ROYAL SOCIETY
OF CHEMISTRY

(3

RSC Advances

View Article Online

View Journal | View Issue

Microstructurally optimizing the mid-infrared
optical modulation properties of vanadium oxide
thin films via magnetron sputtering and subsequent
annealing

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 6890

Sen Jin,2® Ningning Dong,*®® Zhouyuan Yan, €2 2° Jincheng Ji,*® Weihao Yu®*®

and Jun Wang {2 *a

Vanadium dioxide (VO,) is a promising material for mid-infrared optical modulation due to its reversible
metal-insulator transition. This study presents an efficient and stable method for fabricating VO, thin
films with enhanced optical limiting performance via crystallinity control and microstructural
optimization. The process combines magnetron sputtering with gradient annealing, and the effects of
annealing temperature on film structure and optical properties were analyzed using X-ray diffraction, X-
ray spectroscopy, and SEM. Annealing at 550 °C yielded high-quality monoclinic VO,(M,) films with
excellent crystallinity, low defect density, and island-like grains (250-300 nm). The optimized film
showed reduced oxygen vacancies (17.3%) and increased V** content. Optical measurements revealed
strong thermal switching: mid-infrared transmittance dropped from 85% at 25 °C to 35% at 80 °C,
achieving a 50% modulation depth—12.5-fold higher than that of unannealed films. Under 3.8 um laser
irradiation, modulation depth tripled. The annealing process effectively improved phase purity and
reduced defects by encouraging grain growth and oxygen vacancy repair. This work provides key
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1 Introduction

High-power lasers with excellent directionality and ultra-high
power density are developing rapidly. These devices incapaci-
tate targets through instantaneous thermal and radiation-
induced optical damage mechanisms, posing threats to both
human vision and photoelectric detection equipment.>* The
urgent need for defenses against has driven extensive research
into optical limiting materials capable of providing effective
optical modulation while maintaining high transmittance
under low-intensity laser irradiation.*” Phase-change materials
have emerged as promising candidates for this type of adaptive
optical modulation. These materials maintain high trans-
parency under low-intensity laser irradiation but automatically
attenuate high-power laser radiation through increased reflec-
tance and absorption via phase transition.*™*
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producing high-performance phase-change oxide thin films.

Vanadium dioxide (VO,) is the most widely studied of such
phase-change materials. Its transformation between monoclinic
semiconducting and rutile metallic phases occurs at ~68 °C,
inducing dramatic optical property modulation that provides
a unique combination of broadband spectral response and self-
activated protection mechanisms. This positions VO, as an
ideal material for next-generation intelligent optical modulation
systems.””** The investigation of VO, for use in laser protection
applications entered its new stage in the 1990s through pioneer-
ing research on VO,/V,0; composite films for photodetector
safeguarding.” Recent research focusing on designing asym-
metric nonlinear optical protection devices and metasurface
optical limiters based on VO, has effectively achieved strong laser
suppression with high modulation ratios and broadband asym-
metric transmission in the mid-infrared range.'*” Parallel
advances in related research include investigations into femto-
second laser-induced optical property modifications and mecha-
nisms in VO, films as well as innovative fabrication processes
that enhance film uniformity and adhesion."*' Additionally, self-
excited VO, films have been developed for use in anti-laser
applications and exhibit rapid responses to high-power laser
threats.”* These collective advances have established the
fundamental technical foundations necessary for the large-scale
implementation of VO, films in optical modulation systems.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Current techniques for fabricating VO, films include
magnetron sputtering, sol-gel processing, pulsed laser deposi-
tion, and chemical vapor deposition.>** These preparation
methods have their own advantages. For instance, VO, thin
films fabricated by magnetron sputtering exhibit low phase
purity, often containing vanadium oxides of other valence
states, but are suitable for large-area preparation. In contrast,
films grown by pulsed laser deposition (PLD) demonstrate high
cleanliness and excellent crystallinity, though they are not
suitable for large-scale production. However, critical challenges
limit the implementation of these methods: first, the multiva-
lent nature of vanadium enables the formation of multiple
oxides (VO, V,03, V¢Os3, V,05), requiring precise stoichiometric
control; second, VO, itself exhibits polymorphism with various
crystalline phases including VO,(R), VO,(M;), VO,(M,), VO,(A),
VO,(B), VO,(C), VO,(D), and VO,(T),**** each of which exhibits
a distinct electronic band structure, phase transition tempera-
ture, infrared transmittance/modulation behavior, density,
specific heat capacity, and thermal conductivity.*’*** CThe
surface coverage, density, and microstonsequently, stoichio-
metric ratios must be precisely controlled to prevent the
formation of competing vanadium oxides, which imposes
stringent requirements on process stability. Furthermore,
challenges associated with the application of VO, films in laser
protect applications include insufficient room-temperature
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transmittance and inadequate modulation contrast between
high- and low-temperature phases.

This study addressed these challenges and limitations by
applying magnetron sputtering followed by thermochemical
conversion via annealing treatment to fabricate VO, thin films.
Notably, directly utilizing a VO, target as the sputtering source
mitigated the multivalent state issue while enhancing crystal-
linity and optimizing film morphology through controlled post-
processing. The resulting film demonstrated exceptional
performance with a mid-infrared transmittance reaching 85%
at room temperature and a modulation depth of ~50% at 80 °C,
representing an approximately 12.5-fold improvement over that
of a non-annealed film. Furthermore, the 3.8 pum optical
limiting performance of the annealed VO, film was three times
greater than that of a non-annealed film. Thus, this study
demonstrated an efficient and cost-effective strategy for fabri-
cating VO, thin films, paving the way for their practical imple-
mentation in mid-infrared optical modulation systems.

2 Experimental materials and
methods
2.1 Film fabrication

The VO, films evaluated in this study were fabricated using
a two-step method comprising magnetron sputtering followed
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(a) Schematic of the proposed method for preparing VOy films. SEM images and photographs (inset) of the (b) non-annealed, (c) 450 °C

annealed, (d) 550 °C annealed, and (e) 650 °C annealed film specimens. (f) XRD patterns and (g) UV-Vis-NIR patterns of the VOy films prepared

using different annealing temperatures.
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by thermochemical conversion via vacuum annealing (Fig. 1(a)).
All film specimens evaluated in this research were deposited
onto quartz substrates by a DC magnetron sputtering system
(KYKY JD-500) using a high-purity VO, target (99.9%, ¢ 75 X 3
mm). Each quartz substrate was ultrasonically cleaned for
15 min each in acetone, ethanol, and then deionized water, and
subsequently subjected to nitrogen drying. Prior to film depo-
sition, the magnetron chamber was evacuated to a base pres-
sure <5 x 10~* Pa, then a high-purity argon sputtering gas
(99.99%, 60 sccm) was introduced to maintain a working pres-
sure of 0.5 Pa. The sputtering process comprised 15 min of pre-
sputtering at 120 W to remove surface contaminants from the
target, followed by 20 min of formal deposition onto the
substrate, which was heated to 60 °C. Post-deposition annealing
was conducted in a tube furnace under an argon atmosphere
(50 scem) using a heating rate of 10 °C min . Four film spec-
imens were prepared using identical deposition parameters but
different annealing conditions comprising no annealing (as-
deposited) and annealing at 450 °C, 550 °C, or 650 °C for 2 h.
The resulting film thicknesses were 40 nm, 40 nm, 60 nm, and
12 nm, corresponding to progressively increasing annealing
temperatures (Fig. S1-S4), and the surface roughness of the
samples is shown in Fig. S5.

2.2 Analysis

The film thickness was measured using a step profiler (Bruker
Dektak XT). The surface topography, thickness, and roughness
were analyzed by atomic force microscopy (AFM, Bruker
Dimension Icon) operated in tapping mode. The morphology
was examined using scanning electron microscopy (SEM,
Hitachi S-48001II). The phase composition and crystallinity of
each specimen were analyzed by X-ray diffraction (XRD, Cu Ka
radiation, A = 1.5406 A) using a scan rate of 2°/min. The
elemental composition and chemical state of each specimen
were evaluated by X-ray photoelectron spectroscopy (XPS) using
an Escalab 250Xi photoelectron spectrometer (Thermo Fisher
Scientific); all binding energies were referenced to the C 1s peak
(284.6 eV) arising from adventitious hydrocarbons. Each spec-
imen was also subjected to Fourier transform infrared (FTIR)
spectroscopy using a Cary 670 spectrometer (Varian) and
ultraviolet, visible, and near infrared (UV-Vis-NIR) absorption
spectroscopy using a Cary 5000 spectrophotometer (Varian).
Finally, the 3.8 pm laser-induced optical modulation perfor-
mance of each specimen was evaluated using a custom-built
optical limiting test system.

3 Results and discussion
3.1 Film characterization

Fig. 1(b-e) present SEM images of the VO thin films prepared
using different annealing temperatures; distinct morphologies
can be observed across the specimens.

The non-annealed (as-deposited) specimen shown in
Fig. 1(b) exhibited a dense but rough surface with small grains
and apparent intergranular porosity. The specimen annealed at
450 °C exhibited smoother initial grains but numerous
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micrometer-scale cracks (Fig. 1(c)); this phenomenon was
caused by thermally induced atomic rearrangement during
annealing, which promoted grain coarsening and reorientation
that reduced interfacial defects, whereas the accompanying
grain boundary sliding and stress inhomogeneity induced crack
formation. When the annealing temperature was increased to
550 °C (Fig. 1(d)), an island-like growth pattern emerged that
was characterized by uniformly distributed islands of VO, (250-
300 nm in diameter) with localized melting features. This
indicates interfacial energy minimization through the coales-
cence of smaller crystallites. Note that abnormal grain growth
was triggered when the annealing temperature was increased
further to 650 °C (Fig. 1(e)), forming elongated lamellar struc-
tures (widths on the order of several micrometers and lengths
extending to several tens of micrometers) with extensive
substrate exposure. The formation of these structures likely
involved recrystallization processes and extensive melting.*
The surface coverage, density, and microstructural gaps in VO,
films evolve systematically with annealing conditions, collec-
tively governing their optical and thermal responses. A contin-
uous and dense film morphology facilitates in-plane heat
conduction; however, high defect density and grain boundary
scattering can significantly suppress phase transition coopera-
tivity and optical transmittance. When annealing yields
a uniform island-like structure with regular nanoscale gaps, low
scattering loss, efficient interfacial thermal coupling, and rapid
cooperative phase transition within isolated grains can be
simultaneously achieved. In contrast, annealing induces
abnormal grain growth and discrete micrometer-scale lamellar
structures exposes large area of the substrate and creates wide
trenches. This morphology results in strong light scattering,
impedes lateral heat transport, and degrades the uniformity
and response speed of the phase transition. Therefore, by
tailoring the annealing-induced microstructure and gap archi-
tecture, the performance of VO, films in light management,
heat conduction, and phase transition dynamics can be selec-
tively optimized, providing a crucial structural basis for their
functional design in various optoelectronic applications.

The XRD patterns also indicate structural changes as the
annealing temperature increased (Fig. 1(f)). The non-annealed
film exhibited no distinct peaks in the 10-70° range, indi-
cating an amorphous or ultrafine-grained structure (grain size <
5 nm) consistent with the disordered lattice typical of low-
temperature sputtered films.”” The specimen annealed at
450 °C exhibited a weak diffraction peak at 26 = 27.8°, matching
the (011) plane of the monoclinic VO,(M,) phase, reflecting
enhanced crystallinity and grain growth. The specimen
annealed at 550 °C exhibited additional prominent peaks at
26.9° and 45.6°, which correspond to the (—111) and (640)
planes of monoclinic VO,(M,), respectively (PDF#09-0142, P2,/c
space group: @ = 0.574 nm, b = 0.452 nm, ¢ = 0.538 nm, § =
122.61°).*¢ However, annealing at 650 °C eliminated this peak
and introduced a strong peak at 2¢ = 20.3° which correspond-
ing to the (001) plane of orthorhombic V,05 (PDF#41-1426),
confirming a structural phase transition from VO,(M;) to ther-
modynamically stable V,05.*”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 V 2p XPS patterns of the: (a) non-annealed, (b) 450 °C annealed,

The UV-Vis-NIR absorption spectra indicate annealing-
dependent optical absorption behaviors (Fig. 1(g)). The non-
annealed, 450 °C annealed, and 550 °C annealed films exhibi-
ted similar absorption behaviors with different absorption
intensities and a redshift in the resonance peaks as the grain
sizes increased. By contrast, the 650 °C annealed film exhibited
drastically reduced absorption in the UV-Vis region owing to its
altered crystal structure. These results confirm that the non-
annealed, 450 °C annealed, and 550 °C annealed films shared
a common bandgap transition mechanism, whereas the 650 °C
annealed film underwent crystalline structural reorganization.

The observed discrepancies in absorption intensity origi-
nated from the synergistic effects of three interrelated factors:
crystal development, microstructural evolution, and phase
composition changes. The non-annealed specimen suffered
from constrained carrier mobility due to its amorphous and
ultrafine-grained structure coupled with a significantly dimin-
ished light absorption efficiency owing to the pronounced
scattering effects of its rough surface. Annealing at 450 °C
initiated preliminary grain growth that enhanced crystallinity
and consequently improved the carrier transport ability.
Annealing at 550 °C achieved the complete crystallization of the
monoclinic VO,(M,) phase and produced island-like structures,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(c) 550 °C annealed, and (d) 650 °C annealed VO, thin film specimens.

establishing a dual enhancement mechanism comprising
a reduced grain boundary density that minimized carrier scat-
tering and nanostructured islands that amplified mid-infrared
absorption through localized surface plasmon resonance
effects.*® When the annealing temperature increased to 650 °C,
the formation of the V,05 phase fundamentally altered the band
structure of the film, thereby markedly suppressing mid-
infrared absorption. This structural evolution reveals the dual
sensitivity of VO, film optical absorption characteristics to
phase purity and nanoarchitecture.

Fig. 2 and 3 present the V 2p and O 1s XPS spectra of the
evaluated VO, films. The V 2p spectrum for VO, was deconvo-
luted into two characteristic peaks corresponding to 2p;/, and
2p1/-* According to the fitting results, the V** and V** oxidation
states were observed in all specimens. This occurred because
the specimens were exposed to air before testing, oxidizing the
surface V** to V°*, which has a higher binding energy. This
oxidation was obvious as XPS is a surface-sensitive technology
with a detection depth of approximately 1-10 nm. As shown in
Fig. 2(a), the non-annealed specimen exhibited a higher
proportion of V°* than any annealed specimen. This can be
attributed to the amorphous/nanocrystalline structure of the
VO, film after sputtering, in which the metastable state may

RSC Adv, 2026, 16, 6890-6899 | 6893
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Fig. 3 O 1s XPS patterns of the: (a) non-annealed, (b) 450 °C annealed, (c) 550 °C annealed, and (d) 650 °C annealed VO, film specimens.

Table1l Atomic ratios of O, Oy, and O¢ obtained from XPS peak-area
percentages

Atomic ratio Atomic ratio Atomic ratio

Samples of O, of Oy of O¢
Non-annealed 34.2% 54.1% 11.7%
450 °C-annealed 48.4% 27.3% 24.3%
550 °C-annealed 59.7% 17.3% 23%

650 °C-annealed 75.1% 8.1% 16.8%

contain abundant high-energy defect sites that facilitated the
conversion of V** to V**, Furthermore, the rough surface of the
non-annealed specimen increased the area available for contact
with the environment and thereby accelerated surface oxida-
tion. As demonstrated in Fig. 2(b) and (c), vanadium predomi-
nantly existed in the lower V** oxidation state in both the 450 °C
and 550 °C annealed specimens, and this state became more
dominant as the annealing temperature increased. This domi-
nance can be attributed to annealing-induced grain growth and
surface smoothing, which collectively reduced defect density.
Concurrently, the flattened surface morphologies of these

6894 | RSC Adv, 2026, 16, 6890-6899

specimens minimized oxygen permeation pathways, thereby
suppressing further oxidation. By contrast, vanadium existed
exclusively in the V°* oxidation state with no detectable V**
signals observed when the annealing temperature was 650 °C.
This complete valence state transition conclusively confirms the
structural phase transformation from VO,(M;) to V,0s indi-
cated by the XRD analysis.

The O 1s XPS spectra presented in Fig. 3 further elucidate the
effects of the applied annealing temperature on the oxidation
state and defect structure of the film. The O 1s core-level XPS
spectra exhibited asymmetrical peaks that can be fitted into
three components corresponding to lattice oxygen (Og),
hydroxyl groups bonded to metal cations in oxygen-deficient
regions (Oy), and chemisorbed or dissociated oxygen from
water molecules (O¢).*®

The non-annealed film (Fig. 3(a)) exhibited the highest
proportion of Oy, indicating substantial defects within its
amorphous/ultrafine-grained structure, which is consistent
with the observed absence of XRD diffraction peaks. This result
aligns with the higher proportion of V°* observed in the V 2p
spectrum, confirming defect-mediated surface oxidation. The
film specimens annealed at 450 °C and 550 °C (Fig. 3(b) and (c))

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optical modulation performance for the: (a) non-annealed, (b) 450 °C annealed, (c) 550 °C annealed, and (d) 650 °C annealed VO, film

specimens.

exhibited significant increases in the relative intensity of the Oy,
peak accompanied by substantial reductions in the Oy propor-
tion. This evolution can be attributed to annealing-driven lattice
reconstruction in which the crystallization of monoclinic
VO,(M,) effectively repaired oxygen vacancy defects. Finally, the
O 1s XPS pattern of the specimen annealed at 650 °C (Fig. 3(d))
indicates that O;, was even more predominant owing to V,0s
recrystallization; this high-temperature annealing process
enhanced crystallinity, minimized defects, and formed a low-
energy stable surface that suppressed environmental oxygen
adsorption.

The peak-area percentages in the O 1s XPS spectra allow the
atomic ratios of Oy, Oy, and O¢ to be estimated as shown in
Table 1. These results provide direct evidence of thermal control

Table 2 Thermal induced mid infrared light modulation performance
of vanadium dioxide

To TN AT
Samples (before heating) (after heating) (To-Tnw)
Non annealed 76% 72% 4%
450 °C-annealed 82% 59% 23%
550 °C-annealed 85% 35% 50%
650 °C-annealed 78% 77% 1%

© 2026 The Author(s). Published by the Royal Society of Chemistry

over oxygen coordination states through microstructural
evolution.

3.2 Optical modulation performance

The optical modulation characteristics of the prepared VO, thin
films in the mid-infrared band were investigated by collecting
temperature-dependent transmittance measurements using
FTIR (2.5-5 um) at 25 °C (insulating state) and 80 °C (metallic
state); the results are shown in Fig. 4. The non-annealed spec-
imen (Fig. 4(a)) exhibited a modulation depth of only 4% with
its transmittance decreasing marginally from 76% at 25 °C to
72% at 80 °C. This minimal response confirms that the amor-
phous structure of this film fundamentally inhibited effective
structural phase transitions. The transmittance of the specimen
annealed at 450 °C (Fig. 4(b)) decreased from 82% at 25 °C to
59% at 80 °C, indicating a modulation depth of 23%. Optimal
performance was achieved by the specimen annealed at 550 °C
(Fig. 4(c)), which exhibited the highest transmittance of 85% at
25 °C with a remarkable reduction to 35% at 80 °C to realize
a maximum modulation depth of 50%. This was a combined
result of thermally induced structural phase transitions in the
highly crystalline VO, and enhanced absorption by its uniform
island-like grain structure.®* By contrast, the specimen annealed
at 650 °C (Fig. 4(d)) exhibited a negligible difference in

RSC Adv, 2026, 16, 6890-6899 | 6895
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Table 3 Mid-infrared laser (3.8 um)-induced optical properties of
vanadium dioxide

To T AT
Samples (before irradiation) (after irradiation)  (T4—Tww)
Non-annealed 64% 50% 14%
450 °C-annealed 73% 34% 40%
550 °C-annealed  74% 24% 50%
650 °C-annealed  68% 51% 17%

transmittance between 25 °C and 80 °C because the film
composition was dominated by V,0s5, which undergoes thermal
phase transition at 257 °C. The thermally induced mid-infrared
light modulation performance of each VO, film is comprehen-
sively described in Table 2. We also tested the optical switching
characteristics of these films in the UV-Vis-NIR range (200-2500
nm), and the results exhibited similar trends (Fig. S6).

Laser protection efficiency tests were performed using the
custom-built optical limiting test system shown in Fig. 5(a) by
applying a 3.8 um continuous-wave laser with a beam radius of
1 mm and maximum power of 3 W as the irradiation source.
Fig. 5(b) presents the measured optical limiting responses. The
non-annealed specimen exhibited a transmittance of 64%
under low-power irradiation that decreased to 50% when the
incident power density increased to 20 W cm ™2, corresponding
to a modulation depth of 14%; significantly, this is much higher
than the 4% modulation depth indicated by temperature-

6896 | RSC Adv, 2026, 16, 6890-6899

(a) Schematic of the laser protection efficiency evaluation setup; (b) transmittances of VO, films under different laser power densities.

dependent FTIR spectroscopy. This discrepancy originated
from the amorphous phase and defective structures, which
inhibited effective phase transitions under weak illumination,
thereby reducing the overall phase transition efficiency and
a weak low-power modulation performance; however, under
high-power laser irradiation, the intense power density trig-
gered localized thermal effects, inducing partial phase transi-
tions in specific lattice regions, thereby significantly enhancing
the modulation depth.

The transmittance of the specimen annealed at 450 °C was
initially high at 73% owing to the annealing-mediated repair of
oxygen vacancies and other defects, which effectively reduced
the optical scattering and recombination centers present in the
non-annealed specimen. When the laser energy density reached
20.7 W ecm™ 2, the specimen transmittance decreased to 43%
owing to annealing-induced grain coarsening and increased V**
content. Notably, when the power density increased to approx-
imately 42 W cm 2, the specimen transmittance exhibited
a secondary decrease and reached the lowest point of 34% at
59.55 W cm > for a modulation depth of 39%. This phenom-
enon was likely caused by laser-driven defect healing in the
regions, irradiation locally
repaired structural imperfections and thereby improved crys-
talline integrity.

The specimen annealed at 550 °C also exhibited a high initial
transmittance of 74% and demonstrated superior optical
limiting performance; upon reaching the critical threshold
(10 W ecm™?), its transmittance plummeted to 28% to realize

irradiated where high-power

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4
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Infrared modulation performances of VO, films fabricated using different methods

Thermally induced

Irradiation and fabrication Transmittance at 25 °C

Transmittance at 80 °C

Transmittance modulation depth

method (To) (Tww) (AT = To-Tnw) Reference
3-5 um Al,Oj; substrate 65% 0.5% 64.5% 51

2-10 pm Si substrate 64.02% 9.94% 54.08% 52

2.5-3.5 um Quartz 85% 35% 50% This study
substrate 550 °C annealing

Laser-induced

Irradiation and fabrication Transmittance under Transmittance under high-power  Transmittance modulation

method low-power irradiation (T,)  irradiation (Twy) depth (AT = Ty-Tn1) Reference
3459 nm CW Al,O; 85% 30% 55% 53
substrate

3 um Quartz substrate 77% 18% 59% 54

3.8 um Quartz substrate 74% 24% 50% This study

550 °C annealing

a modulation depth of 46%. A secondary decrease in trans-
mittance also occurred in this specimen when the power density
reached approximately 42 W cm?; however, this decrease was
only 4%, confirming two key mechanisms: first, high-power
laser irradiation partially repaired the residual defects in the
irradiated regions; second, the inherent low-defect, highly
crystalline structure of the specimen (as indicated by the XRD
and XPS results) minimized further defect-mediated losses.
Ultimately, this specimen exhibited a total modulation depth of
50%, triple that of the non-annealed specimen.

The sample annealed at 650 °C exhibited an initial trans-
mittance of 68% and an optical limit activation threshold of
13.3 W cm 2, above which it achieved a modulation depth of
17%. This behavior can be primarily attributed to two factors:
first, V,05 possesses phase transformation and optical modu-
lation capabilities that were triggered by the thermal energy of
high-power laser irradiation; second, large-scale grains coa-
lesced during high-temperature annealing, thereby increasing
the overall transmittance by reducing interfacial scattering.

In addition, a thermal imager was incorporated into the test
optical path to monitor the temperature at the laser spot in real
time. As shown in Fig. S7, the thermal imaging results indicate
that during laser irradiation of the sample, the temperature at
the center of the laser spot can exceed 400 °C. The high-energy
laser not only induces the thermal driven phase transition of
VO,, but also triggers nonlinear absorption mechanisms in the
wide-bandgap semiconductor VO,. As summarized in Table 3,
these results demonstrate that the applied annealing tempera-
ture governed both the phase transition characteristics and
laser-protection performance of the VO, thin films through
microstructural modification and defect engineering.

The experimental results demonstrated that combining the
use of VO, targets to mitigate multivalent vanadium interfer-
ence with subsequent annealing treatment constitutes an
effective strategy for fabricating high-performance VO, thin

© 2026 The Author(s). Published by the Royal Society of Chemistry

films. The comparison of films fabricated using different
methods and subjected to different types of laser irradiation in
Table 4 indicates that the proposed approach considerably
enhanced room-temperature transmittance (85% at 25 °C)
under low-intensity illumination while maintaining exceptional
suppression of high-power laser irradiation (a 50% modulation
depth under 3.8 pm irradiation). Thus, the synergistic optimi-
zation of phase purity through stoichiometric sputtering and
defect engineering via subsequent annealing optimized the
trade-off between transparency and laser-limiting efficacy.
Clearly, the proposed fabrication method provides a viable
technical pathway for developing smart optical protection
materials. In the future, based on the present results,
combining doping and related processing strategies expected to
further optimize the functional performance while maintaining
phase stability,> thereby enabling broader application
prospects.

4 Conclusions

This study successfully achieved the controlled fabrication and
laser-protection performance optimization of a VO,(M;) thin
film by combining magnetron sputtering with subsequent
annealing. The optimized film exhibited a 3-fold enhancement
in 3.8 pum laser-induced optical modulation depth and
a remarkable 12.5-fold improvement in thermally induced mid-
infrared modulation depth compared to its non-annealed
equivalent. This dramatic improvement can be attributed to
the high crystallinity, low-defect surfaces, and uniform island-
like morphology of the annealed film. Systematic investiga-
tions of the structure-defect-property relationships revealed
a tripartite mechanism through which temperature annealing
regulates film behavior by: (1) governing the grain size and
crystallinity, (2) effectively repairing surface defects, and (3)
regulating the valence state transition of vanadium elements.
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Finally, the primary factors restricting the use of VO, films in
optical modulation applications were discussed and the rela-
tionships among these factors were clarified. Critically, the
results of this study are not only applicable to optical modula-
tion systems but also have reference value for the development
of devices such as smart windows and photoelectric switches.
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