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Abstract. In this study the experimental and theoretical optical analysis of a hybrid microcavity
(HM) based in porous silicon (PS) and nanoporous anodic alumina (NAA) are presented. The
microcavity was centered in the visible region at 760 nm. Distributed Bragg reflector (DBR) was
obtained using galvanostatic anodizing method and while NAA by the two-step anodization
technique. From SEM micrographs the HM different regions are observed. HM optical
characterization in the visible region was done, considering two different light sources, point and
non-point respectively. These results reveal a decrease in the quality factor (Q) from 350 to 190
when the source is exchanged; this behavior has been mainly attributed to the light scattering at
NAA. Furthermore, it was possible to study Q change, through transmittance simulation using the
transfer matrix and Landau-Lifshitz-Looyenga theoretical methods. When a point light source is
used, there are no optical losses making possible to sense 1% of analyte resulting in a 0.29 nm
redshift of the resonant peak. According with these results we propose to apply the HM as chemical
optic sensor.

Introduction

Optical devices based on porous materials have gained great interest due to their fast time
response and their structural parameters that can be easily controllable. A simple technique such as
electrochemical anodization has been commonly used to obtain these kinds of materials due to low
cost fabrication and easy handle. Some materials obtained by this method are porous silicon (PS)
and nanoporous anodic alumina (NAA), both have been applied as optical waveguides [1], optic gas
sensors [2-5], biosensors [6,7] and also in the medical area [8,9]. Besides, when they are exposed to
analytes (vapors or immersed in organic solvents), a small change occurs on its optical properties,
making them suitable to be applied as sensors.

PS multilayer structures have been proposed as chemical sensors due to its high surface area
when the morphology changes [3-6]. The morphology can be reached under special synthesis
conditions during the PS anodization process; where an specific in-depth porosities profiles can be
obtained when a controlled current density is applied [4,10]. This process is self-limited which is an
advantage, in other words the porous profile is only affected when the current density is modified
during the fabrication process without altering the already made PS structure. However, the main
disadvantage of porous silicon is the high absorption coefficient in the visible region and when is
applied as Distributed Bragg Reflectors (DBR) and microcavities, results in a poor optical quality
value [2,11-13]. On the other hand, NAA presents good transparency from ultraviolet to mid-
infrared range, furthermore, by its physical and chemical properties (i.e. biocompatibility, thermal
stability, environmental resistance, biodegradability, well-controlled geometry, etc.), makes it an
excellent material to develop optical biosensors [7,14,15]. Nevertheless, this material also possesses
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a limiting factor, which is a lower refractive index values, making its applications as DBR complex
[16-18].

Currently many research groups have reported optical sensors based on PS microcavities (using
point light source); with high sensitivity at the infrared region, this structures possess a very narrow
resonance peaks, high transmission and high quality factor (Q) (1400-3300) [19, 20], however
NAA Q values (25-110) are smaller compared to PS ones[21, 8].

In this work we exploited the optical properties of each material: PS refractive index and NAA
low absorption, to develop a hybrid microcavity (HM) which operates on the visible range
(760 nm). Q values obtained in this work are better than those reported in the literature for
structures based in PS, to reach this enhancement in our results a point light source was considered.

Several simulations were carried out to obtain the HM optical response when the structure is filled
with different alcohol concentrations using non-point light source. These results reveal that the light
scattering is due to the different domain contribution, noticing that all the optical losses occur
mainly at the NAA membrane.

Theoretical Aspects

Transfer matrix method was used for HM theoretical analysis. This method describes the light
transmission behavior through an isotropic homogeneous and inhomogeneous medium [22].
However, is well known that porous alumina is composed by different domains, the difference in
morphology results in to an anisotropic and inhomogeneous hybrid structure [23,24].

Homogeneous and inhomogeneous structures Transmittance spectra was calculated taking into
consideration different contributions such as: a whole HM gradient-optical thickness (GOT),
incident angles (#) and the wavelength range (4).

First simulation: transmittance calculus was done using the transfer matrix considering a point light
source and an isotropic homogeneous medium (eq. 1):
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Where the term 6; = Z%nidi , Yi = njcosay wich depends on theese parameters: n; refractive
index, d; physical thickness and a; absorption coefficients for a given i-layer.

HM Transmittance was calculated by the following expression;

2
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Where, yo and vys are defined as the incident medium and the substrate physical parameters
respectively.

Second simulation: a non-point light source and anisotropic inhomogeneous medium are
considered in equation 3, which can be described as the total sum of contributions from each
domain presented at HM surface:

8f «GOT
TtO\) = ZG:ZGOT:T(GD GOTi) (3)
When an amount of analyte is adsorbed on the inner part of the porous structure, the porous material
effective medium is modified; affecting the refractive index. To calculate the complex refractive

index (neff = ,/seff) of each layer, Landau-Lifshitz-Looyenga (LLL) model [25, 26] was used
(eq. 4):
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Where, e 1s defined as the complex dielectric function, (p) porosity, (¢;) air or analyte complex
dielectric function,(e2) silicon crystalline at PS or aluminum at NAA complex dielectric function,
besides the HM simulation when it is filled with alcohol was done by Lorentz-Lorentz model.

Experimental Details

Distributed Bragg Reflector Fabrication. PS was prepared using galvanostatic anodization
method where p-type (100) monocrystalline silicon wafers (resistivity 0.01-0.02 Qcm) were used as
substrate. To prepare the desired solution for electrochemical etching, HF (50 %): C.HsOH
(99.9 %) in a relation 1:2 (v/v) without any further purification, were mixed. Electrochemical cell is
made by Teflon® beaker, where the Si wafer acts as anode and platinum wire as cathode [3]. The
electrolyte contact area over the silicon substrate was 0.78 cm?. DBR s were designed to work at a
specific wavelength (stop band, Ac=760 nm) by alternating layers of higher (Px) and lower (Pp)
porosities, as follows; Pr-Py-Pr-Py-PL-Py-PL-Py-PL-Py-Pr-Pu-PrL. Current densities Ji= 5 mA/cm?
and Jy= 80 mA/cm2 were applied respectively, with an specific time of tt= 24 s and ty= 5 s to
obtain physical thicknesses of di=84 nm and dy=115 nm (according to the literature, the optical
thickness of each layer needs to be at A/4). Finally, PS-DBR refractive index (n.=2.24 and ny=1.64)
at 760 nm was obtained.

Nanoporous anodic alumina fabrication. NAA was obtained by two-step anodization process
[27]; using high-purity (99.999 %) aluminum foils, 500 pm thickness. Prior anodization step, Al
substrates were chemically degreased by acetone, followed by native oxide removing using 0.5 %
NaOH solution, after the cleaning process all the samples were rinsed in deionized water and dried
with N2. To obtain millimetric grain sizes and reduce NAA surface roughness, aluminum was
annealed at 400 °C for 3 h and mechanically pressed (7.5 ton/cm?) at room temperature, after that a
second annealing process with same parameters was done. This whole annealing and press process
1s known as dynamic recrystallization, which favors crystal growth from pm up to several
millimeters [28, 29].

After thermal treatment, samples were electropolished with a stirred HC104:CoHsOH (1:4 v/v)
solution, under a constant voltage (20 V) for 10 min at room temperature. Next, first anodization
step was carried out in 0.3 M H>C>04 solution at 40 V for 20 h, a Teflon cell with cooled system
was used for anodization, maintaining the temperature constant at 7 °C under continuous stir, Pt
wire and aluminum were used as a cathode and anode respectively. Subsequently, the alumina film
was selectively dissolved by wet chemical etching in 0.4 M H3P04:0.2 M H2CrO7 solution at 70 °C
for 3 h. Second anodization step was realized under the same chemical conditions as the first one,
nevertheless in this step 4 hours anodization time was used the reach the physical thickness desired
(15 um).

Hybrid Microcavity assemble. As it was mentioned before NAA and DBR structures were
obtained separately, so an extra process is required to assemble the HM structure. First is necessary
freestanding the DBR from the c¢-Si with HF (50 %): C:HsOH (1:7 v/v) chemical solution, applying
200 mA/cm? current density (4 s), after this, the DBR is rinsed with isopropyl alcohol under
constant flux to assure no adherence over any other surface and free transferred over upper NAA
surface, since the backside of NAA still attached over the aluminum substrate, is necessary to
remove the substrate using 2.4 M HCl: 0.16 M CuCl; saturated solution. After freestanding the
other DBR, inmediately is deposited over the NAA remaining lone side, to have a total assemble of
the HM as it is showed in Fig. 1.
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Fig. 1 Hybrid Microcavity assemble.

Characterization techniques. FEI Scios Dualbeam Scanning Electron Microscopy (SEM) was
used to obtain cross-sectional and surface images from PS-DBR structures and NAA membrane. To
observe the domains presented over NAA membrane, a CARL ZEISS metallographic microscope
with circularly polarized light was used. The elemental composition of HM was obtained by Energy
Dispersive X-Ray Analysis (EDX).

Optical characterization was carrying out using a Evolution 600 UV-VIS spectrophotometer

(non-point light source), the overall system wavelength resolution was 2 nm. Point light source
characterization was obtained using Ocean Optics HR400 spectrometer with 0.2 nm resolution.
HM optical transmittance spectra were carried out following two different setups. First setup: A
non-point light source hits directly over several domains covering 9 mm? total area, second setup: a
point light source hits the sample on a very tiny area of 0.47 mm?, which corresponds to a single
domain area, see figure 2.

Fig. 2 Transmittance setup with a point (red line) and a non-point (yellow) light source.

Results and Discussion

Figure 3 shows the typical reflectance spectra (non-point light source) of a DBR centered at
760 nm normal incidence, the transfer matrix method and LLL’s effective medium theory were



162 Journal of Nano Research Vol. 56

used to fit experimental and theoretical data [25,22,30]. Optical parameters such as: refractive index

and the physical thicknesses (n.=2.24, ny= 1.64, di=84 nm and dy= 115 nm) for each layer were
obtained.
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Fig. 3 PS-DBR typical reflectance spectra centered at 760 nm measured (black line) and fitted
(cyan asterisks).

The optical micrograph (Fig. 4a) from NAA surface under polarized light is showed; several
contrasts are observed corresponding to different domains due to the NAA birefringence. This
effect is related to the different substrate crystalline orientations which contribute on the domains
size (up to 1.9 mm in length) and shape [23]. Furthermore, each NAA domain contains pores with
different degrees of ordering and tilts. For example, it has been reported for aluminum [001]
crystalline orientation that NAA grows faster with high pore ordering compared to [101] plane [24],
this characteristic favors the material anisotropy.

Figure 4b NAA reflectance spectra over a single and many domains are shown. When point light
source strikes a single domain the constructive interference amplitude is increased and well defined.
Nevertheless, when the non-point light source strikes over several domains the constructive
interferences tend to decrease and deformed due to different optical lengths in each domain, in other
words there is an inhomogeneous surface that contributes to the reflectance optical losses.
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Fig. 4 NAA membrane characterization (a) different domains optical micrograph image under
polarized light, (b) experimental reflectance spectra at normal incidence using an a point light
source with 0.47 nm? area (red line) and nonpoint source with 9 mm? (black line).

In figure 5, the top-view PS and NAA SEM imagine are shown, the figure 5a) shows the PS SEM
image where a random pore distribution and 11 nm average diameter are observed and figure 5b)
corresponds to NAA, from this image a self-ordered pore is noticed, with 80 nm average diameter
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and 103 nm interpore distance. Furthermore, a quasi-periodic array is observed due to point defects
that occur at the porous domain during the anodization process [31].

Fig. 5 SEM top images (a) porous silicon random pore distribution and (b) NAA resulting image
with self-ordered pores.

DBR’s were manufactured alternating low and high refractive index as mentioned above;
refractive indexes used were 2.24 and 1.64 respectively, both DBR’s were assembled to the NAA
surfaces as it was mention before. Figure 6a) shows the cross-section SEM image from the hybrid
microcavity, DBR / NAA / DBR different regions are clearly observed. Both DBR’s have 1.6 pm
and NAA 18 um of physical thickness with cylindrical pores straight to the surface. Fig. 6b refers to
the elemental chemical composition obtained from Energy Dispersive X-ray Spectroscopy (EDX)
analysis, these compositions belongs to the silicon from the PS and the aluminum-oxygen elements
from the NAA respectively.
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Fig. 6 Hybrid microcavity (a) cross-sectional SEM image and (b) elemental chemical
composition of the final structure.

Transmittance spectra of the HM structure was carried out considering two different setups. The
hybrid microcavity theoretical and experimental response was obtained under a point light source
condition (Fig. 7); the transmittance spectra is fitted considering a HM homogenous surface (eq. 2),
where the measured area was 0.47 mm?, considering a low absorption (6 cm™), with 10 % of
porosity and 15 um of physical thickness.

With these conditions, the theoretical data was fitted to the experimental, resulting in a
distributed uniform resonances contribution located at the stop band, where Q factor value was 350
at 760 nm. From these results we can observe that the resonance quantity is related directly to the
NAA thickness.
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Fig. 7 Hybrid microcavity transmittance spectra experimental (black dots) and fitted
(blue solid line).

Figure 8 shows the NAA transmittance spectra using a non-point light source where several
domains contributions are considered, from the results it is observed that the amplitude decreases
and a resonant peaks deformation is presented. The transmittance results were analyzed and fitted
from theoretical to the experimental data (eq. 3) considering the porosity gradient and the material
absorption (NAA domains). However, is known that the material absorption depends directly to the
measured area and the light incident angle (0 °-10 °). With these considerations, a theoretical fitting
was carried out, a decrease in the transmittance intensity and Q values from 350 to 190 were
observed, it could be due to the physical parameters related to the NAA surface. Furthermore, when
different stop band (760 nm) values are considered, the theoretical fitting does not match with the
experimental data due to optical losses caused by the optical thickness variations.
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Fig. 8 HM transmittance spectra considering a non-point light source, experimental (black dots) and
simulated (red line).

To analyze the HM optical response several simulations were performed at different analyte
concentrations. After multiple calculations, we calculated the maximum analyte volume (0.2 pl) that
can be introduced into the structure; this value was considered as the 100 % and then used as
reference volume for this research. To simulate the mixture of air and alcohol inside the pores,
Lorentz-Lorentz model was used. Figure 9 shows the resonant peak simulation using a point light
source where the structure full and empty of ethanol (blue dots and black dots ) is considered. When
the analyte is getting inside the pores substituting the air, a redshift in transmittance spectra is

presented due to the variation on the refractive index values. This behavior allows HM to be applied
as an optical gas sensor.
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Fig. 9 Resonant peak redshift when pores are filled with 4% ethanol.

Figure 10 presents the evolution between alcohol concentration and the peak position when a
point light source is used. For this analysis a peak located at 764 nm was used as an initial
reference, and compared with those peaks when analyte percentage inside the structure is increased.
Peak value tends to move towards longer wavelengths showing a linear behavior from 1 % to 50 %
ethanol concentration (99.3 % fitted) (Figure 10a). The resonant peak shifts 0.29 nm proportionally
whit the alcohol concentration (1 %) (Figure 10a inset). Theoretically 1 % is the minimum analyte
quantity that can be measured, which is equivalent to 2 X 10' ethanol molecules within the pore. In
other words, it is possible to detect less than 1 ppm of alcohol.

Using a non-point light source, same simulations were done in order to compare the HM optical
response (Figure 10b). The results reveal that the resonant peak displacement only shows a short
lineal behavior (5 - 30 % alcohol concentration) but beyond this value a non-lineal tendency is
observed. This effect happens when the domain optical properties contributes negatively provoking
losses between the refractive indexes (PS and NAA) and only the analyte refractive index
contribution is becoming meaningful. The minimum theoretical redshift that can be measured with
this setup is 1.6 nm which corresponds to 5 % analyte concentration.
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Fig. 10 Behaviour between peak position vs alcohol concentration (a) a point light source,
(b) non-point light source.
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Conclusions

PS and NAA optical properties were used to obtain a microcavity with a Q factor value of 350 and a
physical thickness of 18 um that perfectly works in the visible region at 760 nm. Experimentally
two light sources (point and non-point) were used to obtain the transmittance, a light scattering on
the HM optical response is observed when the light strikes over several NAA domains and a
decrease on the Q value (350-190) is observed. LLL’s model was used to fit the experimental data,
showing that the light scattering is provoked by NAA non-uniformity. Different optical lengths
were observed due to the domains presented on the structure. When an analyte is adsorbed a
redshift occurs allowing to detect less than 1 ppm, with these results we conclude that is possible to
apply the HM as chemical optic sensor.
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