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  1.     Introduction 

 Material refractive index is one of the most fundamental quan-
tities in optics and strongly affects light–matter interactions. 
Beyond bulk material effects, the contrast of refractive indices 
between two materials is an essential factor in determining the 
performance of photonic structures and devices. For example, 
high index contrast is crucial to achieve wide photonic band 
gaps in photonic crystals. [ 1 ]  In distributed Bragg refl ectors, 
index contrast is directly related to the operating bandwidth and 
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penetration depth. [ 2 ]  Symmetric low-index 
claddings can help reduce loss in planar 
waveguides. [ 3 ]  However, the lowest index 
in naturally occurring solid materials is 
found in MgF 2  ( n  = 1.37), and an index 
gap exists between that and air ( n  = 1). Air-
bridge type structures using free space as 
the low-index medium have been demon-
strated, but freestanding structures exhibit 
lower mechanical stability. [ 4 ]  In addition, 
the ability to achieve arbitrary refractive 
index profi le is also important in applica-
tions such as gradient-index devices and 
antirefl ection coatings. [ 5–8 ]  There is much 
research interest for mechanically stable 
artifi cial materials with arbitrary low 
indices to completely fi ll the index gap. 

 An effective method to lower the mate-
rial’s effective refractive index is to intro-
duce air voids and make the material 
porous, which can be achieved using var-
ious mechanisms. Oblique deposition is 

an effective technique and has demonstrated random slanted 
nanorods with low index, achieving a porous SiO 2  thin fi lm 
with  n  = 1.05. [ 6,9,10 ]  Such processes can also be used to create 
stepwise index profi les for broadband gradient-index antirefl ec-
tion coatings. [ 6 ]  Other approaches adopt bottom-up techniques, 
such as sol–gel process for silica aerogel fi lms ( n  = 1.049), [ 11 ]  
demixing of poly(methy methacrylate) (PMMA) and polysty-
rene (PS) mixtures ( n  = 1.05), [ 12 ]  and chemical vapor depo-
sition of carbon nanotube (CNT) arrays ( n  = 1.026). [ 13 ]  These 
techniques can fi ll up the aforementioned index gap, and 
materials with low index have been demonstrated. However, 
the low-index materials achieved so far have been limited to 
random structures, resulting in reduced mechanical stability. [ 14 ]  
Random order can also lead to high optical scattering, resulting 
in the translucent appearance commonly observed in silica 
aerogels. [ 15 ]  It can also be diffi cult to control the nanostructure 
geometry, limiting precise index design. In addition, many of 
these materials also have high absorption, which makes them 
unsuitable for photonic applications. [ 12,13 ]  In electronics applica-
tions, low- k  dielectrics also require high porosity and mechan-
ical stability, however, only random porous low- k  materials have 
been demonstrated. [ 14,16,17 ]  

 Periodic order in porous and cellular structures is desir-
able when it comes to enhancing mechanical stability at low 
density. Recent research has demonstrated that mechanical 
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stiffness and yield strength scale more favorably at low densities 
when the porous structure has periodic as opposed to random 
architectures. [ 18–21 ]  Periodic order can also reduce optical scat-
tering, enhance transmission, and enable precise geometry 
control, leading to the rational design of refractive index. In 
recent years various 3D nanolithography techniques, such as 
interference lithography, [ 22 ]  multiphoton lithography, [ 23 ]  phase-
shift lithography, [ 24 ]  and colloidal phase lithography, [ 25–27 ]  have 
been developed to fabricate ordered porous nanostructures. 
However, such structures typically have relatively high solid 
volume fraction near 50%, and require additional processes to 
reduce material density. 

 Here, we demonstrate an alternative class of 3D periodic 
nanolattice materials where their refractive indices can be tuned 
within the air-gap index range. Using a combination of 3D nano-
lithography and atomic layer deposition (ALD), the structure 
geometry and material composition can be controlled to design 
the material's effective index. In this approach the nanolattice 
period and unit-cell geometry can be designed by lithography 
with nanometer-level precision, [ 27 ]  while the shell thickness 
can be controlled by ALD with subnanometer accuracy. Com-
pared to random pore arrangements, periodic architecture has 
improved mechanical stability and reduced light scattering. 
The periodic geometry can also be accurately designed and 
modeled using developed analytical and numerical models. 
Refractive index as low as 1.025 was achieved using Al 2 O 3  (bulk 
index ≈ 1.65) over the visible and near-infrared wavelength 
range. The fabricated structure has an index smaller than the 
existing lowest index material ( n  ≈ 1.05), [ 6,9–12 ]  while simultane-
ously have higher mechanical robustness, lower scattering, and 
high transparency. Low-density CNT forest has demonstrated 
indices in the same range ( n  = 1.026), however they have high 
absorption and are therefore not suitable for certain photonics 
applications. Higher refractive indices can also be designed by 
controlling geometry and material composition to completely 
fi ll the air-gap index range. The use of ALD on lithographically 
patterned porous microstructures has been demonstrated as 
lightweight lattice materials with enhanced mechanical proper-
ties, [ 20,21 ]  and here, we demonstrate it can also be employed to 
design ultra-low index materials. 

 The proposed fabrication process is depicted in  Figure    1  , 
where a periodic 3D photoresist template is fi rst patterned 

using nanosphere phase lithography. [ 27 ]  Note other 3D nano-
lithography techniques [ 22–24 ]  can also be used to defi ne the 3D 
template. Conformal thin fi lms of various material composi-
tions were then deposited on the template surface using ALD. 
In this work, ZnO and Al 2 O 3  were selected to fabricate the low-
index nanolattice materials for high optical transmission and 
mechanical stiffness. The polymer core was then removed by 
a combination of solvent dissolution, thermal treatment, and 
plasma cleaning, leaving a nanolattice material consisting of 
periodic thin-shell structures. The nanolattice material volume 
fraction was controlled by the remaining shell thickness, 
which can be used to design the material’s effective index. This 
fi lm is then treated as a homogeneous thin fi lm for optical 
characterization.   

  2.     Results and Discussion 

 Fabricated 3D nanolattices are shown in the scanning electron 
microscope (SEM) images in  Figure    2  . Cross-sectional and 
top-view SEM micrographs of nanolattices with 6.0 nm Al 2 O 3  
shells are shown in Figure  2 a–c, respectively. Similarly, nano-
lattices with 19.0 nm thick Al 2 O 3  are shown in Figure  2 d,e. 
For both samples, the photoresist templates were fabricated 
using 325 nm wavelength exposure on a monolayer of close-
packed array of polystyrene spheres with diameter  D  = 500 nm. 
The geometry features a periodic array of tubular nanostruc-
tures and secondary shell structures in between. The ordered 
arrangement of tubular structures can enhance mechanical 
stiffness, and the 15.0 nm shell Al 2 O 3  nanolattice sample with 
16.74% solid fraction has achieved a stiffness of ≈7 GPa (for 
mechanical characterization see Section F in the Supporting 
Information). Such stiffness would require twice the volume 
fraction in porous Al 2 O 3  aerogel with random architecture. [ 28 ]  
Different pore arrangements and solid volume fractions can 
be readily achieved by altering particle diameters and lithog-
raphy exposure parameters. [ 27 ]  As shown in Figure  2 f,g, another 
polymer core was fabricated using 325 nm wavelength illumi-
nation and 390 nm diameter polystyrene spheres. The resultant 
nanolattices have shorter tubular geometry and more complex 
periodic structures, denoted as Lattice B. The shell material is 
ZnO with a 31.8 nm thickness. More samples were fabricated 

to investigate the index design, as shown in 
Section E in the Supporting Information.  

 The broadband optical indices of various 
Al 2 O 3  and ZnO nanolattice materials are 
plotted in  Figure    3  a,b, respectively. All sam-
ples were measured using spectroscopic 
ellipsometry with Sellmeier model fi tting. 
The indices of air and the fi lm materials are 
also plotted as reference. The lowest index 
demonstrated is 1.025 for the Al 2 O 3  nanolat-
tices with 2.1 nm thick shells (solid fraction, 
 f  = 2.63%), as shown in Figure  3 a, compared 
with  n  ≈ 1.65 for bulk Al 2 O 3 . The refractive 
index increases with increasing shell thick-
ness as expected, and the material dispersion 
becomes more pronounced. For lower shell 
thickness values the index is nearly constant, 
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 Figure 1.    Fabrication process of low-index nanolattice materials with periodic order. a) A 3D 
polymer template is defi ned by nanolithography using colloidal particles. Antirefl ection coating 
(ARC) is applied to reduce back refl ection. b) A conformal coating on the 3D template is 
achieved by atomic layer deposition with subnanometer thickness precision. c) Polymer tem-
plate cores are removed, leaving a 3D porous low-index material.
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as exemplifi ed by the 2.1 and 6.0 nm samples (for raw index 
data and fi tting parameters, see Section C in the Supporting 
Information). The colored regions in Figure  3 a,b indicate the 
predicted upper and lower bounds for the 19.0 nm Al 2 O 3  and 
21.3 nm ZnO nanolattices, respectively, as governed by rules of 
mixtures. [ 29a ]  The solid volume fractions for these Al 2 O 3  sam-
ples range from 2.63% to 21.97%, and the index is tuned from 
1.025 to 1.111 at 633 nm wavelength. The same methodology is 
applied to the ZnO samples with volume fractions from 27.41% 
to 36.75%, as shown in Figure  3 b, tuning the index from 1.216 
to 1.343 at 633 nm wavelength. The ZnO samples generally 
have thicker shells compared to Al 2 O 3  samples, since the poly-
crystalline ZnO fi lm becomes porous at low thickness and is 
more susceptible to crack formation. In addition to thicker 
shells, ZnO also has a higher bulk index, which leads to higher 
index values for ZnO nanolattice samples. The index varia-
tion for different unit-cell lattices can be attributed to varying 
surface areas, which results in different volume fractions, as 
indicated by the sample with Lattice B geometry. The material 
difference in the nanolattices facilitates continuous index varia-
tion from 1.025 to 1.360, which fi lls the index gap for naturally 
occurring solid materials. The nanolattice materials also exhibit 
slight material anisotropy, which is discussed further in Section 
D in the Supporting Information.  

 It is crucial to have the ability to predict the index value for 
a given nanolattice and enable inverse design of geometry for 
a target index. For all the fabricated samples in this work, the 
Maxwell Garnett effective media model can be used to relate 
solid volume fraction with the material properties. [ 29b   –   31 ]  The 
Maxwell Garnett equation for nonmagnetic dielectric materials 
can be rearranged as 
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 Figure 2.    Scanning electron micrographs of various low-index nanolattice 
materials. a–c) Cross sections and top views of low-index materials with 
6.0 nm thick Al 2 O 3  shells. Geometry was defi ned using 500 nm polysty-
rene spheres and 325 nm wavelength laser. d,e) Cross sections of low-
index materials have the same template geometry with 19.0 nm Al 2 O 3  
shell thickness. f,g) Cross sections of low-index materials with 31.8 nm 
thick ZnO shells. The geometry (Lattice B) is different, fabricated using 
390 nm polystyrene spheres and 325 nm wavelength laser. Scale bars 
represent 1 µm in panels (a), (d), and (g), and 500 nm in panels (b), (c), 
(e), and (f).

 Figure 3.    Measured broadband refractive indices for various nanolattices with different material composition and shell thicknesses. a) Index of Al 2 O 3  
samples with different thicknesses. Colored region shows the index bounds for 19.0 nm lattice using fi rst-order effective medium approximation. 
b) Index of ZnO samples with different thicknesses. Colored region shows the index bounds for 21.3 nm lattice using fi rst-order effective medium 
approximation.
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 where  n  eff  is the effective index of the nanolattice material, 
 n  m  is the index of the constituent material, and  f  is the solid 

volume fraction. Setting 1
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less parameter normalized to the shell material, a simple linear 
relationship to volume fraction can be found, fβ = . For the 
convenience of discussion, we chose the index values at 633 nm 
wavelength for all samples and plotted them with the Maxwell 
Garnett model, as shown in  Figure    4  , but this relationship holds 
for all wavelengths. The data fi ts the analytical model well, indi-
cating a linear relationship between the normalized indices and 
volume fraction. Note that Maxwell Garnett model is not suit-
able for binary mixtures with comparable volume fractions, [ 31 ]  
therefore our analysis is limited to 40% solid volume fraction. 
This simple effective media model serves as a convenient guide 
for the index prediction and lattice geometry/material design. 
For example one may calculate the desired volume fraction 

given a constituent material and a target index, which can then 
be achieved using the proposed nanolithography and ALD 
processes. Note that the design and prediction capabilities are 
enabled by the precise geometry and material control demon-
strated in this work.  

 Beyond effective index design and mechanical robustness, 
another advantage of ordered nanostructures is low light scat-
tering, which is a crucial requirement for high-quality optical 
fi lms. The specular and diffused scattering transmissions of the 
nanolattice materials were characterized using a spectrophotom-
eter with an integrating sphere, as depicted in  Figure    5  a. The 
transmission of glass is included as reference. The nanolattice 
materials with 15.2 and 20.3 nm shells on glass samples show 
slight thin-fi lm interference effects, which leads to enhanced 
transmission in certain wavelength ranges. The scattering of 
the nanolattice material is generally low in the visible and near-
infrared range but peaks to around 6% at around 320 nm.  

 The major source of scattered light is diffraction due to the 
ordered honeycomb lattice geometry, as observed in the diffrac-
tion ring shown in the inset of Figure  5 . Here, the sample was 
illuminated by a 325 nm wavelength laser. The circular diffrac-
tion pattern captured on a fl uorescent screen indicates a locally 
periodic structure lacking long-range order due to assembly 
defects. The average lattice spacing can be determined from the 
ring radius, and is calculated to be around 435 nm. This agrees 
well with the lithography confi guration, where the lattice period 
is given by 3 / 2DΛ = . Such diffraction effects can be elimi-
nated by further reducing the nanolattice period, and is evident 
in the low scattering measured beyond 500 nm. The diffrac-
tion effect can also be seen in the scattering angular profi les, 
as shown in the inset diagram. Here, it can be observed that for 
325 nm scattering a peak exists at around 48°, corresponding 
to the diffraction ring radius, while the 633 nm scattering 
decreases monotonically. It is important to note that for both of 
these cases the scattering angular profi le is very different from 
Rayleigh scattering seen in random porous materials, where 
scattering is independent of angle. Such angle-independent 
scattering leads to hazy and translucent appearance, which is 
suppressed in the fabricated samples shown in Figure  5 b. Here, 
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 Figure 4.    Normalized material property,  β , versus solid volume fraction, 
 f . The analytical model plotted is based on Maxwell Garnett effective 
medium theory. The experimental data are indices at 633 nm wavelength 
for all the samples.

 Figure 5.    a) Specular transmission and light scattering properties of the fabricated low-index nanolattice materials. The specular transmission of glass 
is plotted for comparison. b) Photographs of fabricated sample and bare glass. “NM” is the nanolattice material with 15.2 nm Al 2 O 3  shells. A tablet 
screen was used as a backlit background.
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a nanolattice sample is placed next to a bare glass slide, and 
both samples visually exhibit broadband clarity. Note at oblique 
observation angles the nanolattice sample has a slight color due 
to thin-fi lm interference effects. 

 Beyond diffraction effects, particle assembly defects during 
the lithography step can also introduce lattice imperfection and 
contribute to scattering in the ultraviolet region. This can be 
improved by using a perfectly periodic 3D template with long-
range order or other nanolithography approaches. In addition, 
structural collapse of the thin-shell nanolattice can also result in 
local defects and induce scattering. This can be further reduced 
by better control of processing conditions and uniformity. Note 
that while the materials used are limited to ZnO and Al 2 O 3 , any 
materials that can be coated using ALD are compatible with 
this process. The packaging and integration of these materials 
into photonic devices is currently under study.  

  3.     Conclusion 

 In conclusion, we demonstrate a new class of low-index 
nanolattice materials consisting of ordered thin-shelled struc-
tures that have a near-unity index. The refractive index can be 
designed by controlling lattice geometry using nanolithography 
and selecting material composition and thickness during ALD. 
The index can be varied by a wide range,  n  = 1.025 to 1.360, to 
completely fi ll the index gap between naturally occurring solid 
materials and air. The experimental results were well-modeled 
using Maxwell Garnett effective medium theory, which can be 
used to guide index design. Light scattering of the nanolattice 
materials are low in the visible and near-infrared range, and the 
angle-dependent scattering profi le results in a reduced trans-
lucent appearance. Lower scattering in the UV range can be 
achieved by further reducing the lattice period and minimizing 
structure defects. The developed low-index fi lms can fi nd many 
applications in waveguides, resonators, photonic devices, and 
low- k  dielectric materials.  

  4.     Experimental Section 
  Nanolattice Materials Fabrication : In all experiments, the polymer 

template was fabricated using positive photoresist (Sumitomo PFi88A7). 
An antirefl ection layer (ARC i-CON-16, Brewer Science, Inc.) was used 
under the resist to reduce back refl ection. Silicon and glass substrates 
were used for refractive index and transmission measurements, 
respectively. A HeCd laser with 325 nm wavelength was used for 
exposure to make photoresist template. Close-packed monolayers 
of polystyrene nanospheres with diameters of 390 nm (1% particle 
size standard, Bangs Laboratories, Inc.) and 500 nm (2.5% Polybead 
Nonfunctionalized Microspheres, Polysciences, Inc.) were used as 
phase masks. Lattice B geometry is referred to the nanolattice materials 
fabricated from 390 nm spheres. 

 Photoresist nanostructure templates were subsequently coated 
with ZnO or Al 2 O 3  using ALD in a custom made viscous-fl ow, hot-
walled, vacuum reactor described previously. [ 32–34 ]  ALD consists of 
two, self-limiting half reactions that produce a conformal thin fi lm 
on samples of interest. Supplies were purchased commercially and 
used as received. The reactor was purged with high purity nitrogen 
gas (Machine & Welding Supply Co) that was further purifi ed with an 
Entegris GateKeeper. Trimethyl aluminum (TMA, Strem Chemicals, 
min 98% pure) was used as a precursor and coreacted with deionized 

water to deposit Al 2 O 3 . The ALD recipe used for these experiments was 
1/30/1/60 (TMA dose/nitrogen purge/water dose/nitrogen purge, in 
seconds) with a typical growth rate of 1.1 Å per cycle. The reactor was 
kept around 550 mTorr at 90 °C. Diethyl zinc (DEZ, Strem Chemicals, 
min 98% pure) was used as the metal-containing precursor for ZnO. 
DEZ/Water ALD cycles were used for ZnO deposition with growth rate 
of about 1.6 Å per cycle. In both cases, silicon substrates (University 
Wafers, P-type, 〈100〉) were placed in the front and back of the reactor 
chamber as monitors for fi lm growth and fi lm thickness was determined 
using an α-SE ellipsometer (J. A. Woollam Co., Inc). 

 The polymer template was removed by combinations of thermal 
treatment using a furnace (Vulcan 3-130, 100-120V, DENTSPLY), 
solvent dissolution using  N -Methyl-2-pyrrolidone (NMP), and isotropic 
oxygen plasma etching (March Instrument PM-600). For thermal 
treatments, samples were placed in the furnace at room temperature 
and the temperature was increased to 550 °C, with a ramp rate of 
0.3 °C min −1 . The temperature was maintained at 550 °C for 30 min 
to ensure that both the photoresist template and the underlying ARC 
layer were burned off. The thermal method was used for nanolattice 
materials with shell thicknesses larger than 10 nm without systematic 
collapse. For shell thicknesses less than 10 nm of Al 2 O 3 , the sample 
was immersed in NMP for 48 h to dissolve the photoresist template. 
The ARC layer was then removed using the thermal treatment described 
earlier. Oxygen plasma treatments can also be used for thinner-shelled 
samples to remove photoresist cores. The samples were etched under 
300 W power, 600 mTorr pressure, and 80 sccm fl ow rate for about 9 h. 

  Characterizations and Modeling : Refractive index measurements were 
performed using spectroscopic ellipsometer (J. A. Woollam, V-VASE) 
over the wavelength range of 400–2000 nm and various incident angles. 
Sellmeier model was used for all data fi ttings (for details on ellipsometric 
modeling, see Section A in the Supporting Information). Transmission 
and light scattering properties were characterized by a UV–Vis–NIR 
spectrophotometer (Agilent Cary 5000) with an integrating sphere in 
transmission mode, according to ASTM D1003-13. Finite-difference 
time-domain (FDTD) simulation (using MEEP) [ 35 ]  and a binary resist 
model were developed to calculate solid volume fraction (details are 
provided in Section B in the Supporting Information).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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