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Dielectric mirrors based on Bragg reflection and photonic
crystals have broad application in controlling light reflec-
tion with low optical losses. One key parameter in the design
of these optical multilayers is the refractive index contrast,
which controls the reflector performance. This work reports
the demonstration of a high-reflectivity multilayer photonic
reflector that consists of alternating layers of TiO2 films and
nanolattices with low refractive index. The use of nanolat-
tices enables high-index contrast between the high- and
low-index layers, allowing high reflectivity with fewer lay-
ers. The broadband reflectance of the nanolattice reflectors
with one to three layers has been characterized with peak
reflectance of 91.9% at 527 nm and agrees well with the-
oretical optical models. The high-index contrast induced
by the nanolattice layer enables a normalize reflectance
band of ∆λ/λo of 43.6%, the broadest demonstrated to date.
The proposed nanolattice reflectors can find applications
in nanophotonics, radiative cooling, and thermal insulation.
© 2024 Optica Publishing Group
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Introduction. Multilayer dielectric mirrors based on Bragg
reflectors and one-dimensional (1D) photonic crystals (PhCs)
are attractive over metal-based mirrors and have broad applica-
tions in photonics [1–8]. These systems consist of alternating
layers of thin films with high and low optical indices, which
can be designed by controlling the layer thickness and num-
ber. Multilayer reflectors have several key advantages, including
that they can be omnidirectional and polarization insensitive
within the designed energy bandgap. Based on all dielectric
materials, the absorption losses can also be minimized to yield
a perfect reflection [8]. Furthermore, the multilayer can be
designed and tailored to a specific reflectance band, which can
enable wavelength-selective behavior. Such structures have been
observed in many species of beetles, which results in the metallic
iridescence of their exoskeletons [9,10]. These multilayer reflec-
tors have applications in optoelectronics [2], optical waveguides
[6], and passive radiative cooling [10–15].

In these multilayer reflectors, the index contrast is critical and
can enhance reflection efficiency and bandwidth [4,6]. There-
fore, the use of a low-index material can greatly enhance the
performance of these reflectors. Recent work has demonstrated
a low-index material with high porosity using the solgel synthe-
sis process with an index as low as 1.1 [16–19]. Glancing angle

deposition (GLAD) can also be used to control the porosity
of the nanostructured film to yield porous silica with an index
down to 1.05. These low-index materials have been adopted to
fabricate a multilayer reflector [20–24], and recent work has
demonstrated a five-layer reflector with over 99% reflection in
the infrared with full width at half maximum (FWHM) of 320 nm
with a center wavelength λo = 1.33 µm, yielding ∆λ/λo ∼24.1%
[25]. However, the index of the porous Ge used is relatively
high, with 1.98 as the low-index layer. More recent work in
the visible region using a five-layer stack consisting of low-
index porous TiO2 with n= 1.438 has demonstrated ∆λ= 96 nm
at λo = 540 nm, yielding ∆λ/λo = 17.8% [26,27]. Furthermore,
most existing low-index materials are based on materials with
random porosity, which can have scattering losses and poor
mechanical stiffness and strength at low density. One promising
alternative is nanolattices [28–30], which have demonstrated a
low index down to 1.025 while maintaining high stiffness in the
GPa range [31–34]. However, they have not been demonstrated
in multilayer PhC reflectors.

This work presents the fabrication and demonstration of a
nanolattice multilayer reflector with high reflectivity and broad
reflectance band. In this approach low-index nanolattices are
integrated into the multilayer PhC reflector and sandwiched
between solid high-index films. The nanolattice used has an
effective index in the n= 1.1 range and allows the index contrast
to be significantly increased to enhance the optical response.
The reflectance of the fabricated structures with one to three
pairs of alternating layers demonstrates high reflectance and a
broad reflectance band and agrees with theoretical model based
on the transfer matrix method (TMM). The nanolattice reflector
has improved performance at reduced number of layers and can
find applications in dielectric mirrors, integrated photonics, and
multilayer optoelectronic devices.

Technical approach. The normalized wavelength bandwidth
of a 1D photonic crystal is proportional to the refractive
index contrast between the alternating materials which can be
calculated by [6,35]

∆λ

λ0
=

4
π

asin
(︃
n2 − n1

n2 + n1

)︃
, (1)

where ∆λ is the bandwidth of the stop band, λ0 is the central
wavelength of the bandgap, n1 and n2 are the refractive indices
of the low- and high-index materials, respectively. In this work,
a nanolattice layer (effective n1≈ 1.1) with 500 nm period and
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Fig. 1. Fabrication process of the nanolattice reflector. (a) Pattern
nanostructures in the photoresist and (b) ALD deposition. (c) Next,
the polymer planarization layer is spin coated and (d) the TiO2 film
is deposited. (e) Finally, the process is repeated for the second pair
and (f) the polymer template is removed using the thermal cycle.

10 nm Al2O3 thickness was deposited using an atomic layer
deposition (ALD) and a fully dense TiO2 film (n2≈ 2.2) as
the low- and high-index materials, respectively. Note that the
TiO2 has a higher index than the bulk Al2O3 and is selected
to maximize the index mismatch between the reflector and
nanolattice layers. The calculated ∆λ/λo = 0.46 is higher than
those reported in the literature [20–27]. The transfer matrix
method (TMM) is used to simulate the resulting reflection of
the dielectric mirror with alternating pairs of low- and high-
index materials. In this model the low-index nanolattice layers
are assumed to have an isotropic index of 1.1 based on experi-
mental measurements. The TMM model is used to design and
model the reflectance spectra for one to three alternating layers
of an Al2O3 nanolattice with 130 nm height and a TiO2 film with
80 nm thickness and will be compared with experimental values.

The fabrication process of the nanolattice reflectors is illus-
trated in Fig. 1. Silicon substrates are initially coated with
100 nm-thick antireflection coating (Brewer Science ARC i-
con-16) and photoresist (Sumitomo PFi-88A2). The photoresist
is then patterned using colloidal phase lithography with 500 nm
diameter nanospheres, as described in prior work [30,36], result-
ing in nanostructures as shown in Fig. 1(a). The nanostructures
are employed as the template for ALD (Cambridge Nano-Tech
Inc ALD TM 200), where a conformal Al2O3 film with 11.5 nm
thickness is coated on the surface, as shown in Fig. 2(b). A
thick photoresist layer is then used to planarize the underly-
ing nanolattice, and a continuous TiO2 film is deposited using
electron-beam evaporation (Kurt J. Lesker PVD75), as shown in
Figs. 2(c) and 2(d). By repeating the process, multiple nanolat-
tices and TiO2 layers can be fabricated, as shown in Fig. 2(e).
A thermal cycle at 550°C is used to remove the photoresist lay-
ers to form a high contrast nanolattice dielectric reflector, as
shown in Fig. 2(f). In this process the height of each low-index
nanolattice layer can be controlled by the photoresist thickness,

Fig. 2. Cross section SEM images of nanolattices with (a) one,
(b) two, and (c) three pairs of 130 nm Al2O3 nanolattice and 80 nm
TiO2 layers.

Fig. 3. Measured refraction indices of the nanolattice and TiO2
layers.

and the thickness of the high-index TiO2 film is controlled by
the evaporation process.

The fabricated nanolattice reflector with one, two, and three
pairs of alternating low- and high-index layers is shown in the
cross section SEM images in Fig. 2. Here a single pair of the
reflector consists of a 130 nm Al2O3 nanolattice and an 80 nm
TiO2 film, as shown in Fig. 2(a). Here it can be observed that the
nanolattice maintained a uniform height, supporting the TiO2

film on top. The height of the nanolattice shrinks by about
19.2% during the template removal, therefore a resist thickness
of 180 nm is used to obtain the target of 130 nm nanolattice
height. The fabricated samples with two and three pairs of
the Al2O3 nanolattices and TiO2 layers exhibit the same effects
and are shown in Figs. 2(b) and 2(c), respectively. Here it can
be observed that the nanolattice layers are able to support the
TiO2 layers to result in free-standing multilayer structures. Some
microscale cracks in the TiO2 films can be observed in the sam-
ple, as illustrated in Fig. 2(b). This defect can be attributed to
the warping of the brittle film during the template removal. Such
effects can be mitigated by reducing the thickness of the TiO2

film.
Results and discussion. The refractive indices of the Al2O3

nanolattices and the TiO2 layer are examined by ellipsometry,
as shown in Fig. 3. Here the nanolattice layer is approximated
as a homogeneous, isotropic layer using the Cauchy model on
a silicon substrate. Because the nanolattices have porosity over
90%, the refractive index of the nanolattices is close to 1.1. A
slight index variation can be observed in the UV around 400 nm
due to the material dispersion. The measured refractive index of
the 80 nm thick TiO2 layer on a silicon substrate ranges from 2.0
to 2.2, resulting in an index contrast relative to the nanolattice
of up to ∆λ ∼ 1.1.

The broadband specular reflectance of the fabricated nanolat-
tice reflectors from 400 to 1000 nm under normal incidence is
measured by spectrophotometer (Agilent Cary 5000 UV-Vis-
NIR) as shown in Fig. 4. The experimental reflectance of the
nanolattice reflectors with one, two, and three pairs from 250
to 2500 nm is shown in Fig. 4(a). Here it can be observed
that the nanolattice reflectors all show a narrowband with high
reflectance in the 500 to 750 nm range. Outside of the stop band
the reflectance is around 40%, which is similar to those of the
bare silicon. In the long wavelength range outside the designed
reflectance band the reflectivity oscillates due to interference
effects. Note the measured reflectance has high noise in the
range of 800 to 900 nm, which is due to the optics change in the
system.
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Fig. 4. (a) Broadband specular reflectance fabricated reflectors
consisting of a 130 nm tall Al2O3 nanolattice and 80 nm thick TiO2
films at normal incidence. A comparison of the reflectance data and
TMM model near the designed reflectance bandwidth for (b) one,
(c) two, and (d) three pairs of the alternating films.

A more detailed analysis of the reflectance data for one pair
of Al2O3 nanolattice and TiO2 films with TMM model is shown
in Fig. 4(b). Here the measured reflectance has a peak value of
75.9% at 538 nm, agreeing well to the predicted peak of 75.2% at
580 nm by the TMM model. Similar trends are observed for the
two-pair nanolattice sample where the reflectance has a peak
value of 89.9% at 525 nm, and the >80% reflectance band is
from 458 to 690 nm, as shown in Fig. 4(c). The data agrees well
with the corresponding TMM model, which shows a peak value
of 92.1% at 527 nm and the >80% reflectance band from 490 to
730 nm.

The peak reflectance is further improved in the three-pair
nanolattice reflector, as shown in Fig. 4(d). Here the measured
data has a peak value of 91.9% at 527 nm and the >80% reflec-
tion band from 470 to 732 nm. This results in ∆λ/λo = 43.6%,
which is close to the predicted value of 46% from Eq. (1)
using n1 = 1.1 and n2 = 2.2. The corresponding TMM model
predicts a peak reflectance of 97.8% at 580 nm and the >80%
reflectance band from 490 to 750 nm. It can be noted that the
measured reflectance for all samples has a slight blueshift to a
shorter wavelength, which can be attributed to the nanolattice
structures being slightly shorter than the designed height. The
peak reflectance is also a bit lower than predicted and is due to
fabrication defects and scattering losses.

The specular reflectivity of the fabricated nanolattice reflec-
tors versus the incidence angle is characterized with 633 and
532 nm laser, as shown in Fig. 5. Here the measured reflectance
and the corresponding TMM models of the samples with one
to three pairs are shown in the solid and dash lines, respec-
tively. The reflectance at 532 nm for the TE polarization is
shown in Fig. 5(a). For the sample with one pair, the specu-
lar reflectance is around 70.8% at normal incidence and 84.5%
at 70°, which agrees well with the TMM model. It can be
observed the nanolattice reflector can achieve higher reflectance
as the repeating pair number increases from one to three. As
the pair number increases to three, the specular reflectance can
be as high as 84.5% and 87.2% at 0° and 70° of incidence
angles, respectively. Note the measured reflectance is lower
than that measured from the spectrophotometer, which can be

Fig. 5. Specular reflection of the 130 nm Al2O3 nanolattice and
80 nm TiO2 dielectric reflectors as functions of incidence angles.
Reflection of (a) TE and (b) TM polarization at 532 nm. Reflection
of (c) TE and (d) TM polarization at 633 nm.

attributed to sample non-uniformity for the larger laser beam.
The increased reflectance versus the number of pairs can also
be observed in the TM polarization case, as shown in Fig. 5(b).
However, a drop in the reflection can be observed because of
the Brewster’s angle and that the multilayer stack does not
form a complete PhC bandgap. The specular reflectance of the
633 nm wavelength light with TE and TM polarization is shown
in Figs. 5(c) and 5(d), respectively, which shows similar angle
sensitivity.

It can be noted that the experimental results show that the
measured reflectance is lower than the prediction from the TMM
simulation. The degradation can be attributed to the defects in the
multilayer stack, which results in scattering losses and diffused
reflection. Since the nanolattice reflector consists of multiple
lithography steps, the defects in each layer would compound
and decrease the overall reflectance. The mismatch between the
data and the model is more evident at high incidence angle,
which is due to the laser beam having a larger projection area,
and more defects would be involved in the measurement. The
defects in the nanolattices can be mitigated by improving the
fabrication yield rate of each layer using more precise lithogra-
phy techniques, such as interference lithography, which is the
subject of on-going work. The thermal treatment cycle can
also be further optimized since the structure collapse mostly
occurs during the polymer removal process. Future work will
focus on demonstrating nanolattice reflectors with additional
layers, which is expected to lessen the angle-dependency of the
reflectance.

Conclusion. This work demonstrates that nanolattices with
low refractive index can be integrated into a multilayer PhC
reflector to increase the index contrast and enhance reflectiv-
ity. Multilayer reflectors consisting of one to three pairs of
130 nm Al2O3 nanolattice and 80 nm TiO2 layers are fabri-
cated and exhibit high reflectance in the designed stop band.
The nanolattice reflector with three pairs has demonstrated peak
reflectance of 91.9% with >80% reflectance over a bandwidth
of 470 to 732 nm, which is achieved using only three alternating
layers. The reflector results in ∆λ/λo = 43.6%, which is close
to the predicted values given the high-index contrast of ∆n ∼ 1.
The resulting nanolattice reflectors can be designed to have a
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reflectance band by controlling the thicknesses of the nanolat-
tice and TiO2 layers. This work demonstrates the potential of
integrating nanolattices in multilayer reflectors and can find
applications in nanophotonics, optoelectronics, and radiative
cooling.
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