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Refractive index evaluation of porous silicon using bragg reflectors
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There are two main physical properties needed to fabricate 1D photonic structures and form perfect photonic bandgaps: the quality of the
thickness periodicity and the refractive index of their components. Porous silicon (PS) is a nano-structured material widely used to prepare 1D
photonic crystals due to the ease of tuning its porosity and its refractive index by changing the fabrication conditions. Since the morphology
of PS changes with porosity, the determination of PS’s refractive index is no easy task. To find the optical properties of PS we can use
different effective medium approximations (EMA). In this work we propose a method to evaluate the performance of the refractive index of
PS layers to build photonic Bragg reflectors. Through a quality factor we measure the agreement between theory and experiment and therein
propose a simple procedure to determine the usability of the refractive indices. We test the obtained refractive indices in more complicated
structures, such as a broadband Vis-NIR mirror, and by means of a Merit function we find a good agreement between theory and experiment.
With this study we have proposed quantitative parameters to evaluate the refractive index for PS Bragg reflectors. This procedure could have
an impact on the design and fabrication of 1D photonic structures for different applications.
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1. Introduction

Porous materials are distinguished because their optical char-
acteristics depend strongly on their structural properties
(porosity, pore size and pore distribution). Particularly, in
materials with air-filled pores, such as porous silicon (PS),
the refractive index is directly related to its porosity; how-
ever its determination is challenging due to the great variety
of microstructures emerging from the diversity of the fabri-
cation specifications.

PS is usually fabricated by electrochemical etching of
crystalline Si in a hydrofluoric acid solution, thus the result-
ing nanostructure is composed of Si and air in a sponge-like
structure. This process regulates the generated porosity by
changing the applied current density and then modifying the
refractive index of the resulting PS. This fact opens the pos-
sibility of fabricating 1D photonic structures with PS, where
controlling the propagation of light in a dielectric medium is
sought. Bragg mirrors, microcavities, filters, bio and chemi-
cal sensors are some of the simplest photonic multilayer ar-
rangements that can be fabricated with PS [1, 2]. For exam-
ple, a Bragg-reflector is composed of a periodic stack of lay-
ers which alternate between high and low refractive indices
with a high contrast between layers. If each layer satisfies the
quarter wavelength condition, a selective mirror that reflects
a central wavelength can be constructed [3–6].

In order to build efficient and high quality 1D photonic
structures the refractive index of PS must be determined ac-

curately. For instance, PS biosensing devices are based on
the change of the effective refractive index due to the pres-
ence of molecules in the nanostructure modifying its spec-
tral response [7,8], thus determining accurate refractive index
values of the porous material is essential.

Most of the current research has been done using constant
refractive indices [9–12] or, when not considering constant
values an arbitrary dependency that adjusts the experimental
behaviour are often proposed [4,13,14]. There are many ex-
amples presenting slight differences between theoretical and
experimental results that need deeper explanations [9,15,16].
This matter can be surpassed by measuring the effective re-
fractive index as a function of the wavelengths, for example
by spectroscopic ellipsometry (SE). Although there are re-
cent reports where SE measurements are used to determine
the refractive index of PS [17–20], in this work we found that
this technique is not adequate for our purposes (see Supple-
mentary Appendix).

Hence, in this study we calculated the PS refractive in-
dices using effective medium approximation (EMA) meth-
ods and evaluated the usability of these data by using them
to predict the reflectance of fabricated Bragg mirrors. We
obtained the theoretical reflectance spectra using the trans-
fer matrix method and compared them to the experimental
measurements. This comparison provides a good assessment
for the refractive index determination where several propos-
als were evaluated by defining aQe-factor in the analysis of
the Bragg reflectance spectra. In this manner we offer a quan-
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titative strategy to select adequate effective refractive indices
for the construction of high reflective and broadband Bragg
mirrors.

In what follows we present the fabrication procedure of
PS and its porosity characterization. With these values we
approach different refractive indices using several EMAs.
Subsequently, we evaluate the performance of the refractive
indices by fabricating Bragg reflectors centered at different
wavelengths and calculating theQe-factor for each one. Af-
terwards we examine the use of the most adequate refractive
indices and fabricate a broadband mirror to ultimately test
their usability. Finally we present the concluding remarks.

2. Experimental details

In this section we present the fabrication procedure of the
PS samples and detail the method we used to characterize its
porosity and thickness. These values were later used for the
determination of the refractive index of PS. The PS samples
for this study were fabricated by an anodic electrochemical
dissolution of highly boron-doped p+-type (100) crystalline
silicon (c-Si) wafers with resistivity< 0.005 Ω·cm. In order
to ensure electrical conduction during anodization, an alu-
minum film was deposited on the backside of the c-Si sub-
strates and then heated at 500◦C during 30 min in nitrogen
atmosphere. The substrates were electrochemicaly etched in
an electrolyte composed of ethanol, HF and glycerin in a vol-
ume ratio of 7:3:1 (if the total volume of the electrolyte is
55 ml then we use 35 ml of ethanol, 15ml of HF and 5 ml
of glicerol). We fabricated single high porosity layers by ap-
plying a current density of 40.0 mA/cm2 and low porosity
layers by using 3.0 mA/cm2. After electrochemical etching,
the samples were rinsed in ethanol for 10 minutes and dried
under a nitrogen stream. We subsequently oxidized the sam-
ples for stabilization of the PS at 300◦ C during 15 minutes.

To measure the porosity produced with these current den-
sities we fabricated 5000 nm thick films and used the gravi-
metric method [21] where the silicon wafer to be etched
is weighted before anodization (m1), immediately after an-
odization (m2), and after dissolving the PS layer in an aque-
ous solution of sodium hydroxide (m3) using the formula:

P =
(m1 −m2)
(m1 −m3)

. (1)

In this manner, measuring the corresponding samples
with a Sartorius Microbalance (model MC 5) with a preci-
sion of 0.0005 mg, we calculated porosities ofPa = 79.2%
and Pb = 59.4% (from standard error propagation the er-
ror percentage is less than0.15% for each different porosity
sample), where the subscripta andb stand for high and low
porosity layers. In addition, we characterized the thickness of
the formed PS films using cross sectional SEM images using
a Hitachi S5500 electron microscope (see Fig. 1) and deter-
mined the etch rate asva = 14.49 nm/s andvb = 1.72 nm/s.
With these values we calculated the time at which each cur-

FIGURE 1. SEM image. SEM image showing the two different
porosity layersPa andPb, used in this work.

rent density needed to be applied to form the desired thick-
ness of the layers. It is a well known issue that the HF concen-
tration decreases with time and layer depth during PS fabri-
cation. To overcome this problem, we implemented 1 second
long pauses to the etching time so that the HF concentration
can restore and minimize the porosity gradient.

Since the porosity of PS determines its the refractive in-
dex and we calculated the porosity values of each PS layer,
then we were able to predict its average refractive index using
EMA methods. In the next section we present the main ef-
fective methods we used for approaching the refractive index
of PS.

3. Effective medium approaches for PS

Traditionally the envelope method or the Fresnel’s equation
are used to obtain the refractive index from the measured re-
flectance and transmittance spectra of PS monolayers. How-
ever, these methodologies present restrictions when the ma-
terial has high optical absorption or scattering effects, such
as PS in the visible range [22].

In particular, the structure and morphology of PS changes
as a function of porosity and because the size of its pores is
much smaller than the light wavelength it can be described
as an effective medium. The high and low porosity layers
presented in Fig. 1 show a coral-like structure in thePa lay-
ers and an interlaced branched formation of Si in thePb lay-
ers. These morphologies are complicated and to describe
their effective behaviour different EMAs can be used. Many
of these methods have been used for the determination of
the refractive index but have been chosen arbitrarily as dis-
cussed in [23]. Since we do not have enough information to
distinguish the agreement with these EMAs and the interac-
tion between light and PS, in this study we evaluated which
method is best suited to approach the refractive indices of
PS of high and low porosities. For this purpose we selected
different EMAs and provided a quantitative method to deter-
mine which EMA has the best performance by fabricating
Bragg reflectors.
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The effective medium approaches were developed to ob-
tain theoretical values of the effective dielectric function,
whose real partεr relates to the real effective refractive in-
dex asεr ∼ n2

eff when considering low absorption. The fol-
lowing EMAs have been expressed in terms ofneff [24–26],
from which the Maxwell-Garnett [27], Looyenga [28], the
formula of del Ŕıo et al. [29] and Bruggeman [30] stand out
among others like the simple linear [25] or parallel interpola-
tions [24]. The linear approximation is calculated using the
porosityP that indicates the volume fraction of air in silicon:

neff (λ) = Pnair(λ) + (1− P )nSi(λ), (2)

wherenSi is the refractive index of silicon andnair the re-
fractive index of air. Whereas the parallel interpolation is
calculated as:

1
neff (λ)

=
P

nair(λ)
+

1− P

nSi(λ)
. (3)

The Looyenga model is best suited for high porosities and
is defined as:

n
2/3
eff (λ) = (1− P )n2/3

Si (λ) + Pn
2/3
air (λ). (4)

Because the Maxwell-Garnett formula considers isolated
spherical particles, where percolation of PS is not contem-
plated, this model is not relevant for this material [25,31]. As
an alternative to this methods we used the formula proposed
by del Ŕıo et al. (dRZW) based on the Keller reciprocity the-
orem for effective conductivity in a composed material [29].
dRZW considers no particular inclusion shape, so it could be
applied to materials with arbitrary microstructure. We used
this formula for the effective refractive index as:

neff (λ) = nSi(λ)
1 + P (

√
nair(λ)
nSi(λ) − 1)

1 + P (
√

nSi(λ)
nair(λ) − 1)

. (5)

The Bruggeman approximation is one of the most used
EMA for the refractive index determination of PS [24, 32].
The symmetric Bruggeman considers different sizes of spher-
ical inclusions embedded in a continuos medium and is ap-
plicable to any porosity:

P
n2

air(λ)− n2
eff (λ)

n2
air(λ) + 2n2

eff (λ)

+ (1− P )
n2

Si(λ)− n2
eff (λ)

n2
Si(λ) + 2n2

eff (λ)
= 0. (6)

The complex refractive index is defined as
η(λ)=n(λ)−ik(λ) where absorption is related to the ex-
tinction coefficientk(λ). The nonsymmetric Bruggeman
approximation can be used for the calculation ofk(λ) of
PS [24]:

k2(λ)
k2

Si(λ)
− k2

air(λ)
k2

Si(λ)

= (1− P )

[(
1− k2

air(λ)
k2

Si(λ)

)(
k2(λ)
k2

Si

) 1
3
]
. (7)

FIGURE 2. Refractive index spectra. Refractive index spectra of
PS obtained with SE (black line), Looyenga (red line), the dRZW
formula (green line), the paralell (pink line), the linear interpola-
tion (orange line) and the Bruggeman approach (blue line), for a)
the low porosity layersPb, and b) the high porosity layersPa.

Here we determined the extinction coefficient values for high
and low porosity PS layers from Eq. (7) and calculated the
refractive indices,na(λ) and nb(λ) respectively, using the
following EMAs: Looyenga model, dRZW formula, the lin-
ear and parallel interpolations and the symmetric Brugge-
man model. Values forn(λ), k(λ) of Si and air were taken
from [33, 34]. Although Si at optical frequencies is depen-
dent on carrier concentration, the change of refractive index
varies as∼ 10−3, which is negligible compared to the change
of the refractive index due to the uncertainty in the porosity
measurements [35].

In Fig. 2 we show a comparison between the spectra of
the refractive indices obtained by these effective models and
the ones obtained from SE (see Supplementary Appendix for
more details). We can observe slight differences between
the refractive index values obtained from each methodology,
therefore we need an efficient procedure to determine which
values are the most adequate. For this reason, we fabricated
several Bragg mirrors centered at specific wavelengths (λ0)
using the different formulas for the refractive indices and as-
sess them to evaluate the performance of the refractive in-
dices.
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4. PS Bragg reflectors

Bragg reflectors are the simplest 1D photonic structures,
since they are formed of alternating layers of high (na) and
low (nb) refractive index and repeating thicknessda anddb

respectively. When an electromagnetic wave with a specific
wavelengthλ0 enters the structure, it is partially reflected
at each layer interface and satisfies the optical path relation:
nidi = λ0/4, wherei = a for thePa layers andi = b for
thePb layers. Due to the periodicity of the refractive indices,
these multiple reflections interfere destructively avoiding the
further propagation of the wave. In this manner a forbidden
band gap around a central wavelengthλ0 is formed, i.e. a
perfect mirror atλ0. The multilayered structure that satisfies
these properties is called a Bragg reflector. The procedure to
fabricate these mirrors constrains the need of a low index rate
(na/nb) between the layers in order to have a periodic poten-
tial and consequently an increased band gap [6, 36, 37]. We
know from our experimental experience that ourPa andPb

PS fabrication conditions present a high index contrast and
by using these we have been able to produce different pho-
tonic structures [36, 38, 39]. Since it is our aim to fabricate
high quality 1D photonic mirrors we need to ensure that the
refractive indices obtained from the different methods repre-
sent effectively the interaction between light and PS. There-
fore we calculated all the refractive index rates and present
their comparison in Fig. 3. Here we outstand the Looyenga
and the Bruggeman refractive indices which exhibit the low-
est rate, indicating that their index contrast is large enough to
reproduce the adequate photonic quality we have observed in
previous reports.

The thickness and refractive index of the periodic layers
that constitute a Bragg mirror determine theλ0 it reflects by
means of the optical path relation. If for example we design
a Bragg mirror centered atλ0=600 nm we only need to cal-
culateda anddb of the high and low porosity layers by using

FIGURE 3. Refractive index rates. Refractive index rates (na/ nb)
obtained from SE measurements (black line), dRZW (red line), the
Looyenga model (green line), the paralell (pink line), the linear in-
terpolation (orange line) and the Bruggeman approach (blue line).

the values ofna(λ0) andnb(λ0) respectively. If we fabri-
cate this mirror and its experimental central wavelengthλE ,
measured from the experimental reflectance spectra, does not
correspond to the originalλ0 = 600 nm, then we say that
the Bragg mirror is shifted to either smaller or larger wave-
lengths. Moreover this shift means that the values ofna(λ0)
andnb(λ0) that we used are not the ones that describe ac-
curately the fabricated porosities of PS. Thus, with correctly
characterized parameters (di andni) we can produce selec-
tive Bragg mirrors and use them for several applications. In
this work we present a simple procedure to determine the re-
fractive index of PS based on the performance of their use
for fabrication of PS Bragg mirrors, evaluating the concor-
dance between their experimental and theoretical reflectance
spectra.

Hence we fabricated several Bragg reflectors in order to
validate the performance of the refractive indices that we ob-
tained from each methodology (Fig. 2). Using these val-
ues we designed sets of three selective mirrors centered at
λ0 = 600, 800 and 1000 nm respectively, formed of 15
bilayers of high and low refractive indices. The thick-
ness of each layer satisfies the quarter wavelength condition,
di = λ0/4ni, and is controlled experimentally with the etch-
ing time. It is important to notice that each set of Bragg
mirrors designed with their corresponding refractive indices
(obtained from each method) have different layer thicknesses
and because the fabricated porosities (Pa and Pb) are the
same for all the mirrors, their experimental reflectance spec-
tra will not be equal, even though they are designed to reflect
the sameλ0. We expect that some of them present better
agreement with their respective theoretical calculation.

We simulated the theoretical reflectance spectra of
the Bragg mirrors using the well known transfer matrix
method [40] where we considered the absorption in the mul-
tilayers by using the complex refractive index in the calcula-
tions. Then we compared the spectra with the experimental
measurements performed with a spectrophotometer UV-Vis-
IR (Shimadzu UV1601), see Figs. 4a and b. The spectropho-
tometer uses an Aluminum mirror as reference, this is the
standard method we have used in our studies.

If the nb(λ0) and na(λ0) used to design and fabricate
the mirrors are adequate, then each experimental Bragg re-
flectance spectrum will correspond to its theoretical counter-
part. We note that in this work we do not consider scattering
and absorption effects because they do not affect the central
wavelength of the Bragg structure. Therefore, if the spectra
are in good agreement, it is possible to validate the usabil-
ity of the refractive index values using a common metric that
determines the quality of the fabricated Bragg structures. In
this work we propose theQe-factor as the theoretical (λ0)
and experimental(λE) central wavelength difference divided
by the full width at half maximum (aT ) of the theoretical
band gap:

Qe =
| λ0 − λE |

aT
. (8)
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FIGURE 4. Reflectance spectra of the SE Bragg mirrors. Theo-
retical (black dashed line) and experimental (red line) reflectance
spectra of PS Bragg mirrors, centered at a)λ0 = 600 nm, b) 800
nm and c) 1000 nm, using the refractive indices obtained from SE.

The smaller theQe-factor, the more accurate the refractive
indices which characterize the photonic Bragg structure. We
measured theλE andaT as the half width at 50% reflectance.
In Tables I-III we show theQe-factor calculated for each set
of mirrors that we fabricated using the different refractive in-
dices.

TABLE I. The Qe-factor calculated for each Bragg reflector cen-
tered atλ0 = 600 nm fabricated with different refractive indices
obtained from SE and EMAs.

Methods: λE (nm) aT (nm) Qe-factor

SE 521.8 114.7 0.6831

Looyenga 593.1 110.0 0.0624

dRZW 656.6 104.7 0.5404

Bruggeman 593.6 137.1 0.0466

TABLE II. TheQe-factor calculated for each Bragg reflector cen-
tered atλ0 = 800 nm fabricated with different refractive indices
obtained from SE and EMAs.

Methods: λE (nm) aT (nm) Qe-factor

SE 705.7 159.0 0.5928

Looyenga 785.2 157.0 0.0943

dRZW 905.0 143.7 0.7305

Bruggeman 797.7 186.2 0.0124

TABLE III. TheQe-factor calculated for each Bragg reflector cen-
tered atλ0 = 1000 nm fabricated with different refractive indices
obtained from SE and EMAs.

Methods: λE (nm) aT (nm) Qe-factor

SE 880.3 215.2 0.5564

Looyenga 933.1 183.4 0.3647

dRZW 1127.0 180.9 0.7038

Bruggeman 1028.1 231.0 0.1216

5. Results and discussion

Each set of Bragg mirrors produced to validate the perfor-
mance of the refractive index values are presented here. First,
we fabricated three reflectors using the values obtained from
SE measurements (for details see Supplementary Appendix)
and compared their experimental reflectance spectra to their
corresponding theoretical spectra in Fig. 4. Here a shift to
shorter wavelengths can be observed in all the experimental
spectra which suggests that the SE refractive indices are not
adequate. The calculations of theQe-factor for these mir-
rors confirm the inadequacy of the SE measurements (see Ta-
bles I-III). The difference between theory and experiment can
be understood as a result of the complexity of modelling the
PS nanostructure and the use of accurate SE data with com-
plex models to estimate refractive indeces which afterwards
are used in simple photonic structures.

The blue-shift of the experimental reflectance spectra in
Fig. 4 advises that the refractive index values must be smaller
in order to displace the spectra to larger wavelengths to fit the
theoretical spectra. Therefore we chose the Looyenga, the
dRZW and the Bruggeman refractive indices for the fabri-
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FIGURE 5. Reflectance spectra of the Looyenga Bragg mirrors.
Theoretical (black line) and experimental (red line) reflectance
spectra of PS Bragg mirrors, centered at a)λ0 = 600 nm b) 800
nm and c) 1000 nm, using the refractive indices obtained from the
Looyenga method.

cation of other sets of Bragg reflectors following the same
mentioned methodology. In Figs. 5-7 we show the compar-
ison between the theoretical and experimental reflectance of
each mirror that were designed using the refractive index val-
ues obtained from i) the Looyenga effective model, ii) the
dRZW formula and iii) the Bruggeman approximation.

FIGURE 6. Reflectance spectra of the dRZW Bragg mirrors. The-
oretical (black line) and experimental (red line) reflectance spectra
of PS Bragg mirrors, centered at a)λ0 = 600 nm, b) 800 nm and
c) 1000 nm, using the refractive indices obtained from dRZW for-
mula.

The best fit between the theoretical and experimental re-
flectance spectra are the ones fabricated using the Bruggeman
refractive indices. Furthermore, we calculated theQe-factor
using Eq. (8) for these results and present them in Tables I-
III. From these values we can conclude that the Bruggeman
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FIGURE 7. Reflectance spectra of the Bruggeman Bragg mirrors.
Theoretical (black line) and experimental (red line) reflectance
spectra of PS Bragg mirrors, centered at a)λ0 = 600 nm, b) 800
nm and c) 1000 nm, using the refractive indices obtained from the
Bruggeman approximation.

refractive indices are the most adequate for the fabrication of
the PS Bragg reflectors. Note that the qualitative and quanti-
tative agreement is clearly better that with the other formulas.
Hence, the Bruggeman approximation represents the effec-
tive media of the PS multilayer better since it considers spher-

ical or cilyndrical shaped inclusions and averages over these
morphologies which can be observed in PS from the SEM im-
age in Fig. 1. The failures using the Looyenga method might
come from the empirical nature of the formula and as for the
inadequacy of the dRZW model the cause might come from
the consideration of all possible structural configurations and
their statistical averaging. This represents an advantage when
there is no information about the structure of the effective me-
dia but might be a disadvantage otherwise.

5.1. Broadband mirror

The bandwidth of one Bragg reflector represents the wave-
length range presenting high reflectance. This range depends
on the refractive index rate between high and low porosity
layers. For example, the reflectance spectra of the Bragg mir-
rors centered atλ0 = 600 nm presented above, show differ-
ent bandwidths (seeaT values in Table I). Even though the
mirrors are designed to reflect the sameλ0, they do not have
the same bandwidth because the refractive index rates are not
the same. When an enlargement of the photonic band gap is
sought, for instance in solar concentration devices [41], the
superposition of several Bragg reflectors with a high index
rate is needed [38, 42]. From the previously shown results
we concluded that the Bruggeman refractive indices were the
most adequate to produce Bragg reflectors, and because these
also present a low index rate we now use these values to fabri-
cate a broadband mirror of PS. To do so we superpose a selec-
tive number of Bragg mirrors (named submirrors) to reflect
over a wide wavelength range. However, finding the optimal
configuration of submirrors and itsλ0 to fabricate a high
reflecting broadband mirror is not easy. In previous work
we reported a simple procedure to determine theλ0 of the
submirrors based on the Padé approximant [38]. Following
that methodology we fabricated a Vis-NIR broadband mirror
made of PS and defined the wavelength range fromλ1 = 400
nm toλf = 2000 nm. We prepared the PS broadband mirror,
composed of 20 submirrors of 5 periods, using the Brugge-
man refractive indices and the same fabrication conditions as
before. The mirror was afterwards oxidized for stabilization
at 300◦ C for 15 minutes. In Fig. 8 we report its theoretical
and experimental reflectance spectra and observe a very good
fit within the desired wavelength range (400-2000 nm), even
though small discrepancies can be observed between experi-
ment and theory at wavelengths below 600 nm due to the high
absorption of the PS in the visible range. Also, we find that
the experimental photonic band gap is widen to larger wave-
lengths, probably due to the porosity gradient within the mul-
tilayered structure. This is a problem that we have encoun-
tered in recent studies [38] and needs further investigation,
however we do not address this matter in the present report.

To measure quantitatively the concordance between the-
ory and experiment and since we can not use theQe- fac-
tor criterion for a multi-Bragg structure, we propose a merit
function given by:
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FIGURE 8. Reflectance spectra of broadband mirror. Theoretical
(black line) and experimental (red line) reflectance spectra of a PS
broadband mirror using the Bruggeman refractive indices.

N =

√√√√√√√√√√√

λf∫

λ1

(S(λ)− E(λ))2dλ

λf∫
λ1

S(λ)dλ)2
, (9)

whereS(λ) and E(λ) are the simulated and experimental
reflectance spectra, respectively. HereN must be small for
experiments and theory to agree. We calculated the merit
function for the broadband mirror and obtained the value
N = 0.0047. This result clearly indicates that the Brugge-
man refractive indices are the most adequate for the design
and fabrication of PS Bragg and broadband mirrors.

6. Conclusions

In this study we theoretically and experimentally character-
ized the refractive index of high (Pa = 79.2%) and low
(Pb = 59.4%) porosity PS films. Through SE measurements
and EMA methods, where different fitting models were con-
sidered for each porosity, we determined the refractive index
of PS.

In this work we report a simple procedure to assess the us-
ability of the refractive index values based on the fabrication
and evaluation of photonic mirrors. Here we validated the
performance of the refractive indices by fabricating Bragg
reflectors centered at 600, 800 and 1000 nm and compared
the reflectance spectra to theoretical simulations using the
Qe- factor criterion. We found that the refractive indices ob-
tained by SE were not adequate and calculated afterwards the
refractive indices of PS using EMA, in particular using the
Looyenga method, the dRZW formula and the Bruggeman
approximation. Furthermore, we fabricated a broadband Vis-
NIR mirror and measured the concordance between theory
and experiment using a Merit function. Within this analysis
we proved a good agreement for the mirrors produced with

the Bruggeman refractive indices and concluded that these
are the most adequate values for the fabrication of PS 1D
photonic structures presented in this work, such as Bragg or
broadband mirrors. With this study we have proposed quanti-
tative parameters to evaluate the performance of the refractive
index in PS through photonic structures.

Acknowledgements

The authors gratefully acknowledge Dr. Z. Montiel-González
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Appendix

A. Spectroscopic Ellipsometry measurements

In the appendix we detail the procedure that we used for the
determination of the refractive index of the PS high and low
porosity samples by Spectroscopic Ellipsometry.

SE is a semiempirical approach based on the measure-
ment of the light polarization transformation that occurs after
a polarized beam is reflected from a material. The SE data are
adjusted to fit a model that considers the characteristic prop-
erties of the material and from which the complex refractive
index is calculated [17,18].

In this work we fabricated 500 nm thick PS monolayers
for the SE measurements, which were carried out on aα-
SE, J.A. Woollam Co spectroscopic ellipsometer. The data
analysis was performed using the Complete EASE software
where in the fitting model we established the PS as an effec-
tive Bruggeman medium (EMA) formed of Si and air. The
parameters, such as thickness and porosity, are varied/fitted

FIGURE A.1. Representative depolarization spectra of one of the
high porosity PS layers.
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FIGURE A.2. Ellipsometric measurements of fabricated PS layers
of a) low porosityPb and b) high porosityPa.

in the manner that the adjustment between simulated and
experimental data present the minimum mean square error
(MSE).

As it can be observed in the SEM image (Fig. A.1 of the
main text), the morphology of PS is complicated and varies
with porosity. The structure of the low porosity layers re-
sembles interlaced branches of Si, whereas the high poros-
ity layers have a coral-like formation which present percola-
tion. These different structures might be represented by dif-
ferent fitting models, such as isotropic, anisotropic or poros-
ity graded. In this work we tried the above mentioned pos-
sibilities for thePb layers and found the minor MSE values
using the graded porosity model. Because of the coral-like
structure observed in thePa layers we used an anisotropic
model for the fitting of these layers. The optical graded and

anisotropic models are commonly used to approach the opti-
cal properties of PS when using SE [17,18] and in this study
we used them as follows:

a) For the low porosity layers we defined a depth depen-
dent porosity gradient by simulating 10 isotropic sublayers
with a gradual porosity. This graded layer is on top of another
layer with lower porosity and placed on the Si substrate. The
fitting through the software gave a thickness of 493 nm on
average, whereas from the SEM measurements we obtained
a thickness of 511 nm. The MSE values obtained for this
model range between 35 and 40.

b) For higher porosities we approached a coral-like struc-
ture where a directional dependency of the refractive in-
dex was generated and therefore considered an uniaxial
anisotropic layer [17]. The software gave a fitted thickness
of 464 nm on average, which compared to the SEM measure-
ments where we obtained a thickness of 507 nm, the SE fit-
ting presented higher differences. The fitting process for this
model seemed inadequate in view of the MSE values which
ran between 88 and 100, in spite of the consideration of de-
polarization in the fitting model. In Fig. A.2 we show an ex-
ample of a representative depolarization spectra considered
in the optical fitting model.

When using SE and considering an anisotropic mate-
rial two refractive indices per wavelength are obtained from
the software, the ordinarynord−SE and the extraordinary
next−SE . The average of these values is an effective refrac-
tive indexnef−SE for any polarization. Here we consider
both options for normal incidence, thenef−SE andnord−SE

in order to test them. Thus using these values we fabricated,
as described in the main text, the simplest 1D photonic struc-
tures: named Bragg reflectors. By means of theQe- factor we
evaluated the refractive indices and obtained the following
values for i) the mirrors fabricated withnef−SE : Qe600 =
0.7908, Qe800 = 0.6583 andQe1000 = 0.6065, where the
subscript stands for the central wavelength of each Bragg re-
flector respectively. ii) the mirrors fabricated withnord−SE :
Qe600 = 0.6831, Qe800 = 0.5928 andQe1000 = 0.5564.
TheQe- factors obtained from the Bragg reflectors fabricated
with the ordinary refractive indices are smaller than the ones
obtained from the effective refractive indices where a contri-
bution of thenext−SE is taken into account. Based on these
results we used the ordinary refractive indices to compare
them to other possibilities. These are the values we report
in the main text under SE.
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