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Transition Metal-Oxide Nanomembranes Assembly by

Direct Heteroepitaxial Growth

Hang Li,* Shinhee Yun, Alla Chikina, Victor Rosendal, Thomas Tran, Eric Brand,
Christina H. Christoffersen, Nicholas C. Plumb, Ming Shi, Nini Pryds,*

and Milan Radovic*

The integration of complex oxides with a wide range of functionalities on
conventional semiconductor platforms is highly demanded for functional
applications. Despite continuous efforts to integrate complex oxides on Si, it
is still challenging to harvest epitaxial layers using standard deposition
processes. Here, a novel method is demonstrated to create high-quality
complex heterostructures on Si integrated with SrTiO; membranes as a
universal platform. The STO membrane successfully bridges a broad
spectrum of complex heterostructures such as SrNbO;, SrVO;, TiO,, and
dichalcogenide 2D superconducting FeSe toward semiconducting wafers (Si).
Through electronic structures measured by angle-resolved photoemission
spectroscopy, the high quality and functionality of the heterostructures are
verified. This study demonstrated a new pathway toward realizing electronic
devices with multifunctional physical properties incorporated into Si.

1. Introduction

Advancing from macro-scale 3D materials to nanoscale quasi-
2D thin films holds significant promise in enabling intriguing
properties for modern devices. Currently, two prevailing methods
for synthesizing crystalline 2D materials are available: (1) hetero-
epitaxy on a given substrate and (2) mechanical exfoliation. Strain
induced by different lattice parameters in hetero-epitaxy or con-
structed hetero-interface may offer an additional degree of free-
dom for tailoring emerging phenomena.'””l Exfoliation®! on
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the other hand, is recognized as a univer-
sal way to prepare artificial 2D materials
heterostructures.l’) Recently, three strate-
gies for fabricating freestanding transition
metal-oxide (TMO) membranes were devel-
oped: (1) free-standing membranes using
water-soluble sacrificial crystal layers, 1014
(2) remote epitaxy,[*>1°l and (3) self-formed
free-standing membrane.l'”) Artificial het-
erostructures were also fabricated by stack-
ing and twisting membranes directly.'®)
These results demonstrate an exciting ap-
proach for producing freestanding mem-
branes and stacks, e.g., made of per-
ovskite oxides, one of the largest ox-
ide families with a broad range of im-
portant physical and chemical properties
and transferring these onto any substrate
thus bypassing the epitaxial roadblock.
Here, Strontium Titanate (SrTiO;, STO) represents a vital
perovskite-type substrate due to its exceptional properties.

Since the growth of the first STO crystal by Leon Merker,!*"]
it has exhibited excellent properties such as dielectric,!*!
ferroelectric, 21?1 piezoelectric,l?! and superconducting,!?:]
making it a suitable candidate for various technological ap-
plications. The lattice parameter of STO closely matches with
many important perovskite oxides and other functional materi-
als, which is crucial for minimizing defects and strain in the epi-
taxial films under oxygen-rich environment, leading to improved
device performance and reliability. This makes STO the most
commonly used substrate for the growth of perovskite-type TMO
thin films and heterostructures.

A key prerequisite for the practical application of functional
oxides is the ability to grow perovskite (here STO) thin films di-
rectly on Si. As an alternative to SiO,, TMO-Si system acts as a
more functional platform exceeding the traditional Si—SiO, field
effect transistor.[??] It is non-trivial to grow STO on Sil?2?] gince
conventional growth procedures on a Si substrate result in poly-
crystalline, amorphous, or single crystalline depending on the
growth conditions. Monolithic integration of STO membranes
(STOm) on the Si platform has been proposed as an alternative
approach.[1%16l Using this procedure, it is possible to transfer
millimetre-size single-crystalline of STOm onto Si (STOm-Si),
with good adherence between the transferred oxide membrane
and the Si template.['*-1%] Indeed, this approach provides a tem-
plate allowing heterogeneous integration of TMO materials with
appealing properties on semiconducting wafers.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. The schematic view of the research. A) Integration of free-standing STOm to Si wafer. B) Hetero-epitaxial growth of functioning materials,
transition metal-oxides (TMO) and transition metal chalcogenide (TMC) on Si-integrated STOm and in-situ ARPES measurements. C-F) left: photograph
of STOm and hetero-epitaxial films on STOm. Right: 2D curvature FS maps measured by ARPES with guide of FSs plotted upon and schematics of FS

topography, respectively.

Here, we introduce an innovative method for crafting and
transferring high-quality freestanding STOm. We seamlessly
integrate these membranes onto Si substrates (as shown in
Figure 1A) and proceed to deposit a diverse array of epitaxial com-
plex oxides atop the STOm-Si templates (refer to Figure 1B). This
method allows us to:

Circumvent the challenges associated with certain TMOs that
undergo notable chemical alterations when exposed to water.
Such reactions pose difficulties in releasing and transferring
these freestanding layers. Our solution is to deposit the epitaxial
layer directly in a vacuum chamber onto the STOm-Si template.
This eliminates the risk of the complex oxide being in direct con-
tact with water or other chemicals necessary to dissolve sacrificial
crystal layers.

Establish a universal Si template that incorporates a stand-
alone STOm. The quality of this template rivals that of its single-
crystal counterparts and surpasses that of thin films. This means
that any labs can utilize the deposition directly on STO, eliminat-
ing the need for additional layer releases or transfers for subse-
quent film growth.

We have demonstrated epitaxial growth and functionality by
examining the electronic structures of materials such as StNbO,
(SNO), SrVO, (SVO), anatase TiO, (a-TiO2), and FeSe thin

Adv. Funct. Mater. 2024, 2313236 2313236 (2 0f10)

films/heterostructures (illustrated in Figure 1B). All the layers
and heterostructures which were characterized showed impecca-
ble quality. In fact, when analyzed using angle-resolved photoe-
mission spectroscopy (ARPES), their electronic structures were
found to be on par with, their single crystalline versions (as de-
picted in Figure 1C-F). In essence, our breakthrough paves the
way for integrating oxide heterostructures with Si-based semi-
conductor device designs. We detail the process of epitaxially
growing a broad spectrum of complex-oxide materials on the
STOm-Si templates in the following sections.

2. Freestanding STO Membranes Templets

Freestanding STOm with thicknesses of 10 and 30 nm were fab-
ricated by epitaxial growth on single-crystal (001)-oriented STO
substrate with a buffered water-soluble 10 nm-thick SAO sacri-
ficial layer using PLD.I"¥] The quality of the grown STO films
on the SAO sacrificial layer is elucidated by the appearance
of step terraces as feature by atomic force microscopy (AFM)
(Figure 2A,,B;). The STOm were then exfoliated by dissolving
the SAO layer in de-ionized water and transferring these onto
the Si wafer (See Method Section and Figure 1A). Millimeter
size STOm were transferred with minimum microcracks and

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Electronic structures of STOm and STOw. A) Atomic force microscopic images of as-grown 10 nm thick STOm (i) and after transfer and
annealed on Si (ii). (iii) The microscopic photograph of STOm after transfer. The flake marked by red dashed squares indicates the membranes with
the size ~1 x 2 mm?. B) same as A but for 30 nm thick STOm. C) (i), in-plane Fermi surface maps of STOm with thickness of 10 nm, (ii) ARPES
intensity cuts along Gamma-X direction of STOm 10 nm. The black dashed lines mark the Fermi energy, and the yellow dashed-dot lines mark the
high symmetry points. The grey dots indicate the momentum distribution curves (MDCs) at E¢. The green and purple fitted Lorentzian peaks indi-
cate the d,, and d,, bands, respectively. (iii) energy distribution curves (EDCs) extracted at the k¢ of d,, bands (red dashed lines) in (ii), respectively.
Figure annotations are shown in Ej;. The QP and hump structures are fitted by Franck-Condon model. D and E) same as C but for 30 nm thick STOm

and STO wafer, respectively. F) At,,

(illustrated in Ej;;) of 10/30 nm STOm and STOw. The extraction details are shown in Figure S3 (Supporting

Information). G) fitted quasiparticle residue (Z;) from the EDCs in Cj-E;;. H) FWHM of fitted d,, Lorentzian peaks by the momentum distribution

curves (MDC) at Eg in C;;-E;;.

wrinkles (Figure 2A;,B;;). Post-annealing process was per-
formed after the transfer in order to remove contamination or
residuals from the sacrificial carrier layers (See Method Section
for more details). Furthermore, this annealing step promotes
the oxygen reduction of the STO to obtain conducting mem-
branes. The step-terrace features of the STO remain also after
the transfer and the heat treatment, as shown by the AFM im-
ages (Figure 2A;;,B;;). The details of the fabrication and the trans-
fer of STOm are described in the Method section of Supple-
mentary Information. The crystal structures of the transferred
STOm reveal a slight distortion with larger 001 crystal constant

Adv. Funct. Mater. 2024, 2313236 2313236 (3 0f10)

(¢ > a) (Figure S2, Supporting Information), which could proba-
bly be due to the relaxation of the freestanding membrane when
they are released from the SAO. The ARPES experiments were
performed on as-received STOm without surface treatment. To
demonstrate the viability of our methodology, we have compared
the electronic structures of the membranes (10 and 30 nm) with
a TiO,-terminated STO (001) single crystal substrate (with 0.5%
Nb dopant) using ARPES with surface-sensitive VUV incident
light.

The in-plane Fermi surfaces (FSs) of STOm and STO single
crystal wafer (STOw) (Figure 2C;-E,) are acquired with photon

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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energies hv = 85 eV, and particularly probing momentum space
k, = 6z in bulk Brillioun zone (BZ) (Figure S3, Supporting Infor-
mation). The polarization of incident light (Figure 2C;-E,) is set
to be circular polarization (C), which probes both the in-plane d,,
and the out-of-plane d,, /d,, orbitals. The in-plane FSs of the STOm
(thicknesses of 10 and 30 nm) and the STOw show one circu-
lar Fermi pocket and two intersecting ellipsoidal pockets belong-
ing to the light d,, orbital and heavy d,, /d,, orbitals, respectively
(dashed pockets in Figure 2C;-E;).13%34 Figure 2C;-E;; displays
the electronic structures along I'-X direction measured by linear
vertical (LV) polarization, mainly probing the d,, and d,, orbitals
(Figure 1B). The observed “waterfall-like” intensities extending
to higher binding energy (E;) of d,, bands (Figure 2C;-E;) are
attributed to the polaron formation,**34 which originates from
electron-phonon interaction (EPI) between the electrons and
breathing LO; phonon mode in the STO lattice.?3] When com-
paring the STOm and STOw, the d,, bands of the membranes
shift to lower E; with the band bottoms around 200 meV result-
ing in an energy splitting of t,, bands (inset panel in Figure 2E;).
The origin of the t,, splitting is still debated in the literature,
and it can be due to surface polarization,®*] electric field,** or
tetragonal distortion.’®l The extracted value of At), (= d,,—d,,)
for the STOm (~180 meV) (details are shown in Figure S3,
Supporting Information) is found to be much larger than the
STOw (~60 meV) (Figure 2F), which is probably due to the
strain relaxation of the freestanding membranes leading to a
large splitting.’”] The pure linear dispersion of STOm and STOw
along k, for d,, bands show 2D character, while the d,, and the d,,
bands exhibit 3D character (Figure S4, Supporting Information).
Those findings suggest that for membrane down to thickness of
10 nm, the t,, bands are still similar to the bulk material, showing
a mixture of 2D and 3D characters.[3>3*] However, it is crucial to
highlight that the electronic response of STOm to irradiation is
more akin to STO films grown on STOw (Figure S4, Supporting
Information),®®) while the electronic structures are more wafer-
like.[30-34]

We turn now to the study of coherent and incoherent nature
of the 2D states in STOm by investigating the EPI, electron scat-
tering, and quasiparticle lifetime, which play an important role
in determining the physical properties of STO.[*I The peak-dip-
hump line shape of the energy distribution curves (EDCs) at
Fermi wavevector kz* indicates the polarons induced by the in-
teraction between phonons and electrons (Figure 2C;;-E;;;).3234
A more robust hump structure in thinner membranes signi-
fies a stronger EPI (Figure 2C;;-Ey;). The strength of EPI can
be quantified by quasi-particle (QP) residue, Z,, and fitted by
Franck-Condon mode by considering single LO3 phonon.*! Fit-
ting details are shown in Supplementary Information. The fitted
Z, of STOm and STOw reveal a continuous decrease of Z for
thinner membranes (Figure 2G) and increase of EPI strength
when decreasing the membrane thickness. The coupling con-
stants («) derived from Z, by Monte Carlo method reveal a =
1.4 for the 10 nm STOm and a = 1.1 for the 30 nm STOm.[*041]
This suggests a weak coupling regime, which can be described
as Frohlich polaron,!*" a quasiparticle formed by long-range col-
lective excitation in a periodic lattice. Furthermore, fitting the
momentum distribution curves (MDCs) at Fermi level (Ej) for
the STOm and the STOw by Lorentzian distribution depicts a
significant increase of FWHM of the d,, bands for the 10 nm
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STOm (Figure 2H). The imaginary part of the quasiparticle self-
energy (which is equal to half the inverse lifetime in a Fermi
liquid) can be obtained from the linewidths of MDCs in the
ARPES spectra. Thicker membranes (>30 nm) show a compa-
rable quasiparticle lifetime value to the STO wafer (Figure 2H).
Although the possible defects and lattice distortions increase the
EPI strength and decrease the quasiparticle lifetime for thinner
membranes, the incoherent interactions and electron scattering
indicate the comparable functioning capability of STOm with the
wafer.

3. Expanding the Realm of Creating
Multifunctional Oxide Systems

As discussed above, fabricating free-standing heterostructures
based on STOm epitaxial on any substrate significantly expands
the possibility of fundamental research and applications. Here
we demonstrate the potential of depositing high-quality epi-
taxial complex oxides thin films on (001) SrTiO; membrane
placed on Si using pulsed laser deposition. Strontium nio-
bate, StNbO;, is an example of a correlated transparent con-
ductor oxidel*?! which has gained interest in recent years due
to its large gap between the (filled) conduction and valence
states, non-trivial topology,****l and dimensionality-confined
superconductivity.*] Despite the significant lattice mismatch
between the STO and the SNO, we show that high-quality
SrNbO; thin films were successfully prepared on free-standing
STOm (see more detailed in the Methods), as was confirmed by
ARPES.

We fabricate StNbO; thin films with different thicknesses of
7,25, and 50 u.c. (3, 10, and 20 nm) on STOm integrated on Si
wafer (Figure 3A,B). In-situ ARPES measurements were carried
out after each SNO deposition (Figure 3C). All ARPES data in
Figure 3 are measured at hv = 106 eV and by circular polarization.
Previous theoretical studies!*** and recent ARPES results!*! in-
dicate the emergent octahedral tilting in epitaxial SNO films on
STO (100) single crystal substrate, inducing a band folding with
non-trivial topology!**! (Figure S6, Supporting Information). The
core-level spectra of SNO thin film reveal the stoichiometry of
SNO film on the STOm (Figure S7, Supporting Information).
The FSs of SNO with different thicknesses deposited on STOm
are compared with SNO deposited directly on single crystal STO.
Similar circular Fermi pockets centered at I point (Figure 3D;,G;)
were observed for both SNO/STOm and SNO/STOw, which orig-
inated from the d,, band of the SNO. The large square-like pock-
ets centered at M point form a quasi-linear FS feature along I'-
X directions (Figure S6, Supporting Information) which are par-
tially visible at an energy of hv = 106 eV (Figure 3D;-G;), but more
clearly at hv = 76 eV (Figure S7, Supporting Information). No-
tably, 2D curvature maps around M, which highlight bands with
relatively low intensities, reveal additional circular Fermi pock-
ets centered at M (Figure 3D;-G;). These pockets originate from

octahedral tilting, causing an original BZ to fold (\/2 X V/2 re-
construction), creating the M point of cubic BZ to be a new I of
reconstructed BZ (Figure S6, Supporting Information). The pres-
ence of a%a’ct band reconstructions!*! induces Dirac-type band
crossings protected by non-symmorphic symmetries,[**! leading
to topological non-trivial states. The band dispersion along the

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. The electronic structures of SNO/STOm and SNO/STOw. A) Schematic of the fabrication of SrNbO; films with different thicknesses and in-
situ ARPES study. B) microscopic photograph of 30 nm STOm (flake marked by red-dashed lines) after transfer. This membrane is used as the substrate
to prepare SNO/STOm heterostructure. C) photograph of SNO/STOm in ARPES chamber. SNO/STOm is marked by the red dashed lines. The silver
epoxy (indicated by grey circle) is used for grounding the membranes. D to G) (i), FS intensity map of SNO film grown on STOm with thicknesses of 7,
25, 50 u.c., and the referenced 50 u.c. SNO films grown on STO wafer, respectively. (i), band dispersions along I'-M direction (cyan lines in FS maps)
of SNO films grown on STOm with the thicknesses of 7, 25, 50 u.c., and the referenced 50 u.c. SNO films grown on STO wafer, respectively. The light
red solid lines in (i) mark the cubic BZ boundary in FS map. The green solid and dashed circles indicate the electron pocket at I" and the folded pockets
at M of cubic BZ, respectively. Red solid and dashed curves in the band dispersions in (ii) mark the electron band at I" and M, respectively. The red
dot-dashed lines mark the high symmetry points. The 2D curvature maps around M points are plotted on (i) to highlight the weak pockets. The color
scale around M in (ii) is enhanced to highlight the electron bands near M. All ARPES data in this figure are measured at hv = 106 eV, corresponding to

the k, = 0 plane (Figure S7, Supporting Information).

I'-M high symmetry lines shows an electron band at M with iden-
tical band features, which are folded d,, bands by the octahedral
tilting (Figure 3D;;-G;;). The highly dispersive nature of the bands
along I'-M direction indicates a small effective mass of the car-
riers, which we calculated to be m* = 0.44 m,, similar to the
m* = 0.46 m, of previous ARPES studies on SNO.[*’] The corre-
lation strength, Z, = m,/m" (m, represents the bare band mass)
of SNO/STOm is Z, =~ 0.5, which is higher than isostructural
SrVO, or CaVO,.* It suggests the potential of high mobility
of SNO/STOm system among the transparent correlation per-
ovskite metals. The good agreement of electronic structures of
SNO films grown on STO membranes (Figure 3D-F) and wafer
(Figure 3G) as well as theoretical calculations (Figure S6, Sup-
porting Information)*!! indicates the functionality and applica-
tion potential of SNO/STOm system.

Adv. Funct. Mater. 2024, 2313236 2313236 (5 0f10)

Another transparent conductor, but with 3d' occupation,
SrVO;, has been widely studied due to its good optical
transmittancel*®! and strong correlation nature.*=! We stud-
ied 7 and 20 u.c. (3 and 8 nm) of SVO thin films deposited
on a 30 nm membrane of STO on Si (Figure 4A) and com-
pared it with 20 u.c. of SVO deposited on TiO, terminated
STO (100) wafer. The detailed fabrication procedures are de-
scribed in the Method section. The core level spectra of the
SVO/STOm and the SVO/STOw (shown in the Figure S8, Sup-
porting Information) indicate that the stoichiometry of both
SVO films is similar. Usually, SVO is crystalized in cubic
structure*~!! with the space group #221 (Figure 4C,). In the
cubic phase, the FS of the SVO consists of one quasi-circular
electron pocket centered at the I' point and a linear-like FS
features along the k,/k, direction (as shown by the schematic

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Electronic structures of SVO/STOm and SVO/STOw. A) Microscopic photograph of 30 nm STOm (flake marked by red-dashed lines) after
transfer. This membrane is used as the substrate to prepare SVO/STOm heterostructure. B) photograph of SVO/STOm in ARPES chamber. SVO/STOm
is marked by the red dashed lines. The silver epoxy (grey circle) is used for grounding the membranes. C) (i) Crystal structure of cubic SVO. Green, pink
and red spheres indicate the Sr, V, and O atoms, (ii) Schematic of FS feature of cubic SVO in k, = 0 plane. The green and brown pockets in (ii) mark
the d,, and d,,/d,, bands, respectively. D) same as C but for orthorhombic SVO. The dashed green and brown bands in D mark the folded electronic
structures by orthorhombic distortion. E) Electronic structures of 7 u.c. SVO/STOm. (i) FS intensity map. (ii) 2D curvature of constant energy contour
at E = Ez — 0.1 eV. (iii),(iv), ARPES intensity spectra along high symmetry lines (cyan lines in (i)) of I-X and X-M, respectively. The light red lines in
(i) and (ii) mark the BZ boundary of cubic SVO. Green and brown solid FS in (ii) mark the original electronic structure of cubic SVO. Dashed green
pockets in (ii) mark the folded Fermi pockets by orthorhombic distortion. Red dot-dashed lines in (iii) and (iv) mark the high symmetry points. Red
dashed curves in (i) and (iv) indicate the electron band centered at I" and X, respectively. F and G) same as E but for 20 u.c. SVO/STOm and 20 u.c.
SVO/STOw, respectively. H) (i-iii), zoom in electronic structures along I'-X directions of E;;-Gj;;, respectively. The zoom-in range is shown in E;;;. The red
dots represent the extracted MDC peaks and red curves indicate the bare band. (iv), The real part of self-energy X calculated from (i-iii) in the function
of binding energy. All data in this figure is captured at hv = 66 eV and circular polarization.
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in Figure 4C;), which belongs to the d,, and d,/d,, orbitals,
respectively.

Interestingly, an additional circular Fermi pocket centered at
M is identified for both SVO/STOm, and SVO /STOw films in
the 2D curvature maps of constant energy contour at E = Ep —
0.1 eV (Figure 4E;-G;). This feature is probably due to the or-
thorhombic distortion. This crystal symmetry reduces the area
of cubic BZ by half and folds the pockets at I" to M, as illustrated
in Figure 4D. In the band dispersion along the X-M direction, the
electron bands around M (dashed curves in Figure 4E, -G,,), with
similar dispersion to I, originate from the folded d,,, band by the
distortion of the crystal. The observations of identical electronic
structure and band reconstruction for the 7 and the 20 u.c. of
SVO deposited on the STOm (Figure 4E,F) suggest that the thick-
ness plays a minor role. The strong correlations that always re-
sult in an energy kink in the real part of self-energy (ReX), which
is detected when comparing the measured band dispersion and
the bare band. The binding energy of ReX kink usually reflects
the origin of correlations. For both SVO/STOm and SVO/STOw,
the ReX shows a similar kink structure with binding energy E;
~60 meV (Figure 4H), which corresponds to the electron-phonon
interactions in SVO and well-studied by ARPES.[“>-!] Notably,
the resemblance of the electronic structure of SVO films grown
on the membrane to the one deposited directly on TiO, termi-
nated STO (100) single crystal indicates that STOm can serve as
a high-quality substrate, like STOw. Using STOm as a flexible
platform enables further tunability of SVO, which is sensitive to
strain, that can enhance correlations (potentially inducing metal-
insulator transition) or alter the optical properties.[*8>2]

4. Transcendent Quest to a flexible
High-Temperature Superconductor

The STO also serves as a universal substrate in fabricating
high-temperature superconducting films, not necessarily only for
perovskites. A noteworthy example is FeSe, the dichalcogenide
that can be grown with high quality on STO substrates utiliz-
ing both Molecular Beam Epitaxy (MBE) methods>}] and PLD
techniques.>! Furthermore, experimental observations indicate
a pronounced augmentation of superconductivity in thin film
FeSe when cultivated on an STO (001) wafer.>! Yet the mecha-
nisms of such high-temperature superconductivity are still inten-
sively debated. Some studies attribute it to the strong electron-
phonon coupling (EPC) between the cooper pairs in FeSe layer
and the phonons in STO substrate.[>**8] Moreover, it is argued
that this mechanism boosts the transition temperature to over
100 K for monolayer FeSe/STO films.l’*] However, the strain
applied here is considered to be the key parameter to tune the
phonon mode, suggesting STOm as a promising template for
further modulation of superconductivity in FeSe films.
Inspiringly, we have used the STOm to fabricate FeSe super-
conducting films on Si. The usual etching procedure to pro-
duce TiO,-terminated STO is not possible for the membranes.
Since the superconductivity is sensitive to the surface termina-
tion of the substrate and the surfaces of the STOm probably
have a mixed termination (TiO, and SrO, Figure S5, Support-
ing Information), we provided TiO,-termination substrate in an-
other way. We first deposited 20 u.c. anatase-TiO, (a-TiO,) films
on as-received STOm (Figure 5B) to acquire a “TiO,-like” ter-
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minated substrate (details of fabrication procedure are shown
in the Method Section) (Figure 5A). The quality of TiO, films
was confirmed by performing an in-situ ARPES experiment on
a-Ti0,/STOm and comparing these results with the same thick-
ness of a-TiO, deposit on a single crystal TiO,-terminated STO
(100) (See Figure S9, Supporting Information). The observed
one-band FS originates from the lowered d,, band due to the
tetragonal symmetry of a-TiO,. The results reveal the absence
of 4 x 1 surface reconstruction, which was observed in previous
studies.l>! One possible explanation is that the flexible nature of
membranes relaxes the lattice of epitaxial a-TiO, films. However,
the absence of 4 X 1 reconstruction of FS causes this system to
be purely 2D.

FeSe films with a thickness of 3 u.c. were deposited on a-
TiO,/STOm (Figure 5A) (Detailed growth procedure is shown
in the Method section) and were investigated for their electronic
structures using the in-situ PLD deposition coupled with the
ARPES. The FSs of FeSe/a-TiO,/STOm consist of a circular
pocket centered at I" and two intersected ellipse-like pockets cen-
tered at M (Figure 5D, ;), which is the typical two-domain FS fea-
ture of bulk FeSe or thick FeSe films!>3>*60-62] (Figure 5C). For-
mer APRES studies reveal similar bulk-like electronic structures
of FeSe films when the thickness is above 3 u.c..>3] The band dis-
persions near I and M along I'-M direction (Figure 5Dy;; ) show
hole-like bands at I" point and electron-like bands at M point. To
illustrate this observation, we display the second derivative in-
tensity cuts along the energy direction of the band dispersions in
Figure 5D ;, and plot the guided band structures onto the inten-
sity maps (Figure 5D, ;). The double hole bands near Ej; around
I' (Figure 5D,) and the double electron/hole bands around M
(Figure 5D;) can be identified clearly. ARPES study demonstrates
that the electronic structure of the FeSe on the STOm or single
crystal STO substrate is identical (Figure 5D,E), indicating that
the fabricated FeSe films on membrane system are fully appli-
cable in functional superconducting films and the study of elec-
tronic structures.

It was reported that multiple parameters could control the
band topology and superconductivity of FeSe: (i) Strain— either by
the thickness control of FeSe film[>*! or applying pressure,[®*] (ii),
Strong EPC between electrons in FeSe and the phonon mode in
STO substrate.[3*-8] Moreover, a band shift of %10 meV to lower
binding energy of thick FeSe film (20 u.c.) depositon STOm is de-
tected in ARPES spectra (Figure S10, Supporting Information).
This, likely rigid band shift, is probably due to the charge transfer
from the conducting membrane substrate to the FeSe film.

Taking advantage of the flexible nature, the STOm can widen
manipulation with strain and EPI, consequently offering a new
route in the study of the mechanism of iron-based superconduc-
tivity and even realizing higher T, in 2D FeSe films grown on the
top.

5. Summary and Outlook

We present a method to cultivate heteroepitaxial membranes
of exceptional quality using a SrTiO; (STO) nanomembrane
template, which can be placed on any wafer. Leveraging this
platform, we have used ARPES to confirm the high-quality
chemical and electronic structure of diverse functional ox-
ides, including SrNbO;, SrVO,, anatase TiO,, and the high T.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Electronic structure of a-TiO,/STOm and FeSe/a-TiO,/STOm. A) Schematic of FeSe/a-TiO,/STOm heterostructure. B) microscopic photo-
graph of as-received 30 nm STOm integrated on Si. It was used as the substrate in the study of FeSe/a-TiO,/STOm. The flake marked by red-dashed

of bulk FeSe. The green and brown curves mark the bands near I and M, respectively. D) electronic structures of FeSe(20 u.c.)/a-TiO,/STOm: (i,ii),
ARPES FS maps around I" and M, respectively. Light red lines mark the BZ boundary. (iii,iv), ARPES intensity cuts near I" and M along I'-M (cyan lines
in (i) and (ii)). White dashed lines mark the E¢. Red dot-dashed lines mark the high symmetry points. (vvi), 2"d derivative intensity cuts long energy
direction of cuts in (iii) and (iv). The plotted red dashed curves guide the band structures. E) same as D but for referenced FeSe (20 u.c.)/STOw.

superconductor FeSe. The data demonstrate that films grown
on STO membranes often match or even surpass the quality
of those grown directly on STO single crystal (Figure S11, Sup-
porting Information). In addition, the successful fabrication of
FeSe thin films on STO membrane indicates the potential for

Adv. Funct. Mater. 2024, 2313236 2313236 (8 of 10)

growing FeTe Se,,, an iron-based Majorana system!®*%] with
high potential for quantum computing and integrating it di-
rectly with Si technology. Overall, our research demonstrates
the application of a universal technique for producing innova-
tive film-membrane systems, capitalizing on their flexibility and
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freestanding attributes for high throughput. The ability to in-
tegrate oxides into semiconducting wafers or other functioning
materials opens up the opportunities for multi-dimensional ma-
nipulation of novel properties.

Supporting Information

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