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Abstract. VO2 is a widely studied thermochromic material for smart windows. In this work, we
comprehensively studied optical responses of VO2-based multilayer structures. It is discovered that onelayer antireﬂection layer is capable of effectively enhancing both luminous transmittance (Tlum) and solar
transmittance (Tsol), solar spectrum modulation (DTsol) is however quite moderate. Employing a two-toplayer strategy further improves the optical performance of VO2, especially with an increase of DTsol from
0.068 to 0.082. Remarkably, combining a layer with an index of 2.2 at the VO2/glass interface continues to
enhance the optical performance, leading to the highest Tlum and DTsol among the investigated multilayer
structures. Compared to the base structure of VO2/glass, it contributes to a relative enhancement of 26.4%
(from 0.435 to 0.550) for Tlum (<t c), 35.3% (from 0.362 to 0.490) for Tlum (>t c), and 71.7% (from 0.060 to
0.103) for DTsol.

1 Introduction
Vanadium dioxide (VO2) is a promising thermochromic
material with a reversible phase transition upon
temperature: it is monoclinic and permits infrared
transmission below the critical temperature (tc, around
68 °C) while is metallic and blocks infrared transmission
above tc [1–3]. This unique property offers VO2
potentials to be widely applied in smart windows for
energy saving and thus attracts great research interests
in the last decade [1–8]. However, from optical aspect of
view, VO2 suffers from two issues limiting its wide
application in large-scale architectural buildings. One is
the relatively low luminous transmission (Tlum) originating from a severe absorption (Abs) and reﬂection (R)
in the visible wavelength range, no matter which phase it
is [9,10]. Another challenge is the poor solar spectrum
modulation (DTsol) during the phase transition process
[9,10]. Simply increasing the thickness of VO2 is capable
of improving DTsol to a certain degree but at a cost of
deteriorating Tlum [5,11,12].
To enhance Tlum and DTsol simultaneously, numerous
efforts have been implemented mainly including multilayer
designing [12–14], nanostructuring [11,15] and incorporating with other thermochromic materials [16,17]. Among the
various strategies, multilayer designing is to incorporate
one or more layers into the base VO2/glass conﬁguration,
which modulates solar spectrum via Fabry-Perot interfer* e-mail: guanchao.yin@whut.edu.cn

ences [12–14]. It is simple and quite feasible in the
experiments. More importantly, the required fabrication
methods are compatible with large-scale production in
industry. A few speciﬁc multilayer stacks have been
investigated in previous studies and success was achieved
to various degrees [12–14]. However, previous investigations were mostly focusing on a ﬁxed layer structure,
lacking of systematic study of different multilayer conﬁgurations. Considering all factors analyzed above, in this
contribution, we had limited the strategy to multilayer
designing and systematically explored the potentials of
various multilayer structures for achieving an optimum
Tlum and DTsol simultaneously.

2 Optical simulation
We intend to employ the software RefDex [18,19] for all
optical parameters (R/T/Abs). It is programmed based on
transfer-matrix method, which can deal with both coherent
and incoherent propagation of light through multilayer
systems with ﬂat interfaces. Glass substrate was treated as
an incoherent layer and the calculation of light propagation
was done by the method as Harbecke suggested [20].
Optical constants of VO2 are from reference [14], which are
quite representative. Thickness of VO2 is set as 50 nm,
which is a reasonable value for tradeoff between Tlum and
DTsol [12–14].
To evaluate the visual and energy performance of VO2based multilayer structures, the integrated luminous
transmittance (Tlum) and solar transmittance (Tsol) are
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Fig. 1. Tlum and Tsol as a function of thickness (d) and refractive index (n) of the single top layer at both low (a, b) and high
temperature (c, d).

deﬁned as follows [16,17]:
Z
T solðlumÞ ¼

’solðlumÞ ðlÞT ðlÞdl
Z
T ðlÞdl

ð1Þ

where ’ (l) is the solar spectrum under AM 1.5 solar
irradiation condition, T (l) the calculated transmittance.
Subscript sol indicates the wavelength range of
350–2500 nm and subscript lum the wavelength range
of 380–780 nm.
To access the modulation degree of solar spectrum upon
phase transition, solar spectrum modulation is simply
denoted as shown in equation (2):
DT sol ¼ T sol ð< tc Þ  T sol ð> tc Þ:

ð2Þ

3 Results and discussion
3.1 One layer on top
We start from a single layer on top of the base VO2/glass
structure. To identify the reasonable layer on top, Tlum and
Tsol values as a function of thickness (d) and refractive

index (n) are plotted at both temperature conditions in
Figure 1. It can be clearly observed that there exists an
individual (n, d) zone, which corresponds to an optimized
Tlum and Tsol in both temperature conditions. More
elaborately, the four zones exhibit an overlap of (n, d),
where the refractive index (n) and thickness (d) of the top
layer were located in the range of around 1.6–2.2 and 60–
90 nm, respectively. This is arising from that optical
constants of VO2 in the visible range between low and high
temperature are similar [14]. The overlap of (n, d) indicates
Tlum being capable of achieving optimized values at both
temperature conditions with the same parameters for the
top layer, which is desirable. Further, the broad (n, d)
options offer great ﬂexibilities to select materials for the top
layer, which provides possibility to form a multifunctional
windows with VO2. For example, TiO2 has an index of 2.2
and can offer an extra self-cleaning function [21].
Tlum and Tsol values for the top layer of (n = 2.0,
d = 80 nm) are listed in Table 1 as representative values for
the structure of layer 1/VO2/glass. Compared to the pure
VO2/glass substrate, adding a top layer pronouncedly
improves both Tlum and Tsol, from 0.435 to 0.498 for Tlum
(<t c), 0.410 to 0.507 for Tsol (<t c), 0.362 to 0.461 for Tlum
(>t c), 0.350 to 0.439 for Tsol (>t c). However, a top layer
only yields to a DTsol of 0.068, which is merely 0.008 higher
than the base structure.
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Table 1. Comparison of Tlum and Tsol for various multilayer structures.

VO2/glass
Layer 1/VO2/glass
Layer 1/layer 2/VO2/glass
Layer 1/layer 2/VO2/layer 3/glass

Tlum (<t c)

Tsol (<tc)

Tlum (>tc)

Tsol (>t c)

DTsol

0.435
0.498
0.501
0.550

0.410
0.507
0.549
0.609

0.362
0.461
0.455
0.490

0.350
0.439
0.467
0.506

0.060
0.068
0.082
0.103

Table 2. Tlum and Tsol at a (n, d) combination of top two layers (layer 1/layer 2/VO2/glass).
Layer 1 (n1, d1)

Layer 2 (n2, d2)

Tlum (<t c)

Tsol (<tc)

Tlum (>t c)

Tsol (>t c)

DTsol

(1.3, 113)
(1.4,105)
(1.5, 98)
(1.6, 92)
(1.7, 87)
(1.8, 82)

(1.7,
(2.0,
(2.2,
(2.6,
(2.9,
(3.2,

0.459
0.484
0.501
0.513
0.518
0.519

0.524
0.541
0.549
0.548
0.542
0.530

0.441
0.452
0.455
0.451
0.442
0.428

0.445
0.460
0.467
0.469
0.465
0.457

0.079
0.081
0.082
0.079
0.077
0.073

87)
75)
66)
58)
51)
46)

respectively) is preferred as an antireﬂection layer since it
can effectively reduce R. Here, we realized that high index
materials are more suitable for VO2. Unfortunately, when
the temperature is beyond t c the top antireﬂection layer
increases T in infrared range at the same time, which is
actually not desired for smart windows. This explains why
DTsol stays almost stable after coating the top layer.
3.2 Multilayer structures

Fig. 2. T of various VO2-based multilayer structures (black:
VO2/glass, blue: layer 1/VO2/glass, green: layer 1/layer 2/VO2/
glass, red: layer 1/layer 2/VO2/layer 3/glass).

Figure 2 plots R/T for both VO2/glass (black) and layer
1/VO2/glass (blue) structures. Above t c, T in the infrared
range is pronouncedly reduced due to VO2 transferring to
metallic phase with high k (extinction coefﬁcient) values in
the long wavelengths for both structures. This is the typical
optical feature of VO2, which is agreeable with previous
reports [16,17]. After the coating, T in the wavelength
range of 380–780 nm is largely improved and thus
contributes to a higher Tlum, which is mainly resulted
from the reduction of R. Notably, typically a low-index
material (such as SiO2 and MgF2 with 1.5 and 1.28,

It is widely studied that multilayer structures can induce
better anti-reﬂection effects than a single layer since they
can cover broader wavelength range [22,23]. To verify it, we
investigate the structure of two top layers (layer 1/layer 2/
VO2/glass) and calculate Tlum and Tsol. According to the
rule of W-type antireﬂection layers [24,25], Table 2 lists a
few (n, d) combinations for optimized Tlum and Tsol. We
can observe that Tlum (<tc) exhibits an obvious enhancement only at the condition of Layer 1 with an index ≥1.5.
Besides, at an index of 1.5 for Layer 1, this combination
offers a maximum DTsol. Refractive index of Layer 2 is
required larger than that of Layer 1 and a higher refractive
index of Layer 1 indicates an even higher one for Layer 2.
This implies that if n1 > 1.5, n2 should be larger than 2.2,
which is challenging to select a proper material for Layer 2
among the common materials. Considering the factors
above, the (n, d) combination of (1.5, 98) and (2.2, 66) is
preferred since the common materials of SiO2 and TiO2
have an index of 1.5 and 2.2, respectively. This is consistent
with the experimentally reported SiO2/TiO2/VO2 structures [12–14]. Therefore, in the following, we had conﬁned
ourselves to the combination of (1.5, 98) for Layer 1 and
(2.2, 66) for Layer 2 for further discussion and the
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corresponding Tlum and Tsol are taken as representative
values and presented in Table 1. Compared to the onelayer coating, the double-layer antireﬂection structure
doesn’t offer a signiﬁcant improvement in Tlum or Tsol.
Fortunately, DTsol is as high as 0.082, which is 0.014 higher
than that for the one-top-layer structure.
Looking closely VO2 and glass substrate, it is realized
that an obvious gap in refractive index still exist, which
implies that the VO2/glass interface reﬂection is not
marginal. To suppress it, we inserted a layer into the VO2/
glass interface and form a structure of layer 1/layer 2/VO2/
layer 3/glass. Fixing the parameters of the top two layers as
listed in Table 1, a layer of (2.2, 67) is found to be proper for
Layer 3. Due to the inserting layer, the structure exhibits
the most signiﬁcant enhancement of T in the broad
wavelength range of 600–1700 nm (red lines, Fig. 2). As a
result, Tlum reaches as high as 0.550 at temperature <tc
and 0.490 at temperature >t c, which is a great improvement of 26.4% and 35.3% (compared to the base structure),
respectively. Simultaneously, the layer 1/layer 2/VO2/
layer 3/glass structure also leads to a large DTsol of 0.103.

4 Conclusions
In this work, we systematically investigated the impact of
various VO2-based multilayer structures on Tlum and Tsol.
For the structure of layer 1/VO2/glass, despite of bringing
an obvious enhancement in Tlum, it fails to reduce the
reﬂection in the infrared range and thus shows a moderate
DTsol of 0.060. Double anti-reﬂection layers can further
improve optical performance of VO2 with a DTsol of 0.082.
Remarkably, further inserting a layer with an index of 2.2
at the interface of VO2/glass, the layer 1/layer 2/VO2/
layer 3/glass structure offers the highest Tlum values.
Compared to the base structure of VO2/glass, the relative
enhancement is 26.4% for Tlum (<tc) and 35.3% for Tlum
(>t c). Simultaneously, this structure yields to a DTsol of
0.103, which is the optimum value among those investigated multilayer structures. Overall, for achieving a super
optical performance of VO2-based multilayer structures,
the combination of antireﬂection layers on top and at the
interface of VO2/glass is therefore essential.
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