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Abstract

Aqueous solutions of alcohols are used in several applications, from pharmaceutics and biology, to
chemical, biofuel, and food industries. Nonetheless, development of a simple, inexpensive, and portable
sensing device for the quantification of water in water-ethanol mixtures remains a significant challenge.
Photonic crystals (PhCs) operating at very high-order bandgaps (PBGs) offer remarkable opportunities
for the realization of chemical sensors with high sensitivity and low detection limit. However, high-
order PhC structures have been mostly confined to mere theoretical speculations so far, their effective
realization requiring microfabrication tools enabling the control of periodic refractive index modulations
at the sub-micrometric scale with extremely high both accuracy and precision.

Here, we report both experimental and theoretical results on high-sensitivity chemical analysis using
vertical, silicon/air 1D-PhCs with spatial period of 10 and 20 um (namely, over 10 times the operational
wavelength) featuring ultra-high-order PBGs in the near-infrared region (namely, up to 50" at 1.1 pm).

Fabrication of high-order 1D-PhCs is carried out by electrochemical micromachining (ECM) of silicon,

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors Page 2 of 26

which allows both surface roughness and deviation from verticality of etched structures to be controlled
below 5 nm and 0.1%, respectively. Optical characterization of ECM-fabricated 1D-PhCs is carried out
by acquiring reflectivity spectra over the wavelength range 1-1.7 pm, which allows the presence of
ultra-high-order PBGs with minor optical losses (i.e. <1 dB in reflectivity) separated by deep reflectivity
notches with high Q-factors (i.e. >6000) to be appreciated, in good agreement with theoretical results.
Eventually, we investigated the use of high-order 1D-PhCs for the refractometric quantitative detection
of trace of water in water-ethanol mixtures, demonstrating that a high sensitivity (namely, either 1000
nm/RIU or ~0.4 nm/% of water), good detection limit (namely, 5 x 10~ RIU or ~10% water), and
excellent resolution (namely, either 6 X 10~* RIU or 1.6% of water) is reliably achieved on a detection

volume of about 168 fL.

Keywords: photonic crystals, high aspect ratio, electrochemistry, micromachining, refractometry,

chemical analysis, water-ethanol mixtures.

Aqueous solutions of alcohols are used in several applications, from pharmaceutics to biological
sciences, from chemical and biofuel industries to food and beverage farms.!? Therefore, determining the
water content in aqueous alcohol solutions with high sensitivity is of chief importance for chemicals,
pharmaceuticals and food preparation. The standard laboratory method for determining the amount of
water in a water-ethanol mixture is Karl-Fischer titration.? Although this method represents the gold
standard, it requires trained personnel, it is time-consuming, and reagents are toxic. Besides, both
chromatography* and infrared spectroscopy” are routinely used as they do not involve toxic reagents,
though they do not allow for in-line and real-time monitoring of hydro alcoholic solutions.

In order to overcome the limitations of the methods described above, recent research has focused
on developing highly sensitive approaches for the in-situ and in real-time analysis of water content in

organic solvents. Among the different approaches, electrical (e.g. capacitors,®’ resonators®®) and optical
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2,10,11

(e.g. fluorescent/colorimetric, photonic/plasmonic'?!?) methods have been successfully reported.

Among these, optical methods either exploit specific chemical reactions with water to enhances

2,10,11

fluorescence and color changes or do monitor refractive index changes of the water-alcohol mixture

using highly sensitive optical transducers,!>!3

with advantage of higher sensitivity, lower detection limit,
larger range, and improved portability with respect to electrical approaches. Nonetheless, development
of a simple, inexpensive, and portable sensing device for the quantification of water in water-ethanol
mixtures remains a significant challenge.

To the best of our knowledge, little research has been done on utilizing the fascinating
phenomenon of forbidden propagation of light in photonic crystals (PhCs) for the quantification of water
in water-ethanol mixtures.'4!8

Photonic crystals, either natural or artificial materials with a periodic modulation of the refractive
index at the micro and nanoscale, offer remarkable opportunities for optical sensing of both chemicals
and biological matters.'*23 In fact, any physicochemical process occurring in the presence of the
chemical/biological matter and affecting the refractive index of the materials assembling the PhC
structure causes a change of the PhC optical spectrum that can be effectively quantified.

This capability has been successfully used to implement optical sensors with high sensitivity and
low detection limit, 202%2% mostly accomplished using PhCs exploiting either evanescent or guided
modes, such as PhC slabs and waveguides, to probe the chemical/biological sample delivered by flow-
over microfluidics. Nonetheless, the small penetration depth of evanescent waves and the slow diffusion
kinetics of molecules weakens interaction of light and chemical/biological matter in these PhC
structures, limiting, in turn, the ultimate sensitivity of the optical sensors exploiting such structures as
refractive index transducers.

Higher sensitivity has been achieved when the chemical/biological sample is flown through the

14,30-32

PhC structure, thanks to an enhanced light-matter interaction. This strategy has been shown to be

highly effective when PhC resonant cavities are used as refractive index transducers,**=° for which the
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presence of a defect breaking the PhC periodicity gives rise to a sharp (i.e. with high quality factor, Q)
resonance peak that enhances sensitivity and lowers, in turn, detection limit.3¢ On the other hand,
because of the high interaction strength between optical field and cavity defect, any fabrication errors
affecting either position or size of the cavity defect have a significant impact on the optical features of
resonant cavity and, in turn, on the performance of the optical sensors based on these structures.?’

Recently, high-sensitivity in chemical/biological analysis has been demonstrated using flow-
through vertical PhC structures supporting high-order photonic bandgaps (PBGs).!18-38

Noteworthy, high-order PhCs feature a refractive index modulation whose spatial period is
longer than the operation wavelength, therefore relaxing the fabrication process of these structures with
respect to PhCs exploiting either the fundamental or low-order PBGs. Nonetheless, both accuracy and
reproducibility of morphological features (e.g. spatial period, material thickness, surface roughness) still
play a crucial role toward the experimental achievement of PhCs with high-order PBGs. In fact, the
occurrence of structural disorders, such as change of the spatial period or presence of rough interfaces
over the PhC structure, produces incoherent interference and light scattering throughout the periodic
structure, respectively, which easily degrades high-order optical features of the PhC structure, such as
PBGs, extinction-ratio (i.e. Q factor) between high and low-reflectivity bands, both in reflection and
transmission.

Among other state-of-the-art micro and nanofabrication technologies, silicon electrochemical
micromachining (ECM) has been recently shown to enable the fabrication of vertical silicon/air 1D-PhC
with high-order bandgaps (i.e. up to 20" order) in the near-infrared region, both for telecom application
and chemical/biological analysis.'>!%° Indeed, this technology allows the anodic dissolution of silicon
in acidic (HF-based) aqueous electrolytes to be controlled with sub-micrometric accuracy and
nanometric surface roughness, also providing high flexibility in terms of geometrical features, namely

trenches, pores, pillars, spirals.**43
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Vertical silicon/air 1D-PhCs with high-order photonic bandgaps fabricated by ECM technology
have been successfully used for refractometry. These structures inherently feature independent optical
(perpendicular to the Si walls) and fluidic (parallel to the air-gaps) paths, which enable the incorporation
of high-order PhC transducers into advanced optofluidic platforms, integrating, for instance, grooves for
accurate optical-fiber positioning in front of PhCs and microfluidic channels for the convective transport
of target fluids and analytes within the PhCs. Furthermore, the unique combination of a high refractive
index contrast (between crystalline silicon and liquid to be analyzed) with high-order photonic bandgaps
in high-order PhCs results in a reflection/transmission spectrum with sharp high-Q (>1000)
notches/peaks, which enable tiny changes in their spectral position due to light interaction with
chemical/biological matter to be effectively monitored.

Here, we report both experimental and theoretical results on silicon 1D-PhCs with ultra-high-
order PBGs (from 34™ at 1.6 um up to 50 at 1.1 um) in the near-infrared region, with application to
quantitative water detection in water-ethanol mixtures. To the best of our knowledge, this is the highest
order of PBGs that has been experimentally reported so far, either with silicon or other materials, thus
narrowing the gap between theoretical and experimental findings in the PhC area. In particular, vertical
1D-PhCs with spatial period of 10 and 20 um, surface roughness below 5 nm, and deviation from
verticality of 0.1% were successfully etched in silicon by ECM technology. A thorough optical
characterization of 1D-PhCs clearly highlighted the presence of ultra-high-order PBGs with minor
optical losses (i.e. <1 dB in reflectivity), separated by deep reflectivity notches with high Q-factors (i.e.
>6000), in very good agreement with theoretical calculations. The use of ultra-high-order 1D-PhCs for
quantitative water detection in water-ethanol mixtures by refractometry, pointed out that high-order 1D-
PhCs allow high sensitivity (i.e., 1000 nm/RIU, or 0.4 nm/% of water), good detection limit (i.e., 5 x 10
3 RIU, or ~10% of water), excellent resolution (i.e. 6 X 10™* RIU, or 1.6% of water), and good

reliability (%CV<1%) to be achieved in a sub-nanoliter probed volume of 168 fL.
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Results and discussion
Design and fabrication of 1D-PhCs with high-order photonic bandgaps

Figure 1a shows a sketch of the ultra-high-order 1D-PhCs described in this work, which consist
of periodic, vertical crystalline-silicon walls separated by air-gaps. The 1D-PhCs were designed
according to the hybrid quarter-wave stack,** with thickness ds; of the silicon walls and width dair of the
air-gaps satisfying the phase matching conditions dsi = HAo/4nsi and dair = LAo/4nair, where H and L (odd
integer numbers) are independent design parameters, ns; is the silicon refractive index at the operation
wavelength Ao (air refractive index is 1), and m = (H+L)/2 is the order of the PBG that is centered at Ao.
Specifically, we designed 1D-PhCs with a pitch of either 10 or 20 um featuring the 19" and 34™ order
PBGs centered at 1o = 1.65 um and 1.6 pm, respectively, where silicon has a refractive index of ~3.45
RIU and negligible optical absorption. Design parameters were H=19 and L=19, which correspond to
2.3-um-thick silicon walls and 7.7-um-wide air-gaps, for PhCs with pitch of 10 um; H=25 and L=43,
which correspond to 2.8-pm-thick silicon walls and 17.2-pm-wide air-gaps, for those with pitch of 20
um. Once these parameters are chosen, the morphology of the PhC structure is uniquely determined by
its periodicity D = dsi + dair (10 and 20 pm), porosity P = dai/D (0.77 and 0.86), and depth h=50 um for
both the PhCs to facilitate coupling with readout optical fibers.

Figure 1b shows a sketch of the main technological steps required for the fabrication of high-
order silicon/air 1D-PhCs by using ECM. The initial material is an n-type silicon substrate of orientation
(100), with a 100-nm-thick silicon dioxide (SiO») layer on top. The pattern of the microstructures to be
fabricated is defined on a photoresist layer by UV-lithography, transferred to the SiO, by buffered
hydrofluoridric acid (BHF) etching through the photoresist mask (Fig. 1b-2), replicated into the silicon
surface by potassium hydroxide (KOH) etching through the SiO, mask (Fig. 1b-3), and then deeply
etched into the silicon substrate by electrochemical etching (ECE) (Fig. 1b-4,5) 4. Specifically, the ECE
consists of a single etching step with an initial anisotropic phase (Fig. 1b-4), used to etch the pattern

deep into the substrate and create high aspect-ratio microstructures, and a final isotropic phase (Fig. 1b-
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5), used to release some of the etched microstructures from the substrate and, eventually, remove them.
In fact, both functional and sacrificial structures were exploited to ensure high accuracy in fabrication of
1D-PhCs with a pitch of 10 and 20 um. More in detail, functional structures are, by definition, parts of
the microstructures that are anchored (partially, at least) to the Si-substrate after the isotropic phase of
the electrochemical etching step; sacrificial structures are, by definition, parts that are not anchored to
the Si-substrate after the isotropic phase of the electrochemical etching step and are, hence, removed.
More than 20 replicas of high-order 1D-PhCs separated by a suitable anchor structure were successfully
integrated on the same silicon substrate (size 0.5 cm x 1cm) (Figure S1). Figure 1c-f show scanning
electron microscopy (SEM) images of two representative high-order 1D-PhCs with pitch 10 and 20 pm
and porosity 0.77 and 0.85, respectively. From these images, the high quality of the microfabrication, in

terms of both etching uniformity/accuracy and surface roughness, can be appreciated.

Optical characterization of 1D-PhCs with high-order bandgaps

A thorough optical characterization of high-order 1D-PhCs was carried out by measuring the
reflected optical power spectrum in the range 1.0-1.7 um at orthogonal incidence, using the fiber-optic
setup reported in Figure S2, both in air and with a liquid, namely water and ethanol, filling the PhC air-
gaps. Notice that, the high refractive index contrast between silicon and liquid to be analyzed limits light
propagation through the 1D-PhC structure to a few periods.?* Considering a worst-case scenario in
which 20 silicon-wall/air-gap periods of the PhC contribute to form the reflectivity spectrum through
light-matter interaction, the effective volume of liquid infiltrating the 20 periods of a PhC with pitch of
20 pm is smaller than 6.8 nL, whereas the probed volume (i.e. the volume of liquid actually probed by
the optical fiber) is less than 168 fL.. For each different medium, 9 power spectra were acquired so as to
infer on measurement reproducibility (Figure S3). Experimental reflectivity spectra are then obtained by
normalization of reflected optical power spectra with respect to a reference mirror.>* Typical

experimental reflectivity spectra of as-fabricated high-order 1D-PhCs with D=10 um and D=20 um are
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shown in Figure 2a, superposed to theoretical reflectivity spectra calculated using the Transfer Matrix
Method (TMM). This latter was modified (see Supplementary Information for details) to take into
account the effects of both finite resolution bandwidth (RB) of the optical spectrum analyser * and
scattering losses induced by the presence of rough silicon/air interfaces.*’

Figure 2a shows an excellent agreement between theoretical spectra and experimental spectra
measured on a PhCs with pitch of 10 and 20 um, in terms of both reflectivity and spectral position of
PBGs and notches. Remarkably, the reflectivity value within the PBGs, especially at wavelengths higher
than 1.2 um, is close to the ideal value of 0 dB (e.g. 0.63 dB for the PBG centered at A=1.6 um),
suggesting that optical losses due to cumulative scattering over multiple silicon/air interfaces is
negligible. Best-fitting of the 1D-PhC experimental reflectivity spectra acquired in air with theoretical
reflectivity spectra over the full spectral range 1.0-1.7 pm yielded porosity values P=0.7718 and
P=0.8563 for 1D-PhCs with pitch of 10 and 20 um, respectively, which are in good agreement to design
parameters, RB=9 nm, which well agrees with the resolution bandwidth of the optical spectrum analyser,
and a surface roughness of 5 nm (root mean square value), which is significantly smaller than that of
other micromachining technologies (e.g. reactive ion etching).*

To gain a deeper insight into the optical quality of the ECM-fabricated high-order 1D-PhCs, we
performed higher resolution reflectivity measurements around A=1.31 pm and A=1.53 um, where the
PhC with pitch of 20 um exhibits two deep reflectivity notches, as shown in Figure S4 and Figure 2b,
respectively. A high quality-factor Q, namely 3830 (A = 1.5326 um, FWHM~0.4 nm) and 6300 (A=1.308
um, FWHM~0.2 nm), is experimentally measured for both the reflectivity notches, which is higher than
that of PhCs exploiting low-order PBGs and comparable to that achieved with PhC resonant cavities.
This result further demonstrates the excellent optical quality of ECM-fabricated high-order 1D-PhCs.

Figure 2c shows reflectivity spectra, both experimental and theoretical ones, of the 1D-PhCs with
pitch of 20 um upon infiltration with water (top) and ethanol (bottom). The line shape of the reflectivity

spectrum of PhCs infiltrated with liquids is significantly different from that of PhCs in air. This is due to
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the large increase of the refractive index from air to water and ethanol, which raises the order of the
photonic bandgaps appearing in the wavelength range under investigation. Conversely, the refractive
index variation between water and ethanol is not large enough to modify the line shape of the PhC
reflectivity spectrum, though a clear red-shift of both reflectivity peaks and notches is apparent when
water is replaced with ethanol.

Notice that, infiltration of 1D-PhCs with filling media of well-known optical properties, e.g.
ethanol and water for which refractive index and absorption coefficient have been thoroughly
investigated,*” allows to further validate the morphological features of ECM-fabricated 1D-PhCs,
through a comparison of experimental reflectivity spectra acquired upon infiltration of the model liquids
with theoretical reflectivity spectra calculated (taking into account the model liquids) using for porosity,
roughness, and resolution bandwidth the same values achieved for as-fabricated 1D-PhCs in air. Indeed,
in Figure 2c an excellent agreement between experimental and theoretical spectra is apparent, these
latter being calculated using porosity, surface roughness, and resolution bandwidth values above
achieved by best-fitting of the reflectivity spectrum of empty PhCs in Figure 2a, namely 0.8563 for
porosity, 5 nm for surface roughness, and 9 nm as resolution bandwidth.

In order to quantify the degree of tuning (DoT) of ECM-fabricated 1D-PhCs we defined as figure
of merit DoT% = 100 X [1 — (Atheo — Aexp) / Atheo], where, Agpeo and Ay, indicates the spectral
position of either a peak (i.e. the central position of a PBG) or a notch in both theoretical and
experimental reflectivity spectra. Figure 2d summarizes the DoT values achieved for high-order 1D-
PhCs with pitch of 20 um upon infiltration with water (blue bars) and ethanol (green bars). Remarkably,
the DoT values are 99.8+0.1 % and 99.7 +0.1 % for water and ethanol, respectively, which are very

close to the ideal value of 100%. These results further demonstrate the excellent quality of high-order

1D-PhCs fabricated by ECM technology.

Chemical analysis using high-order 1D-PhCs as refractometric transducers
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High-order PhCs with pitch of 20 um were eventually investigated as refractometric transducers
for chemical analysis of water-ethanol mixtures by leveraging the high sensitivity of high order
reflectivity notches to tiny refractive index variation of a liquid filling the PhC air-gaps. Water-ethanol
mixtures at different water concentrations from 0 to 100% were used to infiltrate the PhC and vary, in
turn, the refractive index of the liquid filling the PhC air-gaps with high accuracy. A calibrated volume
(400 nL) of the mixture was dropped on top of the silicon die to fill all the 20 replicas of high-order 1D-
PhCs, then the reflectivity of a single 1D-PhC with ~100 periods was measured in the spectral range 1.1-
1.7 um (spectral resolution AA=0. 3 nm), where the PhC with pitch of 20 um exhibits several reflectivity
notches. It is convenient to remind here that, the volume of liquid infiltrating a single PhC of the array is
much smaller, with a detection volume of about 168 fLL being probed through the fiber-optic setup. For
any water concentration three measurements were performed on three drops, at least, so as to take
potential drop-to-drop variability into account. Variations of the notch positions due to both residuals
left within the PhC upon evaporation of infiltrated mixtures and misalignments between readout fiber
and PhC structure are ruled out by comparison of the reflectivity spectra acquired (in air) after
evaporation of each drop of the mixture, with the reference reflectivity spectrum acquired on as-
fabricated PhC (i.e. in air, before infiltration of any liquid). A representative series of reflectivity spectra
is reported in Figure 3a for the experiment with water. Remarkably, the reflectivity spectrum measured
after water evaporation is well superimposed to the reference spectrum before water infiltration over the
entire spectral range 1.1-1.7 um. A statistical analysis on the distribution of wavelength positions of
several (namely, 18) reflectivity notches in the wavelength range 1.1-1.7 um, carried out on reflectivity
spectra acquired in air both after 23 infiltration/evaporation cycles and before starting infiltration (i.e. on
as-fabricated PhCs), shows an absolute variation in the wavelength position of the notches (with respect
to reference positions) that averages ~1 nm (average relative variation ~0.07%) (Figure S5). This neatly
demonstrates that effects of both evaporation of infiltrated mixtures from the PhC air-gaps and possible

misalignments of the relative position between optical fiber and PhC are negligible.
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Figure 3b shows experimental calibration curves of high-order 1D-PhCs as refractometric
transducers, namely spectral position (mean value and standard deviation) of 20 different reflectivity
notches versus the water content in the water-ethanol mixture filling the PhC air-gaps. The wavelength
notch positions were calculated by application of a numerical moving-average filter to the experimental
data, so as to increase the signal-to-noise ratio and reduce, in turn, the effect of thermal noise on the
notch position. Remarkably, the spectral position of all the reflectivity notches in the wavelength range
1.1-1.7 um shift towards shorter wavelengths as the water concentration increases from 0 to 100%, in
agreement with the reduction of the water-ethanol refractive index. This latter was calculated using the
Lorentz—Lorentz law, also taking the spectral dispersion of the refractive index of both water and
ethanol into account (Figure S6).47*® As shown in Figure 3b and Figure S7a, high-order 1D-PhCs have a
sigmoidal response as a function of water content in ethanol, which is due to volume contraction of the
water—ethanol mixture at water concentration of 10-30%, thus resulting in a nonlinear correlation
between the refractive index of the mixture and concentration of water.!>4

Refractometric analytical performance of high-order 1D-PhCs for water quantification in water-
ethanol mixtures are given in terms of reproducibility, sensitivity, resolution, and limit of detection, for
each reflectivity notch in the wavelength range 1.1-1.7 um. Reproducibility is evaluated using the
coefficient of variation %CV = o/u X 100, with o standard deviation and u mean value of the notch
spectral positions; sensitivity S is calculated as the slope of the linear curve best-fitting the experimental
calibration curve in the range 20-90% of water in ethanol; resolution R is calculated as R = 3 04,4/,

being 04,4 average standard deviation of the notch positions experimentally measured for water fraction

from 20 to 90%; limit od detection (LoD) is calculated as the value of either water concentration or
water-ethanol refractive index for which the sigmoidal function best-fitting the experimental calibration
curve intercepts the noise (N) level of the system N = 300y, With 0z:oy being the standard deviation

of the notch position experimentally measured in ethanol.
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All the reflectivity notches taken into account in Figure 3b feature an excellent reliability
(%CV<1%), with sensitivity S from 625+£58 nm/RIU (0.2+0.02 nm/% of water) to 1140+£145 nm/RIU
(0.45%0.06 nm/% of water) (Figure 3c), which is comparable to best state-of-the-art integrated refractive
index sensors; resolution R from 2.5x10-+3x10* RIU (6.8+0.6% of water) to 5.0x10-3+7x10"* RIU
(12+2% of water) (Figure 3d) and limit of detection LoD from 0.014 RIU (40% of water in ethanol) to
0.02 RIU (50% of water in ethanol) (Figure S7b).

Notice that, the high LoD value can be explained in terms of quantization error due to a finite
spectral resolution of the optical spectrum analyzer, amplitude stability (2 mdB/min) of the wideband
light source used for large spectrum acquisition, and thermal noise due to room-temperature
measurements on 1D-PhC structures without temperature control loop. In fact, given the poor sensitivity
value of the sigmoidal curve for small water concentrations, the high standard deviation value ogoy of
the reference liquid (i.e. ethanol) due to the above reported reasons, leads to an unavoidably high LoD
value.

To better infer into the LoD value achievable with high-order 1D-PhCs for water quantification
in water-ethanol mixtures, we carried out refractometric measurements at higher spectral resolution
(i.e., A2=0.05 nm) and improved light source stability (0.08 mdB/min). Specifically, we focused our
attention to the reflectivity notch at A~1.54 pm, in water, of a high-order 1D-PhC with pitch of 20 pm.
Figure 3¢ shows a representative sequence of experimental reflectivity spectra collected upon infiltration
of the air-gaps with water-ethanol mixtures at different water concentrations. Notice that, due to the
reduced refractive index contrast of the PhC structure upon infiltration with liquid, the quality factor Q
of the reflectivity notch reduces with respect to the value measured on 1D-PhC in air (i.e. as-prepared).
Nonetheless, a blue-shift of the notch position is clearly evident as the concentration of water in the
mixture increases from 0% (ethanol) to 100% (water), which well agrees with the decreased effective

refractive index of the mixture as the water concentration increases.
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Figure 3f reports the calibration curve, i.e. notch position versus water concentration/refractive
index of the mixture, experimentally achieved over three different measurements on the same device of

Figure 3e. Higher resolution spectral measurements confirm that the high-order 1D-PhC has a sigmoidal
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9 calibration curve with a clear initial plateau at water concentration below 10%, in agreement with the

11 literature.'>** Accordingly, the limit of detection calculated at N= 30,y is estimated to be 5 x 10~ RIU
(~13% of water in ethanol). At water concentration between 10 and 90%, the PhC transducer has a good
16 linear response with both sensitivity S as high as 1000+£32 nm/RIU (~0.40£0.01 nm/%) and resolution R
18 as low as 6 x10* £1x10* RIU (1.6+0.2 % of water in ethanol), thus demonstrating that high-order PhCs
can be successfully for reliable detection of water in water-ethanol mixture by refractometry, thus

23 foreseeing possible industrial applications in pharmaceutics, biology, chemistry, biofuel, and food.

27 Conclusions

In this work we showed that ECM-fabricated high-order bandgaps 1D-PhCs as refractometric

32 transducers enable high-sensitivity and high-reliability chemical analysis of water-ethanol mixtures.

34 ECM technology allows the fabrication of high-quality vertical silicon/air 1D-PhCs with ultra-
high-order (up to 50™) photonic bandgaps in the near-infrared region to be accomplished. As a matter of
39 fact, experimental reflectivity spectra acquired on ECM-fabricated high-order 1D-PhCs both as-prepared
4 and infiltrated with model liquids, are in excellent agreement with theoretical spectra calculated using
the TMM, modified to take light scattering due to rough silicon/air interfaces into account. Moreover,
46 the small surface roughness of ECM-fabricated high-order 1D-PhCs (about 5 nm) enables high

48 reflectivity bandgaps (~0.6 dB) separated by deep notches with high Q-factor (up to 6300) to be

50 achieved. Finally, trace of water in ethanol with a detection limit of about 10% and resolution of about

1.5% can be reliably monitored over the range 10-100% in a sub-nanoliter detection volume of 168 fL.

57 Materials and methods
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Substrates and chemicals. The fabrication of high-order 1D-PhCs was carried out on 725-pum-thick z-
doped silicon substrates (crystalline orientation <100>, resistivity 3—8 Q-cm) with 200-nm-thick SiO> on
top (STMicroelectronics). All the chemicals (Sigma Aldrich) were reagent grade.

Seed-pattern generation. UV-lithography was used to define the seed-pattern on the SiO; layer.
Specifically, a 1.8-um-thick film of positive photoresist (Shipley, S1818) was spin-coated at 5000 rpm
for 60 s on the substrate. After a soft-baking step (115 °C, 90 s), a contact-lithography system (Karl—
Suss, MJB3) was used to shine UV-light against the photoresist through a chromium mask. The exposed
photoresist was removed by rinsing the sample into a developer solution and a post-baking procedure
(115°C, 90 s) was performed to increase the stability of the pattern. The seed-pattern was transferred to
the SiO; layer by wet etching in BHF solution for 120 s. Finally, a wet etching step in a 25% KOH
solution, saturated with isopropanol to enhance the etching uniformity, was performed at 50°C for 30
minutes to transfer the pattern into the Si-substrate trough the SiO> mask. Once the generation of the
seed-pattern was complete, the SiO; layer was removed with a 1:1 HF (48%):ethanol solution.
Electrochemical etching (ECE). The experimental setup used for the electrochemical etching of silicon
is detailed in our previous work.** The volumetric composition of the electrolyte used during ECE was
5% HF and 95% H>0. To enhance the etching uniformity 1000 ppm of Sodium Lauryl Sulfate, which
reduces the formation of hydrogen bubbles at the etched surface, was added to the electrolyte and the
solution was stirred during ECE. The entire etching process was performed at a constant voltage of
1.2V, whereas the etching current was adjusted over-time to control the morphology of the etched
structures. During the anisotropic phase, the etching current was linearly reduced from 23.21 to 19.71
mA in order to obtain perfect vertical Si microstructures. The etching time of the anisotropic phase
(2100 s) was chosen to fully etch 50—pum-deep vertical structures. To switch into the isotropic regime,
the etching current was suddenly increased from 19.71 to 32.71 mA and kept constant for the next 200 s.

The etching time of the isotropic phase was long enough to completely release the sacrificial structures.
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Morphological characterization. Morphology and shape of the high-order 1D-PhCs were investigated
by scanning electron microscopy. To this end, images with prospective views of the long-period vertical
silicon/air 1D-PhCs were acquired using a scanning electron microscope (JEOL, JSM-6390) at an
acceleration voltage of 3kV.

Optical characterization and refractometry application. A scheme of the experimental setup for spectral
reflectivity measurements is shown in Figure S2. A bidirectional 2x2 single mode fiber-coupler
(coupling ratio 50:50) was used to carry broadband radiation toward the PhC and to redirect the back-
reflected light toward the monochromator of an optical spectrum analyser, i.e. OSA Agilent 86142B and
ANDO AQ6317 for measurements with resolution bandwidth of 10 nm and 10 pm, respectively. A
pigtail style focuser with an aspheric lens (OzOptics, spot-diameter 50 pm and working distance 23.5
mm) was used as readout termination. An APC/FC connector was connected to the unused output of the
coupler to avoid spurious back-reflections. The PhC was mounted on a XYZ stage and the readout lens
was secured on a kinematic mount. Alignment of the pigtail focuser with the PhC is achieved by
maximizing the optical power reflected back by the PhC and collected at the optical spectrum analyser,
which ensures both spatial (XYZ) and angular (TETA) alignments.

A Tungsten lamp was used as white light source in the wavelength range 1.0 -1.7 um, whereas a diode-
pumped Er3+-doped fiber with a flat-top spectrum centered at 1.548 pm was used for finer reflectivity
measurement. To reduce the level of random noise, each collected reflectivity spectrum was obtained by

averaging 10 different measures.
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Supporting Information.

Supporting Information Available: The following files are available free of charge.
SupplementaryInformation.pdf. SEM images of high-order 1D-PhCs, schematic of the fiber-optic setup,
theoretical spectral reflectivity of 1D-PhC with rough interfaces; reflectivity measurements, assessment
of the protocol for refractometry with the high-order 1D-PhCs, calculated refractive indices of water-

ethanol mixtures; further PhC refractometry with wideband light source.
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Figures and captions

3 Anisotropic ECE 4 |sotropic ECE
Figure 1. High-order 1D-PhCs concept and fabrication. (a) Schematic representation of the high-
order 1D-PhC of this work (not to scale), consisting of periodic vertical silicon walls with depth of 50
um separated by air-gaps with pitch up to 20 um, that is 10 times larger than the operation wavelength.
(b) Main technological steps for the fabrication of high-order 1D-PhC by ECM technology: 1- pattern
definition on a silicon-dioxide layer on top of a Si substrate by standard lithography; 2- seed-pattern
transfer on the Si surface by KOH-etching; 3- deep anisotropic etching of the pattern by electrochemical
etching (ECE) and formation of functional microstructures; 4- isotropic etching of the etched pattern at
the bottom and removal of sacrificial microstructures. (c-f) SEM bird-eye views (at different
magnifications) of ECM-fabricated 1D-PhCs with height 50 um and pitch 10 pm (c-d) and 20 um (e-f).
(d) and (f) show magnifications of (¢) and (e), respectively, highlighting the excellent optical quality of

the microfabricated structures.
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36 Figure 2. Optical characterization of high-order 1D-PhCs. (a) Experimental and theoretical

38 reflectivity spectra of as-prepared high-order 1D-PhCs with pitch of 10 um and 20 pm. (b) High-
resolution acquisition of a deep (Q=3500) reflectivity notch of a 1D-PhC with pitch of 20 um, centered
43 at A =1.5326 pm. (c) Comparison between experimental and theoretical spectra of high-order 1D-PhC
45 with spatial period of 20 um, upon infiltration with water and ethanol. (d) Distribution of the degree of
tuning (DoT) of a high-order 1D-PhC with pitch of 20 um infiltrated with water (blue bars) and ethanol

50 (green bars).
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31

Figure 3. Chemical refractometric analysis with high-order 1D-PhCs. (a) Experimental reflectivity
spectra of a high-order PhC with pitch of 20 um: in air, before infiltration of the water-ethanol mixtures
(solid yellow trace); with water infiltrating the air-gaps (solid blue trace); in air, after water evaporation
(dashed black trace). (b) Notch wavelength positions (mean value and standard deviation) as a function
of the water fraction of the mixture filling the PhC air-gaps. The dashed lines denote the linear curves
best-fitting the experimental data in the range 20-90% of water content. Sensitivity (c) and resolution (d)
associated with the reflectivity notches in the range 1.1-1.7 um. (e) Sequence of normalized reflectivity

spectra of a high-order 1D-PhC with pitch of 20 pm upon infiltration of ethanol-water mixtures at

Page 24 of 26



Page 25 of 26 ACS Sensors

different water concentrations. f) Wavelength notch position (mean value and standard deviation) as a
function of both water concentration (top axis) and refractive index (bottom axis) of the mixture

infiltrating the PhC. The dashed yellow trace represents the sigmoidal curve best-fitting the experimental

oNOYTULT D WN =

9 data. The inset shows sensitivity vs. refractive index.
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