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ABSTRACT

This study utilized co-sputtering to fabricate Mo-doped VO, films and identified an optimal concentration exhibiting a lower phase transition
temperature (T, =55.8°C) and a broader hysteresis window (AT =13.6°C). At the atomistic scale, it is demonstrated that Mo dopant-
induced localized strain accelerates the phase transition, which leads to the relaxation of the tetragonal structure. Furthermore, the effects of
Mo doping on the phase transition process and electrical properties are characterized at the nanoscale using conductive atomic force micros-
copy and Kelvin probe force microscopy, and the potential application in selectors can be evaluated. The results indicated that Mo doping
destabilizes the M1 phase by introducing a high density of electrons, thereby significantly reducing the electron-electron interactions as per
the Mott model. Moreover, the device exhibited stable threshold and memristive properties at room temperature, quickly switching from
high to low-resistance states at a threshold voltage of 2.37 V and maintaining stability over more than 1000 cycles with a selectivity >10?. The
present work not only highlights the role of Mo doping in enhancing the functional properties of VO, but also demonstrates its feasibility in
high-performance selectors devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235030
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I. INTRODUCTION

Vanadium dioxide (VO,) has become a focal point for the study
of the metal-to-insulator transition (MIT) near room temperature,"j’
captivating the interest of researchers for its potential applications in
smart electronics.”” Characterized by a reversible phase transition
from an insulating monoclinic phase to a conductive tetragonal rutile
phase, VO, exhibits a remarkable sensitivity to external stimuli, includ-
ing temperature, electric fields, and mechanical stress.”” It also has the
ability to dynamic switching between high-resistance (HRS) and low-
resistance states (LRS).”* "' This unique behavior underpins its prom-
ise for innovative applications in optoelectronic switches,''” memory
devices,"" and sensors.'™'® As a specialized type of memristor device,
selectors leverage threshold switching behavior to emulate neural pulse
responses and probabilistic behavior, making them critical for neuron
circuits and synaptic simulations in neuromorphic systems.'”'®

Traditional VO,-based devices struggle with low-power electronics
demands due to the necessary high phase transition temperature for
an effective MIT. Furthermore, high operating voltages and concerns
over stability and reliability further limit their application, particularly
in energy-efficient settings.”*’ Therefore, enhancing the energy effi-
ciency of VO, switch devices, particularly in memory and switching
technologies, is crucial to overcome these limitations and expanding
their practical applications.

Current research efforts focus on enhancing VO,-based devices
by manipulating the oxygen partial pressure and device architec-
ture.””" Adjusting oxygen vacancies has been showed to facilitate the
MIT of VO, at lower voltages, preserving this capability across nano to
micrometer scales.” Localized heating through nanoscale heaters has
induced the MIT at 24 V while maintaining a low switching power of
approximately 85 uW.”* Despite these advancements in addressing
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high power consumption, the persistent challenge of high phase transi-
tion temperatures (T);7) remains unresolved. Doping has been estab-
lished as an effective strategy for modifying the T and enhancing
the physical properties of VO, Milinda Pattanayak et al’*
designed a W-doped VO,-based spontaneous electric oscillator,
achieving threshold switching at 35V. Similarly, Ling Chen et al.”
employed thermally driven voltage biases, enabling W-doped VO,
films to exhibit threshold switching characteristics at 5°C and 4 V.
Rupp et al.” developed threshold switching behavior in VO, crossbar
selectors based on Cr doping. Although W and Cr doping adeptly
modifies the T, it inadvertently compromises the electrical switch-
ing efficiency and leads to poor reproducibility of VO,. Although W
doping adeptly modifies the Ty, it inadvertently compromises the
electrical switching efficiency of VO,."””” In contrast, Mo doping
emerges as a superior alternative, simultaneously enhancing the electri-
cal transport characteristics and reducing the Tygyr from 68°C to
43.18°C.">*** This approach not only enhances the electronic struc-
ture and micro-morphology’’ but also advances the discourse on the
electronic behaviors and phase transition mechanisms within Mo-
doped VO, films.

In this work, we fabricated VO, films with Mo dopant to achieve
a lower phase transition temperature (T, = 55.8 °C) and an expanded
hysteresis window (AT =13.6°C), aiming to explore their potential
applications in selectors. Using aberration-corrected scanning trans-
mission electron microscopy (STEM), we revealed the atomic scale
mechanisms of the phase transition by Mo doping in VO, films.
Atomic-resolution strain maps allowed us to analyze how local strain
induced by doping accelerates the phase transition. Utilizing conduc-
tive atomic force microscopy (C-AFM), we characterized the electrical
properties and phase transition behaviors of Mo-doped VO, films at
the nanoscale. It demonstrated that Mo doping disrupted the stability
of the M1 phase of VO, by increasing the electron density.
Additionally, the films were able to swiftly switch from a HRS to a LRS
at a threshold voltage (V,;,) of 2.37 V and reliably returned to the HRS
at a holding voltage (Vj,,y) of 1.25V during the reverse scan. After
more than 1000 cycles, the selectors showed a selectivity greater than
10? and maintained a stable resistance state. These results provide sig-
nificant theoretical and experimental supports for the development of
high-performance selectors at room temperature.

Il. MATERIALS AND METHODS
A. Material fabrications

Mo-doped VO, thin films were prepared by magnetron sputter-
ing deposition using a co-sputtering technique. V target (99.99%) and
Mo target (99.99%) materials were deposited onto Si/SiO, substrates."’
Prior to deposition, the substrates were cleaned with acetone and etha-
nol, rinsed with deionized water, and dried. The deposition was carried
out in a chamber at a pressure of 0.6 Pa, with a mixture of Ar and O,
gases injected into the chamber. The sputtering power for the V target
was set to 60 W, and the doping concentration was controlled by
adjusting the sputtering power for the Mo target. The as-deposited
amorphous films were annealed at 450°C in argon gas for 1h to
obtain crystalline Mo, V;_,O, films.

B. Characterization of phase and microstructure

X-ray diffraction (XRD) was used to determine the crystal struc-
ture and phase purity of the films. Temperature-dependent Raman
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spectra were measured to probe the vibrational modes of the film on
a micro-Raman spectrometer (Jobin-Yvon LabRAM HR 800 UV).
In situ STEM images were obtained using an aberration-corrected
transmission electron microscope (ACTEM) (JEM-ARM300F, acceler-
ation voltage up to 300 kV). Atomic force microscopy (AFM) was used
to examine the surface morphology of the films. Conductive atomic
force microscopy (C-AFM) was used to measure and visualize the
changes in surface current of films at different temperatures. Kelvin
probe force microscopy (KPFM) was used to measure the work func-
tion differences and potential changes on the surface of devices. X-ray
photoelectron spectroscopy (XPS) was used to analyze the chemical
states and composition of the films.

C. Electrical measurements

Electrical measurements of the device were performed using a
Keithley 4200-SCS semiconductor parameter analyzer.

D. First-principles calculations

All calculations were performed using the density functional the-
ory (DFT), as implemented in the Vienna ab initio simulation pack-
age.”"””” The projector augmented-wave (PAW) method and Perdew-
Burke-Ernzerhof generalized gradient approximation (GGA-PBE)
were used for the exchange correlation functionals.”* As the d orbi-
tals of Mo may have important correlation effects, we also validated
our results using the GGA + U method. These include the Hubbard
parameter U (which mirrors the strength of the on-site Coulomb inter-
action) and parameter J (which corrects the strength of the exchange
interaction). In the somewhat simplified, yet rotationally invariant,
method of Dudarev,” an effective interaction parameter Ugy=U —1],
or simply U, can be introduced. Here, we used Ug=34to derive the
exact electronic structure of the ground state, a value that was deter-
mined to be a robust consideration.”>”” Brillouin zone integration was
performed using a 3 x 3 x 3 Monkhorst-Pack k-point witha2 x 2 x 2
supercell.”” Geometric optimization was performed using a conjugate
gradient method until the energy converged at 1 x 10> ¢V and the
convergence criterion of the largest force acting on the atoms was
0.03eV/A.

Ill. RESULTS AND DISCUSSION

To explore the impact of varying Mo doping concentrations on
the structural properties of VO,, Mo-doped VO, thin films (S0-S7)
were prepared by co-sputtering, as detailed in Table I. Figure 1(a)
shows the X-ray diffraction (XRD) spectra of the Mo, V;_,O, films at
room temperature. The diffraction peak was observed at 2 () =27.8°,
matching the (011) plane of the monoclinic phase (M1) of VO,
(JCPDS No.72-0514). Increasing Mo doping concentration led to a
shift of the diffraction peak toward the tetragonal rutile (R) structure.
Furthermore, variable temperature XRD spectra performed on S4 con-
firmed the temperature-dependent shift of the main peak, indicating
the transition from the M1 to R phase (as shown in Fig. S1).

Figure 1(b) displays the Raman spectra of the films with typical
Mo doping concentration at 25 °C. The A, phonon modes are located
at approximately 193, 223, 337, 387, 498, and 611 cm™ ', while the
weaker peaks around 260, 303, and 442cm ™" correspond to B, pho-
non modes, respectively. The distinct peaks at 193, 223, and 611 cm !
confirm the presence of a high-quality crystalline M1 phase, aligning
with previous reports and underscoring the consistency of our
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TABLE . Different doping concentration and the Trof Mo,V;_ O, films.
Sample Formula Power (W) Mo (Atom%) T, (°C) T.(°C) AT (°C) Turr (°C)
SO VO, 0:60 0 73.8 65.5 8.3 69.7
S1 Mo0g.009V0.99105 2:66 0.24 63.2 53.8 9.4 58.1
S2 Mo0g.014Vo.9860> 1:60 0.36 60.5 49.5 11 55.0
S3 Moy 018Vo.5205 2:64 0.44 58.4 46.3 12.1 524
S4 Moo 021V 97905 2:62 0.54 55.8 422 13.6 49.0
S5 M00.023Vo.9750> 2:60 0.57 50.9 38.7 122 44.8
S6 M00,026Vo.9740> 3:60 0.68 26 32.1 10.5 37.4
7 Mo0o.039V0.96105 4:60 0.95
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FIG. 1. Comprehensive characterization of Mo,V;_,O, films at room temperature. (a) XRD spectra of typical Mo,V;_,O, films (S0, S1, S4, and S7). (b) Raman spectra of typi-
cal Mo,V_,O, film. (c) Magnified view of A, phonon mode for all Mo,V_,0, films. (d) XPS spectra of the sample S4, corresponding to V 2p, Mo 3d, and O 1s. (e) EDS map
of a cross section of the sample S4 (in the focused ion beam-cut TEM lamella). (f) Temperature-dependent resistance (R-T) of all Mo-doped VO,. Testing the heating and cool-
ing process, respectively. (g) d(log(R))/dT curves of the sample S4. (h) Ty, values for heating and cooling processes at different Mo doping levels.
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findings.””*’ We further investigated the changes in the Raman pho-
non peak of the films during the MIT process (as shown in Fig. S2).
The characteristic phonon vibrations in the Raman spectra gradually
weakened and eventually vanished as the temperature increased, indi-
cating a transition from the M1 to R phase. Figure 1(c) shows the
detailed variations in the principal phonon mode peaks of Mo, V;_,0,
films as a function of Mo doping concentration. Notably, the two A,
phonon modes at 193 and 223 cm ™' are associated with the displace-
ment of V ions along dimer chains, exhibiting a redshift and intensity
weakening with increased doping levels. Moreover, the A, phonon
mode at 614 cm ™~ %, which reveals the characteristics of V-O vibrations,
similarly displays a redshift. These spectral changes indicate that Mo
doping results in an elongation of V-O bonds and a distortion of the
VO, lattice, which can affect the dimeric interactions and V-O vibra-
tions. Thus, it can lead to a decrease in phonon mode frequency and a
shift to lower energies.

Figure 1(d) displays the V 2ps/, spectral peaks predominantly
showcased V* (515.9-516.4eV) and V" (516.8-517.7 eV) peaks of
sample S4. Compared with undoped VO, (as shown in Fig. S3), V3
peaks were not observed in Mo-doped samples, signifying the substan-
tial impact of Mo doping on the distribution of V valence states. This
result is probably owing to the increase of oxygen vacancies by Mo
doping, This increase in V* and V> states is attributed to the rise in
oxygen vacancies induced by Mo doping. Specifically, the introduction
of Mo®" into the VO, lattice creates a local charge imbalance, leading
the lattice to compensate by forming oxygen vacancies."' This vacancy
formation not only stabilizes higher V oxidation states but also aligns
with the observed shift in peak positions.

Besides, the emergence of Vo peaks, associated with the surface
oxygen composition, suggests that Mo doping could lead to an increase
in oxygen vacancies and over-oxidation of V in VO,. Combined with
Fig. $4, it is observed that with an increase in Mo®" doping, the central
fitting peak of V 2p;/, converged at 516.5eV, while the V 2p;,, peaks
shifted toward higher binding energies. Moreover, the energy gap
between 2ps, (V¥ and V 2p1/, widened from 7.76 to 9.25 eV, poten-
tially reflecting alterations in the electronic structure and local chemi-
cal environment due to Mo doping. The Mo 3d spectral peaks across
varying Mo doping concentrations were divided into Mo 3d;,, and
Mo 3ds),, positioned at 232.7-233.0 and 235.9-236.1 eV, respectively,
which are both attributed to the Mo®" state. As Mo concentration
increases, the intensity of Mo 3d peaks strengthens, indicating success-
ful integration of Mo®" and likely leading to lattice distortion and
charge redistribution. As shown in Fig. S5, the peak at 530.1¢eV pri-
marily corresponds to lattice oxygen (O®), while the peak at 530.7 eV
is related to oxygen vacancies or surface-adsorbed oxygen species
(such as OH ™ or H,0). With increased Mo doping, the 530.1 eV peak
weakens, and the 530.7 eV peak strengthens, indicating that Mo dop-
ing promotes oxygen vacancy formation and surface adsorption. The
enhancement of the 530.7 €V peak provides direct evidence that Mo®*
induces oxygen vacancies through a charge compensation mechanism.
These findings reveal the complex impact of Mo doping on the valence
states and surface chemical states of VO,, likely stemming from the
electronic structure reorganization and lattice distortions induced by
the incorporation of Mo®*.**’

As can be seen from the results of the energy dispersive X-ray
spectra (EDS) in Fig. 1(e), the dispersion of Mo is relatively homoge-
neous in representative regions of the cross section. For exploring the
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influence of Mo doping on the electrical characteristics of VO, films,
the temperature-dependent resistance of typical samples is displayed
in Fig. 1(f) (including heating and cooling processes). As Mo doping
concentration is increased, the sharpness of resistance changes associ-
ated with the MIT and the M1 phase noticeably decreased. At suffi-
cient doping levels, the MIT phenomenon completely vanishes, likely
due to the significant alteration of the VO, lattice structure induced by
the excess Mo®". The Tyur (including the T}, and the T,) were calcu-
lated by the formula Min (d(logR)/d(T)) and are displayed in
Figs. 1(g) and S6. The Ty, T,, and thermal hysteresis width (A T) data
of all samples were extracted and displayed in Table I. Figure 1(h) dis-
plays the Tr of all samples. The T decreased with increasing dop-
ant concentrations, indicating that doping enhances the conductivity.
The observed effects could be due to lattice distortions induced by
Mo®", which impact the electronic band structure and the distribution
of electrons within the lattice. Additionally, the doping may introduce
extra defects and impurity states into the lattice, which act as electron
traps, further reducing electron mobility. The combined impact of
these factors is sufficient to suppress or even eliminate the MIT,
thereby altering the phase transition characteristics and resistive
switching behavior of VO,. However, the larger phase transition ther-
mal hysteresis loops offer the possibility of achieving selectors of VO,
devices near room temperature. Therefore, to further analyze the effect
of Mo doping on VO,, we selected sample S4 (Mog21Vo97902
T,=558°C, AT=13.6°C) for subsequent characterization and
testing.

Figure 2(a) presents an atomic-resolution high-angle annular
dark-field (HAADF) image, where the ordered arrangement of atoms
is clearly visible. The uniform distribution of bright spots indicates that
Mo dopant has not disrupted the overall crystal structure. The image
marks different interplanar spacings, specifically d = 3.333, 2.49, and
25524, corresponding to the (—111), (—202), and (—102) planes,
respectively. In Fig. 2(b), the fast Fourier transform (FFT) of the
HAADF image confirms that the zone axis of the monoclinic
Mo, V;_,0O, structure is along [—11-1]. The clear spots in the FFT
image indicate good crystal quality and periodic structure. Figure 2(c)
shows a simulated diffraction pattern based on the [—11-1] zone axis.
Compared with the experimental FFT image, the spot positions and
symmetry are largely consistent. Figures 2(d) and 2(e) display the
intensity profiles for areas 1 and 2 in Fig. 2(a), respectively. The Mo
atoms are larger than V atoms and cause lattice expansion upon sub-
stitution, thus altering the interatomic distances. Comparing two areas,
the interatomic distance changes indicate non-uniform strain distribu-
tion due to Mo doping. This non-uniform strain may result from the
random substitution of V atoms by Mo atoms, leading to localized
stress concentration. Such stress concentration can induce local defects
or distortions, consequently altering the phase transition characteris-
tics and electrical properties of the film.

To reveal the impact of Mo doping on local strain and lattice dis-
tortion, we performed geometric phase analysis (GPA) on the atomic-
resolution image in Fig. 2(a). GPA is a strain measurement method
based on the Fourier transform. The distribution of strain and stress is
quantified by extracting phase information from HRTEM images,"”
Figs. 2(f) and 2(g) show the in-plane strain (&) and out-of-plane
strain (g,,) along the (—101) plane, respectively. The red regions in the
strain distribution maps indicate tensile strain, while the blue regions
indicate compressive strain. The presence of local strain suggests that
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the incorporation of Mo atoms leads to lattice distortion and inhomo-
geneity. These local strains facilitate the transition of VO, from the
monoclinic to the tetragonal phase, thereby affecting the macroscopic
properties.

In Fig. 3, we demonstrate the effect of various Mo doping concen-
trations on the M1 phase crystal structure and electronic properties of
VO, by the first-principles calculations. Figures 3(a) and 3(b) are the
top and side views of Mo-doped VO,, respectively. They show the sub-
stitution of Mo atoms (purple) for V atoms (green) within the lattice,
which results in a stabilized structure. For undoped VO, (M1), the
electronic structure features a distinct bandgap, exhibiting typical insu-
lating characteristics.”** As shown in Fig. S7, the bandgap arises pri-
marily from the interaction between the V 3d and O 2p orbitals,
maintaining VO, in an insulating state at room temperature and
undergoing an MIT at a specific temperature. Figure 3(c) illustrates the
band structures at different Mo doping concentrations. As the doping
concentration increases from 3.125% to 12.5%, the energy bands near
the Fermi level shift downward (at Ex=0eV), the bandgap gradually
narrows and even disappears, enhancing the metallic properties of
VO,. Particularly at higher doping concentrations (9.375% and
12.5%), the band structure suggests a significant enhancement in the
metallic properties of VO.,.

Figure 3(d) further displays the variations in the density of states
(DOS) with different Mo doping concentrations. Even at the lowest
doping level (3.125%), the bandgap at the Fermi level has vanished,

Intensity (arb.unit)

Intensity (arb.unit)
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(e)
FIG. 2.In situ STEM analysis of
Mo,V 4O, film (sample S4). (a) High-
angle annular dark-field (HAADF) image
\ / \j / of the various domains of the Mo,V;_,0,
W \/ U‘ ”\ \ film. (b) The FFT image of (a). (c)

Simulated diffraction pattern constructed
along [-11-1] zone axis, which matches
the experimentally obtained FFT image.
(d) and (e) The line intensity profiles from
area 1 and area 2 in (a). (f) and (g) The
corresponding geometric phase analysis
(GPA) of (a) in-plane strain (&) and out-
of-plane strain (&) map.

-0.6 -0.3 0.0 0.3 0.6
Distance (nm)

revealing extended electronic states, which indicates that metallic char-
acteristics have been exhibited at this concentration. With increasing
Mo doping, the total density of states at the Fermi level significantly
rises, demonstrating stronger metallic traits. The partial density of
states from Mo 3d orbitals increases dramatically near the Fermi level,
with additional electrons filling the conduction band of VO,. This
results in a dense distribution of electronic states near the Fermi level,
which disrupts the stability of the strongly correlated insulating M1
phase and enhances conductivity. Meanwhile, hybridization occurs
between the V 3d and O 2p electronic states, reflecting the doping’s
modulation effect on the overall electronic structure. Therefore, Mo
doping significantly alters the electronic structure of VO, by providing
additional electrons and introducing local lattice distortions, enabling
it to exhibit enhanced metallic characteristics at room temperature and
thereby suppressing the inherent MIT properties. Moreover, depend-
ing on the electronic counting model,” the host atoms of ideal
Mo, V,_, 0O, are substituted in a Mo electron-rich state, with the Fermi
energy level rising into the empty band to metallic (as shown in Fig.
S8). The effect remains even at the lowest doping concentration.

In order to deeply investigate Mo-doped VO, surface electrical
properties at nanoscale, we employed C-AFM to investigate the effect
of Mo doping on surface defect states and the behavior of the MIT
during heating process. The conductive probe voltage was set to 0.1V
to ensure accuracy and reliability. Figure S9 displays the surface mor-
phology of the Mo,V;_,O, film. It can be observed that Mo doping
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FIG. 3. Band structures and density of states (DOS) of M1 phase Mo-doped VO,. (a) and (b) Schematic diagrams of the crystal structures of the insulator monoclinic structures
of Mo,V4_,0,. (c) and (d) Band structure and DOS with different Mo doping concentrations at the monoclinic structure, respectively.

increases the size of surface grains, leading to higher surface roughness.
The root-mean-square surface roughness was 1.92 nm. Although the
Mo doping significantly increases the density of internal defect states,
the Mo,V _,O; films still exhibit an insulating state at room tempera-
ture. The randomly distributed high current spots (white bright spots)
on the surface of Mo,V;_,O, films can be observed by C-AFM in
Fig. 4(a). This phenomenon is attributed to the substantial electron
injection into VO, by Mo®", which significantly enhances the defect
density and disrupts the stability of the M1 phase structure. With the
temperature increasing, the thermal motion of free electrons within
VO, intensifies, further increasing the defect density. Correspondingly,
as depicted in Figs. 4(a)-4(f), the white bright spots increase in number
with rising temperature. The M1 phase structural equilibrium is broken
prematurely with the defect density increase, which in turn lowers the
Tz Additionally, the free electrons introduced by Mo®" also play a
crucial role in breaking through the strong electron correlation effects.
Furthermore, Mo doping weakens the strong correlated electronic effect
in VO,, reducing the cooperative effect during the MIT and inhibiting
the formation of planar conduction. Compared with undoped VO, (as
shown in Figs. S10 and S11), Mo®" doping introduces free electrons
and local defects. These defect regions are more likely to form conduc-
tive channels in conductive probe-Mo,V;_,0,-Cr electrical circuit,
indicating that Mo doping significantly reduces the electron location
and suppresses the Mott insulating behavior. This proves that Mo®"
can reduce the T, of VO, and make it behave as a LRS on the macro-
scopic level. However, there are still a few regions where the M1 phase
structure has not yet been damaged, remaining in a HRS.

The distribution of the current intensity in Mo, V;_,O, films
during the heating process (corresponding to the white dashed line
in Fig. 4(a)) is shown in Figs. 4(g)-4(l). It is evident that the defect
current produced by Mo doping is relatively small at room temper-
ature. However, as the temperature gradually increases, the num-
ber of free electrons generated by oxygen vacancies and Mo®"
gradually increases. The thermal field provides substantial energy
for free electrons to traverse the internal lattice of VO,, forming
the weak conductive channels driven by the nanoscale electric
fields. The defect current produced by Mo doping is significantly
increased when the temperature reaches 45 °C in Fig. 4(j). This is
further evidence that some regions of VO, have been successfully
transformed from M1 phase to R phase under the influence of
Mo®". However, the surface current intensity shows a small
decrease when the temperature increases up to 50 °C. This reduc-
tion is attributed to the energy from defect states induced by Mo
doping being utilized to destabilize the M1 phase structure of VO,,
thereby stimulating more regions to transition from the M1 to the
R phase. This phenomenon is consistent with the increase in high
current areas (white bright spots) observed in Figs. 4(a)-4(f).
During the heating process, the resistance significantly reduces as
the phase transition occurs from M1 to R phase in Mo,V;_,O,
films. Concurrently, the increase in internal defect density facili-
tates the MIT process, leading to a decrease in the Ty Despite
these changes, C-AFM still reveals the coexistence of metallic and
insulating phases at the phase transition temperature. It further
demonstrates that the introduction of additional free electrons
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FIG. 4. Variation of the surface electrical properties of Mo,V _,O, films during the heating process, since 25-60 °C. (a)—(f) Plots of surface current intensity at different temper-
atures. (g)—() Plots of current intensity distribution at different temperatures [corresponding to the white dashed line positions in (a)~(f)].

through doping effectively catalyzes the formation of the metallic
phase and ensures its predominance.

We used KPEM to study the effects of Mo doping on the surface
potential and work function changes of VO, during temperature varia-
tions. Considering the electrical transport properties in practical sce-
narios, we tested the Au-Mo,V;_,O,-Au region with a channel width
of 1.5um. Furthermore, we detailed the changes in the VO, films
before and after Mo doping, with the results displayed in Figs. 5(a) and
S12, respectively. Figure 5(b) illustrates the band diagram for
Mo, V,_,0, contacting Au at room temperature. The presence of
Mo®" induces a metal-semiconductor heterojunction between VO,
and Au, causing significant electron accumulation at the interface.
Figures 5(c)-5(h) show the surface potential changes of the Au-
Mo, V,_,0,-Au areas during the heating. At room temperature, the
surface potential difference between MoV, ,O, and Au is consider-
ably smaller than that of pure VO, (as shown in Fig. S13), with a clear
potential discontinuity at the interface. With the initial increase in tem-
perature, the decrease in surface potential for Mo,V; O, in the M1
phase is smaller.

Figure 5(i) shows the distribution of surface potential across
the Au-Mo,V; _,O,-Au at various temperatures, corresponding to
the white dashed line in Fig. 5(c). At room temperature, the poten-
tial in the central region of the Mo,V,_,O, film remains relatively
stable, being primarily affected only at the boundaries. Mo doping
increases the electron count on the VO, surface, reducing the
impact of electron migration from the Au electrodes on the central
region and consequently lowering the overall surface potential.
This increase in electron density also modifies the work function.

The surface potential of the Mo,V;_,0, film (CPDyo,) and Au
(CPD,,,) can be defined as*®*

q - CPDyo, = Wy, — Wyo,, (1)
q- CPDAu = Wtip - WAua (2)

where the Wy;,, Wyo,, and W 4, are the work functions of the conduc-
tive probe, the Mo,V;_,O, film, and Au, respectively. Moreover, the
difference between the Wy, and W, can be defined as

AW = I/VVV()2 — WAu =q- CPDAu —q- CPDVOZ- (3)

Therefore, the AW between pure VO, film and Au was 71.5mV
(as shown in Fig. S13), which decreased to 21.8 mV after Mo doping at
room temperature. Consequently, the work function of Mo, V;_,0, is
calculated at 5.12 eV, closely approximating that of the R phase of pure
VO,. This indicates that the free electrons introduced by Mo doping
significantly alter the electrical properties of the M1 phase VO,. With
increasing temperatures, Mo doping notably reduces the bandgap
between the conduction and valence bands, lessening the effect from
the temperature on surface potential. When the temperature reaches
45°C, the coexistence of the M1 and R phases causes a greater reduc-
tion in surface potential. At 60°C, the potential difference between
Mo,V;_,0, and Au nearly vanishes, with the interface surface poten-
tial of Mo, V;_,O, even falling below that of Au. This phenomenon is
likely due to the transition to a metallic phase and the accumulation of
excess electrons introduced by Mo doping at the Au boundary.

Figure 5(j) displays histograms of surface potential for Au-
Mo, V;_,0,-Au at various temperatures. Compared to undoped VO,
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(as shown in Fig. S14), the potential peak of Mo,V,_,O, becomes
more pronounced and gradually approaches the potential peak of the
Au electrode as the temperature increases. At 45°C, the Au potential
peak splits. This split is due to a localized transition from an insulating
to a metallic phase in Mo,V _,0,, causing both phases to coexist. The
peak to the right of the Au peak still represents the insulating phase.
This histogram of the potential distribution also explains the enhance-
ment of the surface current measured at 45 °C in the C-AFM test. As
the temperature continues to rise, the potential of Mo,V; ,O,
approaches that of Au closely, leading to the merging of the peaks.
This makes it difficult to distinguish the separation between the peaks.
Mo-doped VO, thin films exhibit significant potential for appli-
cations in selectors and volatile memory due to their high temperature
sensitivity, lower T, and broader hysteresis loops. In practical appli-
cations, the durability, selectivity, stability, and reliability are the most
important performance indicators of the selectors. Therefore, to fur-
ther demonstrate the superior performance of Mo-doped VO, thin
films in selectors, we designed a simple and operable switching device
in Fig. 6(a). This device utilizes Cr/Au as the top electrode with a chan-
nel width of 1.5 um. A detailed optical image of a single device is pre-
sented in Fig. 6(b), where the thicknesses of the Cr/Au electrodes and
the Mo, V;_,O; layer are measured at 110 and 90 nm, respectively. We
conducted over 1000 consecutive I-V cycles on this device (—3V to
3V) at various temperatures, and the results are summarized in
Fig. 6(c). The device exhibits symmetric I-V characteristics and signifi-
cant nonlinear switching behavior, activating threshold switch charac-
teristics without the need for an initial voltage. This phenomenon
depends on the MIT characteristics. Upon reaching the threshold volt-
age, the material quickly switches from the HRS to the LRS and opti-
mizes the formation of conductive channels by appropriate Mo

Au | 19.7M°xV17x02 25 °C

-20 0

Potential (mV)

doping. It is noticed that the device switches to the LRS with a thresh-
old voltage (V,;,) of about 2.25V at 25 °C in Fig. 6(f), while the current
significantly drops at a holding voltage (Vy,,4) of about 1.25V during
the reverse scan, marking the transition back to the HRS.

Figure 6(d) displays the cumulative plots of the threshold and
hold voltage over 1000 repetitive cycles at room temperature, including
Vin—pos Ven—nep Vhold—pos aNd Vioii_nee These results demonstrate
the device’s stability across 1000 cycles, confirming its robust endur-
ance under repeated cycling conditions. Through statistical analysis,
we calculated the coefficient of variation (C,), defined as the ratio of
the standard deviation (o) to the mean value (u), C,= (a/p) x 100%
(as shown in Fig. S15). The results show C, values of 2.85%, 1.40%,
0.89%, and 0.81% for Vthfpos’ Vthfneg> Vhaldfpop and Vholdfneg’ respec-
tively, indicating excellent cycle-to-cycle (C2C) consistency and high
stability.'” These low C, values underscore the reliability, and the high
uniformity of the devices can be attributed to the high crystallinity of
Mo, V,_,0O,, as well as the maintenance of ideal dimensions and thick-
ness in the planar device structure. The crosstalk between adjacent
unselected cells poses a direct threat to data integrity and operational
accuracy in selectors arrays, limiting the increase in storage capacity
per unit area and impeding the execution of complex logic operations
and the maintenance of network stability. Figure 6(¢) demonstrates the
1000 cycles resistance values of the selectors with a reading voltage
(Vyeaq) of 1.4V and a half-read voltage (V,q4/2) of 0.7V in LRS and
HRS, respectively. It can be seen that the difference in resistance
between the HRS and LRS of the selectors remains significant at room
temperature, indicating good switching characteristics of the device
with no significant performance degradation. Additionally, the selec-
tivity is >10> at room temperature. This pronounced threshold switch-
ing characteristic can be attributed to Joule heating-induced MIT
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FIG. 6. Characteristics of Mo,V;_,0, selectors. (a) Schematic diagram of the device, which is a planar structure. (b) Optical image of the signal device. (c) Overall I-V charac-
teristics of Mo,V_,0, selectors over than 1000 cycles at different temperature, since 25-100°C. (d) Cumulative plots of negative threshold (V_neg), positive threshold
(Vir—pos), negative holding threshold (Voig—neg), @nd positive holding threshold ( Vpeg—pos) at room temperature. (e) Cycling characteristics of Mo,V4_,O, selectors in high-
resistance state (HRS) and low-resistance state (LRS) at different temperatures. (f) Cycling |-V characteristics at different temperatures.

between the electrodes. Furthermore, as the temperature increases, the
selectivity of the device gradually decreases, primarily due to an
increase in current in the HRS. The rise in temperature reduces the
thermal energy required for the phase transition, leading to a decrease
in the phase transition barrier, threshold window, and Vy, (as shown
in Fig. S16). When the temperature exceeds the phase transition tem-
perature, the device fully enters the metallic state, and the current no
longer changes in the LRS, thus losing its threshold characteristics.

IV. CONCLUSION AND OUTLOOK

In summary, we successfully demonstrated the impact of Mo
doping on the lattice structure and electrical properties of VO,. The
atomic-resolution study of Mo-doped VO, thin films reveals that the
Mo dopant does not disrupt the VO, crystal structure but introduces
local strain within the monoclinic (—101) lattice plane. This local lat-
tice distortion accelerates the phase transition from the monoclinic to
the tetragonal phase. Furthermore, we employed C-AFM and KPFM
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to precisely characterize these changes at the nanoscale, revealing the
direct effects of Mo doping on the electronic structure and phase tran-
sition behavior of VO, films. The results indicate that the introduction
of a significant number of electrons by Mo®" substantially disrupts the
stability of the M1 phase of VO,, effectively suppressing the strong
electron correlation effects described by the Mott model.

Additionally, we identified a specific concentration with a lower
phase transition temperature (T, =55.8°C) and a broader hysteresis
window (AT =13.6°C) to explore its potential applications in selec-
tors and other volatile memory devices. The optimized Mo-doped
VO, films exhibited excellent threshold and memristive properties at
room temperature, capable of rapidly switching from the HRS to the
LRS at Vy, of 2.37V. This stable switching performance, along with
high selectivity (>107), significantly enhances its potential for practical
applications. After more than 1000 cycles, the material demonstrated
outstanding durability and reliability, providing strong evidence for its
use in future high-performance electronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for more fundamental character-
izations of Mo,V; O, films, (log(R))/dT curves of all Mo,V, ,O,
films, DOS and band structure of undoped VO,, Fermi energy level of
different Mo atom count, AFM morphology of the typical Mo, V;_,0,
film, discussion of C-AFM and KPFM measurements of pure VO,
film, and additional electrical measurements.
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