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ABSTRACT: Subwavelength effective media offer a powerful tool for tailoring
optical properties on the surface of a chip but remain challenging to realize at
optical frequencies owing to their demand for nanoscale features. To meet this
challenge, a simple two-step method for patterning refractive index on the
surface of a chip is introduced. The process is referred to as “nanoimprinting of
refractive index” (NIRI) and relies on the direct nanoimprinting and plastic
deformation of high-porosity mesoporous silicon thin films. This is shown to
enable very wide and patternable tuning of refractive index over a range Δn ≈ 1
RIU. Investigation of the effective medium response to film compression reveals
close agreement to effective medium theory only after factoring in the
contribution from the nanoscaled native oxide. NIRI opens a new route for
harnessing the subwavelength degree of freedom and offers the prospect of
realizing high-performance and low-cost flat optics.
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Modern chip-scale photonic devices spanning diffractive,1

integrated,2 and meta-optics3 are typically constructed
by structuring a set of homogeneous materials through additive
or subtractive processes such as deposition and etching. This
affords binary structuring of the refractive index distribution
n(x,y) on the surface of a chip and enables a growing gamut of
ultrathin and compact photonic device technologies to be
fabricated. However, the discrete nature of these platforms
poses a significant barrier to realizing arbitrary refractive index
patterns and, hence, hinders the development and manufacture
of many types of existing and emerging flat-optical devices with
novel functionalities.4−8

A promising approach to this problem is to fabricate
subwavelength structures or gratings that produce an effective
medium response.9−12 However, this task is nontrivial at
optical frequencies where subwavelength patterning may
demand non-photolithographic techniques such as electron
beam lithography9,13 or focused ion beam milling,11 which are
costly and do not offer high throughput. Composite or graded
index media fabricated via polymerization, doping variations,
or related methods have also been explored; however, to date
their achievable refractive index contrast (e.g., Δn ∼ 0.1) and/
or patternability remain very limited.14−18 Other approaches to
locally tailor the refractive index include reconfiguration of an
active medium, such as phase change nanomaterials or liquid
crystals, which can be programmed to various refractive index
states.19 However, both active and nonvolatile technologies
require pixel by pixel addressing, which is challenging to
implement over large areas with high resolution and may be

subject to elevated environmental sensitivities such as
degradation over temperature.19 Hence, the prospect of
arbitrarily patterning refractive indices on the surface of a
chip in a scalable process has so far remained elusive.
Mesoporous silicon (pSi) is a composite effective medium

comprised of high index silicon which has been electrochemi-
cally etched to form pores with tunable diameters ranging from
∼2 to 50 nm. In addition to providing a self-organized
subwavelength effective medium without the need for
ultrahigh-resolution lithography, it is popular for its low cost
and suitability in rapidly prototyping high-quality optical thin
films,20 multilayer waveguides,21 biosensors,22 and other
optical microstructures such as lenses.23 Modern pSi devices
typically exploit an axial refractive index distribution n(z),
which can be tailored over a wide range and with high
resolution by modulating the etching current density and thus
modulating the local porosity along the etch front as it
propagates normal to the chip surface. In plane gradient
refractive index variations can be achieved by employing
graded current densities24 or patterned substrate doping;25

however, these techniques do not foster the development of
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arbitrary n(x,y) patterns, e.g., with high index contrast and
resolution, and would also inherently suffer from the etching
induced correlation between local porosity and film thickness.
In this work, we apply direct imprinting of mesoporous

silicon (pSi) films26 as a means for patterning effective
refractive indices directly on the surface of a chip in a process
we call “nanoimprinting of refractive index” (NIRI). When
pressure on the order of ∼100 N/mm2 is applied to high-
porosity pSi thin films, localized plastic deformation and
compression of the nanostructured silicon skeleton occur. This
coincides with a reduction in the local porosity and hence
shows an increase in the effective refractive index. In this work,
we present an experimental demonstration and character-
ization of the NIRI process and investigate the effective
medium response as a function of the applied film
compression. Using the NIRI process, we also demonstrate
microscale patterning of refractive index which serves as a
proof-of-concept for fabricating flat optics.
The NIRI process is illustrated in Figure 1a. First, pSi thin

films are prepared by electrochemical etching of ⟨100⟩ (0.01−
0.02 Ω·cm) silicon wafers in 15% ethanoic hydrofluoric acid to
create pSi thin films. Current densities of 49.2 and 55.1 mA/
cm2 are applied for 34 and 30 s, respectively, on a circular
region of 2.54 cm2 to create a thin film with a thickness of ∼1
μm. The initial film porosities are determined by gravimetric
methods to be ∼62 ± 5 and ∼68 ± 5% for the 49.2 and 55.1
mA/cm2 etched films, respectively.27 The imprint process
starts by applying a reusable Si stamp with varying pressures
ranging from ∼75 to 400 N/mm2, for a duration of ∼20−30 s,
using a hydraulic press. Panels b and c of Figure 1 show cross-
sectional SEM images of an example thin film before and after
NIRI. Film compression is measured for all samples by cross-

sectional SEM and is herein defined as the fraction (Lbefore −
Lafter)/Lbefore, where L is the film thickness. After imprinting,
the film’s refractive index is analyzed by parameter fitting the
normal incidence reflection spectra captured from an optical
microscope. Our model fit uses the transfer matrix method
applied to a single layer film on a silicon substrate and employs
a dispersive effective medium model (detailed below) where n
and k for silicon and silicon dioxide are given by Palik28 and
Malitson,29 respectively. The available input parameters to the
model fit are the volume fractions for each constituent material
(i.e., air, Si, and SiO2), while the film thickness is set according
to the SEM measured value. Here we note that pSi is in general
optically anisotropic; however, unlike ⟨110⟩ derived pSi, which
exhibits strong birefringence at normal incidence,30 ⟨100⟩ pSi
exhibits zero birefringence at normal incidence owing to the
surface normal orientation and rotational disordering of the
pores. Hence our work focuses on the refractive index that
applies for light propagating at an internal angle near normal to
the surface of ⟨100⟩ pSi, a regime which is applicable to a wide
variety of prospective flat-optical components.
Panels d and e of Figure 1 report the measured reflectance

spectra and a model fit before and after imprinting the same
55.1 mA/cm2 sample shown in Figure 1b,c. In this example the
refractive index is measured to be 1.39 at λ0 = 600 nm before
imprinting, corresponding to an optically determined porosity
of ∼71%. The sample shown in Figure 1 is imprinted to a film
compression of ∼0.56, resulting in a significant increase in
refractive index to 2.1, which corresponds to a reduced
porosity of ∼33%. The observed strong fringe contrast and
good model fit exemplify the effective medium response of
mesoporous silicon thin films, which notably shows negligible
scattering losses across the visible spectrum. Figure 1f shows a

Figure 1. (a) Illustration of NIRI with a flat stamp showing an optional planarization step. (b) SEM image of a preimprinted (∼1250 nm) and (c)
postimprinted (∼550 nm) pSi thin film and (d, e) associated reflectance spectrum fit showing the porosity and refractive index change postimprint.
(f) Photograph of a flat imprinted pSi sample showing a clear color change in the imprinted region. (g) Dispersion characteristics of a preimprint
and postimprint pSi film.
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freshly imprinted pSi sample with a clear color change in the
imprinted region. Figure 1g summarizes the refractive index of
these two samples over wavelength as determined by fitting to
our effective medium model.
By varying the imprint pressure, we generated samples with

a wide range of induced film compressions spanning from 0 to
0.65. We note that the theoretical maximum film compression
is exactly equal to the starting porosity, as film compression
stops when porosity reaches ∼0%. If this limit is reached under
an applied compressive stress, then film fracture is likely to
occur. It is also important to note that the stamp (e.g., Si)
should have higher compressive strength than the porous
substrate; otherwise, it would deform under applied pressure.
Hence the “working range” of film compression should be
somewhat less than the starting porosity of the film. Moreover,
appropriate imprint leveling and sample cleaning are necessary
to ensure uniformity in the applied pressure (e.g., image in
Figure 1a) and to avoid that this limit condition is reached in
any section of the imprinting area.
Panels a and b of Figure 2 show the measured refractive

index at λ0 = 600 nm as a function of film compression for pSi
thin films prepared at 49.2 and 55.1 mA/cm2. As anticipated,
NIRI enables direct control over the refractive index, which
increases with increasing film compression. We demonstrate an

experimentally achievable refractive index range of Δn ≈ 1
RIU. This offers the prospect of patterning high index contrast
flat-optical components through the use of patterned stamps.
Crucially, the high-contrast Δn is enabled by working with
relatively high porosity pSi substrates which have an initially
lower refractive index.
In this study we fit the experimental reflectance spectra with

dispersive Bruggeman effective medium theory (EMT)
models. Our starting model is a two-component Bruggeman
EMT model,31 which accounts for an effective dielectric
function ϵeff arising from components with dielectric constants
ϵ1 and ϵ2 according to

ϵ − ϵ
ϵ + ϵ

+ −
ϵ − ϵ
ϵ + ϵ

=f f
2

(1 )
2

01
1 eff

1 eff
1

2 eff

2 eff (1)

Here, f1 and f 2 = (1 − f1) are the volume fractions associated
with ϵ1 and ϵ2, respectively. In the literature, pSi is often
assumed to be well approximated using a simple two-
component system of Si and air. However, this simplistic
model is found not to agree with our experimental data as it
ignores the non-negligible contribution of the native oxide. To
address this issue, we also fit the data to a three-component
model (Si−SiO2−air) that accounts for the native oxide. In this
model, we use a nested implementation of eq 1, where at the

Figure 2. Refractive index vs film compression at λ0 = 600 nm for gravimetrically determined (a) 62% and (b) 68% starting porosity films.

Figure 3. (a) Optically determined porosity vs film compression for pSi films prepared at 49.2 and 55.1 mA/cm2. (b) Refractive index as a function
of porosity for two-component and three-component Bruggeman EMT alongside experimentally measured values wherein porosity is physically
determined via gravimetry and SEM. The three-component EMT utilizes a 0.56:0.44 volume ratio of Si:SiO2 in the porous skeleton.
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top level we consider a two-component system of void (ϵ1,f1)
and skeleton (ϵ2,f 2) and at a lower level we consider the
skeleton’s relative permittivity ϵ2 to be a two-component
system of Si (ϵSi,f Si) and SiO2 ϵ f( , )SiO SiO2 2

, where

= −f f(1 )SiO Si2
Hence the “porosity” is described by f1

while the total volume fractions of Si and SiO2 in a given
film are described by f Si(1 − f1) and −f f(1 )SiO 12

, respectively.

The non-negligible nature of the native oxide was further
verified by dipping a premeasured pSi sample, which had been
aged in ambient conditions for ∼3−5 days, in HF to selectively
etch away the native SiO2 inside the pores. After HF exposure
the refractive index of the ∼55.1 mA/cm2

film drops by ∼0.18,
which is attributable to the removal of a ∼2 nm SiO2 layer
conformally coating the pores,32 a thickness which is consistent
with a native oxide layer.33 This highlights the non-negligible
impact of the native oxide, which can be accounted for using
the three-component EMT. The best fit to our data is obtained
for =f 0.56Si and =f 0.44SiO2

.

In addition to optically measuring the refractive index and
fitting the EMT derived porosity, we also physically measured
the porosity via gravimetric methods. Given the one-dimen-
sional nature of the pSi film deformation, which corresponds to
a zero Poisson ratio, the evolution of film porosity from its
initial state can be predicted as a function of film compression
as shown in Figure 3a. In Figure 3a we compare this predicted
evolution of porosity vs film compression to the optically
determined porosity for each sample according to the three-
component EMT. The results indicate excellent agreement
between the two. Figure 3b shows the effective refractive index
for the two-component (Si−sir) and three-component (Si−
SiO2−air) EMT models. In this graph, the experimental data
points report the optically fitted refractive index vs the porosity
as determined solely from gravimetry and SEM measurement
of film compression. In all cases, it is observed that the two-
component model overestimates the refractive index, especially
at low porosity (high film compression), and fails to accurately
describe the effective medium response of imprinted pSi films.
The three-component EMT model closely agrees with the
experimental data and best predicts the effective medium
response to the NIRI process.

Next, we demonstrate microscale patterning of refractive
index in a fully planarized surface using our NIRI technique.
Here, a microscale grating is imprinted on a 49.2 mA/cm2

sample to a film compression of ∼0.35, and then the sample is
polished in a vibratory polisher (Buehler VibroMet 2) using a
0.05 μm colloidal silica alkaline slurry (pH = 9.8) to achieve a
planar surface. SEM and optical microscope images of the film
before and after planarization, shown in Figure 4, reveal the
high fidelity of the patterning process and confirm the surface
relief pattern has been removed while preserving the integrity
of the remaining film. As viewed in Figure 4f, the strong index
contrast between the imprinted and non-imprinted regions
imparts visible structural coloring. Some degree of scratching
observed on the surface indicates that the polishing process
could be improved by optimizing process conditions. The
resulting structure is effectively a flat-optic microscale refractive
index pattern which has been achieved without direct writing
or subwavelength resolution lithography. We note that earlier
work suggests that our imprinting technique can achieve a
patterning resolution below 100 nm26. In practice we expect
this resolution limit to depend on factors such as the aspect
ratio of the stamp and the porous film thickness, and hence
future experiments to explore the capabilities and limits of
NIRI in the sub-micrometer regime are warranted.
This successful proof-of-concept patterning demonstration

suggests that application of binary or grayscale stamps34 with
the appropriate surface relief profile could enable NIRI to
pattern arbitrarily designed refractive index distributions n(x,y)
on the surface of a chip. Our demonstrated dynamic range of
refractive indices from ∼1.45 to ∼2.54 RIU, indicates that flat-
optical components with complete 2π phase control can be
achieved in films polished to a final thickness of ∼300 nm
assuming reflection mode operation in the visible. Attractively,
the NIRI technique offers access to the subwavelength degree
of freedom in a fast and scalable imprinting process which does
not require high-resolution lithographic definition of sub-
wavelength gratings. This offers the prospect of creating optical
structures such as metasurfaces, integrated and transformation
optic components, diffractive elements, lenses, structural color
patterns, and moreall in a simple two-step process of
imprinting and planarization. In principle, our imprinting
approach can be extended to a wide range of materials,

Figure 4. (Top row): SEM images (a, b) and optical microscope image (c) of 49.2 mA/cm2 1.2 μm sample imprinted with a microscale grating
after the NIRI process and (bottom row) after planarization.
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assuming they can be suitably porosified at the nano- or
mesoscale, such as SiO2, TiO2, Ge, or Au. Alternative material
systems could further widen the prospective applications from
the ultraviolet to the mid-infrared. Moreover, a wide number of
variants on the NIRI process could be explored in the future,
such as transferring the porous film to alternative substrates,
infiltrating or inverting the effective medium using deposition
and templating techniques, or imprinting ⟨110⟩ pSi to
potentially tailor both the refractive index and normal incident
birefringence.
Figure 5 illustrates one prospective application of the NIRI

process, wherein a grayscale stamp with the appropriate relief
pattern is used to achieve a targeted refractive index
distribution while planarization is used to achieve a targeted
film thickness L. In this example, we consider a polarization
insensitive reflection type diffractive meta-lens prepared on an
ideal mirror operating at λ = 600 nm, wherein the local optical
path length is set by 2n(r)L, with r indicating the radial
distance from the center of the lens. The structure is designed
with a wrapped phase profile

ϕ π
λ

π∝ − + −i
k
jjj

y
{
zzzr r f f( ) mod

2
( ), 22 2

For a subwavelength film thickness, L = 210 nm, finite
difference time domain (FDTD) simulation of a device with
the refractive index pattern shown in Figure 5c indicates that it

achieves diffraction limited focusing with focal length f = 75
μm and numerical aperture NA = 0.3. The focusing efficiency
as measured by the power confined to a radius 3 times the
spot’s full width at half-maximum is recorded to be η = 82%,
which is comparable to state-of-the-art meta-lenses typically
fabricated by electron beam lithography and reactive ion
etching. We anticipate that this efficiency can be improved
through further design optimization. Moreover, this example
suggests that a wide variety of flat-optic devices, such as
metasurfaces with tailored wavefront control, could be realized
using NIRI.
In summary, we have investigated the ability to tailor

refractive index through mechanical imprinting of a sub-
wavelength effective medium. Our demonstration focuses on a
mesoporous silicon platform, which attractively offers high
refractive index contrast owing to the high index silicon
skeleton and widely tunable porosity. The effective medium
response is well described using a three-component (Si−SiO2−
air) Bruggeman effective medium approximation, which
importantly factors in the contribution of the native SiO2.
Our NIRI technique offers the potential to realize both existing
and novel types of flat-optical components on the surface of a
chip in a straightforward, highly tunable, and low-cost process.

Figure 5. (a) Example illustration of NIRI being applied to realize a truly flat lens, wherein a simple two-step process is used to achieve a desired
refractive index profile and film thickness. (b) Illustration of a reflection type diffractive meta-lens prepared on an ideal mirror, and (c) targeted
refractive index distribution. (d) FDTD simulation of focusing at λ0 = 600 nm achieved by the flat lens for a film thickness L = 210 nm.
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