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ABSTRACT

Vanadium dioxide (VO2) is of interest for adaptive electronic applications such as neuromorphic neuristor devices and variable emissivity
or tunable thermal control materials, thanks to its key property—a metal–insulator transition (MIT) at 68 °C that is accompanied by a dra-
matic change in electrical and optical properties. To improve performance in these roles, it is critical to develop approaches to engineer
transport properties and the MIT behavior. While many documented techniques exist to modulate the MIT and film resistivities via lattice
strain and chemical doping, less is known about the effects of ion irradiation on the intrinsic properties of VO2, despite the ability to
control the spatial distribution of irradiation beams and the prevalence of high energy ion implantation in the semiconductor industry. The
impact of irradiation of different acceleration energies on the responses of VO2 is of specific interest, as charged particle energy generally
impacts both the resulting defect profile and corresponding transport behavior. Here, we demonstrate that 2 MeV He ions at equivalent cal-
culated displacements per atom, in two different types of films, can create remarkable changes to the nature of charge transport in VO2,
especially in the low-temperature insulating phase. Simulation of resulting changes in electrical conductivity reveals that He ion irradiation
offers a strategy to increase both oscillation frequency and the signal transmission. These results provide insights into the intentional design
of defect populations to modulate transport for neuromorphic VO2 devices.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0312581

I. INTRODUCTION

Vanadium dioxide (VO2) is a candidate material for neuronal
emulation in neuromorphic devices due to its dynamical nonlinear
resistance switching behavior resulting from its metal–insulator
transition (MIT).1 This nonlinear switching allows such devices to
amplify small fluctuations when electrically biased, resulting in
electrical (and thermal) self-oscillations.2 Realization of VO2 as a
neuronal element requires control over the ratio of the electrical

conductivities in the on and off device states (on/off ratio), hystere-
sis, and the absolute conductivities of the insulating and metallic
phases, as these intrinsic properties dictate the negative differential
resistance (NDR) observed in the device’s electrical response.

While many studies have investigated the use of lattice strain
and chemical doping to alter the MIT and the transport properties
of VO2,

3–5 few studies have investigated the effect of ion irradiation
to induce a desired change in the electronic properties of these

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 139, 075107 (2026); doi: 10.1063/5.0312581 139, 075107-1

© Author(s) 2026

 10 M
arch 2026 15:24:37

https://doi.org/10.1063/5.0312581
https://doi.org/10.1063/5.0312581
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0312581
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0312581&domain=pdf&date_stamp=2026-02-20
https://orcid.org/0000-0001-6478-3057
https://orcid.org/0000-0002-3977-2126
https://orcid.org/0000-0001-6959-0430
https://orcid.org/0000-0001-7345-0983
https://orcid.org/0000-0003-4706-8355
https://orcid.org/0000-0001-5385-2301
https://orcid.org/0000-0003-2371-7410
https://orcid.org/0000-0002-0918-6038
https://orcid.org/0000-0003-4668-9555
https://orcid.org/0000-0001-8738-5393
https://orcid.org/0000-0002-6772-7250
https://orcid.org/0000-0001-8675-5321
https://orcid.org/0000-0002-2028-4675
https://orcid.org/0000-0002-0609-2802
https://orcid.org/0000-0002-1102-680X
https://orcid.org/0000-0002-3363-1226
https://orcid.org/0000-0002-8737-6064
mailto:patrick.shamberger@tamu.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0312581
https://pubs.aip.org/aip/jap


adaptive electronic films. Specifically, the impacts of irradiation
fluence and ion energy on temperature-dependent charge transport
in VO2 as a function of irradiation energy remain unclear, despite
the common use of implantation to modify transport properties of
semiconductors like Si.6 Modifying the on/off ratio and the temper-
ature/voltage hysteresis is essential for implementing VO2 in neuro-
nal devices. For instance, the large on/off ratio of VO2 leads to a
small temperature range where oscillations are possible (roughly
60.85–62.85 °C) compared to NbO2 (roughly 44.85–806.85 °C).2,7

This effect is due to the large change in conductance over a small
temperature range (i.e., electrical and thermal non-linearities are
highly coupled), which also leads to higher probabilities of damag-
ing the device by overheating. Given the small temperature range
over which VO2 can oscillate, the modulation of its temperature-
dependent electrical and thermal transport as well as MIT proper-
ties can broaden this regime of utility.

One route to broaden the operating temperature range for VO2

devices is to alter its MIT characteristics. The MIT of VO2 is strongly
influenced by stoichiometry, as oxygen deficiency causes the low-
temperature insulating phase of VO2 to become less resistive due to
the addition of carriers from oxygen vacancies.4 Additionally, the
transition temperature, TMIT, decreases with oxygen deficiency
although the amount of oxygen that causes this effect is hard to
pinpoint.8–10 Similar effects are obtained with the introduction of
defects, i.e., the resistivity of the insulating phase decreases due to the
addition of carriers and the resistivity of the metallic phase increases
due to the reduction in carrier mobility via defect creation.11 This
effect can vary when defects are introduced by irradiation, as defect
densities can change depending on parameters including irradiation
dose, energy, ion choice, and sample thickness.

Point defects, specifically oxygen vacancies, are commonly
introduced by irradiation, but few studies document the interplay
between irradiation defects and the use of irradiation to introduce
charge carriers in VO2.

12 Oxygen ion (O+) irradiation
(70–250 keV) of VO2 on (0001) Al2O3 has been shown to result in
a 12 °C reduction in the MIT temperature and a half
order-of-magnitude reduction in the resistivity of the insulating
phase (ρinsulating).

13 In a separate study, the transformation was sig-
nificantly modified by creating gradients of ion concentrations in
the VO2 films from a double implantation of Ne+ at 100 and
50 keV at fluences of 2 × 1014–3 × 1014 ions/cm2.14 Interestingly, the
films transformed completely in three separate steps with the first
starting at the same temperature as the control sample. This effect
was attributed to the Gaussian like distribution of Ne+ in VO2

resulting in lattice strain as confirmed by x-ray diffraction (XRD).
Further area-selective ion implantation achieved a patterned insu-
lating and metallic film at room temperature.

To this end, we prepared polycrystalline and quasi-epitaxial
VO2 films on SiO2/Si and on c-plane Al2O3 (0001) substrates,
respectively, and systematically investigated the effects of 2MeV He
irradiation on the electrical transport properties and on the MIT
characteristics. To provide insights into the changes that these
effects would ultimately produce in the electrical response of a
device, simulations using a compact model of a relaxation oscillator
were performed to investigate changes to VO2 oscillation behaviors
to gain insights into their ultimate application in producing artifi-
cial spiking neural functions. Comparing the effects of low-energy

irradiation (previous work)12 and high energy irradiation (present
work) reveals that low-energy He ion irradiation is most effective in
changing the properties of the textured film, resulting in the great-
est net changes to the frequencies and ΔV/ΔT performance metrics
of the oscillations.

II. METHODS

A. Thin film deposition, device fabrication, and
irradiation

We deposited 100 nm VO2 thin films using reactive DC mag-
netron sputtering. For this study, we studied two thin films depos-
ited on c-plane Al2O3 (0001) (to obtain quasi-epitaxial VO2) and
two thin films deposited on 100 nm SiO2 on Si (001) (to obtain
polycrystalline VO2). We then characterized the crystal structures
and morphologies of the thin films using x-ray diffraction (XRD),
scanning electron microscopy (SEM) (Fig. S1 in the supplementary
material), atomic force microscopy (AFM) (Fig. S2 in the
supplementary material), Raman spectroscopy (Fig. S3 in the
supplementary material), transmission electron microscopy (TEM)
(Fig. S4 in the supplementary material), and x-ray absorption
near-edge structure (XANES) spectroscopy (Fig. S5 in the
supplementary material). Characterization details are provided in
the supplementary material. Quasi-epitaxial is used to describe the
texture of the VO2 on Al2O3 substrate, which is highly textured but
not perfectly a single crystal as described previously.12 We next fab-
ricated planar four-terminal devices using a multi-step lithography
process described previously.12 An initial round of transport studies
was conducted on these samples to provide reference or “control
sample” metrics.

After fabrication, the VO2 devices were subjected to 2MeV He+

ion irradiation using the 3MV Tandem Pelletron accelerator at the
Ion Beam Laboratory housed at Sandia National Laboratories. We
chose the 2MeV acceleration energy of the He+ ions based on simu-
lations of depth profiles using the Stopping and Range of Ions in
Matter (SRIM) software.15 SRIM simulations predict that 2MeV He
ions pass fully through the VO2 thin films (Figs. S6 and S7 in the
supplementary material), resulting in no doping and predominately
create Frenkel defects (single vacancy and self-interstitial pairs).
Displacements per atom (dpa) was calculated for each fluence step
(Fig. S6 in the supplementary material) and is listed in Table I.
Samples were subjected to increasing cumulative irradiation fluences
(Table I), and between each exposure, specific devices were reana-
lyzed to avoid device-to-device variability.

B. Structural characterization

We performed x-ray absorption near-edge structure (XANES)
measurements of V L- and O K-edge XANES measurements at
beamline 7-ID−1 of the National Synchrotron Light Source II at
Brookhaven National Laboratory, operated by the National
Institute of Standards and Technology. A grid bias of −500 V was
used to reject low-energy electrons and reduce noise. A charge
compensation gun was used to avert sample charging. The data
were collected with a resolution of 0.2 eV (Fig. S5 in the
supplementary material). The partial electron yield (PEY) signals
were normalized to the incident beam intensity measured from a
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freshly evaporated gold mesh. The spectra were pre-to-post-edge
normalized using the ATHENA software package16 and energy-
calibrated to the V3dxy feature in the V L3-edge spectrum of a fresh
V2O5 standard (Aldrich ≥99.6%).

C. Electrical characterization

Transport, Seebeck, and noise measurements (Fig. S8 in the
supplementary material) were performed on planar four-terminal
devices as described previously.12 Hall measurements were
performed on patterned Hall bars wire bonded to a dual-inline-
package header and measured in a sample-in-vapor variable tem-
perature system, in which the sample temperature was varied from
49.85 to 84.85 °C, covering the metal–insulator transition of VO2.
Low-frequency (3–13 Hz) lock-in techniques are used to measure
the longitudinal and transverse magnetoresistances as a function of
magnetic field. The magnetic field is swept between ±1 T. The Hall
density and Hall mobility are calculated from magnetoresistances.
While we tried to perform Hall measurements on polycrystalline
films, we found the resistance of these films was too high for our
measurement setup. Thus, Hall measurement data are only pre-
sented for the quasi-epitaxial films.

D. Compact model

To investigate the impact of irradiation-altered device proper-
ties on the behaviors of materials in one application, artificial
neurons, we used a physics-based compact model17 to simulate
electro-thermal oscillator dynamics. These simulations link the
temperature-dependent electrical and thermal properties of the
films to nonlinear oscillations via local activity theory.

The temperature-dependent electrical conductivities were
obtained from the scaled electrical resistance data [Figs. 6(a) and
6(b)], while values for thermal conductivity18 and specific heat
capacity19 were obtained from the literature. Thermal conductivity
values were obtained from undoped VO2 pellets since no thermal
transport measurements exist for irradiated thin film VO2 devices.
Therefore, we used bulk, undoped values as a conservative baseline
intended to capture the intrinsic lattice-dominated thermal trans-
port of VO2. These datasets were fit to a sigmoidal function, a

power series with a first-order phase transition (FOPT), and the
Debye function with a FOPT. The compact model employs a
coupled system of two first-order differential equations: (1)
Kirchoff’s voltage law for electrical oscillations and (2) Joule
heating and Newton’s law of cooling for thermal oscillations,
solving these equations with a Runge–Kutta numerical integrator.
Capacitance-dependent oscillation frequency and the amplitudes of
electrical and thermal oscillations were simulated at an ambient
temperature of 26.85 °C for lateral device dimensions of L = 40 μm,
W = 15 μm, H = 0.1 μm, on the scale of the experimental devices.
These metrics were extrapolated to larger capacitances and pro-
jected onto a circuit capacitance constraint of 100 pF.

In the present compact model, acoustic coupling to the substrate
is not included. The active layer is treated as a lumped thermal
system that exchanges heat directly with an ambient thermal reser-
voir, without explicitly accounting for the substrate, interfacial
thermal resistances, or phonon transmission effects. Consequently,
the spiking frequencies predicted by our model are likely overesti-
mates, while the ratio of voltage amplitude to temperature amplitude
(ΔV/ΔT) is underestimates. Additionally, the compact model does
not account for microstructural changes but does capture (1) the
dependence of electrical and thermal transport properties of the
device active material and (2) external design constraints. Since the
electrical transport characteristics of the irradiated devices are taken
directly from our measurements, and because, overall, the relative
changes of electrical transport with temperature are orders of magni-
tude larger than those of thermal transport, we expect variations in
the temperature dependence of the electrical conductance to play a
dominant role in determining differences in neuronal performance
among different irradiated VO2 devices.

III. RESULTS

A. Electrical transport in 2MeV He irradiated films

1. Temperature-dependent electrical resistivity

To determine the effects of high energy irradiation on the
transport properties of VO2, we first measured the electrical resis-
tivities as a function of temperature, ρ(T), of four VO2 thin films—
two polycrystalline and two quasi-epitaxial films, with each film

TABLE I. Irradiation conditions utilized in this study, including cumulative fluence after each step. In bold is the ID to reference the data.

Step 1 Step 2 Step 3

Substrate Energy (MeV) Fluence (ions cm−2) dpaa Fluence (ions cm−2) dpaa Fluence (ions cm−2) dpaa

SiO2/Si 2 3 × 1015 1.88 × 10−3 3 × 1016 2.07 × 10−2 5 × 1016 5.21 × 10−2

P-3S-F1 P-3S-F2 P-3S-F3

SiO2/Si 2 1 × 1016 6.28 × 10−3 5 × 1016 3.77 × 10−2 0 n/a
P-2S-F1 P-2S-F2

Al2O3 (0001) 2 3 × 1015 1.88 × 10−3 3 × 1016 2.07 × 10−2 5 × 1016 5.21 × 10−2

E-3S-F1 E-3S-F2 E-3S-F3
Al2O3 (0001) 2 1 × 1016 6.28 × 10−3 5 × 1016 3.77 × 10−2 0 n/a

E-2S-F1 E-2S-F2

aCumulative dpa (calculated by SRIM) after each fluence step.
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containing a total of three and four devices, respectively. We next
irradiated the four thin films in a series of steps, thermally cycling
the films 15 times after each step to eliminate virgin cycling effects
before measuring ρ(T) for each device. Of the two thin films of

each type, one was irradiated in three fluence steps and one was
irradiated in two fluence steps, with the last step for all films being
the same fluence (5 × 1016) (Fig. 1, Table I). To reference different
samples, irradiation steps, or both, samples will be referred to in

FIG. 1. Four-point transport measurements of irradiated VO2 on (a)–(d) SiO2/Si (polycrystalline) and VO2 on (e)–(h) Al2O3 (quasi-epitaxial) films. Hysteresis loop of resis-
tivity vs temperature before and after 2 MeV irradiation for samples deposited on (a) and (b) SiO2/Si and (e) and (f ) Al2O3 for different fluences. Measurements for the
as-deposited (control) film is plotted in black. Change in the resistivity of the films upon irradiation for VO2 on (c) and (d) SiO2/Si and (g) and (h) Al2O3 substrate. For all
measurements, the same device was irradiated and then measured to eliminate device-to-device variability.
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the following format: type of film (P for poly or E for
quasi-epitaxial)-number of irradiation steps (3S for three steps or
2S for two steps)-fluence step (first fluence F1 or second fluence F2
or third fluence F3). For instance, the polycrystalline film measured
after the third irradiation out of three steps would be referred to as
P-3S-F3.

Displacements per atom (dpa) was adopted as a standard
measure of irradiation damage in materials to account for total
accumulated damage after each fluence step. Measurements were
obtained within a day of irradiation to prevent aging effects and
were cycled up to fifteen times after each irradiation exposure to
eliminate virgin cycling effects prior to the collection of data pre-
sented and used for analysis throughout this study. Qualitatively,
both quasi-epitaxial films are similarly impacted by irradiation in
the low-temperature insulating phase with overall ρinsulating decreas-
ing by similar amounts and ρmetallic showing no change. However,

the polycrystalline films exhibit opposing trends for ρinsulating and
ρmetallic when comparing two-step and three-step irradiation.

The average change in resistivity, relative to pre-irradiation
resistivity, was calculated as a function of dpa after each irradiation
step (Table I, Fig. 2). We calculated the changes in resistivities with
respect to the control (unirradiated) measurements from the
temperature-dependent resistivity measurements. To eliminate vari-
ability from the temperature dependence of resistivities, we used
the resistivities selected from only one temperature for the insulat-
ing (35 °C) and metallic phases (100 °C) for each device. Then, the
averaged percent changes in resistivities were calculated at each
fluence step, averaged for three (polycrystalline) or four
(quasi-epitaxial) devices, and their standard deviations (Fig. 2).

The polycrystalline and quasi-epitaxial films have opposing
trends with respect to resistivity changes after irradiation. For the
polycrystalline film in its insulating phase, subsequent irradiation

FIG. 2. Change in resistivity of films upon irradiation for (a) and (b) SiO2/Si substrate (polycrystalline film) and (c) and (d) Al2O3 substrate (quasi-epitaxial film). Trends in
resistivity with increasing fluence for high (HE) He irradiation energy plotted against dpa are compared for (a) and (c) insulating M1 phase and (b) and (d) metallic R
phase. Each data point represents the average resistivity change (%) of four devices taken on the same film. Colors are included to group data points. Square markers are
used to indicate films irradiated in three steps, while triangle markers are used to indicate films irradiated in two steps.
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steps result in minor changes, with resistivity increasing up to 32%
in two steps (P-2S-F2) [Fig. 2(a)]. However, in its metallic phase
[Fig. 2(b)], regardless of the number of irradiations, the first step
results in an increase in resistivity up to 100%. For irradiation in
two steps, at the second fluence step (P-2S-F2), all devices showed
a decreased ΔTMIT and an on/off ratio like the control measure-
ment. Films irradiated in three steps did not show this trend
despite being irradiated at the same fluence for the last step
(5 × 1016) and resulted in a 217% change relative to the control
measurements (P-3S-F3).

The resistivity of the insulating phase of the quasi-epitaxial
film decreased substantially with the first step (−64% and −76%)
but changed little with additional irradiation (E-2S-F1 and
E-3S-F1). Interestingly, although dpa continues to increase, the
resistivity % change in the quasi-epitaxial film exhibits saturation,
indicating a threshold-type response to damage accumulation
[Fig. 2(c)]. The resistivity (ρmetallic) of the metallic phase increased
monotonically with dpa from 8% (E-3S-F1) change to 25%
(E-3S-F3) and 12% (E-2S-F1) change to 19% (E-2S-F2) in
Fig. 2(d); however, this effect is more dramatic in polycrystalline
films with resistivity percent change increasing from 100% to 200%
for irradiation in three steps (P-3S-F3).

From these electrical resistivity trends, three important obser-
vations are evident: (1) The differences in irradiation procedure are
important, as seen in the differences in behaviors for these pro-
cesses in which irradiation is performed in two steps vs three steps,
(2) a substrate effect (polycrystalline vs quasi-epitaxial) is pro-
nounced, and (3) we find that changes to the resistivity of the insu-
lating phase do not scale with damage (dpa).

To quantify the changes to the characteristics of the metal–
insulator transition upon irradiation, we inverted the measured
electrical resistivities to study electrical conductivity and subse-
quently fit that data [Figs. 3(a)–3(d)] to a sigmoidal function to
determine the change in the critical temperature upon heating
(ΔTH), the change in the critical temperature upon cooling (ΔTC),
the width of transition upon heating (ΔWH), and the width of tran-
sition upon cooling (ΔWC). Details of the fitting procedure are
described in the supplementary material.

We found that ΔTH and ΔTC are asymmetrically affected by
irradiation in polycrystalline films with ΔTH changing by 5 °C com-
pared to 2 °C of ΔTC . However, irradiation from step 1 to the final
second step results in the largest difference [Fig. 3(e)] 1.5 to
−5.9 °C for ΔTH compared to irradiation in three steps, which pla-
teaus from 3.8 to 1 °C. ΔTC in two steps changes from 0.1 to
−1.3 °C, similar to the change in three steps from 0.3 to −1.7 °C in
Fig. 3(g). Irradiation in three steps results in an increasing trend
for both ΔWH , ΔWC and a decreasing trend for two steps in
Figs. 3(i) and 3(k).

Upon inspection, we found that the change in ΔTH and ΔTC

follows the same decreasing trend for quasi-epitaxial films as with
the polycrystalline films. Additionally, irradiation in two steps
resulted in the greatest difference in ΔTH and ΔTC from the first to
second steps, unsurprising given the larger fluence and dpa of this
step. The width of transformation similarly decreases overall for
ΔWH and ΔWC with very little change occurring.

Through quantifying the changes to the transformation, three
key observations emerge: (1) In all cases, by the third irradiation

step, ΔTH and ΔTC are independent of dpa; (2) for quasi-epitaxial
films, two steps results in greater ΔTH and ΔTC changes; and (3)
for polycrystalline films, the heating transformation from mono-
clinic to rutile (M1 to R phase) is affected to a greater degree than
the cooling transformation.

2. Seebeck measurements

In order to obtain deeper insights into the interactions
between irradiation-induced defects and charge transport, we per-
formed Seebeck measurements of the low-temperature insulating
VO2 phase in the polycrystalline and quasi-epitaxial thin films
(Fig. 4). To ensure the reproducibility of the measurements, three
devices were measured on each thin film. Seebeck measurements
are performed by measuring the change in voltage (ΔV) as a func-
tion of change in temperature (ΔT). The Seebeck coefficient is
obtained from applying a linear fit to the data (Table II).

The Seebeck coefficient of VO2 has been well documented for
both of its phases, with electrons as the majority carriers and the
coefficient varying from −17 to −400 μV/K.20,21 We found that the
control measurements of the polycrystalline films exhibit an
average negative Seebeck coefficient of −236 ± 22 μV/K [Fig. 4(a)].
For the quasi-epitaxial films, the films also consistently display an
average negative Seebeck coefficient of −9.9 ± 0.2 μV/K. From the
Seebeck data presented above, we can infer that the irradiation sim-
ilarly effects the polycrystalline and quasi-epitaxial films with both
values remaining negative.

3. Hall measurements

To quantify changes to the carrier density and mobility of the
films pre- and postirradiation, Hall measurements were performed
on the quasi-epitaxial films. Due to high electrical resistances, we
were only able to perform these measurements on the unirradiated
quasi-epitaxial films and after the second irradiation step at
3 × 1016 (E-3S-F2). Measurements were obtained at 49.85 °C for its
insulating phase and at 84.85 °C for its metallic phase. Carriers are
confirmed to be electrons due to the negative slope of Rxy under a
negative magnetic field. Hall carrier density and mobilities obtained
are consistent with literature values.20,22,23 After irradiation, the
mobility of the charge carriers increases by 93% in the insulating
phase but decreases by 25% in the metallic phase. Similarly, the
carrier density increases by 36% in the insulating phase but
decreases by 15% in the metallic phase. From these observations,
we infer that, for quasi-epitaxial films, (1) irradiation has a greater
impact on the charge carrier density and mobility in the insulating
phase than the metallic phase; and (2) irradiation-induced defects
alter the mobility to a greater degree than the carrier density.

The significant (93%) increase in charge mobility with irradia-
tion is somewhat counterintuitive, since the creation of defects gen-
erally leads to increased scattering. One potential explanation for
this observation relates to the impact of lattice strain on charge
carrier mobility. From previous reports, He+ irradiation has been
observed to expand the out-of-plane lattice constant in SrVO3,
SnO2, and La0.7Sr0.3MnO3 epitaxial thin films.24–27 This lattice
strain effect was also observed previously with Ne+ irradiation of
epitaxial VO2 on (0001) Al2O3.

14 From first principles density of
states (DOS) calculations, the resulting bandgap diagram showed
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FIG. 3. Conductivity σ(T) fitted to a sigmoid function (s) for the heating insulating and cooling metallic phases of VO2 for (a) polycrystalline and (b) quasi-epitaxial films.
Derivative of conductivity ( _s) fitted to a Gaussian (g) for both heating and cooling runs for (c) polycrystalline and (d) quasi-epitaxial films. Average change in critical temper-
atures (ΔTH , ΔTC) reflecting the 50% transition of the Gaussian function for (e) and (f ) heating and (g) and (h) cooling of the polycrystalline and quasi-epitaxial films rela-
tive to their respective control films. Average change in the transition widths (ΔWH , ΔWC) was obtained using the FWHM of the Gaussian fit to the sigmoid function for
both (i) and ( j) heating and (k) and (l) cooling transitions relative to the control films.
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an upward shift of the d//* orbital and downward shifts of the
d// and π* bands.14 Similarly, the use of lattice strain to compress
or stretch the c-axis of rutile VO2 resulted in bandgap
modifications.28–30 Thus, one explanation to the observed change
in mobility is that the lattice strain resulting from irradiation
modified the band structure of VO2 and consequently the carrier
mobility.

B. Effects of 2MeV He irradiation on local structure

The electronic structure of the control and irradiated polycrys-
talline films was investigated using X-ray Absorption Near-edge
Structure (XANES) spectroscopy. XANES spectroscopy provides
element-specific insight into the local electronic structure of unoc-
cupied and partially occupied (conduction band) states. Data were
collected only on the polycrystalline films, both before and after the
high energy irradiation at two fluence steps (1 × 1016,
5 × 1016 ions cm−2). Figure 5 presents the oxygen K-edge XANES
data, displaying both the partial electron yield (PEY) and total fluo-
rescence yield (TFY), with TFY providing a more accurate repre-
sentation of the bulk sample due to the longer mean free path of

fluorescence photons compared to photoelectrons. The vanadium
L-edge spectra correspond to dipole-allowed transitions from V 2p
core levels to hybrid V—O 3d states and are dominated by multi-
plet effects. These spectra show negligible differences between the
control and the irradiated film, suggesting very little change in the
vanadium crystal field splitting or oxidation state [Fig. S5(a) in the
supplementary material].31,32 The oxygen K-edge spectra corre-
spond to transitions from O 1s core levels to O 2p states hybridized
with V 3d and 4sp states and show two manifolds consistent with
crystal field splitting in an approximately octahedral coordination
environment.33

FIG. 4. Seebeck measurements of the irradiated insulating M1 VO2 phase on (a) the SiO2/Si substrate (polycrystalline film) and (b) Al2O3 substrate (quasi-epitaxial film).
Values for the unirradiated control are plotted in black. Seebeck measurements for films He irradiated in three steps at 2 MeV at fluences (a) 5 × 1016 ions/cm2 and (b)
5 × 1016 ions/cm2 are indicated by dashed lines and square markers with dashed lines, respectively.

TABLE II. Seebeck values for the insulating phase of control and irradiated films at
2 MeV in three steps.

Device
Resistivity
(Ωm) Substrate

Energy
(MeV)

Fluence
(ions/cm2) S (μV/K)

0.035 SiO2/Si Control 0 −236 ± 22
0.034 Al2O3 (0001) Control 0 −9.9 ± 0.2
0.0235 SiO2/Si 2 5 × 1016 −51.5 ± 3.2
0.107 Al2O3 (0001) 2 5 × 1016 −27.6 ± 0.9

FIG. 5. Oxygen K-edge spectra XANES spectra collected on (a) control (blue)
and 2 MeV He irradiated (red) polycrystalline VO2 on SiO2/Si. t2g and eg* fea-
tures arise from electron transitions, respectively, into lower- and higher energy
unoccupied V3d manifolds, while the broad 4sp feature arises from transitions
into continuum conduction band states.
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We observe larger differences in the PEY spectra, specifically
in the intensities of the t2g (π*) and e�g (σ*) resonances, which arise
from the covalent mixing of empty V 3d t2g* and eg* and filled O
2p states. Notably, the broad π* resonance embeds transitions into
dk (V 3dxy) states; the hybridization of these states is strongly modi-
fied across the metal–insulator transition of VO2 because of the
Peierls-type dimerization. We further observe that the ratio of t�2g to
e�g peak intensities decreases after irradiation, indicating a renorm-
alization of spectral weight from π* to σ* bonds, which is suggest-
ing a decrease in V–O bond covalency and correlated with reduced
conductance differential in the MIT (Fig. 5).34 In the absence of
vanadium oxidation state changes, the observed renormalization of
spectral weight is consistent with increased electron localization on
V-sites due to the local modifications of V/O stoichiometry engen-
dered by the formation of oxygen and vanadium vacancies and
subsequent local disorder. Comparison of PEY and TFY data
shows considerable surface sensitivity of oxygen stoichiometry vari-
ations induced by ion irradiation since the latter spectra show neg-
ligible differences.

IV. DISCUSSION

A. Effects of 2MeV He irradiation on electrical
transport

The changes in charge transport behavior in the insulating
and metallic phases caused by high energy irradiation can be attrib-
uted to either (1) structural changes such as cracks, voids, and the
creation of secondary phases or (2) atomic-scale defects induced by
the irradiation. The results from both Raman mapping and XRD
indicate no significant changes in phase assemblage after high
energy irradiation (Fig. S3 in the supplementary material), while
TEM images (Fig. S4 in the supplementary material) did not indi-
cate any significant changes in the concentration of microscopic
defects (cracks, voids).12 Thus, we infer that changes in charge
transport are primarily attributable to atomic-scale defects, includ-
ing both point defects and defect clusters.

The trends in the electrical resistivity of the quasi-epitaxial
films irradiated with high energy irradiation [Figs. 1(e) and 1(f)]
are consistent with the formation of O vacancies.4 Oxygen vacan-
cies have positive charge, which tends to increase the number of
occupied states in the π* and d// bands, causing the Fermi level
(EF) to be shifted toward the conduction band and thereby intro-
ducing additional electron carriers.9 The resulting decrease in the
ρinsulating of the quasi-epitaxial film supports this interpretation, as
do the Seebeck data showing that transport is dominated by n-type
carriers. The MIT in VO2 is a Peierls–Mott insulator where the
transition involves a redistribution of spectral weight driven by
strong electronic correlations.35 While the global MIT and band
edges are robust against disorder,11 defects (such as oxygen vacan-
cies) locally perturb the electronic structure, introducing localized
midgap states that influence low-temperature transport.36,37

Consistent with these results, irradiation in our films does not alter
the transition temperature or width. However, the reduced
insulating-phase resistivity, increased effective Hall mobility, and
enhanced Seebeck coefficient indicate that disorder modifies low-
energy electronic states relevant for transport, lowering local activa-
tion barriers and improving percolative connectivity between

localized conducting regions without affecting the collective Mott–
Peierls transition.

The changes in electrical resistivity can also be explained by
the ionization of target atoms (V,O) by the He ions because nearly
all the energy from 2MeV He ions is lost through electronic excita-
tions (99.90%, per SRIM) rather than displacing atoms. This ioni-
zation can create oxygen vacancies where defect modified regions
led to more connected paths and higher mobilities.

Despite being a complex correlated electron material, Seebeck
measurements of the insulating phase are found to be well
described by modeling a nondegenerate semiconductor.20,38 Given
the 35% increase in carriers and 93% increase in mobility
(Table III) for the insulating phase, it is expected that the Seebeck
coefficient (Table II) would decrease instead of tripling in size
because, for a nondegenerate semiconductor, a more negative coef-
ficient is characteristic of a Fermi level that is further from the con-
duction band and consequently has less carriers and a larger
resistivity. The increase in the absolute value of the Seebeck coeffi-
cient indicates that the Fermi level is moving deeper into the
bandgap, which can occur due to the increased localization of car-
riers because of disorder introduced by irradiation. This localiza-
tion effect can lead to a situation where despite having more
carriers, the effective transport of these carriers is hindered, result-
ing in a larger Seebeck coefficient. The increase in mobility implies
that carriers can move more freely, but the enhanced localization
due to disorder may lead to a more pronounced thermoelectric
response. Additionally, relaxation times of carriers could also be
changing due to disorder. Similar effects were observed in electrical
transport and Seebeck data upon low-energy irradiation12 of
quasi-epitaxial films, where the Seebeck coefficient further decreas-
ing was thought to be due to the changing relaxation time of
carriers.

Epitaxial strain from thin VO2/TiO2 (101) films promotes
even carrier redistribution among the d|| and π* bands and modi-
fies band curvature, thereby reducing electron effective mass.39 In a
related study, another possible explanation was proposed after
alpha particle (He2+) irradiation of VO2 on Al2O3 films at 3MeV,
in which the increase in mobility was attributed to higher electron
concentrations spilling electrons into a higher conduction band
valley.40 As a result, these electrons would have higher mobilities
due to reduced intervalley scattering or increased damage per ion
strike. The decreases in mobility and carrier density in the metallic
phase are not as surprising, as carriers are delocalized and the d||
and π* bands already overlap, so any changes to the band structure

TABLE III. Hall measurement values for control and quasi-epitaxial films irradiated
at 2 MeV in three steps.

Substrate
Phase

(M1 or R)
Fluence

(ions/cm2)

Carrier
density
(cm−3)

Mobility
(cm2/V s)

Al2O3 (0001) M1 0 (control) 2.09 × 1019 0.1808
Al2O3 (0001) M1 3 × 1016 2.85 × 1019 0.347
Al2O3 (0001) R 0 (control) 1.68 × 1023 0.1926
Al2O3 (0001) R 3 × 1016 1.47 × 1023 0.1443
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would see minimal effects. Any added defects or structural changes
would mainly introduce scattering in this phase. Thus, upon irradi-
ation of the quasi-epitaxial films, the net result is a more conduc-
tive film for the insulating phase.

The electrical resistivity of the polycrystalline films [Figs. 1(a)
and 1(b)] varies somewhat after moderate energy irradiation, espe-
cially with respect to the increments of irradiation. The resistivity
of the insulating phase is minimally affected regardless of the
number of irradiation steps—resistivity % change does not scale
with dpa. In contrast, we observe a general increase in the electrical
resistivity in the metallic phase (up to 217% at the third step), with
a single notable exception in two-step irradiation exposure, after
which the device behaves closer to the original control measure-
ment (−28%). All three devices measured at this fluence (5 × 1016),
in two steps, responded with a decreased transformation width and
a decrease in resistivity for the metallic phase. The sharpened tran-
sition and decrease in metallic resistivity both imply that modifica-
tions to the electronic states are no longer local and that like the
quasi-epitaxial case, there is more connectivity between grains.
Irradiation modifies local strain, defect distributions, or domain

pinning in a way that promotes more homogeneous and connected
metallic domain formation during the transition.36 The MIT
pathway changes and metallic domains nucleate more coherently
all while leaving the insulating state and average valence as shown
by XANES unchanged.

Analyzing the effects of irradiation performed in three steps,
the sharp reduction in the Seebeck coefficient from −236 to
−51.5 μV/K (Table II) indicates that exposure to irradiation pro-
duced additional carriers and an upward shift of EF toward the
conduction band. A similar reduction in the Seebeck coefficient
was observed in W-doped VO2, with increasing dopant concentra-
tion, where doped carriers started to fill the π� band.41 Considering
that the majority carriers are electrons, this result is consistent with
the creation of O vacancies and associated free electrons. While
Hall measurements are not available for the polycrystalline films,
the relatively unchanged resistivity in the insulating phase, unal-
tered transformation temperature and width, large reduction in the
Seebeck coefficient, and absence of valence changes in XANES
indicate a disorder induced localization where long-range connec-
tivity is not improved due to transport being grain boundary

FIG. 6. Performance parameter diagrams, showing the relationship between the design parameter (ΔV/ΔT) for (a) polycrystalline films (P) and (b) quasi-epitaxial (E) control
films before irradiation (control) and after low energy (10 keV) and high energy irradiation in three (3 s) and two (2 s) steps. In the legend, the fluence step is specified with F2
for fluence step 2 and F3 for fluence step 3. The nomenclature is discussed in Table I. For comparison, devices are given the lateral device dimensions of L = 40 μm,
W = 15 μm, H = 0.1 μm at an ambient temperature of 300 K. Control devices have unfilled markers and are connected via a dotted line to the final irradiation step.
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limited.11,37 The decrease in Seebeck especially indicates that disor-
der results in a more symmetric electronic transport where high-
and low-energy carriers can participate. Irradiation of VO2 with Ga
+ ions is consistent with this interpretation where the intrinsic
property of resistivity is minimally changed, but local changes are
enough to change I–V switching behavior.36

As a final observation, we observed that the ρ(T) of the insu-
lating phase is relatively independent of dpa for both types of films
[Figs. 1(a) and 1(c)]. Since the film still undergoes a MIT and is
not amorphous (confirmed by ρ(T) measurements and structural
characterizations), it cannot be attributed to a critical damage
point. Thus, it is more likely that the film has reached an equilib-
rium point between the rate of defects formed and those annihi-
lated by irradiation.

B. Effects of 2MeV He irradiation on neuronal behavior

The ultimate goal of this research effort is to elucidate the
effect that irradiation, and its associated changes in electrical trans-
port properties, has on the performance of oscillators based on
VO2 thin films. To this end, we assessed the comparative effects of
both low-energy irradiation (10 keV) from a previous investiga-
tion12 and moderate energy (2MeV) irradiation on the neuronal
behavior of VO2 devices, as predicted using a physics-based
compact model, that translates temperature-dependent electrical
and thermal data to simulate neuronal dynamics [Figs. 6(a) and
6(b)].17 We consider the impact of irradiation on both the opera-
tional frequency of a device, assuming a constant device geometry
and capacitance, and the performance parameter ΔV/ΔT, which
represents the ratio of the voltage amplitude to the magnitude of
the temperature pulse associated with a single spike (not to be con-
fused with the Seebeck coefficient). Increasing this parameter corre-
sponds to a greater electrical signal, for a given thermal pulse
(quantity of heat dissipation). This model is described in more
detail elsewhere.17

Overall, irradiation of VO2 thin films is observed to increase
both the operational frequency and ΔV/ΔT for quasi-epitaxial
devices [Fig. 6(b)], while having a minimal impact on polycrystal-
line devices [Fig. 6(a)]. Low energy (10 keV) irradiation results in
the greatest changes, especially for the quasi-epitaxial films. In con-
trast, films irradiated at 2MeV are clustered together and the fre-
quency of oscillations and ΔV/ΔT parameters do not change as
dramatically. To understand the origin of the variation in impact
between high and low energy, we further analyzed the differences
between low and high energies using SRIM.15 SRIM can give first-
order estimate values on the percent energy loss to ionization and
recoils (Fig. S7 in the supplementary material). Ionization (elec-
tronic energy) refers to ion energy lost to inelastic collisions
between ions and target electrons. Recoil energy (nuclear energy)
refers to elastic collisions between target atom nuclei and the
incoming ion. Irradiation with 2MeV He results in the electronic
energy dominating with 99.90% of the total energy (1.99 MeV)
transferred to electrons and around 1.4 keV transferred to recoils.
In contrast, irradiation with 10 keV He results in 7.4 keV (74%) of
the total energy transferred to electrons and 2.6 keV (26%) trans-
ferred to recoils. Considering the partition of energy, it is not sur-
prising that 10 keV irradiation is more effective in modifying

neuronal dynamics as there is a higher recoil energy and higher
creation of vacancies by damage. Upon 2MeV He irradiation, most
of the He passes through the film and does not interact signifi-
cantly with the target VO2.

V. CONCLUSIONS

This study provides insights into the robustness of VO2

devices under 2MeV He irradiation environments and the selectiv-
ity of the He irradiation energy to tune the resistivity of the insulat-
ing (ρinsulating) and metallic (ρmetallic) phases without substantially
changing the MIT temperature or altering the MIT characteristics.
High energy irradiation results in the generation of O vacancies in
both types of films, as supported by n-type carriers measured by
Seebeck measurements and XANES TFY. In the highly textured
films, transport is not strongly limited by grain boundaries, allow-
ing irradiation-induced local reductions in activation barriers to
enhance connectivity between pre-existing conducting regions. In
contrast, transport in polycrystalline films is dominated by misori-
ented grain boundaries such that similar local modifications do not
translate into improved long-range connectivity. While this is gen-
erally true, there are exceptions when considering irradiation
history where irradiation in two steps results in a similar response
to that of the quasi-epitaxial films.

Physics-based compact models were implemented to simu-
late electro-thermal oscillations and show that lower energy
10 keV He irradiation tends to be more effective than 2 MeV He
irradiation in tuning transport properties for higher oscillation
frequencies and signal transmission. At the crux of observed
transport trends are differences related to whether incoming
kinetic energy of ions is absorbed primarily through ionization
(interactions with the target atom’s electronic cloud) or recoil
processes (displacement of the target atom from its lattice posi-
tion).15 Based on these results, low-energy irradiation appears to
introduce an additional vector to tune transient oscillation behav-
ior in VO2 neuromorphic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
on SEM, AFM, Raman mapping, TEM, XANES, SRIM-based sim-
ulations, low-frequency noise measurements, and electrical trans-
port fitting; SEM image of thin film cross section (Fig. S1); AFM
of control samples and after the first round of irradiation
(Fig. S2); Raman mapping base spectrum and mapping for
control and irradiated films (Figs. S3); TEM of control and irradi-
ated samples (Figs. S4); vanadium L-edge XANES of control and
irradiated VO2 on SiO2/Si samples (Figs. S5); SRIM-based simula-
tions on dpa and resulting He+ concentrations (Fig. S6);
SRIM-based simulations for low (10 keV) and high energy
(2 MeV) split into recoil and ionization energy (Fig. S7); and low-
frequency noise measurements for control and irradiated films
(Figs. S8 and Table I).
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