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ABSTRACT

Tuning of electronic state of correlated materials is key to their eventual use in advanced
electronics and photonics. The prototypical correlated oxide VO, is insulating at room
temperature and transforms to a metallic state when heated up to 67 °C (340 K). We report the
emergence of a metallic state that is preserved down to 1.8 K by annealing thin films of VO, at
an ultra-low oxygen partial pressure (Poy~10* atm). The films can be reverted back to their
original state by annealing in oxygen, and this process can be iterated multiple times. The
metallic phase created by oxygen deficiency has a tetragonal rutile structure and contains a large
number of oxygen vacancies far beyond the solubility at equilibrium (greater than ~50X). The
oxygen starvation reduces the oxidation state of vanadium from V*" to V* and leads to the
metallization. The extent of resistance reduction (concurrent with tuning of optical properties)
can be controlled by the time-temperature envelope of the annealing conditions since the process
is diffusionally driven. This experimental platform which can extensively tune oxygen vacancies
in correlated oxides provides a new approach to study emergent phases and defect-mediated

adaptive electronic and structural phase boundary crossovers.

Keywords: (vanadium dioxide, metal insulator transition, defect engineering, oxygen vacancies,

correlated electrons, emergent phases)

I. INTRODUCTION

Point defects and disorder strongly influence properties of correlated electron materials [1,
2]. The electronic properties of the ground state can be perturbed by several mechanisms arising
from disorder, including electron donation into the conduction band from charged defects [3],

and alio-valent substitutional doping and related effects [4-6]. Vanadium dioxide (VO,) is a well-



known phase-change material that is being studied for various applications in electronics and
photonics [7-10]. It is a prototypical correlated oxide system that possesses a monoclinic
insulating state at room temperature, and transforms to a metallic state with a tetragonal rutile
structure when heated past approximately 67 °C [11-13]. The insulating state of VO, at room
temperature is a result of a combination of Mott and Peierls mechanisms, where the electron-
electron correlations and electron-lattice coupled dimerization of vanadium ions leads to the
opening of an energy gap [11, 12, 14-19]. As a result, the metal-insulator transition is very
sensitive to disorder, which can alter correlation effects [20-22]. lon irradiation experiments have
shown how site disorder can modulate the metal-insulator transition [8, 23]. Substitutional
defects such as W or Mo dopants, as well as interstitial defects such as hydrogen, can also
dramatically modify the phase-transition temperature, and even stabilize the metallic phase down
to a few Kelvin [4, 6, 20, 24]. However, these modifications are either irreversible (e.g. Mo and
W dopants) [4, 6] or require catalytic electrodes coated on the surface [20].

While studies dating back over four decades have been carried out on chemical doping of
VO,, a recent topic of great interest is the emergence of metallic phases and large reversible
resistance modulation in electric-double-layer thin-film transistors [25-31]. The ground state
resistance of VO, thin films is modulated by creating oxygen-deficiency via electrochemical
reactions between the VO, and the ionic liquid electrolyte [26, 28]. Such a metallic state is non-
volatile and potentially enables applications in memory electronics, photonics, and optical
metamaterials [8, 26, 31]. However, creation of oxygen-deficiency by ionic liquid gating is
possibly linked with both hydrogen intercalation whence a trace of water remains in ionic liquid

[29], and degradation of the entire film under high electric field [28].



Other than electrolyte gating with an ionic liquid, very few methods exist to create
sufficient oxygen-deficiency to fully suppress the metal-insulator transition of VO, in a
reversible manner. Perhaps the simplest way to introduce oxygen deficiency in VO, films is to
reduce the oxygen content during high-temperature synthesis [32, 33]. For phase-pure oxygen-
deficient VO, (0 is the value of oxygen deficiency) thin films, a suppression of the metal-
insulator transition temperature has been observed by about 15 °C [32]. However, further

reducing the oxygen content during high-temperature synthesis encounters the formation of

Magnéli phases V,0,,.1 (3 £ n < 8)[32, 34] with lower oxygen stoichiometric ratios than VO,

[35], which then prevents the creation of oxygen-deficiency in VO, within a single phase over a
broad range. Low-temperature (450 °C) with low-vacuum (30 mTorr) annealing is another
approach to introduce oxygen deficiency and prevent the formation of Magnéli phases [36];
however, in those studies, complete suppression of the metal-insulator transition was not
observed. As a result, it is still a topic of active study whether or not disorder in anion sub-lattice
(e.g. oxygen vacancies) solely can disturb and fully suppress the metal-insulator transition of
vanadium dioxide.

Here we demonstrate a reversible metallization of VO, that does not require high-field
ionic liquid gating or the use of hydrogen/protons as a dopant. Our approach uses low-
temperature annealing at an ultra-low oxygen partial pressure (Poy~1072*atm). This environment
is created by a dry oxygen gettering technique that does not rely on mixing hydrogen, water, or
carbon monoxide gases, and is generally challenging to achieve in a film growth chamber. The
resulting metallic state is stable down to 1.8 K, and the samples can be recovered back to their
original state by annealing in oxygen at elevated temperature. We found that the emergence of

the metallic state is accompanied by a substantial increase of reflectance in the mid-infrared



wavelength range. In addition, the metallized state possesses a tetragonal rutile structure with an
oxygen deficiency level of VO,.5, 6 ~ 0.2, far beyond its solubility in equilibrium (& ~ 0.004)
[35]. The metallization of VO, results from the reduction of vanadium ions from V*to V** when
oxygen vacancies are introduced.

II. EXPERIMENT

A. Experimental setup to create low oxygen pressure environment and metallization of VO,

The experimental setup for generating low oxygen partial pressures is shown in Fig. 1(a).
Ultra-high purity (UHP) argon (Ar) gas is utilized as the starting gas, and is then filtered with a
Mg-based oxygen trap (Appendix A) with a flow rate of 50 ml/min. When UHP Ar flows into
the oxygen trap, the trace amount of O, reacts with the hot Mg (~450°C) following the reaction:
Mg + 2 O, = MgO. The MgO formed through this process is porous and thus does not prevent
further reactions from taking place. As shown in Fig. 1(b), when the oxygen trap is ON, the
oxygen partial pressure of the annealing system drops quickly and can reach ~10% atm. The
oxygen partial pressure in the annealing system is monitored using zirconia-based oxygen
sensors (Appendix B). To prevent O, contamination from the outside, a water trap is utilized at
the end-port of the annealing chamber. We do not need to mix hydrogen or carbon-containing
gases, or fabricate electrodes/devices to achieve oxygen depletion in VO, films, so it is a clean
way to study electronic and optical properties of oxides under oxygen deprivation.

The oxygen deprivation of VO, (deposited on sapphire substrate) in the annealing
chamber is schematically shown in Fig. 1(c). During annealing, the sapphire substrate remains
stable (Supplemental Material 1 [37]), which enables us to study the evolution of oxide films. At
low oxygen partial pressure, the VO, phase becomes less stable than the Magnéli phases, which

possess lower oxygen stoichiometric ratios (Supplemental Material 2 [37]). In our work, the VO,



is held at low annealing temperatures (< 400°C) where the structural transformation to Magnéli

phases is hindered kinetically (Supplemental Material 2 [37]). The combination of low oxygen
partial pressure and low annealing temperature thus enables the formation of oxygen vacancies
in tetragonal VO, [Fig. 1(c)]. The electrons generated via the oxygen deprivation reduce the
vanadium ions from V* to V", The principal chemical reactions that occur at the low oxygen
partial pressure are:
0% & V3" +2e™ +0,(g) (1)
VA +e” & V3T (2),

where OX stands for the oxygen normally occupied at anion site, v3" stands for oxygen
vacancies, V*" and V*' stand for vanadium ions in the pristine and oxygen-deficient state,
respectively.

The appearance of V" in the system weakens the strong electron correlation and enables
the non-volatile transformation from the insulating monoclinic phase to the metallic tetragonal
phase, leading to metallization of the sample down to cryogenic temperatures, as shown in Fig.
1(d). This is reminiscent of the stabilization of the metallic state by introducing V" ions with Mo
and W doping [4, 6].

Reversal to the insulating state can be achieved by annealing the sample in an oxygen-
rich environment (e.g. pure oxygen) at elevated temperature, restoring the V** oxidization state.
The sample then shows the metal-insulator transition similar to the pristine samples.

B. Synthesis of VO, thin films

VO, thin films with thickness of ~ 40 nm were grown by physical vapor deposition

(PVD). A V,0s target was magnetron sputtered in an Ar atmosphere on c-plane sapphire

substrates. The substrates were cleaned with acetone and isopropanol, blow dried with Ar gas,

6



and then transferred into the growth chamber. The base pressure of the growth chamber was kept
at 8x10™® Torr before deposition. During deposition, the Ar flux was set to 50 sccm with the
pressure of the growth chamber at 5 mTorr. The substrate was heated up to 600 °C for the
formation of VO, phase. The target power was set as 100 W so that the growth rate was
controlled as 0.7 nm/min. The thin films were quenched to room temperature after deposition
under an Ar flux of 50 sccm, at 5 mTorr, and then transferred out of the deposition system.

Comparable VO, thin films with thickness ~ 40 nm were grown by atomic layer
deposition (ALD) on c-plane sapphire substrate. These samples were used primarily for the
annealing experiments to study the general nature of the phase transition suppression in
vanadium dioxide by oxygen deficiency independent of the specific growth technique. ALD VO,
films were grown by a commercial Beneq TFS-200 reactor at 150 °C. The precursors for the
vanadium and oxygen sources were tetrakis(ethylmethylamino)vanadium (TEMAV, V(NEtMe)a,
Air Liquide) and deionized H,O, respectively, and ultra-high purity (UHP) argon was used as the
carrier gas. The vanadium precursor was evaporated at 60 °C from an open boat inside a hot cell
attached to the reactor chamber. The exposures times for each dose of TEMAYV and H,O were 2
and 0.2 seconds, respectively, using an ALD sequence of TEMAV dose / UHP Ar purge / H,O /
UHP Ar purge. VO; films grown by ALD were annealed in N, gas for ~ 1 hour at 480 °C, with a
constant pressure of ~8 Torr, to convert from amorphous to crystalline VO..
C. Structural, electrical, and optical characterization

Electrical resistivity was measured with a Keithley 2635A source meter in a temperature
controlled probe station. Low-temperature resistivity measurements were conducted under
electrical transport mode in Physical Property Measurement System from Quantum Design. The

temperature-dependent reflectance was investigated by near-normal incidence measurements



using a mid-infrared (mid-IR) source attached to a Shamrock 500 monochromator. The reflected
light was detected with a mercury-cadmium-telluride (MCT) detector in the temperature range
between 25 °C and 100 °C. The crystal structure and lattice constant was studied by high
resolution x-ray diffraction (XRD) using Panalytical MRD X'Pert Pro. X-ray photoelectron
spectroscopic (XPS) analyses were carried out to investigate the changes of oxidation state of
vanadium as well as to estimate the stoichiometry of samples [38]. High resolution XPS data was
obtained with monochromatic x-ray (Al Ka) in vacuum of ~ 10™® Torr. The XPS spectrum was
calibrated with the C 1s peak. Raman spectra were measured at room temperature using 532 nm
excitation with a power of 1 mW in a backscattering geometry (Renishaw inVia confocal Raman
microscope). The visible and near-infrared optical properties of VO,; were studied by variable
angle spectroscopic ellipsometry (V-VASE, J. A. Woollam). The ellipsometry measurements
were performed at three incident angles (55°, 65° and 75°) at 25 °C and 90 °C, for free-space
wavelengths from 200 nm to 2000 nm. Complex optical refractive index values were extracted
by fitting the experimental results with a thin-film model that includes the sapphire substrate, a
VO, layer and surface roughness (Supplemental Material 3 [37]). In our model, the optical
constants of VO, were described by a general oscillator function, which includes four Gaussian
terms [39] for the insulator phase (found in pristine VO, at 25 °C), and one additional Drude
term [40] for metallic phase (found in pristine VO, at 90 °C, and oxygen deficient VO,.5 at both
25 °C and 90 °C). For each of the films, we fitted the thickness and optical constants, assuming
that the thickness does not change significantly as a function of temperature.

II1. RESULTS AND DISCUSSION

A. Evolution of metallic phase



PVD-grown VO, films with thickness of 40 nm were annealed at low oxygen partial
pressure. The electrical resistivity of VO, after annealing is shown in Fig. 2(a). Pristine VO,
shows a metal-insulator transition at Tyyr ~ 67 °C, with three orders of magnitude jump of
electrical resistivity. The transport gap (£;) in the insulating state, estimated from fitting the
temperature-dependent resistivity with the equation p ~ exp(E¢/2kgT) [41], is 0.58 eV, consistent
with literature (~0.6 ¢V) [41]. After annealing the pristine sample at 300°C for 2 hours, the high
temperature electrical resistivity of sample at 100 °C was found to be similar to that of pristine
VO,. However, with cooling, the sharp metal-insulator transition near 67 °C vanishes. Instead,
the metal-insulator transition is suppressed to ~30 °C, with only a small resistivity change of ~2X.
The reduction of the transition temperature and the resistivity jump can be observed more clearly
by taking the derivative of the resistivity with respect to temperature, as shown in Fig. 2(b). The
transport gap of the insulating state of the 300 °C-annealed sample is reduced to 0.32 eV [Fig.
2(a)]. Such a reduction is also observed in hydrogenated VO, prior to the full stabilization of the
metallic state [20]. The extent of resistance reduction at low oxygen partial pressure can be
controlled by varying the annealing conditions and film thickness (Supplemental Material 4 [37]).
We achieved full stabilization of the metallic state by annealing the pristine VO, at 400°C for 2
hours at low oxygen partial pressure. The sample retains the low electrical resistivity comparable
to that of the metallic state of pristine sample down to room temperature.

The generality of metallization of VO, after annealing at low oxygen partial pressure was
investigated by performing annealing experiments on VO, thin films with similar thickness (40
nm), synthesized by atomic layer deposition (ALD). The electrical resistivity of ALD-grown
VO, after annealing at 400°C for 2 hours is shown in Fig. 2(c). Similar to the PVD case, the

metal-insulator transition of VO, is suppressed after annealing, leaving only the metallic state.



This demonstrates that the oxygen-vacancy-mediated metallic phase evolution process is
independent of growth technique.

The metallic state of VO, after annealing at low oxygen partial pressure can be preserved
for extended periods of time in ambient condition, which indicates potential relevance to
practical applications (Supplemental Material 5 [37]). This is possible due to the kinetic
limitation of oxygen diffusion into the whole film at low temperature. Since large amount of
oxygen vacancies is introduced, the VO,.s after low oxygen partial pressure annealing is meta-
stable.

The reversibility of metallized samples to the insulating state was studied by annealing in
pure oxygen gas (Po; ~ 1 atm) at elevated temperatures. We started from the metallized sample
obtained by annealing the 40 nm PVD-grown VO, at 400 °C for 2 hours. This sample was then
held at 300 °C in O, for 2, 4, and 6 hours. As Fig. 2(d) shows, the low-temperature electrical
resistivity of the sample gradually increases with increasing annealing duration, and the metal-
insulator transition is restored. After holding the metallized sample in O, for 6 hours at 300 °C,
its transition temperature and resistivity value become similar to those of the pristine samples
[Fig. 2(a)]. Moreover, the metallization of VO, at low oxygen partial pressure and the recovery
back to the insulating state can be performed over multiple cycles (Supplemental Material 6 [37]).
The reversibility of metallized samples under pure oxygen further suggests the oxygen
deficiency created in VO, at low oxygen partial pressure is relevant to the emergence of the
metallic state, in accordance with electrolyte gating experiments.

B. Mid-IR reflectance of metallic phase
To investigate the effect of low oxygen partial pressure annealing on the optical

properties of VO,, mid-IR reflectance of pristine and annealed (400 °C, 2 hours) samples was

10



studied. The temperature-dependent mid-IR reflectance of pristine VO, during heating is shown
in Fig. 3(a). At room temperature (25°C), the pristine VO, is in the insulating state and relatively
transparent in the mid-IR region. The increase of reflectance above 11 um results from the onset
of the Reststrahlen band of the sapphire substrate [8, 42]. With increasing temperature, the
reflectance increases between 2 um and 10 pm, due to the increase of carrier density across the
thermally induced metal-insulator transition. Around the transition temperature, a sharp increase
of reflectance can be observed in Fig. 3(c).

After annealing at 400 °C for 2 hours, the temperature-dependent reflectance spectrum of
sample changes [Figs. 3(a) vs. 3(b)]. The sample becomes highly reflective in the mid-IR region,
even at room temperature, indicating its high carrier density after annealing. Upon heating, the
reflectance of the annealed sample maintains a high value, and no signature of a metal-insulator
transition is observed. Moreover, the reflectance of sample decreases slightly with heating [Fig.
3(c)], demonstrating a Drude-like metallic behavior [43]. Therefore, the mid-IR reflectance of
the annealed sample demonstrates that the metallic state is stabilized after annealing at low
oxygen partial pressure. The comparison of reflectance between the annealed sample and the
pristine one above Tyr [Fig. 3(c)] indicates the optical similarities in the mid-IR region between
the metallic states induced by temperature and oxygen deficiency.

C. Stabilization of oxygen-deficient rutile VO,_;

The crystallographic properties of the metallic phase after annealing at low oxygen partial
pressure were studied. The room temperature XRD profiles of pristine PVD-grown 40 nm VO,,
before and after annealing at 400 °C for 2 hours, are shown in Figs. 4(a) and 4(b). For the pristine
VO, thin film, (020)y and (040)y (M stands for monoclinic) diffraction peaks are observed

indicating its epitaxial growth with orientation relation VO, (020)//Al,05 (0006) [44]. After
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annealing, as Fig. 4(b) shows, the (020)y peak shifts to a lower diffraction angle with 26 = 39.4°,
which is very close to the diffraction peak from the (200) plane of the tetragonal rutile structure
(20 = 39.5°) [45]. This shifting is similar to that of the thermally induced transformation from
monoclinic to tetragonal rutile structure in VO,. Except for the peak shifting, no new diffraction
peak appears, indicating that the metallization of the thin film is not caused by the structural
transformation from VO, to any of the Magnéli phases. Moreover, we confirm the tetragonal
rutile structure of the metallized sample by observing off-axis (220) diffraction spot at tilting
angle y=45° (Supplemental Material 7 [37]). The lattice parameter of the metallized sample at
room temperature is extracted from the off-axis diffraction scans as a = b = 4.56 A; c=2.86 A,
close to that of the pristine VO, in the high temperature rutile phase (¢ = b =4.55 A; c=2.85 A)
[45].

To further confirm that the metallic state is not a Magnéli phase and to study the stability
of the metallic state at cryogenic temperatures, we measured the electrical resistivity of 400 °C-2
hours annealed sample down to 1.8 K. Most Magnéli phases possess first-order metal-insulator
transitions [46], and thus can be identified by the presence of abrupt resistivity jumps
corresponding to their transition temperature Tyt [46]. Figure 4(c) shows the cooling/heating
resistivity curves of the annealed sample in the temperature region from 1.8 K to 373 K. The
transition temperatures of Magnéli phases are also marked for comparison. Upon cooling to 1.8
K, no signature of a metal-insulator transition was observed in the annealed thin film. The
combination of XRD and low-temperature transport studies thus demonstrate that the low
oxygen pressure annealing primarily serves to introduce oxygen deficiency into VO, and

stabilize the metallic rutile phase.
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To study the level of oxygen deficiency in the metallized samples and its effect on the
oxidation state of vanadium, X-ray photoelectron spectroscopic (XPS) analysis was performed.
Figure 4(d) shows the V 2p core-level spectra of pristine and annealed samples. For the pristine
sample, the V 2p;; core-level photoemission peak mainly appears at 516.6 eV, close to the
literature value of the V** valence state (515.5eV ~516.4 eV) [26, 38, 47]. After annealing, the
V 2py), core-level photoemission peak shifts towards low binding energy and the V 2p;/, peak
splits where a pronounced peak appears at lower binding energy, indicating the reduction of the
vanadium ion after annealing. We confirmed such a reduction behavior by measuring three
different regions of the samples. The V 2ps;, peak with lower binding energy (515.6 eV)
corresponds to the V** valence state (515.1 eV ~ 515.8 eV) [26, 38, 47]. The oxygen non-
stoichiometry of the VO, after annealing at low oxygen pressure is then estimated to be 6 ~ 0.08
at 300 °C and 0.2 at 400 °C by the ratio of the effective XPS peak area of V> and V*" after the
Shirley background is subtracted. It was reported that in electron-doped V;xWxO, thin film, the
phase transition is suppressed to ~ 50 K when x ~ 0.09 [48], where W takes 6+ valence state [49].
Based on the charge neutrality (Vi3, Vo WET027), about 0.197 electron doping per vanadium
atom occurs. Assuming similar amount of electron doping is required to suppress the phase

transition in VO, (Vi,sVaa 0525), the critical value of &to suppress phase transition is

estimated to be 0.098, being consistent with present observations [Fig. 4(d)].

Previous work on phase equilibria in the V,03-VO, system at 1600 K shows that the
maximum concentration of oxygen vacancies in single phase VO, is & = 0.004, beyond which
Magnéli phases form [35]. It is therefore surprising that the oxygen vacancy concentration
generated by annealing can reach & = 0.2. We believe this is attributed to the extreme low oxygen

partial pressure coupled with kinetic hindrance of structural degradation at the low annealing
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temperatures. Comparison to previous work reporting stabilization of the metallic state by
electrolyte gating in VO, field-effect transistor indicates that this level of oxygen deficiency can
also be created by electric fields in electric-double-layer transistors when the electrochemical
stability window is exceeded [26, 28]. Given the high levels of non-stoichiometry, such systems
could be well-suited for synchrotron studies to precisely investigate the local structure.
D. Destabilization on V-V dimerization in VO, due to oxygen vacancies

To further study the effect of oxygen vacancies on structural instability and V-V
dimerization of VO, during the transition from its insulating monoclinic state to the oxygen-
deficient metallic state, Raman spectra of PVD-grown 40 nm VO, annealed at 300 °C, 350 °C
and 400 °C for 2 hours (i.e. increasing oxygen vacancy concentration) were investigated. As Fig.
5(a) shows, the pristine VO, thin film is in the monoclinic structure at room temperature with
sharp Raman peaks at 129, 196, 224, 308, 386, 498, and 614 cm’! for A, symmetry, and 268, 340,
and 445 cm™' for B, symmetry [50, 51]. Extra peaks at 421, 575, and 751 cm™ are due to the
Raman signal from the AL,O; substrate. After annealing at 400 °C for 2 hours, all peaks
corresponding to the monoclinic structure vanish. Instead, a heavily damped Raman peak
appears, centered at 530 cm™'. The value and shape of this damped peak are coincident with that
of the 4;, mode of the thermally induced rutile metallic state in pristine VO, [50]. With
increasing annealing temperature, the peak around 530 cm™ corresponding to the rutile structure
gradually becomes dominant, while the intensity of peaks corresponding to the monoclinic
structure decreases [Fig. 5(b)], indicating the gradual reduction in the fraction of the insulating
phase in the sample.

The shifting of Raman modes due to the introduction of oxygen vacancies is shown in

Figs. 5(c) and 5(d). We focus on an 4, mode at 614 cm’ related to V-O bonding [Fig. 5(c)] and
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A, modes at 196 and 224 cm’ related to the pairing and tilting of V-V bonds [Fig. 5(d)] [52, 53].
After annealing at 400 °C for 2 hours, the peak corresponding to the V-O bonding mode at 614
cm” [Fig. 5(c)] shifts down by 10 cm™. Simultaneously, the peaks corresponding to V-V
dimerization at 196 and 224 cm’ [Fig. 5(d)] shift down by 1.5 cm’. Asa comparison, the Raman
peak at 751 cm™ from the substrate does not shift. The softening of V-O and V-V mode is
similar to that of the thermally induced metal-insulator transition in pristine VO, [52, 54],
indicating the destabilization of the monoclinic structure due to oxygen deficiency. Previous
work indicates that the Peierls instability, i.e. distortion of V-O octahedral and dimerization of
V-V in the monoclinic state, plays an important role in opening an energy gap during the metal-
insulator transition of VO, [11, 14]. As a result, the emergence of the metallic state after low
oxygen partial pressure annealing can be understood at least partially as the result of the
degradation of the Peierls mechanism with respect to oxygen deficiency and reduction of V*.
E. Optical properties of oxygen-deficient metallic state

Optical properties of the metallic state after annealing were further investigated by
ellipsometry measurements. The refractive index data of a pristine PVD-grown 40 nm VO; film
and one annealed at 400°C for 2 hours are presented in Figs. 6(a) and 6(b). For pristine VO, [Fig.
6(a)], a large increase of the real part of refractive index n and reduction in the extinction
coefficient k are observed in the wavelength range of 700 - 2000 nm across the metal (90 °C) to
insulator (25 °C) transition [16]. Such a change is not seen in the annealed VO, film [Fig. 6(b)].
Moreover, the opposite temperature-dependent behavior occurs as the extinction coefficient x of
VO, increases slightly with cooling, demonstrating the vanishing of the metal-insulator
transition that is consistent with electrical measurements [Fig. 2(a)]. The optical properties of

VO,.5 at both temperatures are found to be similar to that of pristine VO, at 90 °C, indicating that
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the metallized VO, is closely related to the thermally induced metallic state in pristine VO, [43].
The real part of the optical conductivity o; of the oxygen-deficient sampleis calculated from the
complex refractive index and compared with the thermally induced metallic state in VO, [the
upper panel of Fig. 6(c)] [43]. It is found that both samples show Drude-like behavior with
similar optical conductivity in the low photon energy region.

Another interesting feature is the significant reduction of the broad absorption peak
between 2.5 and 4 eV shown in the upper panel of Fig. 6(c). For a better understanding of this
reduction, the band structure of VO, is depicted schematically in Figs. 6(d)~6(f) based on the
Goodenough model [11]. In pristine metallic VO, [Fig. 6(e)], this absorption peak corresponds to
the interband transitions from the O,, band to the 7* and d, bands labeled as B and A4, the energy
value of which is consistent with previous works [55]. The z* and d), bands are overlapped and
partially filled in metallic state. Upon the metal-insulator transition in pristine VO, [Fig. 6(d)],
the d, band further splits due to the dimerization of vanadium ions and the z* band shifts up, and
an energy gap appears between the fully occupied lower dj, band and the empty z* band. Such
band structure reconstruction is attributed to the combined effect of lattice-electron coupling
(Peierls transition) and electron-electron correlations (Mott-Hubbard transition) [11, 12, 14-19].
The interband transition in the insulating state [Fig. 6(d)] gives rise to three peaks in its optical
conductivity labeled as C, D, and E [Fig. 6(c) lower panel]. Under oxygen deficiency [Fig. 6(c)
upper panel], the significant reduction of the two absorption peaks (4 and B) compared to the
metallic state of pristine VO, indicates the reduction of un-occupied states in the 7* and dj, bands
[Fig. 6(f)], i.e., band filling with electrons generated by the oxygen vacancies. Such a band
filling effect then suppresses the metal-insulator transition [4, 20, 22, 32, 36, 56] and leads to the

stabilization of metallic state.
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IV. CONCLUSIONS

We have introduced an oxygen gettering approach to create low oxygen partial pressures
to study correlated electron materials. Our technique allows systematic post-growth tuning of
oxygen defects in a model system, vanadium dioxide (VO,), without introducing ionic liquids,
water or hydrogen and without forming Magnéli phases. We show that the oxygen deficiency
level induced by this method can greatly exceed the solubility limit in equilibrium, and can be
used to reversibly modify the electrical, optical, and structural properties via a defect-induced
non-volatile metal-insulator transition. Disorder on the anion sub-lattice which enables structural
change and charge filling synergistically is therefore an elegant approach to designing non-
volatile functional properties in correlated oxides. Such materials with widely adaptive properties
and environmental response hold promise in neuromorphic computing and adaptive

electromagnetics.
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APPENDIX A: Mg-based oxygen trap system design and operational principle
Figure 7 shows a cross-sectional schematic of the Mg-based O, trap setup built for our

study. Mg powder (Sigma Aldrich) was placed between ceramic insulation rolls inside a
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stainless-steel tube container. The stainless-steel tube was wrapped by a heating tape powered by
a variable transformer (Staco Energy), and the temperature near the working zone of the O, trap
was monitored by a thermocouple. A layer of ceramic insulation roll covered the heating tape
and the stainless-steel tube container to reduce heat dissipation during heating. A piece of
aluminum foil sheathed the porous ceramic insulation roll.

When Ar gas flowed into the oxygen trap setup, the trace amount of O, impurity reacted
with the Mg following the reaction: Mg + 2 O, = MgO. The MgO formed was porous and thus
did not prevent further reaction from taking place. The theoretical Po, at the Mg/MgO
equilibrium can be calculated from the equilibrium constant (K,) of the reaction following the
equation:Py; = apgo/(Apmg - Keq), Where aygo = 1 is the activity of MgO, and ay 4 = 1 s the
activity of Mg. The value of K¢q as a function of temperature from 350 °C to 500 °C is obtained
from HSC Chemistry Database [57] and shown in Table (I). Besides thermodynamic
considerations, the actual Po; in the Ar gas after passing through the Mg-based O, trap setup is
strongly influenced by the kinetic factors including the reaction rate and time. Although the
equilibrium Po, goes down as the operation temperature decreases, the reaction rate also
decreases. Therefore, the operation temperature cannot be too low and sets experimental limits.
The optimum operation temperature of the Mg-based O, trap is typically a few hundred degrees
to ensure both a low equilibrium Pg, and a relatively high reaction rate. In this work, we heated
up the Mg to 450 °C, which enables a theoretical oxygen partial pressure about 107 atm. In
experiments, the theoretical oxygen partial pressure was difficult to reach due to the constant
flowing of Ar gas and the possible gas leakage near the tube fitting area. As shown in Fig. 1(b),
an oxygen partial pressure, as low as 10%* atm was reached in our work. In future experiments, if

we can control the flow rate to lower values, it is possible to achieve even lower partial pressures.
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For instance, Y. M. Chiang and co-workers have demonstrated similar solid-state buffering
routes to reach 10™* atm oxygen partial pressures in studies on the stability of Si-SiO, interfaces
[58].

At very low partial pressure, the kinetics of oxygen molecules becomes relevant. Based
on the kinetic theory of gases, the impingement rate Z, i.e., the number of molecules striking the

surface perpendicular to their moving direction, per unit time, is expressed as [59]:

P

= Tt = 8.333 x 10?72 P/(TM)% (molecules/m?s) 3)
B

where P is pressure of gas (Pa), T is temperature (K), m is mass of gas molecules (g), M is molar
mass (kg/mol), and kg is Boltzmann constant. In our experiment, the surface area of oxygen
sensor is about 4x10™ m?. The impingement rate is about 1 molecules per 10 second at oxygen
partial pressure of ~107° atm. In comparison, at ambient condition, the impingement rate is ~
10 molecules/s. The slow kinetics of oxygen molecules drives the system away from
thermodynamic equilibrium state. In experiment, however, the oxygen-sensor continuously
monitors the oxygen partial pressure inside the annealing system and assumes thermodynamic
equilibrium was achieved. Thus, the oxygen partial pressure measured by oxygen-sensor
effectively represents the local near-surface and non-equilibrium value of Pp,. Because similar
environment was experienced by both oxygen sensor and vanadium dioxide samples, we used
such an effective value to characterize the low oxygen partial pressure environment near sample

surface.

APPENDIX B: Zirconia-based oxygen sensor
Zirconia-based oxygen sensors are widely used for determining Po; in a test gas at high

temperatures as well as in automotive exhaust systems. The most common application is to
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measure the Po; in exhaust gas in order to maintain an optimized air:fuel ratio [60]. Literature
reports have also shown that this type of oxygen sensor is capable of measuring a Po; as low as
~107 atm in an oxygen-poor gas environment [61].

Figure 8 shows a schematic of the zirconia-based oxygen sensor. The zirconia-based
oxygen sensor is a potentiometric sensor. It consists of a tubular oxygen-ion-conducting zirconia
electrolyte, and porous Pt anode and cathode. It is typically operated at a high temperature in the
range of 500-800 °C to facilitate the chemical and electrochemical processes involved. In our

work, the inside of the zirconia tube is exposed to air with a constant Py (4i) 0f 0.21 atm, while
the outside to the test gas that has a much lower Py; (4,-). The same chemical species (oxygen) is

present at both electrodes but at different partial pressures. Therefore, this oxygen sensor device
is regarded as a concentration cell. Due to the difference in the oxygen partial pressure between
air outside the chamber and Ar inside the chamber, the cell develops a voltage, which can be

expressed as follows according to the Nernst equation [62, 63]:

E = Eln (002 (YSZ—Pt—air)) (4)

QAo2(YSZ-Pt—Ar)

where E is the Nernst potential, R is the gas constant (8.31 J mol™ K™, T'is the operating
temperature of the oxygen sensor (550 °C here), and F is the Faraday constant (96485 C mol™),
Ao2(vsz—pt—air) 18 the OXygen activity at the tripe phase boundary between YSZ (yttria-stabilized
zirconia), Pt cathode, and air, and ag,(ysz—pr—ar) 18 the oxygen activity at the tripe phase
boundary between YSZ, Pt anode, and Ar. Under thermodynamic equilibrium condition, the
oxygen activity at the YSZ-Pt-gas tripe phase boundary equals to the oxygen activity in the gas,
which is expressed as the oxygen partial pressure in the gas divided by the standard pressure (1

atm). Therefore, the Nernst potential can be expressed as:
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_RT Po2 (air)
E="1In (—) (5)

Poz(ar)

where Pp;qiry 18 the oxygen partial pressure in air (0.21 atm) and Py, 4y is the oxygen partial

pressure of Ar inside the annealing system. By measuring the Nernst potential, the oxygen partial

pressure inside the annealing system can be calculated by Equation (5).

In experiment, the Nernst relation is valid and enables us to measure the oxygen partial
pressure inside the annealing system when the ionic conductivity is dominant over electronic
conductivity for zirconia electrolyte, thus determining its dynamic range. For a typical zirconia
electrolyte (8 mole percent yttria-stabilized zirconia), the ion, electron, and hole conductivities at

800 °C - 1050 °C and Po; (0.21 — 1077 atm), in ohm™'cm™, were reported as [64]:

5 eV
Oion = 1.63 X 10° exp (—0.79 ﬁ) (6)
eV\ _
0, = 1.31 X 107 exp (—3.88k—T) P (7)
oy = 2.35 x 107 exp (—1.67 =) Py,!/* (8).

Based on these relations, ion, electron, and hole conductivities are calculated and shown in Fig. 9.
With extrapolation of these relations in our measurement range (550 °C and 0.21 — 102* atm), the
estimated ionic conductivity is more than 3 orders of magnitude higher than electron
conductivity. This extrapolation to lower temperature is valid for zirconia since the electron
contribution becomes less relevant with reducing temperature [64]. In addition, such a
calculated result is also consistent with the reported experimental observations that the ionic
conduction is dominant over 10>* atm partial pressure range in stabilized zirconia [65]. Thus, in

this work, we are still working within the dynamic range of zirconia-based oxygen sensors.
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In this work, we measured the Nernst potential by Solartron 1287 electrochemical
systems, which provides resolution of 10” V. The experimental Nernst potential (raw data)
recorded during annealing is shown in Fig. 10. The noise on the recorded Nernst potential results
from the fluctuation of local oxygen pressure near sensor surface and the noise from sensor and
measurement system. It can be found in Fig. 10 that when the Mg-based trap is turned on, the
Nernst potential increases from ~ 0.1 V to ~ 0.95 V. Such an increase in Nernst potential is much

larger than the noise of signals, which therefore ensures the reliability of our measurement.
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FIG. 1. Metallization of vanadium dioxide at extremely low oxygen partial pressure. (a)
Experimental setup for annealing VO, at low oxygen partial pressure. (b) Real-time oxygen
partial pressure monitored by a zirconia-based oxygen sensor, where pristine VO, was annealed
at Po, ~ 10" atm. The inset shows the Po; in a narrow time window. (c) At low oxygen partial
pressure, oxygen vacancies are created in VO,, and the oxidization state of vanadium is reduced
from V*" to V**. (d) By introducing a high concentration of oxygen vacancies, the metal-
insulator transition is suppressed and a metallic non-volatile VO, ; state is observed down to very

low temperatures. The process can be reversed by oxygen annealing.
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FIG. 2. Manipulation of electrical properties of VO, thin films after annealing at Po, ~ 10* atm.
(a) Resistivity-temperature curves of 40 nm PVD-grown VO, annealed at 300°C and 400 °C,
respectively, for 2 hours. After annealing, the thin films show metallic behavior down to room
temperature. (b) Corresponding derivative of the resistivity-temperature curve, for various
annealing conditions, (c) Resistivity-temperature curves of 40 nm ALD-grown VO, annealed at
400 °C for 2 hours. The metallization behavior of VO, under low oxygen partial pressure is
reproducible with ALD-grown films. (d) After metallization of 40 nm PVD-grown VO, at low
Py for 400 °C 2 hours in (a), the sample was further annealed in pure oxygen at 300 °C for 2
hours, 4 hours, and 6 hours. The resistivity-temperature curves show that the metal-insulator

transition is recovered after annealing in oxygen.
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FIG. 3. Mid-IR reflectance of VO, before and after annealing at Pgy ~ 10 atm. (a)

Temperature-dependent reflectance spectrum of pristine VO, deposited on a sapphire substrate.

After annealing at Po, ~ 10* atm at 400 °C for 2 hours, the reflectance spectrum of the sample

is shown in (b), where weak temperature-dependent behavior is observed. The sample maintains

a high reflectance when cooled, demonstrating the vanishing of metal-insulator transition after

annealing. (c¢) Single-wavelength (1 = 8 pm) temperature-dependent reflectance of VO, after

annealing at low oxygen partial pressure at 400 °C for 2 hours. The reflectance of the pristine

sample increases sharply when heated past the metal-insulator transition temperature. After

annealing at low oxygen partial pressure, the sample shows high reflectance, similar to that of

the thermally induced metallic state of the pristine sample. Moreover, the reflectance of the

annealed sample decreases slightly with heating, indicative of metallic behavior.
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Figure 4
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FIG. 4. XRD curves of pristine and annealed VO, thin films (a) over a wide range of angles and
(b) around the (020)),peak. The shifting of the (020),, peak to the (200)rpeak demonstrates that
the high-temperature tetragonal (rutile) structure is maintained down to room temperature after
annealing. (c¢) The resistivity of annealed thin films is measured down to 1.8 K. The metal-
insulator transition temperatures of various Magnéli phases are depicted. The flat resistivity-
temperature curve over the entire temperature range indicates the absence of Magnéli phases in
the oxygen deficient VO,.sthin films. (d) XPS analysis of pristine and annealed thin films. The
shifting of V 2p1/2 to lower binding energy and the appearance of V>* 2ps, photoemission
indicate the strong reduction of the oxidization state of the vanadium ion under oxygen
deficiency. The estimated oxygen vacancy level of the annealed sample VO, is & = 0.08 at 300

°C and § =0.2 at 400 °C.
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Figure 5
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FIG. 5. Room temperature Raman spectra of VO, after annealing at Po, ~ 10%* atm. (a) Raman
spectra of PVD-grown 40 nm VO, annealed at 300 °C, 350 °C, and 400 °C for 2 hours. For the
pristine sample, Raman peaks corresponding to the monoclinic structure appear at 129, 196, 224,
308, 386, 498, and 614 cm™ for A, symmetry, and 268, 340, and 445 cm’ for B, symmetry. For
the sample annealed at 400 °C, the heavily damped Raman peak at 530 cm™ corresponds to the
A, mode of the rutile structure. Peaksat 421, 575, and 751 cm” result from Raman scattering of
the ALOs substrate. (b) Relative intensity of the Raman peaks at 196, 224, and 614 cm™ as a
function of the annealing temperature. (c) The 4, mode at 614 cm’ as a function of the annealing
temperature. This Raman mode is related to V-O bonding of VO,. (d) The 4, modes at 196 and
224 e¢m™ as a function of the annealing temperature. These Raman modes are related to V-V
bonding and tilting of VO,. Softening of the Raman modes, V-O bonding (¢) and V-V bonding
(d), occurs with the increase of the annealing temperature, demonstrating the instability of

monoclinic structure upon the introduction of oxygen vacancies.
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Figure 6
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FIG. 6. Optical properties of VO, before and after annealing at Po, ~ 10>* atm. (a) Real (n) and

imaginary (k) parts of the complex refractive index of pristine VO, at 25°C and 90°C, below and

above its metal-insulator transition temperature. After annealing at Po, ~ 10* atm, the complex

refractive index of oxygen deficient VO, at 25°C and 90°C is shown in (b), where Drude-like

metallic behavior is observed and no phase transition occurs. (¢c) Comparison of the optical

conductivity between the thermally induced metallic state of pristine VO, and the oxygen-

deficiency-induced metallic state of VO, at 90 °C. The optical conductivity of pristine VO,

across the thermally induced metal-insulator transition is shown in lower panel. (d)-(f) Schematic

illustration of the band structure of pristine VO, in insulating state (d) and metallic state (e),

while the band structure of oxygen deficiency VOs,.; is shown in (f), where strong charge filling

in the 7* and d), orbitals occurs.
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Figure 7
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FIG. 7. Schematic of the Mg-based oxygen trap for achieving ultra-low oxygen partial pressure.
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Figure 8
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FIG. 8. Schematic of the zirconia-based oxygen sensor.

38



Figure 9
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FIG. 9. Ion, electron, and hole conductivity of zirconia at 550 °C calculated based on Equations

(6) - (8).
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Figure 10
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FIG. 10. The experimental Nernst potential measured during low oxygen partial pressure

annealing.
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TABLE I. Calculated equilibrium constant (K.q) of Mg + 2 Ox(g) = MgO.

Temperature (°C) Keq
350 3.83 x 10%
400 1.26 x 10%
450 4.49 x 107
500 1.10 x 10"
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