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Remote epitaxy and exfoliation of vanadium
dioxide via sub-nanometer thick amorphous
interlayer

Chang Liu1,2,7, Xing Li1,2,7, Yang Wang1,2,7, Zhi Zheng1,2, Binmin Wu 3,
Wenhao He4, Xiang Dong1,2, Ziyu Zhang1,2, Bingxin Chen5, Jiayuan Huang1,2,
Zhenghua An 5, Changlin Zheng 4, Gaoshan Huang 1,2 &
Yongfeng Mei 1,2,6

The recently emerged remote epitaxy technique, utilizing 2Dmaterials (mostly
graphene) as interlayers between the epilayer and the substrate, enables the
exfoliation of crystalline nanomembranes from the substrate, expanding the
range of potential device applications. However, remote epitaxy has been so
far applied to a limited range of material systems, owing to the need of
stringent growth conditions to avoid graphene damaging, and has therefore
remained challenging for the synthesis of oxide nanomembranes. Here, we
demonstrate the remote epitaxial growth of an oxide nanomembrane (vana-
dium dioxide, VO2) with a sub-nanometer thick amorphous interlayer, which
can withstand potential sputtering-induced damage and oxidation. By
removing the amorphous interlayer, a 4-inch wafer-scale freestanding VO2

nanomembrane can be obtained, exhibiting intact crystalline structure and
physical properties. In addition, multi-shaped freestanding infrared bol-
ometers are fabricated based on the epitaxial VO2 nanomembranes, showing
high detectivity and low current noise. Our strategy provides a promising way
to explore various freestanding heteroepitaxial oxide materials for future
large-scale integrated circuits and functional devices.

Epitaxy1,2, a method to grow high-crystallized nanomembrane on a
single crystallographic oriented wafer, has already been a popular way
to realize multi-functional electronic and photonic devices3–6. Com-
pared with homoepitaxy, the heteroepitaxy5,6, being capable of grow-
ing epitaxial nanomembrane on dissimilar substrates owing to near
lattice-matching, opens a wide range of preparation of high-quality
functional oxides exhibiting intriguing phenomena, such as

ferroelectricity, superconductivity and metal-insulator-transition
(MIT)7–11. However, the traditional heteroepitaxy of oxide has some
self-limitations that hinder its further manipulation. The lattice mis-
match between the epitaxial nanomembrane and the substrate intro-
duces strain generation and the chemical bonding between the two
materials poses a challenge for the releasing, these factors lead to
stringent limitations in achieving optimal performance and
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heterogeneous integrationof theoxide-baseddevice3,12. Therefore, it is
urgent to seek a method for releasing and transferring the epitaxial
oxide nanomembrane to meet the demand of diverse applications.

Some techniques have been employed previously to overcome this
challenge13–15. 2D material-assisted epitaxy, including van der Waals
epitaxy (vdWepitaxy)16–18 and remoteepitaxy19–21, is anemergingmethod
inwhich the 2Dmaterial (especially graphene) is utilized as the substrate
or inserted layer between epilayer and substrate. Due to zero dangling
bonds and weak vdW force at the graphene surface16,22, the epilayer can
detach from substrate easily after epitaxial growth23–25. These epitaxial
methods enrich facilitate exfoliation of epitaxial films (e.g., III-V semi-
conductors) from the substrate12,26–29. However, the graphene is sus-
ceptible to harsh growth environments (e.g., oxidation and plasma) and
transfer process30,31, leading to the limitation of remote epitaxy in pre-
paration of large-scale freestanding epitaxial oxides. Although some
improvements are implemented such as multilayers graphene or
defective hBN replacing the monolayer graphene12,29, epitaxial films are
mainly focused on III-V semiconductors that utilize milder growth
methods, thus the applicable materials are still restricted.

Here, we demonstrate a practical remote epitaxy and exfoliation
method of preparing wafer-scale freestanding oxides NM via sub-
nanometer amorphous Al2O3 grown by atomic layer deposition (ALD)
as the interlayer. The key point of this method is the ALD technique,
holding the advantageof self-termination32,33, wherewe can control the
thickness of interlayer precisely (fromone atomic layer to hundreds of
nanometers) by adjusting the ALD growth cycles. The sub-nanometer
thick amorphous Al2O3 interlayer will not screen the electrostatic
potential from substrate and also not crystallize with the upper oxide
layer. Moreover, the amorphous Al2O3 is robust enough to withstand
the harsh growth environments like oxidation and bombardment, and
can be removed by HF easily as the sacrificial layer. In views of this, the
wafer-scale epitaxial vanadium dioxide nanomembrane (VO2 NM)
grown by reactive sputtering with the amorphous Al2O3 as interlayer
can be exfoliated from sapphire and transferred to various substrates.
The as-grown VO2 NM exhibits nearly single-crystalline characteristic34

(i.e., it has a single out-of-plane orientation and threefold in-plane
orientation) and 4 orders of magnitude of resistance change during
MIT. Last, multi-shaped (e.g., exfoliated, buckled and rolled-up) infra-
red bolometers based on freestanding epitaxial VO2 NMs show higher
blackbody detectivity and lower current noise comparing to the
polycrystalline VO2 NMs. Our finding extends the remote epitaxy
methods and enriches the freestanding epitaxial oxide nanomem-
brane family greatly, and consequently provides a promising route to
fabricate advanced devices in electronics and photonics.

Results
Remote epitaxial growth of VO2 NM via ALD technique
To investigate whether the remote epitaxy could realize with the par-
ticipation of amorphous materials, Fig. 1a illustrates the atomic con-
figuration with amorphous Al2O3 interlayer on sapphire substrate
simulated by density functional theory (DFT) (detailed see Supple-
mentary Note 1 and Supplementary Fig. 1). The charge density (ρ)
distribution is calculated and can be seen on the surface of amorphous
Al2O3 from the plane-view in Fig. 1b. To observe the ρ transferred from
the substrate clearly, cross-sectional ρ distribution is studied along the
ð11�20Þ plane (Fig. 1c) which reveals that partial charge can transfer to
the top surface of amorphous Al2O3 interlayer, and its period dis-
tribution reveals that the electrostatic potential from substrate is not
totally screened by amorphous Al2O3 interlayer. Based on the simula-
tion,we experimentally verify the feasibility of remote epitaxial growth
of VO2 NM with amorphous Al2O3 interlayer which is schematically
shown in Fig. 1d. A uniform and ultra-thin amorphous Al2O3 interlayer
is firstly deposited by ALD, followed by growing VO2 NM epitaxially
through reactive sputtering. Afterwards, the as-grown VO2 NM can be
lifted off by removing the amorphous Al2O3 interlayer and transferred

to arbitrary substrate (Supplementary Fig. 2). Figure 1e and Supple-
mentary Fig. 3 demonstrate the cross-sectional scanning transmission
electron microscopy (STEM) images of as-grown VO2 NM showing
dense and uniform crystal grain without pinhole at the interlayer,
implying the remote epitaxial growth instead of lateral overgrowth
epitaxy at pinhole35–37. Further by atomically resolved high-angle
annular dark-field (HAADF) STEM, the VO2 epilayer can be observed
clearly, aligning well with the sapphire substrate through the amor-
phous Al2O3 created byALDwhich is visible between the epitaxial layer
and the substrate (indicated by the dash line in Fig. 1f). The atomic
configurations of VO2 and sapphire are in consistent with the simula-
tionof corresponding crystal axis. The fast Fourier transform (FFT) and
convergent beam electron diffraction (CBED) (Supplementary Fig. 4)
of VO2 epilayer and sapphire display clear diffraction pattern, con-
firming the excellent crystallization. Last, a uniform 4-inch VO2 NM is
successfully prepared (Supplementary Fig. 5) and after wet-etching the
amorphous Al2O3 interlayer, thewafer-scale freestanding epitaxial VO2

NM can be obtained as shown in Fig. 1g and Supplementary Fig. 6. To
investigate if the graphene can participate as the interlayer, we also
sputter VO2 NMon graphene and the results show that the graphene is
damaged probably owing to the bombardment from the sputtering
(Supplementary Fig. 7). It is manifested that the amorphous materials
as interlayer via ALD technique is feasible to obtain wafer-scale free-
standing epitaxial oxide nanomembrane38–42.

Interlayer of optimization for improving epitaxial quality
In order to investigate the effect of ALD interlayer thickness to epitaxy,
we prepare amorphous Al2O3 interlayer of different thicknesses by
altering the ALD cycles from 0 to 200 (Supplementary Fig. 8 and Sup-
plementary Fig. 9) and confirm that the VO2NMs epitaxial growth can be
kept with the interlayer thickness of up to 10 ALD cycles, and the DFT
calculations also confirm the thickness effect (Supplementary Fig. 10).
Therefore, the samples with 0, 5, 8 and 10 ALD cycles interlayer are
selected for detailed discussion in Fig. 2. From the cross-sectional STEM
images in Fig. 2a–d, the interlayers grow thicker with the increase of ALD
growth cycles. The corresponding X-ray diffraction (XRD) φ-scans of as-
grown VO2 (011) peak in Fig. 2e–h show that there are six peaks of VO2

NM and the peak intensity is decreasing with increase of ALD growth
cycles. This result indicates that the thicker is the interlayer, the less
electrostatic potential can affect the epilayer atoms arranging on the
substrate. Thechargedensityof theamorphousAl2O3/Al2O3 substrate, as
determined by DFT calculations, further confirms that increasing the
interlayer thickness significantly impacts the periodic potential on the
surface (Supplementary Fig. 11). The electron backscatter diffraction
(EBSD) shown in Fig. 2i–l also confirm this phenomenon from which we
can identify a single out-of-plane orientation belonging to b-axis [010] of
VO2. Besides, the interlayer thicknesswill also induce the strain changeof
as-grown VO2 NMs as shown in Fig. 2m–p and Supplementary Fig. 12
reciprocal spacemapping (RSM). Similar regularities are observed in VO2

NMs of different thicknesses (Supplementary Fig. 13) and atomic-
resolution image of the VO2-substrate interface (Supplementary
Fig. 14). The VO2 peak moves downward and approaches the bulk VO2

value gradually even the peak intensity is a little weaker for the sample
with Al2O3 interlayer of 10 ALD cycles. Accordingly, we calculate the
average strain change based on the Qz (see Supplementary Fig. 15) and
observe that the strain decreases from 0.422% to 0.024% with the
interlayer thickness increasing.This indicates that the thicker amorphous
Al2O3 interlayer not only weakens the epitaxial performance (as in the
case of interlayer with 15 ALD cycles illustrated in Supplementary Fig. 16)
but also serves to relax theout-of-plain epitaxial strain38. The strain states
also can be reflected by the MIT temperature demonstrated in Supple-
mentary Fig. 17. When the VO2 grows on sapphire directly (0 ALD cycle),
the c-axis is under a tensile stresswhichwill lift theMIT temperature, and
with the lattice relaxion, the MIT temperature moves towards the lower
value.Though thinner interlayer canmaintain theVO2NMabetter crystal
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quality but it also induces island morphology (Supplementary Fig. 18)
probably owing to the nature of ALD growthmechanism and sputtering
bombardment33. Meanwhile, the lift-off process for thinner interlayer
samples will be difficult because epilayer and substrate cannot be com-
pletely separated (Supplementary Fig. 19).

In addition to the interlayer thickness, the interlayer material is
also studied.We replace the amorphous Al2O3 with crystallized ZnO or
HfO2. However, the as-grown VO2 NMs become polycrystalline even
interlayers are only 10 ALD cycles. And the XRD peak intensity of VO2

NMswith 5 ALD cycles ZnO orHfO2 interlayer drop strongly compared
to the amorphousAl2O3 interlayer (Supplementary Fig. 20). It indicates
that the crystallized interlayer blocks the charge transfer from the
substrate than the amorphous Al2O3 interlayer even under a thin
thickness, which is consistent with the DFT simulation results (Sup-
plementary Fig. 21). Therefore, it’s better to choose amorphous Al2O3

rather than ZnO or HfO2 as interlayer for our remote epitaxy method.

Epitaxial orientation analysis of VO2 NM
For the as-grown VO2 NM, the epitaxial relation between sapphire
substrate is elucidated comprehensively in Fig. 3. The pole figure and
φ-scan (Fig. 3a and Supplementary Fig. 22) shows that sapphire exhi-
bits three-fold symmetry along the [0001] orientation which is the

normal orientation of the sapphire substrate (0001). But for VO2NM, it
is noteworthy that despite themonoclinic structure’s [010] orientation
exhibiting two-fold symmetry, there are six distinct (011) peaks each
separated by 60°. Furthermore, no additional diffraction peaks are
observed within a 90° χ angle.

Though some works analyzed the epitaxy of VO2 nanowire, there
is a little controversy about this phenomenon in VO2 NM according to
previous reports43–45. To explore the epitaxial relation, cross-sectional
STEM is conducted with a wide view from sapphire ½2�1�10� axis
(Fig. 3b–d) and the results show two distinct atomic configurations of
VO2: [102] and [201] axes. And the zoomed-in atomic configurations in
the insets of Fig. 3c and d are consistent with the simulations. It’s very
reasonable to extrapolate that the VO2 possesses rotational three-fold
symmetry in plane, whichmeans that the epitaxial relation is VO2 [102]
or [201] paralleling with sapphire ½2�1�10� as illustrated in Fig. 3e sche-
matically. To verify this assumption, we also analyze another crystal
axis (sapphire ½10�10� in Supplementary Fig. 23) and find that the cor-
responding VO2 atomic configurationsmatchwell with the simulations
as expected. Herein, we canpreliminarily conclude that there are three
equivalent directions separated by 120° distributing in plane ran-
domly. Another crystal plane (220) is checked by φ-scan shown in
Supplementary Fig. 24 which confirms the epitaxial relation again.
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Fig. 1 | Remote epitaxial growth of VO2 nanomembrane (NM) via atomic layer
deposition (ALD) technique. a Atomic structure configuration of amorphous
Al2O3 interlayer on sapphire substrate in density functional theory (DFT) calcula-
tion. b Plan-view charge density (ρ) contour map of the top surface of amorphous
Al2O3 interlayer indicated in (a) with blue line. c The cross-sectional ρ distribution
contour map. d Process schematic of remote epitaxial growth of VO2 NM. ALD is
used to form the amorphous Al2O3 interlayer on sapphire (0001) substrate, fol-
lowed by growing VO2 NM epitaxially through reactive sputtering. Finally, the as-
grown VO2 NM can be lifted off and transferred by etching away the amorphous

Al2O3 interlayer. e Cross sectional scanning transmission electron microscopy
(STEM) image of as-grown VO2 NM on sapphire substrate. The scale bar is 100 nm.
fHigh-angle annular dark-field (HAADF)-STEM image of the interface area between
VO2 NM and sapphire substrate, corresponding to the square showed in (e), scale
bar is 1 nm. The insets are simulated atomic configurations of VO2NMand sapphire.
The right panels are the respective fast Fourier transform (FFT) of VO2 NM and
sapphire, scale bar is 5 nm−1. g Photograph of transferred 4-inch epitaxial VO2 NM
on polyimide/polydimethylsiloxane (PI/PDMS). Scale bar is 2 cm.
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Benefiting from this remote epitaxy we proposed, the plane-view
observation canbeobtainedby transferring the VO2NM fromsapphire
to the TEM grid (Fig. 3f). The single VO2 [010] domains with in-plane
mis-orientation can be distinguished clearly in Fig. 3g. More interest-
ingly, from Fig. 3h and Supplementary Fig. 25, the selected area elec-
tron diffraction (SAED) pattern displays hexagon lattice which results
from the diffraction of out-of-plane growth direction (VO2 [010]) but
rotating 120° in plane. Based on the analysis above, the VO2NMhas the
nearly single-crystalline characteristic, i.e., it has a single out-of-plane
orientation and three equivalent in-plane orientations.

Comparison of as-grown and transferred VO2 NM
After dissolving the amorphous Al2O3 interlayer and transferring the
freestanding epitaxial VO2 NM (transferred VO2 NM), there is a crucial
question that whether the transferred VO2 NM could be robust enough
towithstand theHF etching. Herewe take the VO2NMwith 8 ALD cycles
interlayer for transfer as anexample. Firstly,wecheck the surfacesofVO2

NMs before and after transferring using AFM (Supplementary Fig. 26)
which shows undamaged morphology of transferred VO2 NM. Further-
more, the epitaxial quality is confirmed by XRD 2θ-ω scan and rocking

curve (Fig. 4a) which shows that the transferred VO2 NM still displays a
single diffraction peak and the FWHM almost remains same. And the
XRDφ-scan also shows six (011) peaks as as-grown VO2 NM (Fig. 4b). To
obtain more detailed information about the crystal structures of trans-
ferred VO2 NM, the out-of-plane lattice parameters are monitored by
RSM around the (020) reflection plane (Fig. 4c). The data show intense
reflection peak, signifying the well crystallization. Besides, compared to
the as-grown VO2 NM, the transferred VO2 NM peak moves downward,
which is understandable because the strain is relaxed after transferring
and thus the lattice distance along b-axis gets longer. Moreover, in
Fig. 4d, temperature-dependent resistance reveals that the resistance
modulation across MIT can be ~4 orders of magnitude after the wet-
etching which is the benchmark of high-quality VO2 NM in reported
researches46, and the MIT temperature gets closer to 68 °C after releas-
ing the VO2 NM from substrate since the strain in VO2 NM get relaxed
without the substrate effect. Further analysis using Raman spectroscopy
(Fig. 4e and Supplementary Fig. 27) shows that all Raman peaks belong
to the monoclinic phase of VO2, confirming the undamaged transferred
VO2 NM. It’s convincible to conclude that the crystal structure and
property remain intact after the wet etch process.
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Multi-shape freestanding VO2 NM bolometers
After exfoliation, three types of infrared bolometers fabricated using
freestanding epitaxial VO2 NMs (epi-VO2) are illustrated in Fig. 5a-c to
demonstrate the possibility of infrared detection (detailed preparation
processes are described in Supplementary Figs. 28–32 and Methods),
and for comparison, similar bolometers baseonpolycrystallineVO2NMs
(poly-VO2) were also fabricated. The electrical properties of these bol-
ometers are characterized by I-V curves in Fig. 5d and Supplementary
Fig. 33. With the voltage increasing from 0 to 5V, the VO2 changes from
monoclinic phase to rutile phase as the generated Joule heat leads to
elevated temperature. To further estimate noise sources of bolometers,
the current noise ismeasured and the results (Fig. 5e andSupplementary
Fig. 34) exhibit that 1/f noise is the main noise source and the noise of
poly-VO2 bolometers is stronger than epi-VO2 bolometers owing to the
irregular crystal orientation which will enhance the electrons scattering
from the grain boundary. In order to explore the application ability, the
blackbody isusedasa radiation source to simulate the infrareddetection
environment. The detectivity of the four types of bolometers based on
epi- and poly-VO2 NMs are shown in Fig. 5f. The exfoliated VO2 bol-
ometer consisting of epi-VO2 NM/PI/PDMS shows flexible property and
the detectivity is higher than the as-grown epi-VO2 owing to the lower
thermal conductivity of PI/PDMS. By buckling the epi-VO2/PI layer to
isolate bolometer, the detectivity can be elevated further because the air
surrounding the buckled epi-VO2 bolometer localizes the heat causedby

irradiation of IR light. The last type uses the stress engineering to roll the
VO2 NM into a multi-turns microtube. Since the microtube has multi-
layerswalls, themost heat is absorbedbyVO2 insteadof spreading to the
substrate. Therefore, the performance is greatly improved in rolled-up
epi-VO2 bolometer and the detectivity can reach 2.96×108cm Hz1/2 W−1,
which is much higher than the values from literature and commercial
devices summarized in Supplementary Fig. 3547,48. Moreover, it is worth
noting that for each type the bolometer made by the poly-VO2 NMs
shows worse detection performance compared with the epi-VO2 bol-
ometers. It is revealed that the better and ordered crystallization will
induce better detective performance. Beside the bolometer, some other
applications suchas radiative coolingdevice and rolling actuator are also
shown in Supplementary Figs. 36 and 37. These various types of VO2

devices can be further integrated with micro-electronics depending on
the application scenarios and expand the application potentials.

Discussion
In summary, we provide a practical strategy to produce freestanding
epitaxial oxide nanomembrane by remote epitaxy. The key point of
this technique is growing uniform amorphous interlayer with sub-
nanometer thickness by using ALD which holds the advantage of self-
termination and shape conformality. The charge from substrate can
transfer to the top surface of the interlayer to arrange the atoms in
epilayer. More significantly, the interlayer prepared by ALD can
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withstand harsh growth environment so that more growth techniques
of complex oxide can be adopted. For example, we prepared epitaxial
150-nm-VO2 NM by reactive sputtering with the existence of amor-
phous Al2O3 interlayer (~8 Å) on sapphire. The as-grown VO2 NM per-
forms uniform epitaxial alignment and the freestanding VO2 NM is still
intact after release and transfer process, demonstrating excellent
resistance modulation as high as 104. Apart from this, we also prepare
epitaxial VO2 NMs on TiO2 (100) substrate successfully by this
approach (Supplementary Fig. 38). Finally, multi-shape bolometers are
fabricated based on the epitaxial VO2 NM, which show higher detec-
tivity (2.96×108cm Hz1/2 W−1) than that of commercial devices.

We envision that the ALD technique makes the remote epitaxy
possible to adapt diverse growth conditions, and thus greatly enrich
the kinds of epitaxial oxides. This approach canbe extended further by
developing new amorphous materials as sacrificial layer. It also offers
the practical opportunities to not only realize novel heterostructure
and flexible optoelectronic device, but also study interfacial physics
and electronics.

Methods
DFT calculation
The DFT as implemented in the Vienna Ab initio simulation package
(VASP) was employed in all calculations. The generalized gradient
approximation of Perdew-Burke-Ernzerhof (GGA-PBE) was used to
describe the exchange-correlation potential. The projector augmented-
wave (PAW) method was employed to treat interactions between ion
cores and valence electrons and the plane-wave cutoff energy was fixed
to 400eV. All given structural models were optimized until the
Hellmann-Feynman forces smaller than -0.01 eV/Å and the change in
energy smaller than 10-5eV was attained. Further details and discussion
are given in Supplementary Note 1.

Epitaxial film growth
The 4-inch c-plane sapphire substrate (Microcrystalline Semi-
conductor Materials (Suzhou) Co., Ltd.) was used as substrate and
cleaned 20min by acetone, ethanol and DI water before growth. Then,
the interlayer (amorphous Al2O3, crystallized ZnO and HfO2) were
deposited by ALD (MNT Micro and Nanotech Co., Ltd.). The chamber
base pressure was 10 Pa and temperature is set to 200 °C. For amor-
phous Al2O3 growth, the precursors were TMA (pulse time: 20ms,
purge time: 20ms) andDIwater (pulse time: 20ms,purge time: 25ms),
and the growth rate is ~0.11 nm/cycle. For HfO2 growth, the precursors
were TDMAH (pulse time: 200ms, purge time: 15ms) and DI water
(pulse time: 20ms, purge time: 20ms) with the growth rate is
~0.122 nm/cycle. For ZnOgrowth, the precursorswereDEZ (pulse time:
20ms, purge time: 15ms) and DI water (pulse time: 25ms, purge time:
20ms) with the growth rate is ~0.12 nm/cycle.

Then, the substrate was loaded into PVD chamber (Kurt J. Lesker,
PVD75)with base vacuumof ~10-6Torr, and theVO2NM ( ~ 150 nm)was
grown by reactive sputtering for 1500 s (DC power: 100W, target: V
metal, gas flow: Ar 60 sccm and O2 5 sccm). The substrate holder
temperature rose to 550 oC and was rotating at speed of 10 rpm while
growing to ensure the film uniformity. After the growth of VO2, the
sample was cooled down to room temperature and taken out from the
chamber.

XRD, EBSD, Raman spectroscopy and resistance measurement
High-resolutionXRDwasperformedbyBrukerD8AdvancewithCuKα1

radiation (λ ~ 0.15406 nm). The detailed information about out-of-
plane lattice parameters and in-plane epitaxial relationship and strain
states were obtained by symmetric 2θ-ω scan, φ-scan, pole figure and
RSM mapping. The EBSD mapping measurements were made using
JEOL JSM 7200 F equipped with EDAX Velocity Super detector with
post-noise reduction.

Raman spectroscopy (Renishaw inVia-Qontor) mapping was
obtained by scanning ten dots along a line. The resistance versus
temperature plot was conducted with temperature-controlled stage
(CRYOX-MINI, PSAIC, China) and four-point resistance test system
(HPS2663, Helpass Electronic Technologies, Inc.). For 4-inch VO2 NM
measurement, we selected 21 points on the surface shown in Supple-
mentary Fig. 39.

TEM measurement
Two sample typeswere prepared for plane-view imagingof transferred
VO2 NM on a TEM grid and cross-sectional imaging of VO2/amorphous
Al2O3/sapphire. For the plane-view observation, after selective
removing of the Al2O3 interlayer, the VO2 NM was naturally released
and attached to the TEM grid shown in Supplementary Fig. 40. TEM
lamella was prepared by focused ion beam (Helios G4 UX, Thermo
Fisher Scientific Inc.) with Ga+ ion beam thinning by using the standard
lift-outmethod for cross-section viewing. TEMandSTEM imagingwere
performed to examine the thin filmmorphology and atomic structure
near the interface of VO2/amorphous Al2O3/sapphire. The sample was
characterized by a field-emission TEM (Themis Z, Thermo Fisher Sci-
entific) fitted with double aberration correctors (SCORR and CETCOR,
CEOSGmbH) operated at 300 kV. For HAADF STEM imaging, the semi-
convergence angle of 21.4 mrad and collection angle of 79-200 mrad
were used. The out-of-plane viewwas characterized by a field-emission
TEM (JEM ARM200F, JEOL) equipped with a probe aberration correc-
tor (CS CORRECTOR, CEOS GmbH) operated at 200 kV.

Release and transfer of VO2 NM and fabrication of VO2

bolometers
The exfoliation process of remote-epitaxial VO2 NM is shown in Sup-
plementary Fig. 28. The PI is spin-coated onto the VO2 surface by spin
coater (KW-4A, SIYOUYEN Ltd.). The as-grown VO2NMwas coatedwith
HMDS (90 °C, 20min) to enhance binding force with PI. After coating,
the film was loaded in oven for heat cure. Then the whole film was
immersed into 40% HF to remove the amorphous Al2O3. Finally, the
freestanding epitaxial VO2 NM can be obtained. The etching rate of
amorphous Al2O3 and epitaxial VO2 is illustrated in Supplementary
Fig. 29. The exfoliation process of polycrystalline VO2 NM grown on Si/
SiO2 substrate is the same as for the that of remote-epitaxial VO2 NM.
After coating HMDS and PI, the whole film was immersed into 40% HF
to remove the SiO2. The freestanding poly-VO2 NM can be obtained.

The fabrication process of exfoliated epi-VO2 bolometer is shown
in Supplementary Fig. 30. The epi-VO2/PI bilayer and poly-VO2/PI
(exfoliation from Si/SiO2 substrates) bilayer are flipped and put on a
bare Si substrate. The film-on-Si was spin-coated with photoresist
(AZ5214, Microchemicals GmbH, Germany) and exposed with device
array using lithography (Microwriter ML3, Durham Magneto Optics
Ltd.). After development, the uncovered area was dry-etched by using
reactive ion etching (RIE-10NR, Samco Inc.), followed by washing the
photoresist with acetone. Then, the metal electrode deposition was
carried out using e-beam evaporation (Lab 18, Kurt J. Lesker). Finally,
the exfoliated VO2 can be taken off the Si substrate and transferred to
PDMS finally.

The fabrication process of buckled epi-VO2 bolometer is shown in
Supplementary Fig. 31. The patterned epi-VO2 or poly-VO2 areas were
exposed by lithography, and dry-etching the uncovered area by RIE,
followed bymetal deposition (e-beam) to form the electrodes on both
sides of the VO2NM. Thenwet-etching the amorphous Al2O3 or SiO2 by
HF, the VO2 NMs were buckled up from the substrate.

The fabrication process of rolled-up epi-VO2 bolometer is shown
in Supplementary Fig. 32. The patterned epi-VO2 or poly-VO2 areas
were exposed by lithography, and dry-etching the uncovered area by
RIE, followed by metal deposition (e-beam) to form the electrodes on
one sideof theVO2NM.Thenwet-etching the amorphousAl2O3orSiO2
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by HF, the VO2 NM would roll up to a microtube due to the internal
strain difference.

For the as-grown VO2 bolometer. The VO2/sapphire with the
amorphous Al2O3 interlayer and VO2 grown on Si/SiO2 substrate were
spin-coated with photoresist and exposed with device array using
lithography. After development, the uncovered areawasdry-etchedby
using reactive ion etching, followed by washing the photoresist with
acetone. Then, the metal electrode deposition was carried out using
e-beam evaporation.

Optoelectronic measurements
The devices were placed in a vacuum Dewar with pressure of 10−4 Pa.
Themeasurement of photocurrent of blackbodywas carried outwith a
calibrated commercial blackbody furnace from 600K to 1300K under
2.0 V bias. The frequencywasmodulated by an optical chopper wheel,
and the photocurrent signal was collected by (Keysight B2902B). The
photo response measurement was carried out with a modulated laser
beam and the photocurrent signal was acquired by an oscilloscope
(TBS2000, Tektronix) and a current amplifier (Stanford SR570).

Data availability
The Source Data underlying the figures of this study are available with
thepaper. All rawdata generatedduring the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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