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Abstract. A broadband reflector for the near-infrared (NIR) was designed using a multilayer
heterostructure consisting of several quarter-wave stacks (QWSs), which were composed of
polymethyl methacrylate (PMMA) and polyethylene terephthalate (PET) films. Taking the solar
power density as the target and using the Bragg wavelength of each QWS as the variable, the
genetic algorithm was applied to look for the optimal multilayer heterostructure for broadband
NIR reflection. As high as 99.46% total energy reflectivity in the short-wavelength NIR region
(780 to 1100 nm) and 89.56% total energy transmissivity in the visible light region (380 to
780 nm) were realized by a multilayer heterostructure consisting of six quarter-wave PMMA/
PET stacks, which can be easily fabricated based on the micronano multilayer coextrusion tech-
nology. The designed structure possesses good stability, and its total energy reflectivity is not
sensitive to the incident angle of light. The proposed broadband NIR reflector can be applied to
buildings as energy-saving films. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JNP.11.036021]
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1 Introduction

Global climate change results from the construction of expensive building environments, such as
air-conditioning systems.1 The near-infrared (NIR) spectrum in the solar spectrum is one of
the main causes for the rise of indoor temperatures in buildings. Therefore, improving the
NIR reflectivity of a building, which can reduce the indoor temperature and avoid the use
of expensive building environments, has become a primary method for dealing with such envi-
ronmental problems.2 Therefore, some experts have proposed cool materials, such as a masonry
paint,3 selective coated glazing,4 transparent conductors,5 and nanopowder,6 but all of these
materials suffer from low visible transmittance. To obtain a better performance, energy-saving
glasses were widely studied.7–10 Compared with energy-saving glasses, energy-saving films
exhibit outstanding advantages, such as low cost, high stability, and good durability.11 The
energy-saving films can be prepared by the following methods: ion-beam sputtering,12 magnet-
ron sputtering,13–15 coevaporation,16,17 and pulsed laser deposition.18 Variable materials with dif-
ferent refractive indices have also been used in films to obtain a better energy-saving effect.19–21

However, the improvements of these approaches are limited because of the high refractive index
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contrast materials used in energy-saving films, making them unsuitable for large-scale applica-
tion and industrialization.

In this paper, a broadband NIR reflector with a polymer multilayer heterostructure was
designed using the genetic algorithm (GA). The multilayer heterostructure consists of several
quarter-wave stacks (QWSs) composed of polymethyl methacrylate (PMMA) and polyethylene
terephthalate (PET) films with low refractive index contrast. By optimizing the Bragg wave-
length of each PMMA/PET QWS, high reflectivity in the NIR region and high transmissivity
in the visible light region were realized by a single polymer multilayer heterostructure. In addi-
tion, the feasibility of preparing such a polymer multilayer heterostructure based on the micro-
nano multilayer coextrusion technology was discussed.

2 Modeling of Optical Thin Film

2.1 Polymer Multilayer Heterostructure

To design a broadband NIR reflector, a multilayer heterostructure consisting of several PMMA/
PET QWSs was proposed, as shown in Fig. 1. For each PMMA/PET QWS, high-reflection can
be realized near its Bragg wavelength λB (B ¼ 1 − k), which is related to the thicknesses of
the PMMA and PET layers (nPMMAdPMMA cos θPMMA ¼ nPETdPET cos θPET ¼ λB∕4).

2.2 Transfer-Matrix Method

To calculate the reflectivity R of the proposed polymer multilayer heterostructure, the transfer
matrix method22 was used

EQ-TARGET;temp:intralink-;e001;116;440M ¼
�
A B
C D

�
¼

Xm
j¼1

�
cos δj i sin δj∕ηj

iηj sin δj cos δj

�
; (1)

EQ-TARGET;temp:intralink-;e002;116;390r ¼ η0ðAþ BηNþ1Þ − C −DηNþ1

η0ðAþ BηNþ1Þ þ CþDηNþ1

; (2)

EQ-TARGET;temp:intralink-;e003;116;348R ¼ r · r�; (3)

whereM is the characteristic matrix of the multilayer heterostructure and its matrix elements are
A, B, C, and D. δi and ηi are the phase factor and the optical admittance for each layer, respec-
tively. δi ¼ 2πnidi cos θi∕λ (i ¼ 1 − N) in which ni and di represent the refractive index and
the layer thickness of each layer, respectively. λ is the wavelength of incident light, and θi is
the refraction angle of light in each layer. ηi ¼ ni cos θi or ηi ¼ ni∕ cos θi (i ¼ 1 − N) applies to
s- or p-polarized light. N is the layer number of the multilayer heterostructure, and N ¼ 2S × k
for the proposed multilayer heterostructure. η0 and ηi are the optical admittance for incident and
emergent media, respectively. r is the spectral complex amplitude reflection coefficient.

Fig. 1 Schematic diagram of the multilayer heterostructure consisting of k PMMA/PET QWSs
(each stack contains S PMMA/PET bilayers).
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In our simulation, only normal incidence of light was considered (θ0 ¼ 0). S ¼ 64 was used
to guarantee nearly 100% reflection in the Bragg wavelength for each PMMA/PET QWS.
In addition to improve the simulation accuracy, the dispersion effects of PMMA and PET
were considered in our calculation, as shown in Fig. 2.23,24

2.3 Genetic Algorithm

For the design of the broadband NIR reflector with high reflectivity, the GA, which has been
recognized as a great optimization method and excellent global searching tool for multilayer
design, was used in our simulation. By choosing the appropriate merit function (MF) in the
GA, one can control the optimization direction of the GA and finally obtain the optimal multi-
layer. In our simulation, the MF is defined as the total energy reflectivity Rtotal as follows:

EQ-TARGET;temp:intralink-;e004;116;409MF ¼ Rtotal ¼
IoðλBÞ
IiðλBÞ

¼
P

m
j¼1 IðλjÞ · RðλjÞP

m
j¼1 IðλjÞ

; (4)

where Io or Ii is the total output or input energy of the solar source (Fig. 3) and they are both the
functions of Bragg wavelength λB. IðλjÞ is the energy of incident light λj and RðλjÞ is the reflec-
tivity of the broadband NIR reflector at the wavelength λj. By maximizing the MF in Eq. (4), one
can obtain the optimal wavelength λB for the maximum reflection in the desired spectral range,
which is the short-wavelength NIR region (780 to 1100 nm) in our study.

Fig. 2 Dispersion curves of PMMA and PET in the NIR region.

Fig. 3 The NIR region in the AM1.5 solar spectrum.
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3 Numerical Simulation

3.1 Reflection Effects of Different Quarter-Wave Stacks

The reflectivity of the designed polymer multilayer heterostructure with only one QWS (k ¼ 1)
is shown in Fig. 4(a), and the bandwidth of the high-reflection region is only 40 nm (840 to
880 nm), making it difficult to completely cover the short-wavelength NIR region (780 to
1100 nm) and leading to low total energy reflectivity Rtotal [see Fig. 4(b)].

Fortunately, Rtotal in the short-wavelength NIR region (780 to 1100 nm) can be improved
with the increase of the number of QWSs (k), as shown in Fig. 5. However, when k becomes
larger than 6, Rtotal remains the same value since nearly 100% Rtotal is obtained.

3.2 Optimal Polymer Multilayer Heterostructure

Considering the processing accuracy of the micronano multilayer coextrusion technology, the
number of QWSs in the PMMA/PET multilayer heterostructure should be as small as possible.
Therefore, the optimal number k is 6 according to the results shown in Fig. 5. Figure 6 shows the
reflectivity and the output spectrum for the designed polymer multilayer heterostructure with six
QWSs (k ¼ 6). The designed multilayer film shows 99.63% Rtotal in the desired spectral region
(780 to 1100 nm). In addition, the total energy transmissivity of the designed multilayer
heterostructure in the visible light region is 89.54%.

Fig. 4 (a) The reflectivity and (b) the output spectrum (including incident solar source for com-
parison) for the designed polymer multilayer heterostructure with only one QWS (k ¼ 1).

Fig. 5 Dependence of the optimal NIR (780 to 1100 nm) spectral reflectance (R total) on the number
of QWSs (k ) in the PMMA/PET multilayer heterostructure.
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Due to the dispersion effects of PMMA and PET, the thickness ratio of the PMMA and PET
layers in each QWS is not the same for six QWSs. However, the thickness ratio of the PMMA
and PET layers in each QWS should be consistent in the micronano multilayer coextrusion tech-
nology. Since the thickness ratio of PMMA to PET in each QWS is around 1.09, we set 1.09 as
the uniform thickness ratio and revised the thicknesses of the PET layers in each QWS, as shown
in Table 1. The revised structure still shows high total energy reflectivity (99.46%) in the short-
wavelength NIR region (780 to 1100 nm) and high total energy transmissivity (89.56%) in
the visible light region (380 to 780 nm).

3.3 Preparing Polymer Multilayer Heterostructure

Multilayer structures can be manufactured by the micronano multilayer coextrusion technology
based on torsion lamination (US 9079346B2). Compared with the method using overpass
lamination (US 5094788) of the 3M Company, the method using torsion lamination can be
used to ensure good smoothness of the films.25–27 In the preparation process as shown in
Fig. 7, PMMA and PETare extruded through two extruders and converged through the converger
to the PMMA/PET double-layer structure of the melt with a certain thickness ratio. When pass-
ing through the laminator, the double-layer melt is first divided into four tracks in the transverse
direction. The four-channel double-layer melt is twisted at 90 deg and extended to the width
before cutting in the width direction, thus forming the periodic structure with 2 × 4 ¼ 8 layers.
Three four-channel laminators are connected in series, and a multilayer heterostructure with
2 × 43 ¼ 128 layers is formed. Then a six-channel laminator is used. The ratio that the last
laminator (the six-channel laminator) divides the melt into is equal to the thickness ratio of
PMMA or PET in six QWSs (1.063∶1∶1.128∶1.198∶1.341∶1.267), according to Table 1.
Then the multilayer heterostructure is formed by the extrusion die and stretching machines
to keep the ratio constant and achieve the specific thickness. The specific thickness is the
sum of thicknesses of all layers (nearly 116 μm), according to Table 1.

Table 1 The thicknesses of PMMA and PET layers in the optimal multilayer heterostructure.

Stacks PMMA (nm) PET (nm) PMMA/PET (nm)

QWS1 143.4973 131.6489 275.1462

QWS2 134.9460 123.8036 258.7496

QWS3 152.2038 139.6365 291.8404

QWS4 161.6752 148.3259 310.0011

QWS5 180.9545 166.0133 346.9679

QWS6 170.9342 156.8204 327.7546

Fig. 6 (a) The reflectivity and (b) the output spectrum (including incident solar source for com-
parison) for the designed polymer multilayer heterostructure with six QWSs (k ¼ 6).
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3.4 Influence of Thickness Error on the Optimal Near-Infrared (780 to 1100 nm)
Spectral Reflectance

Due to machining error of inner flow channels and shrinkage of the two polymers, a thickness
error occurs in the preparation process. Compared with a machining error, the shrinkage of the
two polymers causes much larger errors. According to the shrinkage ratios of the two materials,
the thickness error is <5%. It is assumed that there is an error in the thicknesses of the designed
polymer multilayer heterostructure with six QWSs (k ¼ 6). The thickness of each layer fluc-
tuates around the ideal thickness di, and the thickness fluctuation range is (di � Δd), in
which Δd is a parameter that characterizes thickness error or nonuniform error. The maximum
value of Δd is nearly 10 nm. Then the thickness error is randomly added to change the thickness
of each layer (di � Δd). The results of the NIR (780 to 1100 nm) spectral reflectance Rtotal were
examined with 500 random changes, as shown in Fig. 8.

As shown in Fig. 8, though the thickness fluctuation is considered, the range of the NIR (780
to 1100 nm) spectral reflectance Rtotal is up to 98.43%� 0.43%, which shows a small deviation
from the ideal value (99.46%). Therefore, our designed polymer multilayer heterostructure is not
sensitive to thickness error of the micronano multilayer coextrusion technology, which means
the designed structure has good stability.

3.5 Influence of Incident Angle of Light on the Optimal Near-Infrared
(780 to 1100 nm) Spectral Reflectance

The calculations in the previous sections are done under normal incidence of light; the influence
of the incident angle of light on the optimal NIR (780 to 1100 nm) spectral reflectance is shown
in Fig. 9. In the NIR band with high energy (780 to 870 nm), a photonic bandgap can be achieved
by the designed polymer multilayer heterostructure with six QWSs, as shown in Fig. 9(a).

Fig. 8 The NIR (780 to 1100 nm) spectral reflectance (R total) with 500 random changes.

Fig. 7 The micronano multilayer coextrusion technology based on torsion lamination.
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When the incident angle increases from 0 deg to 90 deg, the reflectivity of the designed structure
in the band of 780 to 870 nm keeps nearly 100%. Thus, the reflectance Rtotal of the designed
structure in the NIR region (780 to 1100 nm) is always high (above 70%). The results indicate
that the designed polymer multilayer heterostructure with high reflectivity for the NIR region
(780 to 1100 nm) is not sensitive to the incident angle, compared with another sensitive filters.28

4 Conclusion

A broadband reflector with a polymer multilayer heterostructure for the NIR region (780 to
1100 nm) is designed using the GA. The optimal polymer multilayer heterostructure consists
of six QWSs composed of PMMA and PET films with low refractive index contrast and exhibits
99.46% total energy reflectivity in the short-wavelength NIR region (780 to 1100 nm). The
designed polymer multilayer heterostructure possesses good stability, and its total energy reflec-
tivity is not sensitive to the incident angle of light. This type of multilayer film can be easily
fabricated by the micronano multilayer coextrusion technology based on torsion lamination for
large-scale application and industrialization.
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