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Artificially controlled nanoscale chemical
reduction in VO2 through electron beam
illumination

Yang Zhang 1,5, Yupu Wang2,5, Yongshun Wu1, Xinyu Shu1, Fan Zhang1,
Huining Peng1, Shengchun Shen 1, Naoki Ogawa3, Junyi Zhu2 & Pu Yu 1,4

Chemical reduction in oxides plays a crucial role in engineering the material
properties through structural transformation and electron filling. Controlling
the reduction at nanoscale forms a promising pathway to harvest functional-
ities, which however is of great challenge for conventional methods (e.g.,
thermal treatment and chemical reaction). Here, we demonstrate a convenient
pathway to achieve nanoscale chemical reduction for vanadium dioxide
through the electron-beam illumination. The electron beam induces both
surface oxygen desorption through radiolytic process and positively charged
background through secondary electrons, which contribute cooperatively to
facilitate the vacancy migration from the surface toward the sample bulk.
Consequently, the VO2 transforms into a reduced V2O3 phase, which is asso-
ciated with a distinct insulator to metal transition at room temperature. Fur-
thermore, this process shows an interesting facet-dependence with the
pronounced transformation observed for the c-facet VO2 as compared with
the a-facet, which is attributed to the intrinsically different oxygen vacancy
formation energy between these facets. Remarkably, we readily achieve a lat-
eral resolution of tens nanometer for the controlled structural transformation
with a commercial scanning electron microscope. This work provides a fea-
sible strategy to manipulate the nanoscale chemical reduction in complex
oxides for exploiting functionalities.

Chemical reduction is one of the most generic and essential reactions
in solid state chemistry, which could drastically change the physical
and chemical properties of functional materials1,2. In complex oxides,
this reaction is usually dominated by the formation of oxygen
vacancy3, which plays a pivotal role in exploiting exotic crystalline
structures with emergent phenomena. For instance, the incorporation
of oxygen vacancies through chemical reduction forms an important
pathway to manipulate the ground state of strongly correlated mate-
rials, as every oxygen vacancy would donate two electrons into the

lattice. Importantly, when theoxygen vacancies formordered lattice, it
would lead to a distinct phase transformation from perovskite into
brownmillerites4,5 and even planar infinite layered structures6–8 with
distinct magnetic and electronic properties from the initial perovskite
structures. Furthermore, the oxygen vacancy forms an indispensable
ingredient for the manipulation of ionic conductivity9 and catalysis10

properties, as well as demonstrates approaches to design advanced
piezoelectric11 andmagnetoelectric12 couplings. Therefore, controlling
the chemical reduction through the oxygen vacancy offers an exciting
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and highly rewarded pathway to exploit functionalities. Con-
ventionally, the thermal treatment within the reducing environment4,13

or chemical agents6–8 form themost accessiblemethod to achieve this
purpose as it can dramatically modify the thermodynamic phase dia-
gram of the bulk compounds. However, this approach faces its fun-
damental limitation for functional miniaturization, as the whole
sample would undergo the identical environment. Alternative
approaches, using electric-field14,15, ultraviolet light16 or scanning
tip17,18, etc., have been proposed and demonstrated to manipulate the
thermodynamic stability at the microscale, while nanoscale control is
still of great challenge, as these methods are constrained by the cor-
responding intrinsic length scales.

To realize the nanoscale control, one should identify a pathway
compatiblewith high spatial resolution and the capability of tuning the
thermodynamic stability of materials. A method to simultaneously
satisfy these requirements is the high energy electron beam (e-beam),
inwhich thepicometerwavelengthof e-beamendows itwith the ability
to realize nanometer/sub-nanometer probe, and furthermore the lat-
tice and electronic structure of materials could be significantly mod-
ified by incident electron beams, through various types (i.e., electron,
photon and phonon) of excitations19. Among these interactions, the
excited secondary and auger electrons contribute to the accumulation
of positive charge at the sample surface, leading to a pronounced

internal electrostatic field at the sample surface. With the assistance of
this electric field, the oxygen vacancy tends to migrate across the
sample surface, leading to a dramatically enhanced oxygen vacancy
evolution (Fig. 1a). Furthermore, through in-situ atomically-resolved
imaging with the transmitted electron microscopy (TEM), the e-beam
could also provide direct structural insight of phase transformation
during multiple processes, like material decomposition20, boundary
migration21 and topotactic transformation22,23.

In this work, we exploit e-beam to induce chemical reduction in
VO2 with an accompanied insulator to metal transition (IMT) at the
nanoscale lateral resolution. VO2 possesses an IMT near room tem-
perature from low-temperature monoclinic insulating phase to high-
temperature rutilemetallic phase24,25, andmore importantly vanadium
oxides have a rich selectionof oxidizedphaseswith distinctproperties.
The IMT of VO2 is strongly coupled with its stoichiometry, including
the introduction of oxygen vacancy26, hydrogen intercalation27 and
chemical doping28. Moreover, given the vast applications of VO2 and
its associated IMT for memory29, electrochromic effect30,31,
metamaterial32, optical modulator33, etc., the manipulation of IMT at
nanoscale forms a promising pathway to achieve improved perfor-
mances. Our work highlights the capability of nanoscale control of
chemical reduction assisted by the e-beam and offers possibilities to
design functions through sketchable chemical reaction.
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Fig. 1 | Manipulation of the chemical reduction in VO2 through e-beam illu-
mination. a Schematic illustration of the mechanism for the e-beam induced
chemical reduction. The black circles represent the secondary electrons, which are
created by the interaction with an incident electron beam and escapes from the
surface area. The cantilever is used to characterize the local conductivity of the
illuminated area. b Facet-dependence of the e-beam induced chemical reduction.
Upper panel shows the currentmaps of the pristine and e-beam illuminated regions
for c-facet and a-facet VO2 samples. The superimposed images show corresponding
atomic models of VO2, as viewed along these two orientations. The scale bar is

2μm. Lower panel demonstrates the characteristic local I–V curves measured at
pristine (c-P and a-P) and illuminated (c-I and a-I) regionswith a conducting AFM tip
as the top electrode. c Temperature-dependent sheet resistances of both c- and
a-facet VO2 samples before and after e-beam illumination. The inset in the bottom
panel shows a schematic device setup for the measurement. d Comparison of
Raman spectra before and after e-beam illumination. To eliminate the background
signal from TiO2 substrates, VO2 thin films grown on the Al2O3 (10–10) and (0001)
substrates with the corresponding c- and a- facets were employed for the Raman
measurements.
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Results
We first demonstrate the feasibility of manipulating the chemical
reduction in VO2 through e-beam illumination. As the chemical
reduction of oxides is strongly correlated with the surface facets, we
prepared two different single-crystalline VO2 thin films with non-polar
and polar facets (termed as c-facet and a-facet), in which the VO2 were
deposited on (001)R and (100)R TiO2 substrates respectively (methods
and Supplementary Fig. S1). A conventional scanning electron micro-
scopy (SEM) setup was employed to illuminate (scan) selected regions
of these films (methods). Noting that the creation of oxygen vacancy
will lead to a dramatically enhanced conductivity from the insulating
VO2 phase at room temperature, we carried out the measurements of
local conductivity with the conducting atomic force microscopy
(cAFM)onboth samples (upper panel of Fig. 1b). The results reveal that
a dramatically enhanced current emerges for the c-facet sample, while
only subtle change is observed for the a-facet one. Such facet-
dependent behavior can be further captured through local I–V mea-
surements, as exhibited at the lower panel of Fig. 1b. The conductivity
is enhanced by more than two orders of magnitude for c-facet sample
after illumination, while no measurable change is detected for the
a-facet sample. We note that the surface morphology and roughness
should not play a major role here because similar surface morphology
is consistently observed in these two orientated thin films (Supple-
mentary Fig. S2). Also, it is interesting to note that the Kelvin probe
measurements reveals rather invisible change of the surface potential
(Supplementary Fig. S3), which can then rule out the contribution of
charge inject through e-beam illumination.

The facet-dependent IMT feature observed in cAFM also reflects
in the temperature-dependent electrical resistive measurements

(Fig. 1c). After e-beam illumination, the characteristic IMT (at ~325 K)
for pristine c-facet VO2 completely disappears and the sample
resembles a semiconducting behavior with an anomalous transition at
~138 K (upper panel of Fig. 1c). However, the illuminated a-facet sample
still possesses a IMT feature close to its pristine transition tempera-
ture, with a slight decrease of resistivity and awider thermal hysteresis
(lower panel of Fig. 1c and Supplementary Fig. S4). To further reveal
the structural change of these two facets through e-beam illumination,
we carried out Raman spectroscopy. Figure 1d reveals the character-
istic Raman peaks for pristine VO2 at 194 cm−1 (ω1), 223 cm

−1 (ω2) and
612 cm−1 (ω3), which are attributed to the V–V dimer interaction and
different V-O bond lengths in monoclinic insulating VO2

34. For illumi-
nated c-facet VO2 sample, these characteristic peaks are dramatically
suppressed, and two new peaks (marked by diamonds) emerge, which
provides direct evidence for e-beam induced structural transforma-
tion. Nevertheless, for a-facet VO2, the characteristic peaks remain
intact even through e-beam illumination, indicating that the a-facet
sample still maintains its monoclinic structure.

To provide further structural insights for the phase transforma-
tion, we employed in-situ scanning transmitted electron microscopy
(STEM) to trace the structural evolution through e-beam illumination.
To clarify the facet dependent behavior, we prepared two cross-
sectional TEM samples with the zone axis normal to c- and a-facet,
respectively (Fig. 2a). We used scanning e-beam in STEM mode to
illuminate these two samples, and then the atomically-resolved STEM
imageswere simultaneously captured. As shown in Fig. 2b, a newphase
can be readily recognized at the illuminated area of c-facet VO2,
showing an elongated out-of-plane lattice constant according to the
geometric phase analysis (GPA). Such structural transformation is
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Fig. 2 | Atomic insights for the e-beam induced chemical reduction in VO2.
a Schematic illustration of c- and a-facet VO2 specimens prepared for STEM char-
acterizations. b e-beam induced structural transformation in c-facet VO2 sample.
Left panel: Low-magnified HAADF images acquired at the same region before and
after e-beam illumination. Right panel: Corresponding GPA analysis showing the
emergence of a new crystalline structure after e-beam illumination. The scale bar is
20nm. c FFT results collected from the pristine (c-P) and illuminated (c-I) regions.
The scale bar is 5 nm-1. d EELS measurements for a-facet and c-facet VO2 samples

before and after e-beam illumination. Reference spectra of V2O3 and VO2 are col-
lected from commercial powders. e High-resolution HAADF and inverted ABF
images collected frompristine (c-P) and illuminated (c-I) regions of c-facet VO2. The
scale bar is 1 nm. f Left panel: Experimental HAADF and inverted ABF images of
illuminated thin films. Right panel: Simulated ABF and HAADF images using
rhombohedral V2O3 as input structure. The zone axis is [10–10] of rhombohe-
dral V2O3.
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further supported by the FFT results and selected area diffraction
patterns (Fig. 2c and Supplementary Fig. S5). As for a-facet VO2, the
structural feature ofmonoclinic VO2 remains almost unchanged under
the same dose of e-beam illumination (Supplementary Figs. S6), con-
sistent with the results depicted in Fig. 1.

Electron energy loss spectroscopy (EELS) was used to determine
the valence state of vanadium ions within this new phase. Figure 2d
summarizes EELS signals at vanadium L-edges and oxygen K-edges
collected from the pristine and illuminated regions within c- and
a-facet samples, while the evolution with the illuminating dose is
shown in Supplementary Fig. S7. For signals collected from illuminated
c-facet sample, a noticeable “red shift” of vanadium L3-edge is
observed. By comparing with the EELS signals collected from com-
mercial VO2 and V2O3 powders (Supplementary Fig. S8), it suggests a
reducing valence state from V4+ to V3+, occurs in c-facet sample after
e-beam illumination. This assignment is further supported by the
dramatically suppressed peak intensity at t2g peak of oxygen K-edge,
which is contributed by the transition from O-1s to the hybridization
between O-2p and V-3d (dxz, dyz) state35. On the other hand, the illu-
minated a-facet sample shows amuch smaller change of peak position
and intensity at L-edges and oxygen K-edges respectively, which is
consistent with the fact that the a-facet sample remains its pristine
monoclinic phase with small amount (about 3%) of oxygen vacancy
(Fig. 1c, d).

To elaborate the crystalline structure of the new phase trans-
formed from the c-facet VO2,we collected high-resolution STEM image
as shown in Fig. 2e. Combined with the high angle annular dark field
(STEM-HAADF) and annular bright field (STEM-ABF) image, the atomic
positions of vanadium and oxygen ions are determined, which toge-
ther with the simulation result (Fig. 2f), providing compelling evidence
that the illuminated area transforms from monoclinic VO2 to rhom-
bohedral V2O3. Remarkably, the V2O3 is found to be fully epitaxial with
the substrate (Supplementary Fig. S9–S10). This assignment can nicely
explain the observed R–T curves and Raman spectra shown in Fig. 1, as
similar R–T curveswere reported in pristine V2O3 thinfilms36,37, and the
characteristic Raman peaks in the illuminated c-facet sample could be
attributed to the features of rhombohedral V2O3 (Supplementary
Fig. S11)38.

We then address the mechanism of the e-beam-induced phase
transformation in c-facet VO2 sample. We summary various possible
interactions between the e-beam and materials in Supplementary
Fig. S12, which can be classified into knock-on, radiolysis, thermal
heating as well as the electrostatic field19. Firstly, the knock-on effect,

which is due to collision between the high energy electrons and heavy
ions, was widely reported during the TEM measurements as the
e-beam penetrating through the thin film; while this effect is less
notable for SEM measurements, in which the beam cannot penetrate
through the specimen. The fact that e-beam induced phase transfor-
mation was observed through both SEM and TEM methods, can then
rule out the contribution of knock-on effect. Secondly, the thermal
heating effect, which is caused by the phonon excitation, can also be
excluded based on the in-situ XRD measurements (Supplementary
Fig. S13), which reveals that the VO2 phase remains robust with the
temperature up to 170 °C in vacuum. While considering the rather
small dose of electrons used, we expect the sample temperature is
much less than 170 °C, and then the influence of thermal heating can
be excluded. The radiolysis and internal electrostatic field are hard to
be decoupled, as the former is able to induce oxygen desorption from
the surface39, which creates a gradient chemical potential for oxygen
ions between the bulk and the surface40,41, while the latter would
naturally facilitate the migration of oxygen vacancy from surface
toward the sample bulk due to positively charged surficial area42.
Eventually, we speculate that these twomechanisms would contribute
cooperatively to facilitate the observed phase transformation from
VO2 into the corresponding V2O3 (see Supplementary Materials for
detailed discussion).

After the demonstration of the working principle of e-beam
induced chemical reduction, we then focus on investigating its high
spatial resolution. For this propose, a “THU” pattern was adapted as a
lithographic template for the e-beam illumination through a conven-
tional SEM setup on a c-facet VO2 sample. The corresponding con-
ducting pattern (Fig. 3a) follows nicely with the designed pattern,
which showcases the feasibility of imprinting artificially designed high
precise pattern through e-beam. We further investigated the spatial
resolution of the e-beam induced transformation by focusing the
electron beamwith a SEM setup. As shown in Fig. 3b, the characteristic
size can be controlled nicely, whose lateral size is estimated to be from
~250nm to ~50nm (Supplementary Fig. S14). We note that this feature
size is much smaller than the other methods, as summarized in Fig. 3c.
Therefore, we demonstrate the e-beam illumination as a promising
pathway to realize nanoscale control of chemical reduction.

To provide further understanding of the facet-dependent e-beam
induced phase transformation, we carried out density functional the-
ory (DFT) calculations. We considered the evolution of oxygen
vacancies into three processes: the formation of oxygen vacancies on
the surface, the insertion from the surface to the bulk, and then the
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diffusion within bulk. We first computed the formation energy of
oxygen vacancies on both facets with the most stable reconstructions
(Supplementary Fig. S15), as shown in Fig. 4a. The results obtained
from both GGA and static HSE functional methods, reveal conclusively
that the c-facet has a much lower formation energy than a-facet, sug-
gesting that it is easier to create oxygen vacancy at the c-facet, likely
through the e-beam induced oxygen desorption. We then calculated
the migration barriers of the oxygen vacancies from surfaces toward
the bulk for both facets, and got comparable energies, as shown in
Fig. 4b. Finally, we computed the energy barriers within the bulk along
normal to a- and c-facet (Fig. 4c and Supplementary Fig. S16), which
reveal a comparable barrier along these two directions. These calcu-
lated results then clearly suggest that the formation of the oxygen
vacancies at the sample surface is the rate limited factor for the phase
transformation, and along this vein the c-facet sample is inclined to be
reduced. Furthermore, we also expect that the e-beam induced posi-
tively charged background through the creation of secondary

electrons at the sample surface leads to an effective internal electro-
static field to facilitate the formation of positively charged oxygen
vacancies at the sample surface as well, which then migrates gradually
into the bulk to trigger the phase transformation.

Thephase transformation can also beunderstood collectivelyby a
comparison of VO2/V2O3 interface stability along different directions,
because the interfaces serve as the wavefront for the oxygen ion
migration during the phase transformation. According to the STEM
results (Fig. 4d), we identified three possible sharp interfaces (denoted
as Interface-I, -II and -III) during phase transformation (Supplementary
Fig. S17). These three interfaces represent three different terminations
of VO2 when it is montaged with V2O3. Specifically, the interface-II and
-III represents the a- and c-facet respectively, while interface-I is per-
pendicular to [102]M direction (Fig. 4e). Within the parameter space
allowing the coexistence of both VO2 and V2O3 (Fig. 4f and Supple-
mentary Materials for details), we calculated the formation energy for
all three interfaces and found out that the interface-III is the most
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stable one (Fig. 4g). This result strongly suggests that the direction of
phase transformation prefers perpendicular to the interface-III (c-
facet), consistent with our experimental results. This result can be
understood through two correlated factors, i.e., lattice-mismatch and
interfacial reconstruction (Fig. 4h). The calculations reveal that in
interface-I and -II, the lattice-mismatches are much stronger than the
interface-III (Supplementary Table S1). Moreover, the interface-I and -II
also show larger lattice reconstructions (Supplementary Fig. S18 and
Supplementary Tables S2–S3). Noting that interfaces-I and -II are along
the polar directions, while the interface-III is along the nonpolar
direction, this facet dependence is rationalized by the fact that the
electron counting model43–45 can be easily satisfied near the nonpolar
surface and interface46.

In summary, we demonstrate a tunable nanoscale chemical
reduction at VO2 via e-beam illumination, which is accompanied by a
structural transformation into V2O3. We envision that this work not
only opens a promising pathway to exploit functionalities related to
chemical reduction at complex oxides, but also provides a strategy to
in-situ investigate the oxygen ionic migration driven by electron beam
illumination.

Methods
Growth of film
VO2 thin films were grown with a customized pulsed laser deposition
system at a growth temperature of 420 °C and an oxygen pressure of
0.8 Pa. The energy density of the laser (λ = 248 nm) was fixed at 1.8 J/
cm2 at the surface of ceramic VO2 target, with a repetition rate of 3Hz.
After the growth, the samples were cooled down to room temperature
with a cooling rate of 10 °C per minute at oxygen pressure of 2.0 Pa.
The sample thicknesswas controlled by the growth time at a calibrated
growth rate and then further confirmed with X-ray reflectometry
measurements. The x-ray diffraction and reflectometry measurements
were carried out using a high-resolution four-circle X-ray dif-
fractometer (Smartlab, Rigaku) with monochromatic Cu Kα1 radiation
(λ = 1.5406Å). The thickness of thin films used for e-beam illumination,
AFM characterization, electrical and Raman measurements is about
~18 nm,while slightly thicker (~50nm) sampleswereemployed for TEM
experiments to minimize the influence of surface damage during
sample preparation.

Electron beam illumination
The e-beam illumination characterization was carried out with a
scanning electron microscope (Zeiss-Merlin) under accelerate voltage
of 30 kV and probe current of 30nA. The illuminated area used for the
conducting atomic force microscope (c-AFM) characterization was
8 × 4μm2with a total electrondoseof ~105 e/Å2.While the samples used
for electrical and Raman measurements were 20 × 20μm2 in dimen-
sion, with a total electron dose of ~5 × 105 e/Å2. The electron-beam
illumination in transmission electron microscope (TEM) was carried
out under the accelerate voltage 300 kV with 200pA probe current.
The illuminated region was 50× 50 nm2, which leads to an electron
injection dose of ~107 e/Å2.

Scanning probe microscopy
The scanning probe microscopy (SPM) measurements, including
morphology, local current and surface potential characterizations,
were performed by a commercial scanning probe microscope
(Cypher ES, Oxford Instruments), which was armed with Pt-coated
conductive cantilevers (HQ: NSC18/Pt, MikroMasch) with a spring
constant of ~2.8 N/m and a free resonance frequency of ~75 kHz. The
conducting atomic force microscope (c-AFM) measurements were
conducted to probe the local conductivity of the samples, in which
the orca tip holder was selected. All conducting atomic force
microscope mapping measurement were conducted with reading
voltage of 0.8 V.

Electrical measurement
Electrical transports were performed with the Physical Property Mea-
surement System (PPMS, Quantum Design) by applying a direct cur-
rent of 0.5μA. The bridge VO2 devices with a dimension of 150× 20m2

were patterned through photo lithography process, followed by Ar
beam etching (at calibrated etching rate) to remove the uncovered
part. Ti/Au electrodes were subsequently coated on both ends of the
VO2 bridges with an uncovered region of 20× 20μm2 at themiddle for
the subsequent electron beam illumination.

Raman spectroscopy
Raman spectra were measured at ambient condition using a Horiba
Jobin Yvon LabRAM HR Evolution spectrometer with the λ = 514 nm
excitation source from an Ar laser and an 1800 gr/mm grating.

Transmission electron microscopy
The cross-sectional TEM specimens were thinned down to less than
30μm first by using mechanical polishing, and then argon ion milling
was carried out using PIPSTM (Model 691, Gatan Inc.) with the accel-
erating voltage of 3.5 kV until a hole was drilled. Low voltage milling
was performed with accelerating voltage of 0.3 kV to minimize the
damage and remove the amorphous surface layer. Plasmacleaningwas
employed for all TEM samples to remove the free carbon adsorbed on
the surface. The STEM-HAADF andSTEM-ABF imageswere acquired on
an FEI Titan Cubed Themis 60–300 (operated at 300 kV), capable of
recording high-resolution STEM images with the spatial resolution of
∼0.059nm. The microscope was equipped with a high brightness
electron gun (X-FEG with monochromator), a spherical aberration
corrector, and a post-column imaging energy filter (Gatan Quantum
965 Spectrometer). The energy resolutionwas smaller than 0.3 eV. The
collection angle of theHAADF andABF detectorwas 48–200mrad and
8–57 mrad, respectively. The image simulation was carried out by Dr.
Probe, with 18 slices along [10–10] crystal axis of V2O3 were divided for
eachunit cell. The collection angle ofHAADF andABF detectorwas the
same as the experimental setup. The Dual-EELS mode was selected to
collect core-loss signals of both vanadium and oxygen ions. The
entrance aperture was 5mm and the step size was 0.1 eV. Data pro-
cessing, including calibration of the zero-loss position, pre-edge
background subtraction, removal of multiple scattering, and normal-
ization, was carried out to extract EELS signals. All EELS data were
processed using the Gatan Microscopy Suite 3.0 software package.
Commercial VO2 and V2O3 powders (Sigma Aldrich 99.5% pure) were
used to collect the reference EELS spectra.

Density functional theory calculation
Spin-polarized DFT calculations47,48 implemented by Vienna Ab-initio
Simulation Package (VASP)49–51 were carried out during the study.
Within the calculations, we used Perdew-BurkeErnzerhof (PBE)52 for-
mulation of the generalized-gradient approximation (GGA) for
exchange-correlation function using projector augmented-wave
method (PAW)49–51 for the surface formation energy, the climbing
image nudged elastic band (CI-NEB) method for migration barrier
calculation and interface formation energy calculations. The volumes
of simulation cells are fixed, and all atoms are allowed to relax. The
minimization was adopted by the conjugate gradient algorithm. Dur-
ing the structural optimization, both the cell volume and atom posi-
tions are allowed to relax and move during the self-consistent
calculation. While during the calculations of the surface formation
energy, NEB, and interface formation energy calculation, the cell
volume isfixed, while all atoms are allowed to relax. In the calculations,
the electronic minimization adopted the blocked Davidson iteration
scheme, and the ionic relaxation was used in the conjugate gradient
algorithm. We also employed static hybrid Heyd-Scuseria-Ernzerhof
(HSE) function with the structure using GGA method53. The empirical
range parameter ω and the mixing ratio of exact exchange α in a
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Hartree-Fock were set to be 0.2 Å−1 and 0.1, respectively. For GGA and
HSE calculations, the energy cutoff of plane waves was set as 450 eV
and Feynman-Hellman forces were converged to less than 0.01 eV/Å.
For the calculations of oxygen vacancy formation energy, we adopted
Gamma-centered method and the k-point meshes of a- and c- facet
samples were set to be 4 × 4× 1 and 5 × 3× 1, respectively. To account
for the diffusion within the bulk, we adopted a 96-atom (2 ×2 × 2)
supercell and k-point mesh was set as 3 × 3× 1. To identify the diffusion
paths, we used the climbing image nudged elastic band (CI-NEB)54

method to map out the transition states, and the spring constant
employed was 5 eV/Å2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the results of this study are available in the
manuscript or the supplementary information. Additional data are
available from the corresponding author upon reasonable request.

References
1. Simon, P. et al. Materials for electrochemical capacitors.Nat. Mater.

7, 845–854 (2008).
2. Hagfeldt, A. et al. Light-induced redox reactions in nanocrystalline

systems. Chem. Rev. 95, 49–68 (1995).
3. Gunkel, F. et al. Oxygen vacancies: the (in)visible friend of oxide

electronics. Appl. Phys. Lett. 116, 120505 (2020).
4. Jeen, H. et al. Reversible redox reactions in an epitaxially stabilized

SrCoO(x) oxygen sponge. Nat. Mater. 12, 1057–1063 (2013).
5. Lu, N. et al. Electric-field control of tri-state phase transformation

with a selective dual-ion switch. Nature 546, 124–128 (2017).
6. Tsujimoto, Y. et al. Infinite-layer iron oxide with a square-planar

coordination. Nature 450, 1062–1065 (2007).
7. Inoue, S. et al. Anisotropic oxygen diffusion at low temperature in

perovskite-structure iron oxides. Nat. Chem. 2, 213–217 (2010).
8. Li, D. et al. Superconductivity in an infinite-layer nickelate. Nature

572, 624–627 (2019).
9. Goodenough, J. B. Oxide-ion electrolytes. Annu. Rev. Mater. Res.

33, 91–128 (2003).
10. Grimaud, A. et al. Activating lattice oxygen redox reactions in

metal oxides to catalyse oxygen evolution. Nat. Chem. 9,
457–465 (2017).

11. Park, D.-S. et al. Induced giant piezoelectricity incentrosymmetric
oxides. Science 375, 653–657 (2022).

12. Bauer, U. et al. Magneto-ionic control of interfacial magnetism.Nat.
Mater. 14, 174–181 (2015).

13. Jeen, H. et al. Topotactic phase transformation of the brownmil-
lerite SrCoO2.5 to the perovskite SrCoO3- delta. Adv. Mater. 25,
3651–3656 (2013).

14. Jeong, Jaewoo et al. Suppression of metal-insulator transition in
VO2 by electric field–induced oxygen vacancy formation. Science
339, 1402–1404 (2013).

15. Leighton, C. Electrolyte-based ionic control of functional oxides.
Nat. Mater. 18, 13–18 (2019).

16. Zhang, H. T. et al. Imprinting of local metallic states into VO2 with
ultraviolet light. Adv. Funct. Mater. 26, 6612–6618 (2016).

17. Cen, C. et al. Nanoscale control of an interfacial metal-insulator
transition at room temperature. Nat. Mater. 7, 298–302 (2008).

18. Li, L. et al. Manipulating the insulator-metal transition through tip-
induced hydrogenation. Nat. Mater. 21, 1246–1251 (2022).

19. Jiang, N. Electron beam damage in oxides: a review. Rep. Prog.
Phys. 79, 016501 (2016).

20. Chen, S. et al. Atomic-scale imaging of CH3NH3PbI3 structure and
its decomposition pathway. Nat. Commun. 12, 5516 (2021).

21. Wei, J. et al. Direct imaging of atomistic grain boundary migration.
Nat. Mater. 20, 951–955 (2021).

22. Chen, C. et al. Patterning oxide nanopillars at the atomic scale by
phase transformation. Nano Lett. 15, 6469–6474 (2015).

23. Jang, J. H. et al. In situ observation of oxygen vacancydynamics and
ordering in the epitaxial LaCoO3 system. ACS Nano 11,
6942–6949 (2017).

24. Imada, M. et al. Metal-insulator transitions. Rev. Mod. Phys. 70,
1039–1263 (1998).

25. Liu, K. et al. Recent progresses on physics and applications of
vanadium dioxide. Mater. Today 21, 875–896 (2018).

26. Lee, D. et al. Isostructural metal-insulator transition in VO2. Science
362, 1037–1040 (2018).

27. Yoon, H. et al. Reversible phase modulation and hydrogen storage
in multivalent VO2 epitaxial thin films. Nat. Mater. 15,
1113–1119 (2016).

28. Lee, S. et al. Axially engineered metal-insulator phase transition by
graded doping VO2 nanowires. J. Am. Chem. Soc. 135,
4850–4855 (2013).

29. Del Valle, J. et al. Subthreshold firing in Mott nanodevices. Nature
569, 388–392 (2019).

30. Wang, S. et al. Scalable thermochromic smart windows with pas-
sive radiative cooling regulation. Science 374, 1501–−1504 (2021).

31. Tang, K. et al. Temperature-adaptive radiative coating for all-season
household thermal regulation. Science 374, 1504–1509 (2021).

32. Liu, M. et al. Terahertz-field-induced insulator-to-metal transition in
vanadium dioxide metamaterial. Nature 487, 345–348 (2012).

33. Cueff, S. et al. Dynamic control of light emission faster than the
lifetime limit using VO2 phase-change. Nat. Commun. 6,
8636 (2015).

34. Shvets, P. et al. A review of Raman spectroscopy of vanadium oxi-
des. J. Raman Spectrosc. 50, 1226–1244 (2019).

35. Koethe, T. C. et al. Transfer of spectral weight and symmetry across
the metal-insulator transition in VO(2). Phys. Rev. Lett. 97,
116402 (2006).

36. Homm, P. et al. Room temperature Mott metal–insulator transition
in V2O3 compounds induced via strain-engineering. APL Mater. 9,
021116 (2021).

37. Hu, L. et al. Unveiling themechanisms ofmetal-insulator transitions
in V2O3: the role of trigonal distortion. Phys. Rev. B 103,
085119 (2021).

38. Zhang, G. D. et al. Orientation-dependent strain effects on the
metal-insulator transitions in (V0.99Cr0.01)2O3/Al2O3 thin films. Phys.
Rev. B 105, 035140 (2022).

39. Knotek, M. L. et al. Ion desorption by core-hole Auger decay. Phys.
Rev. Lett. 40, 964–967 (1978).

40. Park, Y. et al. Anionic Flow Valve Across Oxide Heterointerfaces by
Remote Electron Doping. Nano Lett. 22, 9306–9312 (2022).

41. Park, Y. et al. Directional ionic transport across the oxide interface
enables low-temperature epitaxy of rutile TiO2. Nat. Commun. 11,
1401 (2020).

42. Cazaux, J. Correlation between ionization radiation damage and
charging effects in transmission electron microscopy. Ultramicro-
scopy 60, 411–425 (1995).

43. Wang, Y. et al. Surface stability analysis with H adsorption affected
the magnetic fluctuation of Brownmillerite SrCoO2.5 based on the
electron counting model by layers. J. Phys. Chem. C. 126,
12251–12263 (2022).

44. Pashley, M. D. Electron countingmodel and its application to island
structures on molecular-beam epitaxy grown GaAs(001) and
ZnSe(001). Phys. Rev. B Condens. Matters 40, 10481–10487 (1989).

45. Zhu, J. et al. Dual-surfactant effect to enhancep-type doping in III–V
semiconductor thin films. Phys. Rev. Lett. 101, 196103 (2008).

46. Zhang, J. et al. Hydrogen-surfactant-assisted coherent growth of
GaN on ZnO substrate. Phys. Rev. Mater. 2, 013403 (2018).

Article https://doi.org/10.1038/s41467-023-39812-8

Nature Communications |         (2023) 14:4012 7



47. Kohn, W. et al. Self-consistent equations including exchange and
correlation effects. Phys. Rev. 140, A1133–A1138 (1965).

48. Jones, R. O. et al. The density functional formalism, its applications
and prospects. Rev. Mod. Phys. 61, 689–746 (1989).

49. Kresse, G. et al. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Compu-
tational Mater. Sci. 6, 15–50 (1996).

50. Kresse, G. et al. From ultrasoft pseudopotentials to the projector
augmented-wave method. Physcial Rev. B 59, 1758–1775 (1999).

51. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B
Condens. Matters 50, 17953–17979 (1994).

52. Perdew, J. P. et al. Generalized gradient approximation made sim-
ple. Phys. Rev. Lett. 77, 3865–3868 (1996).

53. Heyd, J. et al. Hybrid functionals based on a screened Coulomb
potential. J. Chem. Phys. 118, 8207–8215 (2003).

54. Henkelman,G. et al. A climbing imagenudgedelastic bandmethod
forfinding saddlepoints andminimumenergypaths. J. Chem. Phys.
113, 9901–9904 (2000).

55. Sharma, Y. et al. Nanoscale control of oxygen defects and
metal–insulator transition in Epitaxial VanadiumDioxides.ACSNano
12, 7159–7166 (2018).

56. Wang, B. et al. Ultrafast, kinetically limited, ambient synthesis of
vanadium dioxides through laser direct writing on ultrathin chal-
cogenide matrix. ACS Nano 15, 10502–10513 (2021).

57. Mino, L. et al. Tailoring the local conductivity of TiO2 by X‐Ray
nanobeam irradiation. Adv. Electron. Mater. 5, 1900129 (2019).

58. Shibuya, K. et al. Modulation of metal-insulator transition in VO2 by
electrolyte gating-induced protonation. Adv. Electron. Mater. 2,
1500131 (2016).

59. Li, G. et al. Flexible VO2 films for in‐sensor computing with ultra-
violet light. Adv. Funct. Mater. 32, 2203074 (2022).

60. Schrecongost, D. et al. On‐demand nanoscale manipulations of
correlated oxide phases. Adv. Funct. Mater. 29, 1905585 (2019).

61. Lee, Y. J. et al. Nonvolatile control of metal–insulator transition in
VO2 by ferroelectric gating. Adv. Mater. 34, 2203097 (2022).

62. Schrecongost, D. et al. Rewritable nanoplasmonics through room-
temperature phase manipulations of vanadium dioxide. Nano Lett.
20, 7760–7766 (2020).

63. Li, G. et al. Photo-induced non-volatile VO2 phase transition for
neuromorphic ultraviolet sensors. Nat. Commun. 13, 1729 (2022).

64. Nakano, M. et al. Collective bulk carrier delocalization driven by
electrostatic surface charge accumulation. Nature 487,
459–462 (2012).

65. Yajima, T. et al. Positive-bias gate-controlled metal–insulator tran-
sition in ultrathin VO2 channels with TiO2 gate dielectrics. Nat.
Commun. 6, 10104 (2015).

Acknowledgements
This studywasfinancially supportedby theNational Key R&DProgramof
China (grant No. 2021YFE0107900); the Basic Science Center Program
of NSFC (grant No. 52388201); the Beijing Nature Science Foundation
(grant No. Z200007); the National Key R&D Program of China (grant No.
2021YFA1400300); the National Natural Science Foundation of China
(grant Nos. 52025024 and 12104250) and the China Postdoctoral Sci-
enceFoundation (grantNos. 2022M721769and2022M711870). Thiswork

was also supported by the Research Grants Council of Hong Kong for
General Research Fund (grant Nos. 14307018, 14307219 and 14319416)
and research fund from SIAT-CUHK Joint Laboratory of Photovoltaic
Solar Energy. Y.Z. acknowledges support from the Shuimu Tsinghua
Scholar Program of Tsinghua University. X. S acknowledges support
from International Postdoctoral Exchange Fellowship Program of China
(Talent-Introduction Program).

Author contributions
P.Y. and Y.Z. conceived the study. Y.W. prepared the VO2 thin films. Y.Z.
performed the e-beam illumination, Raman and TEM measurements.
X.S. and S.S. performed the transport measurements. Y.Z. performed
the cAFM measurements with the assistant from F.Z. and H.P., Y.W.
carried out the DFT calculations supervised by J.Z., N.O. provided
insights about the phase transformation. Y. Z., Y.W., J.Z. and P.Y. wrote
thepaper,while all authorsdiscussed the results andcommentedon the
manuscript.

Competing interests
The authors declare no competing of interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39812-8.

Correspondence and requests for materials should be addressed to
Junyi Zhu or Pu Yu.

Peer review information Nature Communications thanks Nicolas Gau-
quelin and the other anonymous reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39812-8

Nature Communications |         (2023) 14:4012 8

https://doi.org/10.1038/s41467-023-39812-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Artificially controlled nanoscale chemical reduction in VO2 through electron beam illumination
	Results
	Methods
	Growth of film
	Electron beam illumination
	Scanning probe microscopy
	Electrical measurement
	Raman spectroscopy
	Transmission electron microscopy
	Density functional theory calculation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




