching 
spectroscopy piezoresponse force microscopy (SS-PFM) gives 
the iconic “butterfly” loop demonstrating evidence of switching 
of local film plane-normal ferroelectric polarization in the BTO 
film grown on the MXene seed layer.  

Experimental  
The MXene films were synthesized following the procedure 

described in the Supporting Information and deposited (Fig. S1, 
2) on the surface of quartz substrates and commercially 
available Pt (111)/Ti/SiO2/Si (001) wafers (Pt-silicon). Two 
methods, spray-coating and dip-coating, were used to deposit 
the MXene solution onto the substrates following procedures 
described elsewhere.35 The average lateral size of MXene flakes 
utilized for the spray-coating method was about 5 μm, while for 
the dip-coating method the average flake size was about 1 μm. 
A set of various thin film stacks were synthesized to examine the 
effects of the MXene layers on the BTO film. For the deposition 
sequence outlined in Fig. 1(a), spray-coated MXene layers with 
thicknesses of about 12 nm or 64 nm were utilized (Fig. S4 - S6). 
In both cases, BTO was deposited onto the quartz/MXene 
heterostructure by PLD.  For another set of samples, shown in 
Fig 1(b), MXene was spray coated on the surface of (111) Pt-
silicon (after treating the surface with Piranha acid solution to 
make it hydrophilic) followed by a subsequent growth of BTO by 
PLD. For comparison, a BTO thin film of the same thickness was 
directly grown on a Pt-silicon substrate without the MXene seed 
layer under the same conditions. Onto each of these films (Fig. 
1(b) and (c)) a layer of 3 nm thick of Al2O3 was deposited by 
atomic layer deposition (ALD) in a separate step followed by 
sputtering of platinum top electrodes to produce metal-
insulator-metal (MIM) capacitors. 

Results and Discussion  
X-ray Diffraction 

The X-ray diffraction (XRD) scan of the MXene on quartz reveals 
a peak at »7°, corresponding to the (002) Bragg-peak of the 
MXene layers, which yields a c-lattice parameter of 22 Å, 
indicating the presence of residual water between the Ti3C2Tx 
layers.34 In addition, a broad peak located at »21.5° (red 
spectrum in Fig. 2(a)) corresponding to the amorphous quartz 
substrate, is apparent in the XRD scans (Fig. 2(a)). After the high 
temperature BTO deposition the low angle peak vanishes, 
suggesting that the MXene layer decomposed during the BTO 
deposition resulting from the low stability of Ti3C2Tx in air at high 
temperatures.34 However, comparing the XRD pattern for the 
BTO growth on quartz with and without the MXene layer (blue 
and brown traces in Fig 2(a), respectively), two key results 
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become apparent: i) the presence of the MXene layer initiates 
the crystallization of BTO on an amorphous substrate at a 
growth temperature of 700°C, which otherwise results in an 
amorphous film as evident from the lack of any diffraction peaks 
for BTO grown directly on quartz, and ii) the addition of the 
MXene layer promotes highly-oriented growth along the (111) 
direction, despite the degradation of the MXene during the BTO 
deposition (Fig. 2(a)). This observation is in contrast to a similar 
study for graphene/STO, where the hexagonal graphene layer 
promotes (001)-orientation.30 The inset of Fig. 2(a) shows the 
rocking curve of the (111) BTO peak, which reveals the oriented 
growth along this direction. The corresponding grazing 
incidence in-plane XRD scan (Fig. 2(b)) has diffraction maxima 
exclusively belonging to planes, which are orthogonal to the 
(111) planes, confirming the BTO film’s high degree of 
orientation. At the same time, the occurrence of various peaks 
that fulfil the condition of orthogonality implies a polycrystalline 
nature within the plane of the BTO-film. Due to the lack of any 
peak splitting, we assumed a cubic symmetry in all cases and the 
calculated lattice parameters (Supporting Information) are 
summarized in Table 1.  

Table 1. Calculated cubic a-lattice parameters of the grown BTO films on different 
substrates, and the XRD measurement 

Sample Measurement a-lattice constant (Å) 

Quartz / MXene/ BTO 
Grazing Incidence 4.03 ± 0.01 

Out-of-plane 4.01 ± 0.01 
Pt / BTO Out-of-plane 4.01 ± 0.01 

Pt / MXene / BTO Out-of-plane 4.01 ± 0.01 

 

The slight disagreement between the in-plane and out-of-plane 
a-lattice constant is most likely caused by the difference in the 
experimental setup; however, the difference might indicate a 
slightly strained growth initiated by the templating effect of 
Ti3C2Tx. Comparing the a-lattice constant of the BTO film to 
literature shows that the a-lattice constants of our films 
compare very well with unstrained films.36 An in-plane pole 
figure37 (Fig. 2(c)), collected for the sample from Fig. 2(b), 
around the BTO (110) peak shows that the film is textured. The 
ring shape from the pole figure indicates that the (110) planes 
of BTO lack a preferred in-plane orientation, which is a result of 
the BTO film templating from the random in-plane orientation 
of the MXene flakes.   

Interestingly, the initial lateral size of the Ti3C2Tx flakes used 
for the MXene layer also determines the degree of preferred 
(111) orientation of the BTO film (Fig. 2(d)). This is evidenced by 
the use of smaller lateral sized MXene flakes for the dip-coating 
method, which significantly reduces the preferred growth 
orientation along the (111) direction and the deposited BTO film 
has a more random grain distribution. To quantify the 
preference of the BTO films to grow along the (111) orientation, 
the ratio (I111/I110) of the integral intensities of the (111) to (110) 
peaks were determined for both, the spray- and dip-coated 
MXene/BTO samples. For the spray-coated sample, I111/I110 is 
above 31,000 compared to randomly oriented powder, which 
has an intensity ratio of 0.24.38 For the dip coated sample with 
a layer of smaller MXene flakes, the I111/I110 drops to about 1, 
which implies a strongly reduced preference for the (111) 
orientation. In turn, this observation suggests a level of control 
for the fraction of (111) oriented BTO grains in the films over 
other crystallographic directions by controlling the size of the 
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MXene flakes. In both cases our deposition conditions produce 
(111) and (110) oriented films, which differ significantly from 
randomly oriented powder. Finally, it is also important to note 
that for both, the spray- and dip-coated MXene/BTO samples, 
the BTO deposition causes the complete decomposition of 
Ti3C2Tx, which is evident from the lack of the (002) MXene peak. 
The strong preference of the BTO film to grow along the (111) 
direction can be attributed to a similar atomic structure 
between the out-of-plane surface of the Ti3C2Tx MXene flakes, 
which has a hexagonal crystal structure,34 and the perovskite 
crystal structure along the (111) direction which has a buckled 
honeycomb lattice.39 

Another set of samples was fabricated on Pt-silicon using 
larger laterally sized (5 µm) MXene flakes applied through the 
spray-coating method to probe the influence of the Ti3C2Tx seed 
layer on the resulting properties. For this purpose, a reference 
BTO sample was grown directly on Pt-silicon without the MXene 
layer (Fig. 1(b) and (c)). In both cases, an amorphous capping 
layer of 3 nm thick Al2O3 was deposited by ALD after the PLD-
growth of BTO to inhibit leakage current through pinholes in the 
films, due to the large size difference between the platinum top 
electrodes (90 x 90 µm) and the BTO film that templates off the 
MXene flakes (≈ 5 µm in diameter). As such there are many grain 
boundaries (Fig. 3) that can provide conductive pathways which 
reduces electrical performance.  

The XRD patterns of these films are depicted in Fig. 2(e). 
While the BTO film directly grown on Pt-silicon only shows (00l) 
peaks (Fig. 2(e)), it has been reported in literature that the 
resultant film orientation from the non-equilibrium PLD growth 
process is strongly dependent on the deposition conditions. 
Silva et al. explored the effect of the laser repetition rate on the 
XRD pattern.40 They showed that for a higher repetition rate, 
the (100) BTO peak is suppressed and the (110) and the (111) 
peaks are enhanced. Additionally, Cheng et al. reported on the 
influence of the substrate temperature on the BTO films.41 
While in their work, the (001) and the (111) peaks of BTO are 
present at all temperatures in the XRD patterns, the (110) peak 
is affected by the substrate temperature with the (110) peak 
intensity declining as the substrate temperature decreases until 
it vanishes at a temperature of 450°C. As in the present study 
the deposition conditions remained unchanged, comparison of 
the two films grown on Pt-silicon implies that the MXene layer 
is able to completely change the preferred orientation of 
resulting films from the (001) to the (111) direction, similar to 
what was observed on the quartz substrate. From the calculated 
lattice parameter, both films have an a-lattice constant of 4.01 
Å, which is close to the bulk value from powder diffraction38 
indicating that the deposited BTO films have no in-plane strain 
imparted by the substrate. From these results, it is clear that the 
MXene flakes induce a preferred growth in the (111) direction 
of the BTO film independent from the underlying substrate, 
despite the decomposition of the MXene film. We hypothesize 
that this templating effect is very similar to the growth of, e.g., 
(001) oriented STO on (001) oriented Si, where the initial growth 
of the oxide on Si defines the orientation and a subsequent 
formation of SiOx at the Si/STO interface during the continuous 
growth of STO under oxidizing conditions causes no interruption 

in the growth orientation.42 Therefore, we conclude that the 
stability of the MXene flakes is a decisive factor for initiating the 
growth of the BTO film in the (111) direction. This hypothesis is 
supported by the aforementioned results for differently sized 
MXene flakes, which alter the growth direction of the oxide film 
with a reduced (111) preference for smaller sizes. Interestingly, 
independent of the flake size, the crystallization of BTO is 
strongly promoted as opposed to the deposition directly on 
quartz resulting in an amorphous film.  
 

Scanning Probe Microscopy and Piezoelectric Force Microscopy 

Scanning probe microscopy (SPM) images were collected on the 
BTO films grown on the quartz substrates and are depicted in 
Fig. 3. Interestingly, the resulting surfaces of the BTO films 
grown on the 12 nm thick MXene layers show that the BTO films 
have adopted a similar surface morphology as the MXene 
flakes. The morphology results from our samples are similar to 
those reported by Wang et al. for hafnium oxide on MXene-
glass substrates. Unlike the HfO2 films, which were deposited by 
ALD at 160°C using water as the oxygen source43 to minimize 
any potential degradation of the MXene, the BTO films were 
deposited at a temperature of 700°C under partial oxygen 
pressure. As mentioned above, high temperature in the 
presence of oxygen significantly degrades the Ti3C2Tx MXene 
flakes, ultimately causing complete decomposition. While the 
MXene layer in our samples is certainly decomposed after the 
deposition (Fig. 5), the BTO film not only adopts a preferred 
orientation, but also preserves the shape of the flakes for its 
own grains. From the SPM images (Fig. 3), it becomes clear that 
the in-plane grain size of the BTO film is governed by the initial 
size of the MXene flakes. This observation provides further 
evidence for the suggested templating effect occurring during 
the initial growth of BTO before the decomposition of Ti3C2Tx.  

Piezoresponse force microscopy (PFM) scans and switching 
spectroscopy PFM (SS-PFM) were conducted on a BTO film that 
was grown on a MXene spray-coated Pt-silicon and lacked the 
Al2O3 capping layer. The initial PFM scan shows a distinct 
difference in the amplitude and phase plots compared with the 
topology of the film (compare Figs. 4(a), (b), and (c)) 
demonstrating that the deposited BTO film has a piezoelectric 
response with domains of »180° phase difference over the 5 μm 
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x 5 µm area. Point-wise SS-PFM was conducted to determine 
the ferroelectric behavior of the BTO film and is provided for a 
representative location marked by the light blue circle in Fig. 
4(a). The amplitude and phase results (Fig. 4(d), (e)) show a 
signature ferroelectric response consistent with that found in 
other ferroelectric oxide films,44 confirming that despite the 
decomposition of the MXene under the deposition conditions,  
deposited BTO films are ferroelectric.  
 

Transmission Electron Microscopy  

A transmission electron microscopy (TEM) cross-section of the 
MIM-capacitor structure (Pt-MXene-BTO-Al2O3-Pt) was 
investigated to examine the morphology of the BTO film and the 
interfaces with the electrodes. In Fig. 5(a), the Pt-electrodes are 
separated by »100 nm of BTO. In addition, a thin bright layer on 
top of the BTO film indicates the presence of the ALD-grown 
Al2O3. In general, the morphology of the BTO film exhibits 
predominantly columnar grains extended perpendicular to the 
substrate surface corroborating the XRD results. The rough 
surface of the Pt bottom electrode results from the Piranha acid 

treatment (Supporting Information) prior to the MXene 
deposition. A closer inspection of the interface between the 
bottom electrode and the BTO film reveals that the atomic 
planes of BTO extend to the interface without any indication of 
the presence of MXene or any amorphous or Ti-rich phase (see 
Fig. 5(b)). This lack of impurities implies that the excess Ti is 
dissolved in the BTO film, while the carbon of the Ti3C2Tx layer 
outgases during the decomposition as COy at 700°C. In Fig. 5(c) 
the interface with the top electrode is shown. The »3 nm thick 
ALD grown Al2O3 film is clearly amorphous, while a well-
crystallized BTO film is present below. 

An energy dispersive spectroscopy (EDS)-line scan as 
presented in Fig. 6 on a scanning–TEM (STEM) image indicates 
a minor change in composition of the BTO film from the bottom 
to the top electrode. While the Ti-content by trend decreases in 
the BTO film from the bottom to the top electrode, there is a 
slight increase of Ba. This change is consistent with a surplus of 
Ti from the decomposed 12 nm thick Ti3C2Tx layer. Interestingly, 
the oxygen content decreases towards the top electrode, which 
could be related to the PLD-growth conditions, but could also 
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be an artifact from the vicinity to the 3 nm thick Al2O3 layer, 
which was not resolved during the EDS-line scan.  

Electrical Characterization  

The electrical properties in reference to a BTO film without 
MXene grown under identical PLD-conditions, were measured 
for the two MIM-structures outlined in Fig. 1(b) and (c) and are 
displayed in Fig. 7. The thin »3 nm thick layer of Al2O3 was 
deposited to prevent leakage from pinholes and/or conduction 
paths in the films. The frequency dependence of the dielectric 
constant and the losses (Fig. 7(a)) reveal that there is little to no  
frequency dependence of the dielectric constant or the loss 
tangent in the measured range of 10 kHz to 1 MHz for both MIM 
structures. The very similar magnitude as well as frequency 
dependence of permittivity and dielectric losses in both films 
demonstrate that the dielectric properties do not deteriorate 
when a MXene seed layer is used. The electric field 
dependences of the dielectric constant and losses displayed in 
Fig. 7(b) show in both cases a small asymmetry. The larger 
dielectric constant (εr » 123) for the (001)-oriented film can be 
explained by the orientation of the TiO6 octahedra with the 
applied field. In comparison, Appleby et al. showed for 
Pt/BTO/Pt heterostructures with polycrystalline BTO layers 
containing columnar grains that the room temperature 
dielectric constant decreased rapidly for film thicknesses of 380 
to 160 nm, where the thinnest film studied (160 nm thickness) 
had a dielectric constant of »325.45 This observation is in line 

with finite size scaling effects for films with columnar grain 
morphology.46 Taking these effects into account, the dielectric 
constant of (εr »102) extracted for the (111)-oriented BTO film 
is well within the expected range for 100 nm film thickness. 
While the plot of the dielectric response to applied field does 
not show a typical response of a ferroelectric material,47 SS-PFM 
on a single BTO grain template from a single MXene flake shows 
a ferroelectric response both in the phase and amplitude 
measurements (Fig. 4d, e) which has the same distinct features 
in the work by others.48–50  

Overall, our results demonstrate that the properties of the 
BTO layer are only marginally affected, when utilizing a MXene 
layer as degradable crystallization template. We expect that 
improvements in the deposition process such as adjustments to 
the PLD-growth (e.g., Ti-deficient target for the initial growth) 
and the uniformity of the MXene layer (flake size, roughness) 
may enable improved ferroelectric and dielectric performance. 
A significant challenge is to increase the size of the MXene flakes 
which is determined by the grain size of the starting MAX Phase 
(M = early transition metal, A = group 13-16 elements, and X = 
C or N)51 and etching and delaminating conditions. We have 
reported MXene flakes as larger as 10 µm which was used in 
field-effect transistor device,52 however these flakes were not 
used in this work. 

Conclusions  
In summary, BaTiO3 thin films were grown by PLD on quartz 
glass and Pt-silicon substrates with seed layers of Ti3C2Tx MXene 
flakes acting as degradable template to promote highly oriented 
growth. Our results show that the high temperature and oxygen 
rich environment used in the BTO growth cause the MXene 
layer to fully degrade, but the resultant BTO film has a preferred 
growth orientation along the (111) direction. This templating 
effect is independent of the substrate and strongly promotes 
crystallization on amorphous underlayers. During the growth 
process, the BTO film is able to adopt and preserve the 
morphology of the initial MXene flakes throughout the 
deposition. The BTO films possess a cubic lattice parameter that 
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is consistent with the bulk value, suggesting that BTO films can 
be grown on different substrates without inducing large strains 
into the film using this method, which would typically cause 
dislocation and defect formation. In addition to the highly 
oriented film, the selection of the MXene lateral flake size 
provides a degree of control over the fraction of the film that 
grows in a specific direction, where larger MXene flakes 
promote growth along the (111) direction. TEM images show 
columnar grains, and the absence of the initial MXene layer and 
any other impurities at the bottom interface confirms that the 
MXene decomposes during the deposition, where surplus Ti is 
accommodated in the BTO film and the carbon outgases as COy. 
PFM and SS-PFM show that the BTO film grown with the MXene 
layer retains its ferroelectric behavior and has a robust 
piezoelectric response. Electrical measurements reveal that the 
BTO film on MXene coated Pt-silicon has a comparable dielectric 
constant and loss tangent to a BTO film grown on bare Pt-silicon 
substrate. Our results demonstrate that Ti3C2Tx flakes provide a 
temporary seed layer that promotes crystallization of 
unstrained BTO thin films without hindering the electrical or 
ferroelectric properties. As both, the spray-and dip-coating 
methods for MXene depositions can be cost-effectively 
completed on virtually any sized substrate, this approach 
provides a powerful tool for the growth of highly oriented BTO 
films on a wide variety of substrates. 
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