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The high phase transition temperature, low solar modulation efficiency, and unfavorable brown-yellow color have
limited the practical application of VO,-based smart windows. By embedding a hexagonal close-packed monolayer array
of Si0; into the monoclinic VO,(M)—Ag composite film using an electron-beam evaporation system, a two-dimensional
VO, (M)-AgSiO; shell/core photonic crystal composite material was formed. Due to the increased contact area between
Ag and VO, (M) within the composite material, the concentration of free electrons in VO, (M) increases, causing the phase
transition to occur at a lower temperature of 52.2 °C. With the embedded SiO, array, the solar modulation efficiency is
enhanced to 25.4%, and the visible light modulation efficiency increases by nearly 7 times. Additionally, the grating effect
of the photonic crystal significantly diffracts light around the 600 nm wavelength, reducing the strong absorption of VO,(M)
in the shortwave range and diluting its inherent brown-yellow color. By embedding the SiO, array into the VO,(M)-Ag
composite film, this approach simultaneously achieves a reduction in phase transition temperature, enhancement of solar
modulation efficiency, and color adjustment of the film, providing a reference for the practical application of VO, in smart

windows.
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PACS: 68.03.—g, 68.35.—p
DOI: 10.1088/1674-1056/ae1569

1. Introduction

Smart windows play an essential role in building energy
efficiency. In hot weather, they effectively block substan-
tial sunlight; while in colder seasons, they allow solar energy
to pass through, helping to regulate indoor temperatures. -]
Thermochromic smart windows, which adjust solar transmis-
sion based on temperature, have been extensively researched
in recent years and have become an important component
of green buildings. Vanadium dioxide (VO,) is a typical
thermochromic material that undergoes an insulator-to-metal

[3-6] The transition

phase transition at approximately 341 K.
is accompanied by a sharp decrease in infrared transmittance
while maintaining high transmittance in the visible range.!®!
Consequently, VO,-based thermochromic windows could sig-
nificantly reduce solar heat gain at high temperatures without
affecting indoor brightness.[>~! However, the high transition
temperature (7¢), low solar modulation efficiency (AT ), and
unfavorable brown-yellow color have limited the practical ap-
plication of VO,-based smart windows. >8]

Researchers have proposed various methods to ad-

9-11]

dress these challenges, including element doping, ! com-

posite structures,'>1%1 porous structures,!!”-!8 multilayer
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structures, 1929 and core-shell structures.?!=23] Elemental
doping or compositing can effectively reduce the T, but this
often comes at the expense of ATy,.l°'!l Fabricating VO,
in porous structures or adding anti-reflective layers can in-
crease optical transmittance and enhance the ATy, yet these
approaches do not lower 7; and are further limited by com-
plex fabrication processes.!!>-2%] Recently, Ke ef al. embedded
VO, within a monolayer hexagonal array of SiO, spheres to
form a SiO,/VO, core-shell structure. By adjusting the size
of the SiO; spheres, control over the film color and ATy, was
achieved, but the T, was not effectively reduced.*'! To date,
low T, high ATy, and desirable color have yet to be simulta-
neously achieved, indicating a continued need for further re-
search.

A monolayer-based, two-dimensional periodic nanostruc-
ture of colloidal spheres can be viewed as a two-dimensional
photonic crystal.[?>23] By adjusting the structural parame-
ters of the photonic crystal, specific wavelengths of visi-
ble light can be inhibited, thereby altering the color of the

24—

material.[?*-27 Furthermore, extensive research has demon-

strated that incorporating noble metals (e.g., Pt, Ag) into VO,

films can lower T, by increasing free electron density. [!228-31]
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Consequently, combining a VO,—Ag composite film with a
monolayer SiO; colloidal sphere array might enable 7; reduc-
tion, improved AT;,, and better control over the film color.

In this study, SiO, nanoarrays were embedded into the
monoclinic VO,(M)-Ag composite film using an SiO, tem-
plate and electron-beam evaporation system to study the opti-
cal properties of the composite film.

2. Experimental details
2.1. Preparation of all samples

A monolayer, dense SiO, nanoarray was prepared us-
ing an improved interfacial self-assembly method (Figs. 1(a)-
1(d)).132331 Briefly, the 0.3 wt% SiO, colloidal spheres
(500 nm) were dispersed in a 1:1 volume ratio mixture of
deionized water and absolute ethanol, and then slowly dripped
onto a water/air interface via drainage glass to form a single
layer of dispersed SiO, nanospheres (Fig. 1(a)). Then, several
drops of 2 wt% sodium dodecyl benzene sulfonate solution
were added to drive the floating SiO; spheres to form a rain-
bow film (Fig. 1(b)). Next, the monolayer of SiO, colloidal
spheres was transferred onto a clean quartz substrate using
a PTL-MMBO1 dip-coating machine (Shenyang Kejing) at a
lifting speed of 120 wm/min (Fig. 1(c)), and then we obtained
the regulated SiO, photonic crystal (Fig. 1(d)).

( 4
Added SDBS| [Transferred b o
- - G | - [ — -

< S > N =
(b) SiO, nanospheres (c) Picking up by
interfacial self-assembly quartz substrate

(a) Single layer dispersed
SiO, nanospheres

¥VO,
“Ag Y
VO,

(d) SiO, photonic crystal
on quartz substrate

() VO,(M)-Ag-SiO,
shell/core photonic crystal

(¢) Deposited VO,/Ag
composite film

Fig. 1. Schematic diagram of the procedure to fabricate VO,(M)-Ag—
SiO; shell/core photonic crystal composite films. (a)—(d) Fabrication of
SiO, photonic crystal, and (e) and (f) preparation of VO,(M)-Ag—SiO,
shell/core composite films.

The preparation methods of VO, films have been pre-

1234351 The VO, films were prepared us-

viously reported.!
ing the electron-beam evaporation system at a base pressure
5.0 x 107 Pa. Under high vacuum conditions (working pres-
sure 5 x 1073 Pa), the VO, target was placed in a crucible
located ~ 300 mm below the substrate holder and evaporated
by an incident electron beam with an accelerating voltage of
10 kV. On a quartz substrate heated to 300 °C, a VO, film
with a thickness of 200 nm was grown at a deposition rate not
exceeding 0.5 nm/s. For the preparation of composite films,

a clean quartz substrate and a quartz substrate with an SiO;

array were simultaneously placed on the substrate holder. A
90 nm thick VO, film was first deposited on both substrates
using the same growth process. Then, an Ag layer with a thick-
ness of 20 nm was deposited on both samples at a rate not ex-
ceeding 0.5 nm/s, followed by another 90 nm thick VO, layer
(Figs. 1(e) and 1(f)). Research shows that monoclinic VO,
(VO,(M)) films with a high (011) orientation in their insu-
lating state exhibit excellent phase transition properties, mak-
ing them highly suitable for smart coating applications. ¢! To
achieve optimal film quality, the growth process requires sam-
ples to undergo in-sifu annealing at 500 °C and 10 Pa for
30 minutes. The final products, pure VO>(M), VO,(M)-Ag,
and VO,(M)-AgSiO, composites, are designated as samples
S1, S», and S3, respectively.

2.2. Characterization

The surface morphology of the samples was characterized
using a field-emission scanning electron microscope (FESEM,
Carl Zeiss Supra VP55, Germany) at an accelerating voltage
of 10 kV. The crystal structure of the samples was identified by
grazing incidence x-ray diffraction (GIXRD, X’Pert Pro MPD,
Netherlands) with Cu K¢ radiation (A = 0.15406 nm) at an
incidence angle of 1°. Optical transmittance at a fixed wave-
length of 2000 nm was measured during heating and cool-
ing in the temperature range of 30 °C to 85 °C using a Shi-
madzu UV-3700 double-beam UV-Vis-NIR spectrophotome-
ter (Japan) equipped with a temperature control device. Trans-
mittance spectra at 25 °C and 90 °C and absorbance spectra
at 25 °C were measured over the wavelength range of 350-
2500 nm. The carrier concentration was determined at room
temperature using single-magnetic-field (0.58 T) Hall mea-
surements (Nanometrics HLS500PC, USA) based on the van
der Pauw method.

2.3. Calculation of optical properties

The solar transmittance (7g,, wavelength range 350-—
2500 nm) and visible light transmittance (7jyy,, wavelength
range 380-780 nm) of the samples were calculated using the
following formulas: 13171

_ f(Psol (A)T(l)dﬂ,

T = [Qo(A)dA M
[ Oum (A) T (A)dA

T = o o (W) A @)

while T(A) represents the transmittance spectrum percentage
at wavelength A. @y (A) is the luminous efficiency function
of the human eye under standard photopic vision, and @5 (1)
is the solar irradiance spectrum function at an air mass of 1.5
(equivalent to solar irradiance at a 37° angle above the hori-
zon). The ATy, and visible light modulation efficiency (ATjym)
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can be calculated using!!?!
ATsol/lum = sol/lum(900) - Tsol/lum(zso)‘ (3)

3. Results and discussion

Figure 2 shows the GIXRD diffraction patterns of the
samples at room temperature. Sample S; exhibits a VO, film
with a pure monoclinic phase and (011) crystal orientation,
with diffraction peaks observed at 20 ~ 27.9°, 37.1°, 55.6°,
and 57.5°, corresponding to the (011), (211), (220), and (022)
planes of VO(M) (P2 /c, JCPDS#65-2358), respectively.
No diffraction peaks from other vanadium oxides were de-
tected, indicating that the film is single-phase within the sen-
After the addition of Ag
(S2), new diffraction peaks appear at 20 ~ 38.2°, 44.4°, and
64.6°, corresponding to the (111), (200) and (220) planes of
Ag (Fm3m, JCPDS#87-0720).['2 Following the incorporation
of a monolayer hexagonal close-packed SiO, nanosphere ar-

sitivity limits of the technique.

ray (S3), a new broad peak emerges around 26 =~ 23°, cor-
responding to amorphous SiO;. The indicates that VO, (M)—
Ag composite film was successfully deposited onto the SiO;
nanosphere array.

Figures 3(a) and 3(b) present the microscopic nanostruc-
tures of samples S| and S, respectively, showing a uniform
coating of VO, nanoparticles on the quartz substrate. The
S| exhibits well-defined grains with fine cracks and an aver-
age grain size of approximately 35 nm. The distinctive struc-
ture enhances light transmission, thereby improving the opti-
cal properties of the VO, film.['3] With the addition of Ag,
the fine cracks are eliminated, resulting in a smooth and dense
film surface, while the average grain size remains nearly un-
changed. Analysis of the EDS spectra from the selected re-
gions of the samples (Figs. 3(c) and 3(d)) reveals an additional

100 nm
.

500 nm

resonance peak near 3 keV in Fig. 3(d), which is absent in
Fig. 3(c). This new peak corresponds to Ag, confirming the
successful incorporation of Ag into the VO, thin film. Fig-
ure 3(e) shows the prepared SiO, nanosphere array, with the
nanospheres arranged in a densely packed hexagonal pattern,
forming a monolayer structure on the quartz substrate. Each
Si0O; sphere has a uniform diameter of 500 nm. The VO,(M)-
Ag composite film was then deposited onto the SiO; template,
resulting in the VO,(M)—Ag—-SiO; composite film, as shown
in Fig. 3(f). The VO,(M)—Ag composite film uniformly covers
the upper portion of the SiO; template. The inset in Fig. 3(f)
further reveals that the composite material successfully pene-
trates into the lower spaces between the SiO, spheres and the
quartz substrate. Building on this, we successfully embedded
a monolayer hexagonally close-packed SiO, nanosphere ar-
ray with a particle diameter of 500 nm into the VO,(M)-Ag
composite, forming a VO,(M)-Ag-SiO; shell/core structured

composite.
. % VO,(M)
s v Ag
+ Si0,
0
= %)
- " & v
4 A A A
g * S
— 5 3
'E’ M LIS v
g 2
. 2
— e
o
S
10 20 30 40 50 60 70
20 (°)

Fig. 2. GIXRD patterns of the samples. S, Sy, and S3 correspond to the
pure VO2(M) film, the VO,(M)-Ag composite film, and the VO,(M)—
Ag-SiO; composite film, respectively.

Intensity (arb. units)

Intensity (arb. units)

4
keV

Fig. 3. FESEM images of all samples. (a) Pure VO,(M) film, (b) VO,(M)-Ag composite film, (c) and (d) EDS spectra corresponding to regions
in (a) and (b), respectively. The inset in panel (d) shows a photograph of the samples. (e) Monolayer array of SiO; nanospheres, (f) VO,(M)-

Ag-SiO; composite film with inset showing a cross-sectional view.
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Fig. 4. (a)—(c) Temperature—transmittance hysteresis loops of samples S;—S3 measured at a wavelength of 2000 nm. (d)-(f) Corresponding
first-order derivatives of the temperature—transmittance curves in panels (a)—(c). (g) Energy band diagram of Ag/VO,. Red solid spheres indicate
excited electrons. Wy denotes the energy absorbed in the Ohmic contact region during electron injection from Ag to VO,. Egy, and Efs represent
the Fermi levels of Ag and VO, respectively, while E; and E, correspond to the conduction band and valence band of VO, respectively.
(h) Schematic illustrations of the flat film-like structure (sample S;) and the core-shell protruding structure (sample S3). (i) Plots showing
variations in phase transition temperature and carrier concentration for the samples.

To investigate the effect of Ag and SiO; arrays on the
phase transition temperature (7;) of VO,(M), temperature-
transmittance reversible hysteresis loops were measured at a
fixed wavelength of 2000 nm, as shown in Figs. 4(a)-4(c). The
heating and cooling paths are labeled as Heating and Cooling,
respectively. Figures 4(d)—4(f) display the first derivatives of
the thermal hysteresis loops for the Sy, S», and S3 films. After
incorporating Ag, the amplitude of the hysteresis loop is no-
tably reduced, which is attributed to the strong absorption from
surface plasmon resonance of the Ag particles in the visible to
near-infrared region.!'>37-38 To accurately determine T, the
Gaussian method was applied to obtain 7,_g and 7._c during
heating and cooling, respectively. Here, the critical tempera-
ture for the semiconductor-to-metal transition is defined as the
midpoint of the thermal hysteresis loop

Te—u+Tc—c
ZeHtlec 4
! @

According to Eq. (4), the T; for Sy, S,, and S3 are calculated
to be 67.4 °C, 55.2 °C, and 52.2 °C, respectively.
The significant reduction in T; after introducing Ag can

T. =

be explained by the theory proposed by Zylbersztejn and

Mott.[12343] Since the work functions of Ag and n-type
VO(M) are 4.63 eV and 5.4 eV, respectively, the contact
between Ag and the VO,(M) film forms an Ohmic junction
(Fig. 4(g)). In this case, free electrons flow from Ag to
VO,(M) until the Fermi levels (Epy, and Egs) align. These
injected electrons absorb additional energy (Wy) at the metal-
semiconductor interface, thereby facilitating the phase tran-
sition at a lower temperature.[12’34’39] The T, of Ss is lower
than that of S, because the shell/core protruding Ag structure
in S3 provides a much larger contact area with VO,(M) than
the flat film-like Ag in S, (Fig. 4(h)). Considering that the
effective electron injection depth from Ag into the VO,(M)

film is only several tens of nanometers,[!?!

increasing the con-
tact area effectively increases the number of injected elec-
trons. Hall measurements at room temperature (Fig. 4(i), red
dashed line) reveal carrier concentrations of 2.67 x 10'8 ¢m—3,
33.23 x 10'® cm—3, and 51.38 x 10!® ¢cm™3 for Sy, S, and
S3, respectively. This further confirms that, with the same Ag
content, the VO,(M)-Ag composite in S3 embedded within
the SiO, array substantially increases the Ag/VO,(M) con-

tact area, enabling more efficient electron injection from Ag

046802-4
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to VO,(M) and consequently further reducing T¢.

Figure 5(a) shows the transmittance spectra of all sam-
ples within the 350-2500 nm range at 25 °C and 90 °C. Due
to the strong inherent absorption of VO,(M) in the short-wave
region, the samples exhibit higher transmittance in the near-
infrared range compared to the visible range.['3] All sam-
ples show high dynamic modulation capabilities in the near-
infrared, with a marked transmittance contrast in this region
between the two temperature states. At low temperatures, the
films are relatively transparent to near-infrared light; while
at high temperatures, they effectively block near-infrared
[13] The behavior further confirms the presence
of VO, (M) within the films. Notably, at low temperatures, the
transmittance of S is significantly higher than that of the com-

transmission.

posite films, which can be attributed to the unique localized
surface plasmon resonance properties of noble metal nanopar-
ticles that strongly absorb light in the visible to near-infrared
range.!'>37 As shown in Fig. 5(b), the absorption spectra of
the composite materials S, and Sz at room temperature and
high temperature are significantly higher than that of S;. Com-
pared to composite film S,, the room-temperature transmit-
tance spectrum of S3 exhibits a distinct dip around 600 nm.
The effect is attributed to the two-dimensional diffraction grat-
ing properties of the VO,(M)—Ag—SiO; shell/core monolayer
structure, which strongly scatters light at specific wavelengths,
thereby reducing transmittance.'”*-2’! Additionally, the struc-
ture exhibits unique structural coloration, allowing for color

modulation.
80
—8,-25°C (), —S§;-25°C (b)
..... $,-90°C
121 —g,25°C
601.. 2

e
o

S
(=]
Absorbance (%)

&=
o

Transmittance (%)

[*]
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0.3

500 1000 1500 2000 2500 500 1000 1500 2000 2500
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Fig. 5. Measured optical spectra of samples S;—S3 in the wavelength
range of 350-2500 nm. (a) Transmittance spectra at 25 °C and 90°C.
(b) Absorbance spectra at 25 °C and 90 °C.

The optical parameters of all samples were calculated
based on Egs. (1)—(3), and the results are summarized in
Table 1. The Ty, of S; at 25 °C is 53.2%, and the ATy
is 18.9%, which is consistent with the results reported by
Hao et al.!* For the composite materials, after embedding the
SiO, nanosphere array, the AT, increases from 22.8% (S;)
to 25.4% (S3), while the ATy, increases by nearly 7 times
(from 0.6% (S;) to 4.3% (S3)). By embedding SiO; arrays
into VO2(M)-Ag composite films to form a shell/core mono-

layer structure, the optical performance of the films in the vis-
ible light region is effectively tuned, achieving color modu-
lation while significantly improving solar energy modulation
efficiency.

Table 1. Optical properties of the produced films.

Tium (%) Tsol (%)

Sample ATjum (%) ATyo1 (%)
25° 90° 25° 90°
Si 353 346 0.7 532 343 18.9
S, 242 236 0.6 357 129 22.8
S3 252 209 4.3 36.1 107 254

4. Conclusion

By the electron-beam evaporation method, a monolayer
hexagonal close-packed SiO, array was successfully embed-
ded into VO,(M)-Ag composite film, forming a VO,(M)—
AgSi0; shell/core photonic crystal structure. Compared to
the flat VO,(M)-Ag composite film, the shell/core structure
of the VO,(M)—AgSiO, composite film increases the contact
area between VO,(M) and Ag, which facilitates the injection
of more free electrons from Ag into VO,(M), thereby further
lowering the phase transition temperature to 52.2 °C. By em-
bedding the SiO; array, the solar modulation efficiency of the
film increases to 25.4%, and the visible light modulation effi-
ciency rises by nearly an order of magnitude. Additionally, the
film exhibits a grating effect, strongly diffracting light around
600 nm, which weakens the strong absorption of VO>(M) in
the short wavelength range due to electronic transitions, thus
altering its inherent brownish-yellow color. These results pro-
vide valuable insights for the study of VO, films in smart win-
dows, and further improvement of the film properties holds
promise for commercial applications.
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