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first-order MIT at a critical temperature 
around 341 K.[1] During the transition 
process, the bulk crystal structure under-
goes a transformation from the insulating 
low-temperature monoclinic phase to 
the metallic high-temperature tetragonal 
phase.[2] The exotic MIT properties in VO2 
have attracted much attention due to its 
potential applications, including smart 
window,[3] transistors,[4] switching devices,[5] 
phase transition memory,[6] and sensors 
with ultrafast response.[7] However, the 
above practical applications were limited by 
the relatively high phase transition temper-
ature of VO2. In recent years, many efforts 
have been carried out for the refined modi-
fication of the critical temperature to room 
temperature, such as chemical doping,[8] 
interfacial strain engineering,[9] hydrogena-
tion,[10] ionic liquids modulation,[11] light 
excitation,[12] and so on. Nevertheless, these 
methods only permit a global tuning of the 
transition temperature, while the local con-
trol at micro- or even nanoscale is still chal-

lenging at this stage. The ability to nanoengineer the transition 
temperature, especially in a 3D space, is therefore nontrivial to 
realize, which is essential for the fabrication of highly integrated 
VO2-based novel devices and structures, such as reconfigurable 
electronic circuits[11a] and metamaterials.[13]

The ability to manipulate the metal–insulator transition (MIT) of metal oxides 
is of critical importance for fundamental investigations of electron correlations 
and practical implementations of power efficient tunable electrical and optical 
devices. Most of the existing techniques including chemical doping and 
epitaxial strain modification can only modify the global transition temperature, 
while the capability to locally manipulate MIT is still lacking for developing 
highly integrated functional devices. Here, lattice engineering induced by the 
energetic noble gas ion allowing a 3D local manipulation of the MIT in VO2 
films is demonstrated and a spatial resolution laterally within the micrometer 
scale is reached. Ion-induced open volume defects efficiently modify the lattice 
constants of VO2 and consequently reduce the MIT temperature continuously 
from 341 to 275 K. According to a density functional theory calculation, the 
effect of lattice constant variation reduces the phase change energy barrier 
and therefore triggers the MIT at a much lower temperature. VO2 films with 
multiple transitions in both in-plane and out-of-plane dimensions can be 
achieved by implantation through a shadow mask or multienergy implantation. 
Based on this method, temperature-controlled VO2 metasurface structure is 
demonstrated by tuning only locally the MIT behavior on the VO2 surfaces.
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1. Introduction

Metal–insulator transition (MIT) is one of the most attrac-
tive phenomena in strongly correlated materials. Vanadium 
dioxide (VO2), a prototype correlated oxide compound, exhibits a  
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Defect engineering has been demonstrated to be an effective 
approach for tailoring the physical properties in condensed-
matter systems.[14] Introducing a small amount of defects 
into the oxide or a slight modification of the lattice constant 
can significantly change their physical properties.[15] Here, we 
demonstrate that the defect or lattice engineering by ion beam 
technology can be implemented to manipulate the MIT of 
VO2 system and especially to locally change the MIT behavior 
of VO2 thin film in the in-plane and out-of-plane dimensions. 
Ion beam implantation is a classic technique to manipulate 
the electrical properties of materials by introducing impurity 
dopants.[16] In such case, the modification of materials results 
from the electron exchange between the implanted dopant 
and the lattice atom. Alternatively, ion implantation enables 
the defect or lattice engineering in semiconductors and func-
tional oxides, which can be applied to modify and optimize the 
electrical, optical, magnetic, and even mechanical properties of 
functional materials and devices. For instance, 2D electron gas 
in LaAlO3/SrTiO3 can be patterned by a MeV proton beam expo-
sure due to the effect of carrier localization.[17] Very recently, it 
was reported that the electrical resistivity of ferroelectric thin 
films was enhanced via He+ implantation.[18] T. Z. Ward et al. 
found that the single-axis lattice of oxides can be controlled by 
He+ implantation,[19] which shed light on the potential use of 
noble gas ion implantation to modify the material properties.

In this work, we show that the MIT temperature of VO2 
thin films can be dramatically reduced by Ne+ implantation. 
The implantation-induced open volume defects result in a vari-
ation of the lattice parameters evidenced by the X-ray diffrac-
tion (XRD) analysis. In addition, a first-principle calculation 
based on density functional theory (DFT) method reveals that 
both the out-of-plane lattice expansion and the in-plane lattice 
contraction would reduce the phase change energy barrier and 
trigger the MIT process at a lower temperature. Furthermore, 
spatially separated insulator and metallic areas on VO2 surfaces 
at room temperature were realized by area-selective ion implan-
tation. A multilevel MIT process was observed in VO2 thin film 
after the Ne+ implantation with different energies.

2. Results and Discussion

VO2 thin films with a thickness of about 220 nm were epi-
taxially grown on c-plane (0001) sapphire substrate by pulsed 
laser deposition (PLD). 100 keV Ne+ was implanted into the 
as-deposited VO2 thin films at room temperature. The ion  
fluences were 1 × 1014, 5 × 1014, and 1 × 1015 cm−2. A virgin 
sample without implantation was used as a reference sample 
(defined as “virgin” in the following discussions). The elec-
trical transport properties of VO2 thin films were probed by the 
standard Van der Pauw method.[20] The temperature-dependent 
resistance of the virgin and Ne+-implanted VO2 samples, 
and their corresponding differential curves were shown in 
Figure 1a,b, respectively. At the critical temperature around 
341 K, the virgin VO2 thin film exhibits a sharp phase transi-
tion from insulating state to metallic state with a four order of 
magnitudes change in the resistance. There is a hysteresis loop 
between the heating branch and cooling branch.[21] After Ne+ 
implantation, the phase transition process occurred at a lower 

temperature. And the related differential curves indicate an 
apparent decrease of the MIT temperature with the increasing 
Ne+ implantation fluence. With the Ne+ implantation fluence 
of 1 × 1014, 5 × 1014, and 1 × 1015 cm−2, the MIT temperature 
of VO2 thin films was reduced from 341 to 330, 297, and 275 K 
(black triangle symbols in Figure 1b), respectively. Figure 1c 
indicates an almost linear dependency of the MIT tempera-
ture of VO2 samples on the Ne+ fluence of −7.3 K 10−14 cm−2.  
In addition, an explicit broadening of the phase transition pro-
cess with the increasing Ne+ implantation fluence has been 
observed due to the inhomogeneous Ne+ distribution along 
the out-of-plane direction.[22] Moreover, the original phase tran-
sition process (marked by the yellow dash line in Figure 1b)  
remains in the Ne+-implanted samples. This indicates the coex-
istence of the areas with different phase change temperatures 
in the thin film. The depth distribution profiles of Ne+ ions 
in VO2 samples were simulated by Monte Carlo simulation 
with the computer code of the stopping and range of ions in 
matter (SRIM)[23] (Figure 1d–f). For the virgin sample, there is 
only one homogenous area (Figure 1d) across the entire thin 
film so that only one phase transition process can be detected, 
as shown in Figure 1g. After 100 keV Ne+ implantation, the 
concentration of Ne atoms in the films generally follows a 
Gaussian distribution. As shown in Figure 1e, area 1 contains 
a small fraction of implanted Ne+ ions; therefore, it has similar 
properties as a virgin sample, showing the original phase tran-
sition process marked by peak 1 in Figure 1h. Meanwhile, the 
MIT temperature of the VO2 in area 2 marked by peak 2 would 
be tuned to lower temperature regime due to the increased Ne+ 
concentration. Multienergy Ne+ implantation was performed to 
clarify the relevance between the Ne+ concentration and phase 
change temperature. After a double implantation process at 
the ion energy of 100 and 50 keV, two concentration peaks can 
be found in the Ne+ distribution profile across the depth of 
the thin film (Figure 1f), which would create three layers with  
different Ne concentrations. Hence, three phase change pro-
cesses can be observed in the Figure 1i. These results reveal 
that we can modify the MIT behavior of the VO2 thin film in 
the out-of-plane dimension and create more than one phase 
profile in VO2 thin films, which would provide a new route to 
design and fabricate the VO2-based devices, especially for the 
high-density memory applications.[24] Moreover, similar results 
are also obtained in He+-implanted samples (Figure S1, Sup-
porting Information).

Due to the significantly different optical properties of insu-
lating and metallic phases at THz frequency range, VO2 thin 
films have attracted much attention to be applied as THz 
devices, such as optical switches and modulators.[25] Tempera-
ture-dependent THz transmission spectra for virgin and Ne+-
implanted VO2 thin films are shown in Figure 2a. The transmit-
tance of virgin VO2 thin film exhibits an abrupt change at the 
critical temperature of 341 K. This is in agreement with the result 
of the electrical transport measurements shown in Figure 1b.  
For Ne+-implanted samples, the MIT process (indicated by the 
area between two red-dashed lines in Figure 2a) shows a sig-
nificant shift to a lower temperature. In Figure 2a, there are 
two issues worth to be discussed here. First, the broadening 
phase transition process provides a larger temperature window 
to change the THz transmittance from 100 to 0%, which 
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suggests a high potential for THz analog-like applications.[26] 
Second, VO2 thin films implanted with different Ne+ fluences 
exhibit different optical properties at the same temperature. For 
instance, at 320 K the virgin VO2 thin film shows a high THz 
transmittance of around 80%, while the Ne+-implanted sample 
with the fluence of 5 × 1014 cm−2 shows a low THz transmit-
tance of only 10%. This fancy phenomenon allows a new path 
to create the VO2-based THz metadevices by local noble gas 
implantation.

Raman spectra measurements were carried out to investigate 
the phase transition process of Ne+-implanted VO2 thin films in 
more details. Figure 2b shows the Raman spectra of the virgin 
and the Ne+-implanted samples at room temperature. For the 
virgin sample, several peaks can be clearly observed (194, 225, 
266, 308, 339, 390, 443, 489, and 614 cm−1), which corresponds 
to the Raman-active phonon modes in the insulating state.[27] 
None of the peaks associated with other forms of vanadium 
oxides have been detected, which suggests a highly pure VO2 
composition in our samples. With the increasing Ne+ implanta-
tion fluence, all these Raman peaks become weak and finally 
disappear. For the Ne+-implanted samples, the weak Raman 
intensity in the implanted sample with the lower Ne+ fluence 
(pink lines in Figure 2b) suggests a mixture of the insulator and 
metal phases at room temperature. With further increase of the 

Ne+ fluence, the metal phase becomes dominant in the film, 
which results in the absence of the Raman peaks. The tem-
perature-dependent Raman spectra of the Ne+-implanted VO2 
thin film (Figure 2c–f) reveal that transition processes from the 
insulator phase to the metal phase occurred at reduced temper-
atures, which is in the agreement with the electrical and THz 
measurements.

X-ray diffraction measurements were performed to study the 
lattice modification of the Ne+-implanted samples. The epitaxy 
relationship between VO2 thin film and Al2O3(0001) substrate 
can be determined as VO2[010]M1//Al2O3[0001] and VO2[102]M1//
Al2O3[1 2 1 0] (Figure S2a, Supporting Information).[28] Figure 3a 
shows the ω-2θ scans along the (020)M1 reflection of the VO2 
thin films. The position of the VO2(020)M1 peak was found at  
2θ = 39.9°. With the increasing Ne+ fluence, the VO2(020)M1 
peak broadens, shifts toward smaller angles, and splits into sev-
eral distinct peaks (green and blue lines in Figure 3a), revealing 
an expansion of the out-of-plane lattice constant induced by 
the noble gas implantation.[29] To get more specific informa-
tion about the variations of VO2 lattice parameters induced by 
Ne+ implantation, reciprocal-space mappings (RSM) measure-
ments were performed along both the out-of-plane and in-plane 
directions. High-resolution RSM images of VO2(020)M1 and 
(231)M1 peaks of virgin and Ne+-implanted samples are shown 
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Figure 1. Electrical characterization of the MIT in VO2 manipulated by Ne+ implantation. a) The resistance as a function of temperature and b) their 
related differential curves of the virgin sample and Ne+ implanted samples. The black triangle symbols in (b) indicate the significant reduction of the 
MIT temperature after Ne+ implantation. The solid and the dashed lines refer to the heating process and the cooling process, respectively. c) The MIT 
temperature as the function of the Ne+ fluence. d–f) The different depth profiles of the Ne+ ions in VO2 cross section created under two conditions: 
1) 100 keV, 5 × 1014 cm−2 in (e) and 2) 100 keV, 2 × 1014 cm−2 plus 50 keV, 3 × 1014 cm−2 in (f) simulated by SRIM. g–i) The corresponding differential 
curves of the resistance as the function of temperature for the sample described in (d–f), respectively.
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in Figure 3b. For higher fluences, the virgin peak and the peak 
induced by additional strain are clearly separated. As the Ne+ 
fluence increases, these strain peaks move away from the virgin 
peak. With an Ne+ fluence of 5 × 1014 cm−2, a clear strained layer 
has built up into the VO2 thin film indicating that at least half of 
the VO2 layer is affected. The appearance of a strained VO2 layer 
peak beside the virgin one can be, in a very simple approxima-
tion (Figure S3, Supporting Information), interpreted that the 
virgin VO2 layer splits into two parts, where one part did not 
change and corresponds almost to the virgin film and the other 
one exhibits a lattice expansion parallel to the surface normal 
resulting into a proportional volume increase. And indeed two 
transition temperatures can be observed in the implanted sam-
ples: The original one corresponding to the virgin film and a 
lowered one corresponding to the implanted film. Hence, the 
lattice values as a function of the fluence can be derived as 
shown in Figure 3c. For the virgin sample, the out-of-plane 
lattice spacing along d(010)M1 that corresponds to the b-axis is 

about 4.501Å and the derived in-plane lattice value d(201)M1 is 
about 2.887 Å. Compared with the standard VO2 lattice constant 
in ICDD(2008) 00-44-252 (b = d(010)M1 = 4.5263 Å, d(−201)M1 = 
2.876 Å),[30] the VO2 thin virgin film grown on the Al2O3(0001)  
surface must suffer strain due to the lattice mismatch between 
VO2 and the underlying substrate. As the Ne+ fluence rises, the 
out-of-plane lattice increases, while the measured in-plane lattice 
value d(201)M1 decreases, respectively, as shown in Figure 3c.  
We have derived an almost linear dependency of the lattice con-
stants on the Ne+ fluence of +0.01(0) Å 10−14 cm−2 for the out-
of-plane lattice and of −0.003(5) Å 10−14 cm−2 for the in-plane 
values. In addition to the large-area reciprocal space mapping, 
pole figure measurements also suggests a good epitaxial quality 
and demonstrate a sixfold symmetry for the Ne+-implanted 
sample (Figure S2b, Supporting Information). As demon-
strated in the ref. [19], noble gas ion implantation induces an 
uniaxial out-of-plane strain into a ultrathin film of 20 nm, and 
where the in-plane lattice constant is almost invariant since it 
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Figure 2. THz and Raman characterization of the MIT in VO2 manipulated by Ne+ implantation. a) Temperature dependence of the THz transmission 
spectra for virgin and Ne+-implanted VO2 thin films. The areas between two red-dashed lines indicate the metal–insulator transition process, which 
reveals the decrease of phase transition temperature with increasing Ne+ fluences (The two dashed lines refer to the transmission between 0.1 and 0.7.). 
The color scale refers to the transmittance information. b) Raman spectra for virgin and Ne+-implanted VO2 samples at room temperature. Temperature-
dependent Raman spectra for c) virgin sample and Ne+ implanted sample with the fluence of d) 1 × 1014 cm−2, e) 5 × 1014 cm−2, and f) 1 × 1015 cm−2.
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is locked to that of the substrate.[19] But we have a much thicker 
film, of about 220 nm, the in-plane lattice is not anymore gov-
erned by the substrate. The Ne+ implantation changes both 
the out-of-plane and in-plane lattice constant simultaneously 
according to the Poisson ratio of the VO2. The RSMs around the  

asymmetrical (231)M1 reflection nicely indicate that the implan-
tation leads to an increasing stress that for larger fluences 
exceeded a certain threshold triggering a decrease of the in-
plane lattice constant and, is therefore, accompanied by a reduc-
tion of the strain energy of the locally epitaxial bound VO2 layer.

Adv. Mater. Interfaces 2018, 1701268

Figure 3. XRD and PAS analysis of the lattice modification in Ne+-implanted VO2 . a) The ω-2θ scan high-resolution XRD curves for virgin and Ne+-
implanted VO2 thin films at room temperature. b)The high-resolution reciprocal space mapping of virgin VO2 and Ne+-implanted samples at the peak 
around VO2 (020)M1 and VO2 (231)M1 at room temperature. c) The out-of-plane (black dots) and in-plane (blue squares) lattice constant changes as a 
function of the Ne+ fluence. The stars show the lattice constant of virgin out-of-plane (black) and in-plane (blue) lattice constant values derived over all 
samples with a corresponding error bar. d) S parameter as a function of incident position energy for virgin and Ne+-implanted VO2 samples obtained 
by PAS. The inset shows W–S plot of PAS results measured from different VO2 samples shown in (d).
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In order to characterize the defects induced by Ne+ implan-
tation in VO2, high-resolution cross-sectional transmission 
electron microscopy (XTEM) was performed (Figure S3b, Sup-
porting Information). However, there are no observable contrast 
differences in the cross sections of the virgin and the implanted 
VO2. This indicates that the VO2 thin films remain epitaxial 
quality after implantation at such low fluence, and XTEM seems 
not to be the suitable approach to obviously distinguish the 
defects generated in such relatively low fluence regime.[31] Alter-
natively, positron annihilation Doppler broadening spectros-
copy measurement (PAS) is an excellent method to detect open 
volume defects ranging from a monovacancy to vacancy clusters 
consisting of about 25 vacancies.[32] In this measurement, S 
(shape) and W (wing) are the two major parameters of the Dop-
pler broadened 511 keV line spectra. The measured S and W 
parameters give the information about the nature and concentra-
tion of open volume defects as well as the atomic environment 
of the annihilation (Note S1, Supporting Information). Figure 3d  
shows the S-parameters of the virgin and the Ne+-implanted 
samples as a function of the positron energy. The S parameter 
increases with the increasing Ne+ implantation fluence, which 
indicates that more open volume defects are created by high Ne+ 
fluence. In addition, as the position energy is positively corre-
lated to the depth of the thin film, the profile of the S parameter 
confirms that there is an inhomogeneous open volume defects 
distribution resulting in a strain gradient along the out-of-plane 
direction. The inset of Figure 3d shows the S–W plot for dif-
ferent samples. A straight line is obtained from the S–W plot of 
the Ne+-implanted samples, while that of the virgin one deviates 
from the straight line. This indicates the different chemical envi-
ronment of the open volume defect located in the virgin samples 
and in Ne+-implanted samples. The intrinsic defects in the virgin 
samples are generally empty vacancy clusters, while the extrinsic 
defects induced by Ne+ implantation are open volume vacancies 
filled with Ne atoms.[33] Moreover, the out-of-plane strain profiles 
can be simulated by a recursive dynamical algorithm imple-
mented in the commercial program “RC_REF_Sim_Win” using 
high-resolution XRD data.[34] And the strain profiles induced by 
the open volume defects exhibit a Gaussian depth distribution as 
well (Figure S3a, Supporting Information).

Noble gas ion implantation with a relatively low fluence 
would create a certain amount of open volume defects in VO2 
thin film instead of deteriorating the crystalline structure 
of VO2.[19] The open volume defects induce the lattice vari-
ation and the corresponding strain in the thin film. To better 
understand the effect of lattice variations on the electronic 
structure of VO2 thin film, a first-principle calculation based 
on DFT was performed. In the VO2 thin film, the changes in 
the electronic band structure near the Fermi level plays a cru-
cial role on the phase transition properties due to the strong 
hybridization between V3d and O2p electron bands.[35] As 
the noble gas does not introduce any electrical charge into 
VO2 thin film, we have calculated the total density-of-states 
spectra (DOS) for the VO2 samples with different out-of-
plane lattice expansions or in-plane lattice contraction in M1 
phase. As shown in Figure 4a,b, both the lattice expansion 
along the out-of-plane direction and the lattice contraction 
along the in-plane direction can reduce the electronic band 
gap above the Fermi level. Therefore, we calculated these two  

situations separately since we want to figure out which situa-
tion shows a stronger effect. As shown in Figure 4a,b below, the 
lattice contraction along the in-plane direction is more effective. 
These lattice modifications decrease the band gap and reduce 
the energy barrier for phase transition in epitaxial VO2 samples. 
Consequently, the phase transition of the Ne+-implanted VO2 
samples can be triggered at lower temperature. According to the 
crystal-field theory in VO2,[36] the energy levels near the Fermi 
level are mostly dominated by V3d orbits and the V3d energy 
levels are split into a low-energy t2g state and a high-energy eσg 
state. The t2g level is further split into a single a1g orbital and a 
doubly degenerate eπg orbital. Among them, the a1g band, also 
termed as d//, is nonbonding with the O2p levels and parallel to 
the direction of V–V bond (the direction along (201)M1). Mean-
while, the eσg and eπg levels will form the low-energy bonding 
states (σ and π bands) and the high-energy nonbonding states 
(σ* and π* bands). In the M1 phase, the d// orbital is split into 
a bonding state and an antibonding state (d// and d//*) due to 
the distortion of V–V chains, as shown in Figure 4c. According 
to the RSM results, the expansion of out-of-plane lattice spacing 
and contraction of in-plane lattice spacing can both depress the 
p–d overlap and the related hybridization. As demonstrated in 
Figure 4d, the d//* orbital would shift upward, while the d// and 
π* band would shift downward after Ne+ implantation. Conse-
quently, the band gap becomes narrower, and the phase change 
temperature is lowered. There is an agreement between the 
first-principle calculation and the experimental results.

Furthermore, in order to explore the local manipulation of 
the MIT behavior of VO2 thin films and the patterning capa-
bility of this method for device applications, area-selective Ne+ 
implantation with the fluence of 5 × 1014cm−2 (100 keV) were 
carried out on a VO2 thin film by photolithography, as shown 
in Figure 5a. The pattern is designed as a double “C” structure, 
which is a typical structure applied in metamaterials.[37] The 
Raman spectra measured from the implanted area and virgin 
area in one chip at room temperature were shown in Figure 5b.  
It is found that the implanted area has a typical spectrum 
of the metallic phase, in contrast, the spectra of the unim-
planted area shows the peaks of insulating phase. As shown 
in Figure 5c, the optical microscope and Raman spectroscopy 
images produced using the integrated intensity of the photon 
mode at 614 cm−1 of this sample. At a temperature of 250 K, 
the implanted and virgin area are both in the insulating state, 
and the photon mode at 614 cm−1 is intensive (black). As the 
temperature increases, the phase change process occurs in 
the implanted area in advance. A clear optical microscope and 
Raman image of the structure can be observed at room tem-
perature. As the temperature rises to 370 K, the whole sample 
shows the metallic behavior (red). The entire cooling process 
recorded by the optical microscope is shown in the Video S1 
(Supporting Information). This significant change indicates the 
potential application of the above method to fabricate temper-
ature-controlled VO2 THz metasurface or smart windows. As 
mentioned earlier, He implantation has the similar effect on 
modification of the MIT transition in VO2 thin film. Thanks to 
the extremely high lateral and vertical resolution of sub-5 nm, 
the technique of He ion microscope can directly write the 
nanoscale pattern on VO2 thin film and fabricate the VO2-based 
nanodevices without any deposition and etching processes.[38]

Adv. Mater. Interfaces 2018, 1701268
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Figure 4. First principle calculation of MIT manipulation by lattice engineering. The calculated total DOS for the VO2 film with a) different out-of-
plane lattice spacing along (020)M1 expansions and b) different in-plane lattice spacing along (201)M1 contractions (Fermi level set to zero). The inset 
shows the scheme for Ne+ implantation induced out-of-plane lattice expansion and in-plane lattice contraction in M1 phase of VO2 thin films grown 
on sapphire (0001). The dashed circles indicate that the conductive band would shift toward the Fermi level. c) The electronic band scheme for VO2 
in insulator state and its changes after Ne+ implantation d).

Figure 5. Local manipulation of MIT in VO2 with patterned Ne+ implantation. a) The schematic representation for patterned implantation into VO2 thin 
films by photolithography. The virgin area is shadowed by the mask and only the yellow area is exposed to the Ne+ implantation. b) Room temperature 
Raman spectra for the virgin and patterned implanted area with a fluence of 5 × 1014 cm−2 in one chip. c) The images of the optical microscope and 
Raman mapping for the peak around 614 cm−1 at 250, 300, and 370 K.
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3. Conclusion

In conclusion, we have demonstrated that noble gas ion 
implantation is an effective way to symmetrically modify the 
metal–insulator transition temperature in VO2 thin films grown 
on Al2O3(0001). The noble gas ion implantation may create the 
open volume defects which can generate a lattice strain in VO2 
crystal lattices. The changes of lattice structure induce the mod-
ification of the electronic structure and result in the reduction 
of the MIT temperature in VO2 thin films. Based on these find-
ings, patterned insulating and metallic areas on a VO2 surface 
at room temperature were fabricated by Ne+ implantation 
together with lithography, and a multilevel MIT transition was 
realized after locally modifying the VO2 cross section as well. 
The demonstrated method to locally tailor the MIT behavior 
both on the surface and in the cross section of the thin film will 
be a powerful tool to develop novel electrical/optical structures 
and devices by using strongly correlated materials, e.g., meta-
materials,[39] single atom transistor,[40] high-density memory 
device,[5,24] and so on.

4. Experimental Section
Sample Preparation: The VO2 samples with the thickness of 

around 220 nm were deposited on sapphire (0001) substrates by PLD 
workstation from Surface systems + Technology GmbH. The deposition 
temperature of 903 K, the KrF laser energy of 1.6 J cm−2, and oxygen 
partial pressure of 1.3 × 10−2 mbar were applied. Then, these samples 
were implanted by 100 keV Ne+ ions with the fluence of 1 × 1014 cm−2,  
5 × 1014 cm−2, and 1 × 1015 cm−2, respectively. Alternatively, a VO2 sample 
was implanted with the fluence of 2 × 1014 cm−2 at 100 keV and 3 ×  
1014 cm−2 at 50 keV.

Electrical Characterization: The electrical transport measurements of 
VO2 samples were carried out by Lakeshore Hall Effect Measurements 
System (9700A). The four electrical connections were made by Ag 
wires connected to the four corners of squared samples by silver paste 
according to the Van der Pauw method. The measurement temperature 
was taken from 280 to 370 K by the increment of 0.5 K, and both heating 
and cooling process were performed.

X-ray Diffraction Characterization: XRD was performed by an 
Empyrean Panalytical diffractometer with a Cu-target source. The setup 
was equipped with a Göbel mirror and an asymmetric monochromator 
to enhance the brilliance and monochromaticity. The reciprocal space 
maps were recorded using an Area-(Pixel-)Detector (516 × 516 pixels 
with 55 µm pixel size) that was able to cover more than 6° in 2θ, for the 
2θ/ω symmetrical line scans, a 0.2 mm slit in front of a point detector 
was used to obtain an optimal signal to noise ratio for the diffracted 
signal.

Raman Spectroscopy: The temperature dependence of Raman spectra 
was performed by HORIBA XploRA INV Raman system. The excitation 
wavelength used was 532 nm and the laser power was 100 mW. A 50 × 
objective lens was used with a laser point size of about 0.5 um. Raman 
mapping measurements were carried out by the SWIFT ultrafast Raman 
imaging mode with the spatial resolution of 1 µm. The virgin and Ne+ 
implanted samples were heated from 200 to 370 K by the Linkam 
THMS600 Thermal Stage system.

Theoretical Calculation: DFT calculations in this paper were carried 
out using the Vienna Ab initio Simulation Package with the Perdew–
Burke–Ernzerhof exchange-correlation functional and generalized 
gradient approximation (GGA). The geometric structure optimization 
was performed using the conjugated-gradient minimization scheme 
until the maximum residual force on each atom was less than  
0.01 eV Å−1. A plane-wave cutoff of 550 eV for vanadium was used in 

the calculations, and the energies were converged to 10−6 eV per atom. 
A 1 × 2 × 2 supercell was used for VO2 M1 phase and the reciprocal 
space of M1 phase was sampled with a 9 × 9 × 9 Monkhorst–Pack grid. 
The GGA+U (with an effective U = 2.7 eV) was used for the strongly 
correlated d electrons of vanadium atoms.
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