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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.

Keywords: Refractive index; porous silicon; effective medium approximation; Bragg reflectors; photonic structures.
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1. Introduction curately. For instance, PS biosensing devices are based on
the change of the effective refractive index due to the pres-
Porous materials are distinguished because their optical cha@nce of molecules in the nanostructure modifying its spec-
acteristics depend strongly on their structural propertiedral response [7,8], thus determining accurate refractive index
(porosity, pore size and pore distribution). Particularly, invalues of the porous material is essential.
materials with air-filled pores, such as porous silicon (PS), Most of the current research has been done using constant
the refractive index is directly related to its porosity; how- refractive indices [9-12] or, when not considering constant
ever its determination is challenging due to the great varietyalues an arbitrary dependency that adjusts the experimental
of microstructures emerging from the diversity of the fabri- pehaviour are often proposed [4, 13, 14]. There are many ex-
cation specifications. amples presenting slight differences between theoretical and
PS is usually fabricated by electrochemical etching ofexperimental results that need deeper explanations [9,15,16].
crystalline Si in a hydrofluoric acid solution, thus the result- This matter can be surpassed by measuring the effective re-
ing nanostructure is composed of Si and air in a sponge-likéractive index as a function of the wavelengths, for example
structure. This process regulates the generated porosity by spectroscopic ellipsometry (SE). Although there are re-
changing the applied current density and then modifying theent reports where SE measurements are used to determine
refractive index of the resulting PS. This fact opens the posthe refractive index of PS [17-20], in this work we found that
sibility of fabricating 1D photonic structures with PS, where this technique is not adequate for our purposes (see Supple-
controlling the propagation of light in a dielectric medium is mentary Appendix).

sought. Bragg mirrors, microcavities, filters, bio and chemi-  Hence, in this study we calculated the PS refractive in-
cal sensors are some of the simplest photonic multilayer aices using effective medium approximation (EMA) meth-
rangements that can be fabricated with PS [1, 2]. For examgds and evaluated the usability of these data by using them
ple, a Bragg-reflector is composed of a periodic stack of layto predict the reflectance of fabricated Bragg mirrors. We
ers which alternate between high and low refractive indicegptained the theoretical reflectance spectra using the trans-
with a high contrast between layers. If each layer satisfies thgsr matrix method and compared them to the experimental
quarter Wavelength condition, a selective mirror that rE'ﬂectSneasurements_ This comparison provides a good assessment
a central wavelength can be constructed [3—6]. for the refractive index determination where several propos-
In order to build efficient and high quality 1D photonic als were evaluated by definingia.-factor in the analysis of
structures the refractive index of PS must be determined adhe Bragg reflectance spectra. In this manner we offer a quan-
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titative strategy to select adequate effective refractive indices t
for the construction of high reflective and broadband Bragg §§#
mirrors. ¥
In what follows we present the fabrication procedure of FESS
PS and its porosity characterization. With these values we|
approach different refractive indices using several EMAs. §
Subsequently, we evaluate the performance of the refractives
indices by fabricating Bragg reflectors centered at different
wavelengths and calculating tiig.-factor for each one. Af-
terwards we examine the use of the most adequate refractiv
indices and fabricate a broadband mirror to ultimately test
their usability. Finally we present the concluding remarks.

2. Experimental details FIGURE 1. SEM image. SEM image showing the two different

porosity layersP, and P,, used in this work.
In this section we present the fabrication procedure of the

PS samples and detail the method we used to characterize fent density needed to be applied to form the desired thick-
porosity and thickness. These values were later used for theess of the layers. Itis a well known issue that the HF concen-
determination of the refractive index of PS. The PS samplegration decreases with time and layer depth during PS fabri-
for this study were fabricated by an anodic electrochemicatation. To overcome this problem, we implemented 1 second
dissolution of highly boron-doped'ptype (100) crystalline long pauses to the etching time so that the HF concentration
silicon (c-Si) wafers with resistivityc 0.005 2-cm. In order  can restore and minimize the porosity gradient.

to ensure electrical conduction during anodization, an alu-  Since the porosity of PS determines its the refractive in-
minum film was deposited on the backside of the c-Si subdex and we calculated the porosity values of each PS layer,
strates and then heated at 500during 30 min in nitrogen then we were able to predict its average refractive index using
atmosphere. The substrates were electrochemicaly etched BMA methods. In the next section we present the main ef-
an electrolyte composed of ethanol, HF and glycerin in a volfective methods we used for approaching the refractive index
ume ratio of 7:3:1 (if the total volume of the electrolyte is of PS.

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/dand low porosity 3.  Effective medium approaches for PS

layers by using 3.0 mA/ct After electrochemical etching,
the samples were rinsed in ethanol for 10 minutes and drie
under a nitrogen stream. We subsequently oxidized the sa

Eraditionally the envelope method or the Fresnel’s equation
ire used to obtain the refractive index from the measured re-
ectance and transmittance spectra of PS monolayers. How-

ples for stabilization of the PS at 30C during 15 minutes. . g
ever, these methodologies present restrictions when the ma-

To measure the porosity produced with these current den- . ) i :
sities we fabricated 5000 nm thick films and used the gravir}erlal has high optical absorption or scattering effects, such

metric method [21] where the silicon wafer to be etched®® PSin the visible range [22].
is weighted before anodizatiom ), immediately after an- In part|'cular, the str.ucture and morphology of P.S change;
odization ¢n,), and after dissolving the PS layer in an aque-as a function of porosity and because the size of its pores is

luti f ium h : ina the f la: much smaller than the light wavelength it can be described
ous solution of sodium hydroxider(;) using the formula as an effective medium. The high and low porosity layers

(my —my) presented in Fig. 1 show a coral-like structure in feay-
m~ 1) ers and an interlaced branched formation of Si infhday-
ers. These morphologies are complicated and to describe

In this manner, measuring the corresponding sampletheir effective behaviour different EMAs can be used. Many
with a Sartorius Microbalance (model MC 5) with a preci- of these methods have been used for the determination of
sion of 0.0005 mg, we calculated porositiesiof = 79.2% the refractive index but have been chosen arbitrarily as dis-
and P, = 59.4% (from standard error propagation the er- cussed in [23]. Since we do not have enough information to
ror percentage is less thanl5% for each different porosity distinguish the agreement with these EMAs and the interac-
sample), where the subscriptandb stand for high and low tion between light and PS, in this study we evaluated which
porosity layers. In addition, we characterized the thickness ofnethod is best suited to approach the refractive indices of
the formed PS films using cross sectional SEM images usingS of high and low porosities. For this purpose we selected
a Hitachi S5500 electron microscope (see Fig. 1) and detedifferent EMAs and provided a quantitative method to deter-
mined the etch rate ag = 14.49 nm/s andv, = 1.72 nm/s.  mine which EMA has the best performance by fabricating
With these values we calculated the time at which each cumBragg reflectors.

P =
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The effective medium approaches were developed to ob-
tain theoretical values of the effective dielectric function, 357 E—
whose real part, relates to the real effective refractive in- 3 - - Looyenga
dex asc, ~ ngff when considering low absorption. The fol- 3 o ‘F{:rza‘l'lvel
lowing EMAs have been expressed in terms.gf ; [24—-26], 3 Linear
from which the Maxwell-Garnett [27], Looyenga [28], the 25 —— Bruggeman
formula of del Ro et al.[29] and Bruggeman [30] stand out 1
among others like the simple linear [25] or parallel interpola-
tions [24]. The linear approximation is calculated using the
porosity P that indicates the volume fraction of air in silicon:

Neff(A) = Prgir(A) + (1 = P)ngi(A), ¥

whereng; is the refractive index of silicon and,;, the re-
fractive index of air. Whereas the parallel interpolation is
calculated as: E

1 P n 1-P 3) 2.4
= . 3 -—— sE
neff()\) naiT(A) nSl(A) ] - - Looyenga
The Looyenga model is best suited for high porosities and o i

is defined as: 2‘ Linear
2/3 2/3 2/3 i —— Bruggeman
neff()‘> = (1= P)ng;"(A) + Prgi, (A). (4)

air

ny(})

T
500 1,000 1,500 2,000
Wavelength (nm)

Because the Maxwell-Garnett formula considers isolated ~ 63/
spherical particles, where percolation of PS is not contem- 1.4_5 --------------------
plated, this model is not relevant for this material [25,31]. As ]
an alternative to this methods we used the formula proposed 23}
by del Ro et al. (dRZW) based on the Keller reciprocity the- ]

orem for effective conductivity in a composed material [29]. e ied e 2
dRZW considers no particular inclusion shape, so it could be Wavelength (nm)

applied to materials with arbitrary microstructure. We used
this formula for the effective refractive index as:

FIGURE 2. Refractive index spectra. Refractive index spectra of
PS obtained with SE (black line), Looyenga (red line), the dRZW

1+ P( Nair(A) _ 1) formula (green line), the paralell (pink line), the linear interpola-
Nesr(A) = ngi(N) nsi(V) (5) tion (orange line) and the Bruggeman approach (blue line), for a)
eff St o) . . . .
1+ P( /:sbz ((A)) —1) the low porosity layerd>,, and b) the high porosity layers,.

The Bruggeman approximation is one of the most usediere we determined the extinction coefficient values for high
EMA for the refractive index determination of PS [24, 32]. @nd low porosity PS layers from Eq. (7) and calculated the
The symmetric Bruggeman considers different sizes of sphef&fractive indicesy,(A) andn,()) respectively, using the

ical inclusions embedded in a continuos medium and is ap©!lowing EMAs: Looyenga model, dRZW formula, the lin-

plicable to any porosity: ear and parallel interpolations and the symmetric Brugge-
) ) man model. Values for(\), k(A) of Si and air were taken
Nair(A) = 1275 (A) from [33, 34]. Although Si at optical frequencies is depen-
n2,.(A) + 2n§ff(>\) dent on carrier concentration, the change of refractive index
n2.(\) = n2,,(\) varies asv 10_*3, yvhich is negligible compa_lred _to the change
+(1-P)—2 eff —Q. (6)  of the refractive index due to the uncertainty in the porosity
ng; () +2n2; ¢ (N) measurements [35].

The complex refractive index is defined as In Fig. 2 we show a comparison between the spectra of
n(A\)=n(\)—ik(\) where absorption is related to the ex- the refractive indices obtained by these effective models and
tinction coefficientk()\). The nonsymmetric Bruggeman the ones obtained from SE (see Supplementary Appendix for
approximation can be used for the calculationigh) of more details). We can observe slight differences between
PS [24]: the refractive index values obtained from each methodology,

O K2 () therefore we need an efficient proced_ure to determine WhiCh

5 — 5" values are the most adequate. For this reason, we fabricated
kgi(A) kgi(A) several Bragg mirrors centered at specific wavelength¥ (
k2. (OO (K2 L using the different formulas for the refractive indices an_d as-
(1 - ]:2”( N ) ( 2 ) ] (7)  sess them to evaluate the performance of the refractive in-
S St dices.

—(1-P)
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4. PS Bragg reflectors the values of, (o) andn,()\g) respectively. If we fabri-
cate this mirror and its experimental central wavelength
Bragg reflectors are the simplest 1D photonic structuresmeasured from the experimental reflectance spectra, does not
since they are formed of alternating layers of high)(and  correspond to the originaly = 600 nm, then we say that
low (n,) refractive index and repeating thicknegsandd,  the Bragg mirror is shifted to either smaller or larger wave-
respectively. When an electromagnetic wave with a specifi%ngths_ Moreover this shift means that the valuesgf\)
wavelength)y enters the structure, it is partially reflected g9 ny(Ao) that we used are not the ones that describe ac-
at each layer interface and satisfies the optical path reIatior&”atmy the fabricated porosities of PS. Thus, with correctly
nid; = Ao/4, wherei = a for the P, layers andi = bfor  characterized parameterd @ndn;) we can produce selec-
the P, layers. Due to the periodicity of the refractive indices, tjye Bragg mirrors and use them for several applications. In
these multiple reflections interfere destructively avoiding thehis work we present a simple procedure to determine the re-
further propagation of the wave. In this manner a forbiddenyactive index of PS based on the performance of their use
band gap around a central wavelengthis formed,i.e. a  for fabrication of PS Bragg mirrors, evaluating the concor-

perfect mirror at\o. The multilayered structure that satisfies gance between their experimental and theoretical reflectance
these properties is called a Bragg reflector. The procedure tgyectra.

fabricate these mirrors constrains the need of a low index rate

betw the | in order to h iodi ‘ Hence we fabricated several Bragg reflectors in order to
(na/n) between the layers in order to have a periodic po eNYalidate the performance of the refractive indices that we ob-

tial and consequently an increaseq band gap [6, 36, 37]. Wﬁined from each methodology (Fig. 2). Using these val-
know frgm our expe'nlmental experience that dty and P, es we designed sets of three selective mirrors centered at
PS fabrication conditions present a high index contrast an o = 600, 800 and 1000 nm respectively, formed of 15

by using these we have been able to produce different IOhOriilayers 01: high and low refractive indic’es. The thick-

tonic structures [36, 38.’ 39].' Since itis our aim to fabrlcateness of each layer satisfies the quarter wavelength condition,
high quality 1D photonic mirrors we need to ensure that the

o . . d; = \o/4n;, and is controlled experimentally with the etch-
refractive indices obtained from the different methods repre: o/4n P y

. . . . ing time. It is important to notice that each set of Bragg
sent effectively the interaction between light and PS. ThereFnirrors designed with their corresponding refractive indices

fore we calculated all the refractive index rates and presegbbtained from each method) have different layer thicknesses

their comparison in Fig. 3._He_re we outs_tand th_e _Looyeng nd because the fabricated porositiéy @nd P,) are the
and the Bruggeman reiraciive indices which exhibit the IOW’same for all the mirrors, their experimental reflectance spec-

est rate, indicating that their indgx cont.rast is large enough t‘Pra will not be equal, even though they are designed to reflect
reproduce the adequate photonic quality we have observed He same\,. We expect that some of them present better

previous reports. . : . . .
) L - agreement with their respective theoretical calculation.
The thickness and refractive index of the periodic layers g . P )
We simulated the theoretical reflectance spectra of

that constitute a Bragg mirror determine theit reflects by

means of the optical path relation. If for example we desigﬁhe Bragg mirrors using the well_known trqnsfgr matrix
a Bragg mirror centered a,—600 nm we only need to cal- method [40] where we considered the absorption in the mul-

culated, andd, of the high and low porosity layers by using t@layers by using the complex refractive ir_1dex in the ca_llcula-
tions. Then we compared the spectra with the experimental

measurements performed with a spectrophotometer UV-Vis-

0.9 IR (Shimadzu UV1601), see Figs. 4a and b. The spectropho-
08_5 tometer uses an Aluminum mirror as reference, this is the
B standard method we have used in our studies.
e Y N SE If the ny(Aog) and n,(Np) used to design and fabricate
. 06_;', - - Looyenga the mirrors are adequate, then each experimental Bragg re-
e ™| dRzW flectance spectrum will correspond to its theoretical counter-
P J1 ——— Paralell . . . .
€053, Linear part. We note that in this work we do not consider scattering
31 —— Bruggeman and absorption effects because they do not affect the central
043 e m o m ST T R AT wavelength of the Bragg structure. Therefore, if the spectra
O_Sé ' ! - are in good agreement, it is possible to validate the usabil-
] \\, ity of the refractive index values using a common metric that
et determines the quality of the fabricated Bragg structures. In
500 1,000 1,500 2,000 this work we propose thé).-factor as the theoreticalh()

Wavelength (nm) and experimentaNy) central wavelength difference divided

FIGURE 3. Refractive index rates. Refractive index rates/ (m) by the full width at half maximum ) of the theoretical
obtained from SE measurements (black line), dRZW (red line), thepand gap:

Looyenga model (green line), the paralell (pink line), the linear in-

terpolation (orange line) and the Bruggeman approach (blue line). Q. = [ Ao = A | )

ar

®)
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Ao = 600 NmM
1007 TABLE |. The Q.-factor calculated for each Bragg reflector cen-
] tered at\o = 600 nm fabricated with different refractive indices
60 obtained from SE and EMAs.
o Methods: Az (nm) ar (nm) Q.-factor
¥ 0] SE 521.8 1147 0.6831
% ] Looyenga 593.1 110.0 0.0624
3 40 dRZW 656.6 104.7 0.5404
Bruggeman 593.6 137.1 0.0466
20

TABLE Il. The Q.-factor calculated for each Bragg reflector cen-
tered at\g = 800 nm fabricated with different refractive indices
obtained from SE and EMAs.

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Ao

Lo =800 Nm Methods: A (Nm) ar (Nm) Q.-factor

D
=]

100 ' SE 705.7 159.0 0.5928
H Looyenga 785.2 157.0 0.0943
1
80 ! dRZW 905.0 143.7 0.7305
i. Bruggeman 797.7 186.2 0.0124
i
1
1
!
1,

Reflectance (%)

TaBLE Ill. TheQ.-factor calculated for each Bragg reflector cen-
tered at\o = 1000 nm fabricated with different refractive indices
obtained from SE and EMAs.

B
(=)

20

.vl.-ii?..'.ll' E:': ATR VA S Methods: Az (nm) ar (nm) Q.-factor
1
. it I RTAAY SE 880.3 215.2 0.5564
e

04 06 0.8 1 1.2 1.4 1.6 1.8 2 Looyenga 933.1 183.4 0.3647

Mo dRZW 1127.0 180.9 0.7038

Ao = 1000 nm

100 Bruggeman 1028.1 231.0 0.1216

80
5. Results and discussion

D
(=]

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
1 12 14 18 18 2 spectra which suggests that the SE refractive indices are not

ko adequate. The calculations of tlag -factor for these mir-
rors confirm the inadequacy of the SE measurements (see Ta-

FIGURE 4. Reflectanc_e spectra of th_e SE Bragg mirrors. Theo- pjeq I-111). The difference between theory and experiment can
retical (black dashed line) and experimental (red line) reflectance,

spectra of PS Bragg mirrors, centered afg)= 600 nm, b) 800 t;esunderstood asa rssﬁlt of thefcomplexnyS(I)Ef dmodell!nr(;; the
nm and c) 1000 nm, using the refractive indices obtained from SE. ©= Nanostructure and the use of accurate ata with com-

plex models to estimate refractive indeces which afterwards
The smaller the).-factor, the more accurate the refractive are used in simple photonic structures.
indices which characterize the photonic Bragg structure. We The blue-shift of the experimental reflectance spectra in
measured tha g andar as the half width at 5@ reflectance. Fig. 4 advises that the refractive index values must be smaller
In Tables I-Ill we show th&).-factor calculated for each set in order to displace the spectra to larger wavelengths to fit the
of mirrors that we fabricated using the different refractive in-theoretical spectra. Therefore we chose the Looyenga, the
dices. dRZW and the Bruggeman refractive indices for the fabri-

B
o

PN N NN T T T I T S T AN

Reflectance (%)

20

0

0.4 0.6 0.
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|E| Ao = 600 Nm |E| Ao = 600 NmM
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FIGURE 5. Reflectance spectra of the Looyenga Bragg mirrors.

Theoretical (black line) and experimental (red line) reflectance FIGURE 6. Reflectance spectra of the dRZW Bragg mirrors. The-

spectra of PS Bragg mirrors, centered aba)= 600 nm b) 800 oretical (black line) and experimental (red line) reflectance spectra

nm and c) 1000 nm, using the refractive indices obtained from theof PS Bragg mirrors, centered at %) = 600 nm, b) 800 nm and

Looyenga method. ¢) 1000 nm, using the refractive indices obtained from dRZW for-
mula.

cation of other sets of Bragg reflectors following the same

mentioned methodology. In Figs. 5-7 we show the compar- The best fit between the theoretical and experimental re-

ison between the theoretical and experimental reflectance diiectance spectra are the ones fabricated using the Bruggeman

each mirror that were designed using the refractive index valrefractive indices. Furthermore, we calculated ¢hefactor

ues obtained from i) the Looyenga effective model, ii) theusing Eq. (8) for these results and present them in Tables I-

dRZW formula and iii) the Bruggeman approximation. lll. From these values we can conclude that the Bruggeman
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E Ao = 600 Nm ical or cilyndrical shaped inclusions and averages over these

100 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.

80

60

40

Reflectance (%)

20
5.1. Broadband mirror

The bandwidth of one Bragg reflector represents the wave-

> Al e length range presenting high reflectance. This range depends
E o = 800 nm on the refractive index rate between high and low porosity
1007 =~ layers. For example, the reflectance spectra of the Bragg mir-
1 rors centered ak, = 600 nm presented above, show differ-
80 ] ent bandwidths (seer values in Table I). Even though the

mirrors are designed to reflect the samethey 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-
Ml ko tive number of Bragg mirrors (named submirrors) to reflect
o = 1000 nm over a wide wavelength range. However, finding the optimal
configuration of submirrors and it&; to fabricate a high
reflecting broadband mirror is not easy. In previous work
/\ we reported a simple procedure to determine Xpeof the
A

60

Reflectance (%)

i p—r—

submirrors based on the Radpproximant [38]. Following
that methodology we fabricated a Vis-NIR broadband mirror
made of PS and defined the wavelength range fkers: 400

nmto Ay = 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
2 e ' ' 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

spectra of PS Bragg mirrors, centered aha)= 600 nm, b) 800 the experimental photonic band gap is widen to larger wave-

nm and ¢) 1000 nm, using the refractive indices obtained from thelgngths’ probably due tp the porosity gradient within the mul-
Bruggeman approximation. tilayered structure. This is a problem that we have encoun-

tered in recent studies [38] and needs further investigation,
refractive indices are the most adequate for the fabrication diowever we do not address this matter in the present report.
the PS Bragg reflectors. Note that the qualitative and quanti- To measure quantitatively the concordance between the-
tative agreement is clearly better that with the other formulasory and experiment and since we can not use@he fac-
Hence, the Bruggeman approximation represents the effeter criterion for a multi-Bragg structure, we propose a merit
tive media of the PS multilayer better since it considers spherfunction given by:

Reflectance (%)

FIGURE 7. Reflectance spectra of the Bruggeman Bragg mirrors.
Theoretical (black line) and experimental (red line) reflectance
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the Bruggeman refractive indices and concluded that these
PAANAASAAN . f o 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.
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Appendix
Af
(S(\) = E(X))2d A. Spectroscopic Ellipsometry measurements
N= |M ’ (9 In the appendix we detail the procedure that we used for the
’\fS A)dN)2 determination of the refractive index of the PS high and low
X{ (A)dA) porosity samples by Spectroscopic Ellipsometry.

SE is a semiempirical approach based on the measure-
where S()\) and E()) are the simulated and experimental ment of the light polarization transformation that occurs after
reflectance spectra, respectively. Héfemust be small for  a polarized beam is reflected from a material. The SE data are
experiments and theory to agree. We calculated the meriidjusted to fit a model that considers the characteristic prop-
function for the broadband mirror and obtained the valueerties of the material and from which the complex refractive
N = 0.0047. This result clearly indicates that the Brugge- index is calculated [17,18].

man refractive indices are the most adequate for the design |n this work we fabricated 500 nm thick PS monolayers
and fabrication of PS Bragg and broadband mirrors. for the SE measurements, which were carried out on a
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-
In this study we theoretically and experimentally character{iVé Bruggeman medium (EMA) formed of Si and air. The
ized the refractive index of high (P— 79.2%) and low parameters, such as thickness and porosity, are varied/fitted

(P, = 59.4%) porosity PS films. Through SE measurements

6. Conclusions

and EMA methods, where different fitting models were con- —— 65.24°
sidered for each porosity, we determined the refractive index 8 —— 70.23°
of PS. 75.22°

In this work we report a simple procedure to assess the us- — Mol

[=2]

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 o
Q.- factor criterion. We found that the refractive indices ob- 2
tained by SE were not adequate and calculated afterwards the
refractive indices of PS using EMA, in particular using the _ 2
Looyenga method, the dRZW formula and the Bruggeman R B L B I
approximation. Furthermore, we fabricated a broadband Vis- ) 0 &0 L ke =0

NIR mirror and measured the concordance between theory Wanslangth (nn}

and experiment using a Merit function. Within this analysis Ficure A.1. Representative depolarization spectra of one of the
we proved a good agreement for the mirrors produced withhigh porosity PS layers.

ey
PN T T T N O O O B B

epolarization (%)

Rev. Mex. Fis64(2018) 72-81



80 D. ESTRADA-WIESE AND J.A. DEL RO

E anisotropic models are commonly used to approach the opti-
40 — 300 cal properties of PS when using SE [17,18] and in this study

353 250 we used them as follows:
30—5 ;
25%
20—5
lSé
7

a) For the low porosity layers we defined a depth depen-
dent porosity gradient by simulating 10 isotropic sublayers

E 200

150 ) with a gradual porosity. This graded layer is on top of another
& F100 g layer with lower porosity and placed on the Si substrate. The
E 5o 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

03 ¥ ; 730 model range between 35 and 40.

-5 e~ 100 b) For higher porosities we approached a coral-like struc-
400 500 600 700 800 300 ture where a directional dependency of the refractive in-

Wavelength (nm) . . .
dex was generated and therefore considered an uniaxial

E anisotropic layer [17]. The software gave a fitted thickness
R — Psi [ = of 464 nm on average, which compared to the SEM measure-
Delta: .- ments where we obtained a thickness of 507 nm, the SE fit-

. el S 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-
r ample of a representative depolarization spectra considered
Lo 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 ordinary,.q_sg and the extraordinary
nest—sg. 1he average of these values is an effective refrac-
tive indexn.¢_gsg for any polarization. Here we consider
both options for normal incidence, thes_sr andng,q— sk
in order to test them. Thus using these values we fabricated,
in the manner that the adjustment between simulated an@s described in the main text, the simplest 1D photonic struc-
experimental data present the minimum mean square errdres: named Bragg reflectors. By means of¢hefactor we
(MSE). evaluated the refractive indices and obtained the following
As it can be observed in the SEM image (Fig. A.1 of thevalues for i) the mirrors fabricated with.s—sp: Qee00 =
main text), the morphology of PS is complicated and varied)-7908, Qcsoo = 0.6583 and Qei000 = 0.6065, where the
with porosity. The structure of the low porosity layers re- subscript stands for the central wavelength of each Bragg re-
sembles interlaced branches of Si, whereas the high poro§ector respectively. ii) the mirrors fabricated with,4— s
ity layers have a coral-like formation which present percola-Qeso0 = 0.6831, Qesoo = 0.5928 and Qe1000 = 0.5564.
tion. These different structures might be represented by difThe Q.- factors obtained from the Bragg reflectors fabricated
ferent fitting models, such as isotropic, anisotropic or porosWith the Ordinary refractive indices are smaller than the ones
ity graded. In this work we tried the above mentioned pos-obtained from the effective refractive indices where a contri-
sibilities for the P, layers and found the minor MSE values bution of then.,;sg is taken into account. Based on these
using the graded porosity model. Because of the coral-likéesults we used the ordinary refractive indices to compare
structure observed in thB, layers we used an anisotropic them to other possibilities. These are the values we report
model for the fitting of these layers. The optical graded andn the main text under SE.

60

Psi
T
i
(=]
(=]
Delta

a0

20

o e e —100
400 500 600 700 800 900
Wavelength (nm)

FIGURE A.2. Ellipsometric measurements of fabricated PS layers
of a) low porosityP, and b) high porosity’, .
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