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The fundamental challenge for VO2-based thermochromic smart windows is the ideal combination of high
luminous transmittance (Tlum) and high solar modulate ability (△Tsol). Satisfying these competing demands is
commonly achieved by sacriﬁcing the luminous transmittance by optimizing the thickness through doping,
composition, porosity adjustment, bio-antireﬂection, and multi-layer design. Here, we demonstrate an eﬀective
strategy for the preparation of VO2 (M) ﬁlms on two sides of fused silica substrates with ice crystals like microstructure, which play a key role in anti-reﬂection. The ﬁlms have been prepared using a dip-coating method
followed by annealing in argon atmosphere. The resulting micro-patterned VO2 (M) ﬁlms show an ultrahigh
Tlum (75.5%) and a suitable △Tsol (7.7%), derived from the sub-wavelength micro-structure on two sides of the
substrate. In addition, the eﬀects of the thickness, single-, or double-sided patterns on the optical performances
of the VO2 (M) ﬁlms have also been investigated. These encouraging results show great potential for developing
thermochromic smart windows with high performance for practical applications.

1. Introduction

Tlum / sol =

Non-renewable energy has almost been exhausted, while increasing
carbon dioxide emissions are leading to global warming. Nearly 30–
40% of primary energy is used to maintain thermal comfort in
buildings, such as heating, cooling, lighting, and ventilation [1]. The
management of solar irradiation using thermochromic thin-ﬁlm coatings on building glass (namely smart windows) can signiﬁcantly
decrease the energy consumption of buildings.
An ideal smart window needs a high transmittance in the visible
region and performs thermal control ability to regulate the solar
radiation in the near infrared (NIR) region [2]. Vanadium dioxide
has a signiﬁcant advantage as a coating material because of its insultormetal transition (IMT), known as the thermochromic property, which
changes from monoclinic phase with IR-transparent as a semiconductor to rutile phase that reﬂects IR as metal around 341 K [3].
Typically, the main optical performances of VO2 thermochromic
smart windows, including luminous transmittance (Tlum, 390–780 nm)
and solar modulate ability (△Tsol, 250–2500 nm), are obtained using
the following equations:

ΔTsol = Tsol (30°C )−Tsol (100°C )

⁎

∫ ϕlum/sol (λ) T (λ) dλ / ∫ ϕlum /sol (λ) dλ

(1)
(2)

where T(λ) is the recorded ﬁlm transmittance, φlum is the standard
luminous eﬃciency function for the photopic vision of human eyes, and
φsol is the solar irradiance spectrum for air mass 1.5 (corresponding to
the sun at 37° above the horizon).
Unfortunately, for thermochromic VO2-based ﬁlms, it is diﬃcult to
achieve a suﬃciently high Tlum while preserving the △Tsol [4]. It has
been calculated that the VO2 (monoclinic M) ﬁlm has a noticeable solar
energy modulation limit of Tlum ∼ 40%, and the modulation of △Tsol
does not exceed ∼10% [5]. In order to increase the energy eﬃciency,
several approaches have been designed to improve the optical performance of VO2, including doping [6–9], composition [10–14], porosity
adjustment [15–17], bio-antireﬂection [18] and multi-layer design
[19–21]. Although the above solutions show excellent results in
enhancement of △Tsol, Tlum is still not high enough to achieve daylight
quality in commercial buildings, which will increase the lighting energy
needs, thus, resulting in negative energy conservation from a practical
point of view [22,23].
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Recently, VO2 (M) ﬁlms with sub-wavelength structures have been
widely investigated to enhance Tlum by reducing the reﬂection at the
interface between air and VO2 (M) as a low eﬀective-index (n) layer
[18,24–28]. For example, Long et al. prepared VO2 (M) ﬁlms with
moth-eye structures, which had a gradient refractive index and
enhanced both △Tsol and Tlum [18]. Gao et al. investigated a series
of VO2 (M) ﬁlms fabricated by polymer assisted sol-gel method
[15,16,24,29], and a surface with micro-roughness was obtained by
phase separation, which lowered the optical constants and resulted in
excellent optical performance [24]. Zhou et al. introduced a periodic
porous structure into a VO2 (M) ﬁlm. The pores allowed light to pass
through directly, and a favorable △TNIR at 2000 nm with only a little
attenuation of Tvis was achieved [25]. Zhang et al. synthesized a selfassembled 2D ordered VO2 (M) ﬁlm using a hydrothermal method, and
an increased △Tsol of 10.7% with a Tlum of 46.7% was achieved [26].
Tao et al. prepared porous W-doped VO2 ﬁlms with simultaneously
enhanced visible transparency and thermochromic properties. The
method is facile and impressive [27,28].
However, to the best of our knowledge, there is no research reports
on the construction of micro-patterned VO2 (M) ﬁlm on two sides of
the substrates, which will have a better anti-reﬂection eﬀect [30–32],
thus, obtaining simultaneous enhancement in △Tsol and Tlum.
Here, for the ﬁrst time, we have prepared VO2 (M) ﬁlms with microstructure on both sides of a fused silica substrate by a one-step dipcoating method, followed by annealing in argon atmosphere. The
surface morphology of the VO2 (M) ﬁlm was ice crystal-like after
annealing at 500 °C for 5 h. As expected, the Tlum of the micropatterned and double-sided VO2 (M) ﬁlm increased signiﬁcantly, up
to 75.5%, with a comparable △Tsol of 7.7%.

Scheme 1. Schematic illustration for the preparation of the micro-patterned VO2 (M)
ﬁlms on both sides of the fused-silica substrates.
Table 1
Samples prepared in the experiment.
Samples

Sol concentration
g/L

Annealing
Temperature °C

Annealing
time h

Film
sides

No. of
dips

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
S17

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
2.5
5.0
7.5
10.0
5.5
5.5

400
400
400
450
450
450
500
500
500
550
550
550
500
500
500
500
500
500

1
5
10
1
5
10
1
5
10
1
5
10
5
5
5
5
5
5

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1

4
4
4
4
4
4
4
4
4
4
4
4
1
1
1
1
1
1

2. Experimental details
washing out one side with DI water. The samples prepared are listed
in Table 1.

2.1. Materials
V2O5 powder (AR, Tianjin Fu Chen Chemical Reagents Factory) was
used as the starting material to prepare the precursor sol.
Polyvinylpyrrolidone (PVP K30, Sigma-Aldrich) was used as a sol
stabilizer. All the reagents were used without further puriﬁcation.

2.4. Measurements
2.2. Preparation of the precursor sol

The crystalline phases of the ﬁlms were determined using X-ray
diﬀraction (XRD, PANalytical B.V. Model X′pert Pro, primary monochromatic Cu-Kɑ radiation) at an X-ray grazing angle of 2.0 °. Surface
morphologies and thickness of the ﬁlms were examined by a ﬁeldemission scanning electron microscope (FEI Helios Nanolab600i) and
an atomic force microscope (AFM, Dimension Icon, Bruker). Fourier
transform infrared (FT-IR) spectroscopy was performed using a FT-IR
system (VERTEX-70, Bruker) from 4000 to 400 cm−1. X-ray photoelectron spectroscopy (XPS) was performed with a PHI 5700 ESCA
System using Al Ka radiation (1486.6 eV). XPS data were calibrated to
the C1s peak and analyzed using Casa XPS software.
Thermogravimetry-diﬀerential thermal analysis (TG-DTA) was performed using a NETZSCH STA449F3 at a heating rate of 10 °C/min in
argon atmosphere.
The transmittance of the VO2 ﬁlms was measured using a UV–vis–
NIR spectrophotometer (Lambda-950, Perkin Elmer) equipped with a
ﬁlm heating unit over the wavelength range of 250–2500 nm.
Hysteresis loops were measured by collecting the transmittance of
ﬁlms at a ﬁxed wavelength (2000 nm) at an approximate interval of
2.0 °C using a ﬁber optic spectrometer (Ocean optics, NIRQuest 2562.5). The temperature was measured with a thermocouple in contact
with the ﬁlm and was controlled by a temperature-controlling unit. The
temperature errors were smaller than 0.5 °C based on repeated
measurements.

V2O5 sol was fabricated by a water quenching method: 10.0 g V2O5
powder was placed in a crucible and melted at 850 °C for 10 min. The
fused V2O5 liquid was added to 400 mL de-ionized (DI) water at room
temperature (RT). The obtained slurry was stirred vigorously for 1 h,
and then, diluted with DI water to 10 g/L. PVP (K30 6 wt%) was added
to the sol to stabilize the V2O5 sol at room temperature. The precursor
sol was obtained after vigorous stirring for 10 h. The concentration of
the precursor sol was adjusted from 2.5 g/L to 10.0 g/L to regulate the
thickness by adding DI water. All the samples used in this work were
synthesized using these precursor sols, unless otherwise noted.
2.3. Fabrication of the VO2-based ﬁlm
The VO2 ﬁlms were dip-coated on fused-silica substrates (1×4 cm2)
using a dip coater (KSV Instruments) at a speed of 500 µm/s. After
drying at RT for 30 s, the same process was repeated 4 times. The
smooth precursor ﬁlms were then dried for 30 min at 80 °C to remove
the excess solvent. Then, the ﬁlms were annealed under argon atmosphere (purity of 99.99%) at diﬀerent conditions to transform the V2O5
phase into the VO2 (M) phase. The annealing temperature was varied
from 400 °C to 550 °C with an interval of 50 °C at the rate of 1 °C/min.
The annealing time was 1 h, 5 h, and 10 h. Pretreatment was performed at 260 °C for 1 h to obtain smooth ﬁlms. The general fabrication process is illustrated in Scheme 1.
Single sided VO2 ﬁlms were also prepared for comparison by
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Fig. 1. XRD patterns of samples prepared at diﬀerent annealing conditions: a. The annealing temperature varies from 400 °C to 550 °C and the annealing time is 5 h; b. the annealing
temperature is 500 °C and the annealing time varies. from 1 h to 10 h.

lower temperature are very smooth (Fig. 3a, b, e, i), while the ﬁlms
treated at higher temperature are rough (Fig. 3d, h, l). At 400 °C, the
samples are not only crack-free but also appear relatively dense and
ﬂat. However, nano-pores are formed and a porous microstructure is
observed at 450 °C (Fig. 3f). As the temperature is elevated to 500 °C,
the nano-pores are connected, resulting in the formation of microstructure, which look like ice crystals on the windows in winter (Fig. 3g
and Fig. S2). At 550 °C, the ﬁlms are not continuous and are composed
of irregular “islands” with sizes varying from dozens to hundreds of
nanometers (Fig. 3h). Moreover, the sizes of the “islands” increase with
the temperature. The change in the ﬁlm surface texture with increased
heat-treatment temperature is because of the eﬀects of surface tension
[42,43]. The surface morphology evolution of the ﬁlms is schematically
illustrated in Fig. 3m.
We also carried out AFM measurements for the samples of D7, D8
and D9, as shown in Fig. 4. It indicates that the ﬁlms with surface
microstructure are composed of particles with several nanometers in
thickness. The average roughness values (Ra) of the sample D7, D8 and
D9 are 1.64 nm, 1.73 nm and 20.3 nm, respectively. And the corresponding maximum roughness values (Rmax) are 21.3 nm, 31.9 nm and
138 nm, respectively. The roughness of the samples increases with the
annealing time, ﬁnally resulting in tapered arrays with dozen of
nanometers in height (D9). The corresponding cross sectional SEM
images are shown in Fig. S3, which also indicate the rough surfaces.
These results agree with the SEM observation.
To investigate the decomposition of the precursor gel, FT-IR of PVP
(K30), V2O5 sol, and the precursor sol (V2O5 sol with PVP) was
performed, and the results are shown in Fig. 5a. The strong peaks at
1660 cm−1 and 1294 cm−1 in the PVP spectrum are conﬁrmed as the
stretching vibration of –C=O and –C–N, respectively [44–46]. The
peak at 1612 cm−1 in the spectrum of V2O5 sol is consistent with the
bending vibrations of adsorbed molecular water [47–49]. The –C=O
vibration in the precursor sol shifts to 1618 cm−1, which coincides with
the vibration of water. Since there are no changes in –C–N, it can be
concluded that hydrogen bonds are formed between the –C=O of PVP
and V–OH of the V2O5 sol [50–52]. The TG-DTA curve of the precursor
gel is shown in Fig. 5b. It can be seen that three main endothermic
peaks centered at 260 °C, 470 °C, and 512 °C are present in the DTA
curve, corresponding to three weight losses in the TG slope, which are
attributed to the loss of chemically adsorbed water and the breakage of
the long chain of PVP, the complicated process of degradation of the
polymer, and the exhaust of the decomposer of PVP, respectively [53–
58]. However, there is no exothermic peak at 387 °C corresponding to
the crystallization of VO2, suggesting that the crystallization temperature of VO2 overlaps with the degradation temperature of PVP [59].

3. Results and discussion
3.1. Structure characteristics
The phase evolution of the ﬁlms was characterized by XRD. Fig. 1a
shows the XRD patterns for the ﬁlms annealed at diﬀerent temperatures for 5 h. It is readily seen from the patterns that the sample
annealed at 400 °C is composed of two phases of VO2 (B) (JCPDS 311438) and V2O5 (JCPDS 52–0794). The V2O5 phase disappears and
VO2 (M) (JCPDS 43–1051) appears in the sample annealed at 450 °C.
The predominant phase of the ﬁlms prepared at 500 and 550 °C is VO2
(M) with the main diﬀraction peak at 27.8°, which can be well assigned
to the (011) plane. Besides, the broad diﬀraction peaks at 15–35°
originate from the fused-silica substrates. It can be concluded that the
phases of the ﬁlms change from crystalline V2O5 to VO2 (M) via VO2
(B) as the temperature increased, which coincides with the results
reported by other researchers [33–35]. However, as the annealing
temperature increases and the annealing time becomes longer, the VO2
(M) phase will convert to V8O15, which is in the form of VnO2 n-1 in the
metal state at ambient temperature (Fig. S1c) [36–38]. The XRD
patterns of the VO2 ﬁlms annealed at 500 °C from 1 h to 10 h are
shown in Fig. 1b. Only the VO2 (M) phase can be detected in all the
samples except for the broad diﬀraction peaks at 15–35°. The variation
of the surface chemical composition and the valence states of the ﬁlms
are investigated by XPS. As shown in Fig. 2, the survey scan spectra of
the ﬁlms indicate that apart from V and O, N and Si peaks were also
detected, which are mainly attributed to the residual PVP and the
substrates, respectively. For sample D1 (400 °C, 1 h), the deconvolution peak of the V 2p3/2 spectrum can be resolved into two components
of 517.5 eV and 516.2 eV [39–41], which can be attributed to V5+ and
V4+, respectively. The spectrum of sample D8 (500 °C, 5 h) consists of
V4+(516.30 eV) and a small amount of V3+(515.30 eV). Since there is
no relevant phase observed in XRD patterns, the appearance of V3+in
XPS proﬁles may be ascribed to the measuring process. Furthermore,
the spectrum of sample D12 (550 °C, 10 h) contains less
V4+(516.10 eV) and more V3+(514.76 eV) [39–41]. The results show
that it is not suitable to prepare vanadium oxides at higher temperatures for a long time, which is consistent with the results of the XRD
analysis.

3.2. Surface morphology
The evolution of the surface morphology of the ﬁlms was examined
by SEM, and Fig. 3 shows the morphologies of the ﬁlms heat-treated at
diﬀerent temperatures. It can be seen that the ﬁlms heat-treated at the
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Fig. 2. Full scan and high-resolution XPS proﬁles of V2p and O1 s for the samples annealed at diﬀerent conditions: a, d. D1; b, e. D8; c, f. D12. The insets are the high-resolution XPS
proﬁles of N.

regions is also decreased.
The corresponding reﬂectance spectra of the three samples at RT
are measured to further investigate the optical properties. As shown in
Fig. 6b, sample D8 has the lowest reﬂectance compared to samples D7
and D9 in the NIR regions, which agrees with the proﬁle of the
transmittance curves. Besides, for samples D8 and D9, the reﬂectance
over the entire range of the spectrum is obviously lower than for
sample D7, which could be attributed to the lower refraction index
caused by the sub-wavelength micro-structure resulting in an antireﬂection eﬀect [30–32]. Therefore, the corresponding transmittance
of D8 and D9 is obviously enhanced compared to D7 at RT. Besides, the
reﬂectance of D9 is slightly higher than that of D8, which means that
the dendritic micro-pattern exhibits a stronger anti-reﬂection eﬀect
than the “island” particles.
The transmittance spectra of the other samples are shown in Fig.
S5. The optical performances of the samples are calculated according to
Eqs. (1) and (2), in the form of Tlum (RT) and △Tsol. The hysteresis
loops of the ﬁlms were measured at 2000 nm, as shown in Fig. S6. The
d(Tr)/d(T)–T curves were used to describe the deﬁnition of the
transition parameters of heating and cooling branches (Fig. S7). The
temperature corresponding to the peak is deﬁned as the phase
transition temperature of the heating and cooling branches, denoted
as Th and Tc, respectively. For cooling branches with the appearance of
two peaks in the d(Tr)/d(T) –T curves, the Tc values are determined by
the main peak. The phase transition temperature (Tt) of the ﬁlm is
deﬁned as average value of Th and Tc. The hysteresis loop width (△Tt)
is deﬁned as the diﬀerence between Th and Tc. The phase composition,
the optical performances, transition temperature and hysteresis loop
width of the ﬁlms are summarized in Table S1. Sample D8 exhibits the
highest Tlum of 36.4% and △Tsol of 7.6%, which is mainly attributed to
the anti-reﬂection eﬀect of the sub-wavelength micro-patterned surfaces. The values of Tt and △Tt arereﬂection eﬀect of the subwavelength micro-patterned 65 °C and 10 °C for D8.

According to the FT-IR and TG-DTA results, the changes in the
surface morphology of the ﬁlms with increased annealing temperature
occur in three steps. First, during the annealing process, circular nanopores are formed because of the slow thermal decomposition of PVP at
a slow heating rate of 1 °C/min. Then, the ﬁlms begin to shrink and the
nano-pores begin to connect to reduce the surface energy, resulting in
the ice crystal-like surface texture [42,43]. At last, “islands” are formed
because of surface tension and the ﬁlm-substrate interfacial energy
[60,61]. For comparison, the surface morphology for the ﬁlm annealed
at 500 °C at a higher heating rate of 10 °C/min is shown in Fig. S4. The
morphology, which is dense and composed of irregular granules, is very
diﬀerent from that of the sample annealed at the slow heating rate of
1 °C/min. Therefore, it can be concluded that the decomposition of
PVP and the heating rate of the annealing process are the key factors
that greatly inﬂuence the formation of the micro-patterned surface
morphology [59,62,63].

3.3. Thermochromic performances
The transmittance spectra of the ﬁlms annealed at 500 °C for 1, 5,
and10h are investigated at RT and 100 °C, which corresponds to the
two states of the VO2 (M) ﬁlm. As shown in Fig. 6a, the transmittance
of all the three samples changes greatly in the NIR regions, which is the
intrinsic metal-insulator transition (MIT) characteristic of the VO2 (M)
ﬁlms [3]. Sample D7 shows the lowest transmittance over the visible
range (380–780 nm) with signiﬁcant variation in the NIR regions
(780–2500 nm) between the two states. For sample D8 with the microstructure, the transmittance in the two states is enhanced compared to
that of sample D7, and no obvious attenuation is observed in the
variation of transmittance in the NIR regions. In particular, the
transmittance of D8 in the visible range is the highest of all the three
samples in the two states. Sample D9 exhibits a slightly lower
transmittance in the visible range, while the variation in the NIR
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Fig. 3. The surface microstructure of ﬁlms annealed at diﬀerent annealing conditions: a, b, c, d. 400 °C, 450 °C, 500 °C, 550 °C-1 h; e, f, g, h. 400 °C, 450 °C, 500 °C, 550 °C-5 h; i, j, k, l.
400 °C, 450 °C, 500 °C, 550 °C-10 h; m. Schematic illustration of the morphology evolution of the ﬁlms.

Fig. 4. AFM images of VO2 (M) ﬁlms: a, d. D7; b, e. D8; c, f. D9.
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Fig. 5. a. FT-IR spectra of PVP K30, V2O5 sol, and the precursor sol (V2O5 sol with PVP); b. TG-DTA curve of the precursor sol collected in argon atmosphere at a heating rate of 10 °C/
min.

that thinner VO2 (M) ﬁlms show lower Tt and larger △Tt due to
smaller particle sizes of the thinner ﬁlm, which has also been reported
in Ref 64.
The transmittance of the double-sided VO2 (M) ﬁlms was investigated according to the Fresnel reﬂection formula:

The inﬂuence of the thickness on the optical performance of the
ﬁlms was investigated. The thickness of the ﬁlms was adjusted by the
concentration of the precursor sol, and the transmittance spectra for
the samples are shown in Fig. 7a. Fig. S9 shows the cross sectional SEM
images of D15 and D16. The corresponding optical performances are
listed in Table 2. The thinner ﬁlms D13 and D14 show a great
enhancement in Tlum (84.7% and 75.5%) with a △Tsol of 5.7% and
7.7%, respectively, which are almost the highest value at the same
△Tsol level [8,14,18,24]. The thicker samples D15 and D16 show a
slightly higher △Tsol of 9.8% and 10.2% with a decreased Tlum value of
50.1% and 39.8%, respectively, which still exceeds the limits of the
common VO2 (M) ﬁlms [5]. Besides, the reﬂectance of the samples
decreases as the thickness reducing, as shown in Fig. 7c.
The optical performances of the micro-patterned VO2 (M) ﬁlm on
both sides of the fused silica substrate are compared with the ﬁlm only
on one side of the substrate. Fig. 7b shows the transmittance spectra of
the samples collected at RT and 100 °C, and the optical performances
are summarized in Table 2. Sample D17 shows a Tlum of up to 78.4%,
which is higher than that of sample S17 (75.4%), and the △Tsol is
maintained at 7.0%, which is 3.5 times that of sample S17 (2.0%).
Moreover, the double sided ﬁlm shows a lower reﬂectance than that of
the single sided one (Fig. 7d). It seems that the double-sided VO2 (M)
ﬁlms with micro-structure can signiﬁcantly enhance the optical performances.
The hysteresis loops of these ﬁlms are shown in Fig. S8. The Tt and
△Tt obtained from the hysteresis loops are listed in Table 2. It seems

R=

(n1 − n2 )2
(n1 + n2 )2

(3)

where R is the reﬂectance, and n1 and n2 are the refractive indexes of
the two mediums, respectively. If we do not take into account the
absorption in the ﬁlm, the transmittance (T) at the interface could be
obtained using the following

T=

4n1 n2
(n1 + n2 )2

(4)

For the VO2 (M) ﬁlms with patterns on one and both sides, which
have three and four interfaces (Fig. 8a and b), the transmittance can be
derived using formula (4) assuming that there is no absorption as well
as secondary reﬂectance in the VO2 (M) ﬁlm, to simplify the model. The
substrate is fused silica (n =1.46), and the refractive index of air is 1.
The transmittance of these two types of VO2 (M) ﬁlms can be calculated
as:

TS = 22.54

(1 + n v

n2 v
2
) (1.46

+ n v )2

(5)

Fig. 6. The transmittance and reﬂectance spectra of the VO2 (M) ﬁlms annealed at 500 °C: a. The transmittance spectra of D7, D8, and D9; b. The corresponding reﬂectance spectra
collected at RT. The solid and dashed lines are collected at RT and 100 °C, respectively.
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Fig. 7. a. The transmittance spectra of the VO2 (M) ﬁlms with diﬀerent thickness at RT (solid line) and 100 °C (dashed line) The solar irradiance spectrum for air mass 1.5 (violet region)
and the standard luminous eﬃciency function for the photopic vision of human eyes are shown (green); b. The transmittance spectra of the VO2 ﬁlms on both sides and one side of the
substrates collected at RT (solid line) and 100 °C (dashed line); c. The reﬂectance spectra of the VO2 (M) ﬁlms with diﬀerent thickness at RT; d. The reﬂectance spectra of the VO2 ﬁlms of
double sides and single side of the substrates collected at RT. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

and metal states, according to diﬀerent refraction indexes in the two
states.
In order to clarify variation of TS and TD versus the refraction
index, the diﬀerential curves are shown in Fig. 8d. It is clear that the
absolute value of the diﬀerential TD is higher than that of TS at the
same refraction index, which means TD varies more than TS. The result
indicates that when VO2 ﬁlm varies from M phase to R phase, the
diﬀerence value of TD is larger than that of TS. This can be explained by
the dual-reﬂection on the two sides of the substrate, which supports an
extra reﬂection compared to a single-sided ﬁlm. As a result, the doublesided VO2 (M) ﬁlm leads to a larger △Tsol.
If the refraction index is adjusted properly by the micro-structure,
the double sided VO2 (M) ﬁlms can enhance Tlum and △Tsol simultaneously according to the Eqs. 1 and 2. Although the n value of VO2 is
very high in the visible wavelength, however, since the surface
microstructure penetrate the whole thin ﬁlm, the n value is largely
reduced. Cause the random surface micro-structure and the unknown
thickness, it is diﬃcult to quantify the eﬀective n value. However, it can
take a glance from the roughness (R) of the ﬁlm, since both the eﬀective
n value and R are calculated in the same way. As shown in table S2, the
roughness of all the ﬁlms is rather low while the Rmax is really large,
which means less quality of VO2 in the surface. Because the dispersion
of surface microstructure is pretty uniformity (Fig. S10), it seems that
the eﬀective n value of surface microstructure would be as small as the
R value. In the thickness ﬁlm, the surface microstructure is a small
portion of ﬁlm, and have less eﬀect on AR property, resulting in higher
reﬂectance of D15 and D16 (Fig. 7c). In contrast, for the thinner ﬁlms,
the surface microstructure almost penetrate the whole ﬁlms, and

Table 2
The thermochromic performances of theVO2 (M) ﬁlms.
Samples

D13
D14
D15
D16
D17
S17

△Tlum/%

Tlum/%
RT

100 °C

84.7
75.5
50.1
39.8
78.2
75.4

82.9
73.8
54.0
41.8
76.7
76.0

TD = 545.69

((1 + n v

n v2
2
) (1

1.8
1.7
−3.9
−2.0
1.5
−0.6

+ n v )2 )2

Tsol/%
RT

100 °C

85.9
77.2
61.8
50.2
80.4
77.2

80.2
69.5
52.2
40.0
73.4
75.2

△Tsol/%

Tt/°C

△Tt

5.7
7.7
9.8
10.2
7.0
2.0

54
58
59
63
62
61

12
8
6
6
6
10

(6)

where TS and TD represent of the transmittance of one-sided and
double-sided VO2 (M) ﬁlms, respectively, and nv is the eﬀective
refractive index of the VO2 (M) ﬁlm.
The transmittance of the single-sided and double-sided ﬁlms is
shown in Fig. 8c. It seems that the double-sided ﬁlm exhibits a higher
transmittance than the single-sided ﬁlm when the nv is between 1 and
1.46, which can be attributed to the dual-anti-reﬂection on both sides
of the substrate. For the double-sided VO2 (M) ﬁlms with surface
micro-structure, the transmittance can be improved greatly and a
higher Tlum could be obtained due to the lower refraction index.
Besides, the variation of TD versus the refraction index is larger than
that of TS, which means that the double-sided VO2 (M) ﬁlm exhibits a
larger diﬀerence value of transmittance between the semiconductor
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Fig. 8. Schematic diagram of the reﬂectance at the interface of (a) single-sided ﬁlm and (b) double-sided ﬁlm, (c) the transmittance spectra of the single-sided and double-sided ﬁlms
and their diﬀerence, (d) the diﬀerential curves of the transmittance of the single-sided and double-sided ﬁlms.

maximize the AR eﬀect, resulting in lower reﬂectance of D13 and D14
(Fig. 7c). Besides, due to the dual-AR eﬀect, the double-sided ﬁlm
(D17) exhibits lower reﬂectance than that of single-sided ﬁlm (S17).
The enhanced optical performances of the double-sided micropatterned VO2 (M) ﬁlms could be attributed to the following features:
First, microstructure on the surface of VO2 (M) ﬁlms can eﬀectively
reduce the reﬂectance. And the double sided micro-structure can
reduce the reﬂectance on both interfaces of air/ﬁlm, resulting in a
further enhancement on the transmittance, especially in near-IR
regions. Second, The VO2 ﬁlm of M phase is transparent in near-IR
region with low refraction index, and the reﬂectance due to the
mismatch of the refraction index can be signiﬁcantly reduced by the
double-sided micro-structure, resulting in higher transmittance compared to single sided ﬁlm. While the VO2 ﬁlm of R phase is a reﬂector in
near-IR region with high refraction index, which will reduce the antireﬂection eﬀect of the double-sided micro-structure, and the transmittance is even lower than that of single ﬁlm by the dual-reﬂectance of
double-sided structure. And the results in Fig. 7b veriﬁed the analysis.
Thus, the diﬀerence value of transmittance between M and R phases of
the VO2 ﬁlm is enlarged, leading to an increased △Tsol. Thirdly,
Because the transmittance in visible wavelength is mainly aﬀected by
the absorption of the VO2 ﬁlm, the transmittance of the thinner ﬁlm
(D13) will be greatly enhanced due to its low absorption. Therefore the
thinner ﬁlm will have a higher Tlum. As a result, the synergistic eﬀect of
the micro-structure and the double sides lead to a comparable △Tsol
with a signiﬁcantly Tlum. The excellent optical performances reported
here are signiﬁcantly greater than those previously reported for the
VO2 (M) ﬁlms, as shown in Table 3.

Table 3
Comparison of Tlum and △Tsol of the reported VO2-based ﬁlms and the results of the
present study.
Approach

Tlum (%)

△Tsol (%)

Remarks

Micro-structure
Mg doping
VO2@SiO2 nanoparticle
Moth-eye structure
TiO2/VO2/TiO2/VO2/TiO2 multi-layer
Micro-roughness
Porosity
2D-nanonet
VO2/TiO2 double-layer

75.5
81.3
55.3
44.5
45
59.3
71.1
67
58

7.7
4.3
7.5
7.1
12.1
10.5
7.9
10.7
10.9

This study
[8]
[14]
[18]
[19]
[23]
[24]
[25]
[26]

4. Conclusions
In conclusion, we have prepared double-sided VO2 (M) ﬁlms with
dendritic micro-structure by a one-step dip-coating method, which can
largely enhance Tlum while preserving a comparable △Tsol. The microstructure of the VO2 (M) ﬁlm are formed because of the decomposition
of PVP and the shrinkage of the ﬁlm during annealing at a low heating
rate. The enhancement in Tlum can be attributed to the double-sided
structure with micro-structure, which can reduce the reﬂectance of the
VO2 (M) ﬁlms. The double-sided structure can increase the variation in
the transmittance in the NIR regions, resulting in an increased △Tsol.
Our method presents a facile and aﬀordable general approach for
preparing and designing VO2 (M) ﬁlms, which are expected to be a
highly promising candidate for application in high performance smart
widows.
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