ﬂ SCNSors m\py

Article
Spectral Phase Shift Interferometry for Refractive
Index Monitoring in Micro-Capillaries

Valentina Bello */, Alberto Simoni and Sabina Merlo

Department of Electrical, Computer and Biomedical Engineering, University of Pavia, 27100 Pavia, Italy;
alberto.simoni01@universitadipavia.it (A.S.); merlo@unipv.it (5.M.)
* Correspondence: valentina.bello0l@universitadipavia.it; Tel.: +39-0382-985224

check for
Received: 9 January 2020; Accepted: 12 February 2020; Published: 14 February 2020 updates

Abstract: In this work, we demonstrate spectral phase-shift interferometry operating in the
near-infrared wavelength range for refractive index (RI) monitoring of fluidic samples in
micro-capillaries. A detailed theoretical model was developed to calculate the phase-sensitive
spectral reflectivity when low-cost rectangular glass micro-capillaries, filled with samples with
different refractive indices, are placed at the end of the measurment arm of a Michelson interferometer.
From the phase-sensitive spectral reflectivity, we recovered the cosine-shaped interferometric signal as
a function of the wavelength, as well as its dependence on the sample RI. Using the readout radiation
provided by a 40-nm wideband light source with a flat emission spectrum centered at 1.55 um and a
2 x 1 fiberoptic coupler on the common input-output optical path, experimental results were found to
be in good agreement with the expected theoretical behavior. The shift of the micro-capillary optical
resonances, induced by RI variations in the filling fluids (comparing saline solution with respect to
distilled water, and isopropanol with respect to ethanol) were clearly detected by monitoring the
positions of steep phase jumps in the cosine-shaped interferometric signal recorded as a function of
the wavelength. By adding a few optical components to the instrumental configuration previously
demonstrated for the spectral amplitude detection of resonances, we achieved phase-sensitive
detection of the wavelength positions of the resonances as a function of the filling fluid RI. The main
advantage consists of recovering RI variations by detecting the wavelength shift of “sharp peaks”,
with any amplitude above a threshold in the interferometric signal derivative, instead of “wide
minima” in the reflected power spectra, which are more easily affected by uncertainties due to
amplitude fluctuations.

Keywords: rectangular glass micro-capillaries; optical resonators; optical interferometry; phase
detection; micro-opto-fluidic; optical sensing

1. Introduction

In the last few years, researchers have strongly focused on the investigation of optical sensors for
the measurement of the refractive index (RI) of liquid substances in view of (bio)chemical analyses. RI
detection, although not specific, is greatly appreciated and widely pursued since it achieves label-free
sensing, without adding exogenous markers and affecting the intrinsic characteristics of the sample.
Moreover, several optical readout methods have been reported that allow remote and contactless
analyses, being thus minimally invasive techniques, an important feature to bear in mind, particularly
when dealing with biological fluids. In the scientific literature, many sensors addressing these
requirements have been investigated, featuring resonant micro-cavities [1-4], ring resonators [5-7],
photonic crystals [8-13] or whispering gallery modes [14]. However, the proposed solutions are mainly
based on expensive custom-designed devices that require complex micro-machining facilities.
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Rectangular glass micro-capillaries are low-cost miniaturized devices, commercially available
in several formats. They can be exploited for the optical sensing of fluid samples, thanks to their
interesting features: indeed, they allow a remote non-contact, non-invasive analysis of ultra-small
volumes of quantities, of the order of a few pL or even nL. Moreover, their symmetric structure and
flat surface strongly reduce the issues related to light scattering that arise when using round-section
capillaries. As reported in previous works [15-17], rectangular micro-capillaries can be envisioned
as optical resonators: when they are illuminated by broadband light, the reflected power spectrum
exhibits a sequence of minima characterized by a wavelength position that depends on the geometrical
parameters of the micro-device and the material filling the channel. In particular, when the RI of the
sample increases, the optical resonances shift towards higher wavelengths. Hence, by monitoring
the wavelength shift, it was possible to recover the variation of the RI with respect to a reference
fluid. Moreover, thanks to the transparency of the micro-capillary in the near-infrared region, a more
sophisticated instrumental configuration was implemented to collect both the spectral reflectivity R(A)
and transmissivity T(A) [16]. The T(A)/R(A) ratio was calculated, leading to a spectrum characterized
by narrow and sharp peaks located at the micro-capillary resonance wavelengths. Computing the
ratio allows compensating for fluctuations in the power emitted by the source, improving the dynamic
range of the sensor and detecting the resonance positions on narrow peaks, but with the drawback of a
more complicated setup.

Optical resonances can be identified in reflection by using a different method based on spectral
phase interferometry. This technique was exploited for the first time in 1996 to detect the surface
plasmon resonances (SPR) of SPR-based sensors [18]: the measurement was based on the analysis of
the relative phase shift between the TE- and TM-polarized components of the electric field. This phase
method has been widely employed both in prism-based [19] and fiber-based [20,21] SPR sensors for
monitoring refractive index variations occurring on the sensor surface.

In this work, we exploit spectral phase-shift interferometry for monitoring volume RI variations in
liquid samples filling the micro-capillary channel. First, we present the theoretical model we developed
to calculate the behavior of the interferometric signal in the wavelength domain when the capillary is
inserted along the measurement arm of a Michelson interferometer. Theoretical results are provided
by supposing that the channel was filled with water and saline solution. Experimental measurements
were carried out by applying the radiation emitted by a fiberoptic-coupled 40-nm broadband light
source, centered at a wavelength of 1.55 um, and collecting the reflected power spectra as well as
interferometric signals, as a function of the wavelength, with an optical spectrum analyzer (OSA).
The air—glass interface of a glass slab plays the role of a beam-splitter to direct the readout radiation
partially along the measurement arm (ending with a micro-capillary) and partially, at 90°, along the
reference arm (ending with an Al-coated mirror) of a Michelson interferometer as well as to recombine
and redirect the reflected fields toward the OSA. A 2x1 single-mode fiberoptic coupler with a 50:50
splitting ratio terminated with an aspherical lens allows us to separate, from the input light, the
reflected contributions at the output.

The shift of the optical resonances of standard, low-cost glass micro-structures, induced by
RI variations in the filling fluids (comparing saline solution with respect to distilled water, and
isopropanol with respect to ethanol), has been detected by monitoring the positions of the steep
amplitude jumps, due to abrupt phase changes, appearing in the cosine-shaped interferometric signal
recorded as a function of the wavelength. By adding a few optical components to the instrumental
configuration previously demonstrated for the spectral amplitude detection of resonances, we have
achieved phase-sensitive detection of the wavelength positions of the resonances as a function of the
filling fluid RI. The main advantage consists in recovering Rl variations by detecting the wavelength
shift of “sharp peaks”, with any amplitude above a threshold in the interferometric signal derivative,
instead of “wide minima” in the reflected power spectra, more easily affected by uncertainties due
to amplitude fluctuations. To our knowledge, this is the first time that spectral phase interferometry
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has been used to detect the wavelength shift of micro-opto-fluidic device resonances for monitoring
RI variations.

2. Rectangular Micro-Capillary Structure

The core devices of the proposed micro-opto-fluidic sensing platform are standard rectangular
hollow micro-capillaries (VitroTubesTM, VitroCom, NJ, USA), composed of borosilicate glass with a
refractive index of about 1.5 at 1550 nm (Figure 1) [22]. Each micro-capillary is constituted by three
different layers, consisting of front and back glass walls separated by the inner channel. The device
investigated in this work (Vitrocom, VitroTubes #5015) is characterized by the following nominal
dimensions: thickness t; and t, of the walls and depth d of the channel tf = d = t;, = 50 pm, channel
width w = 1 mm and length L = 5 cm. The manufacturer reports a tolerance of 10% for channel depth
and of 20% for wall thicknesses. As reported in Figure 1, the readout light beam is shone orthogonally
to the flat side of the capillary and it is back-reflected along the same direction due to the refractive
index mismatch among the various layers. The diameter of the light spot incident onto the capillary
surface is equal to 50 um (Figure 1b).
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Figure 1. (a) Schematic structure of the rectangular glass micro-capillary. (b) Top view of the device.

3. Theoretical Analysis

The micro-capillary can be envisioned as an optical resonator constituted by a sequence of three
Fabry-Perot etalons composed by materials with different refractive indices: the front wall, the channel
and the back wall. At each interface between layers with different refractive index, light is partially
reflected and partially transmitted. In previous works [15-17], the overall theoretical spectral reflectivity
R(A) and transmissivity T(A) as a function of the wavelength A were retrieved by recursively applying
the Fresnel formulas to calculate the electric field traveling back and forth and the spectral power
density of reflected and transmitted signals. In particular, the spectral reflectivity R(A) is given by:

R(A) = [ro (M), 1)

where 71¢(A), the electric field reflection coefficient of the whole structure, is a complex function of the
wavelength. In this work, we have further enhanced the model to calculate the wavelength dependence
of the interferometric signal that is photo-detected when the micro-capillary is placed at the end of the
measurement arm of a Michelson interferometer and a mirror is located at the end of the reference
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arm. The interference between both back-reflected electric fields yields the typical cosine-shaped
interferometric signal liyerf(1) [23]

Iinterf(A) & Cos [(Ptot(A)] = Cos [(Pcap(/\) + (Pinterf(A)]r (2)

where the total phase @(A) is the sum of @cp(A), which is the phase of the complex reflection
coefficient of the capillary, and @iuse/(4), which is the phase contribution due to the length mismatch
As between the two arms of the interferometer:

(Pinterf(A) = Z-k'AS, (3)

where k = 2-7/A is the wavevector and A is the wavelength. ¢,(1) can be retrieved by applying the
following formulas:

exp [i-@eap(M)] = 11ot(V)/I710t(A)], (4)
®cap(A) = ImAIn [rror(A)/|rot (A1}, ®)

where |-| denotes the modulus, Im indicates the imaginary part of a complex number and Iz is the
natural logarithm.

4. Theoretical Results

Theoretical analyses were carried out in the near-infrared (NIR) wavelength range 1.528-1.568 um,
considering the micro-capillary with nominal geometrical parameters ;= d = t;, = 50 um (Figure 2).
Simulations were performed by considering the inner channel filled with two fluids, distilled water
and saline solution, using the values of 1.3340 and 1.3345, respectively, for the real part of the refractive
index. Due to the limited depth of the channel, water absorption was neglected and, thus, the imaginary
part of the refractive index was not considered in the simulation. The capillary spectral reflectivity is
characterized by minima at wavelengths corresponding to the optical resonances of the multilayer
structure. The wavelength positions of resonances depend on the thickness of the layers and, in
particular, on the RI of the liquid contained in the channel, as demonstrated in previous work [15-17].
Moreover, as shown in Figure 2a, the overall spectrum shifts towards higher wavelengths when the
sample Rl increases from water (black trace) to saline solution (red trace). As the aim of this work is to
move from the spectral amplitude detection, reported in previous publications, to the phase-sensitive
detection of the spectral shift, we calculated the cosine-shaped interferometric signals obtained when
the capillary, placed in the measurment arm of the Michelson scheme, is filled with different fluids.
In Figure 2b, and in the zoomed view of Figure 2¢c, we show the cosine-shaped signals (given by
Equation 2) that result from the phase-sensitive detection obtained when considering water (blue
solid trace) and saline solution (red dotted trace) as channel-filling fluids. The cosine signals are
compared, in the same figures, with the corresponding reflectivity spectra calculated in the absence of
the reference path contribution (black solid trace: water; black dotted trace: saline solution). Here,
the value of the length mismatch As was set equal to 136.7 um. These graphs highlight that the
cosine-shaped interferometric signals exhibit well-defined, sharp amplitude variations, due to phase
jumps, at the same wavelengths where spectral reflectivity minima are located. As occurs for the
minima in amplitude spectral detection, the wavelength positions of the phase jumps undergo a
red-shift when the refractive index of the filling fluid does increase. In order to enhance the steep
amplitude variations, for a better recognition, the derivatives with respect to the wavelength of the
cosine signals were computed and the absolute values are shown in Figure 2d, with a zoomed view
in Figure 2e (the green arrows highlight the spectral shift of the peak position). In order to better
model a laboratory experimental situation, the theoretical study was also performed by adding white
Gaussian noise to the overall reflection coefficient of the capillary itself: the “noisy” derivative was
retrieved and Figure 2f shows the result when the capillary is supposed to be filled with water. It is
evident that the noise addition does not impair peak detection. Moreover, we retrieved the theoretical
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sensitivities of the sensor before and after adding the Gaussian noise. The sensitivity S of a resonance
is calculated as the induced wavelength shift AA for a given Rl variation An, S = AA/An. Considering
the theoretical results before adding the noise, S varies in the range 295-425 nm/RIU, for the resonances
at the considered near-infrared wavelengths, while theoretical sensitivities obtained after adding the
noise are in the range 290—440 nm/RIU. Hence, the presence of the noise does not negatively affect
the performances of the sensors in terms of its sensitivity. Adding the noise only slightly increases
the uncertainty in the wavelength position of the derivative peaks. In addition, the full width at half
maximum (FWHM) of the theoretical derivative peaks before and after considering the presence of
noise was computed. For the theoretical maxima (reported in Figure 2d) obtained before adding the
white Gaussian noise, the FWHMSs are limited by the wavelength step (10 pm) used to carry out the
simulations. Supposing an ideal sampling with an infinite number of points, the FWHM of each peak
would be equal to zero. On the other hand, for the theoretical peaks obtained after adding the noise
(Figure 2f), the FWHMSs have finite values (due to the noise effects) of the order of 200 pm.
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Figure 2. Theoretical results for a capillary with tp= d = t;, = 50 um. (a) Spectral reflectivity Ryo:(A) of
the capillary, simulating water (black trace) and saline solution (red trace) as fluids filling the channel.
(b) Cosine-like signals retrieved from Equation 2 for the capillary filled with water (blue solid trace) or
saline solution (red dotted trace), compared with the spectral reflectivity (black solid trace: water; black
dotted trace: saline solution): steep amplitude changes in the interferometric signals are located in
correspondence of the spectral minima, as it can be better observed in the zoomed view (c). (d) Absolute
value of the derivative of the cosine signals with respect to the wavelength (filling fluids: water, black
trace; saline solution, red trace). (e) Details of the derivative in a narrow spectral range. The green
arrows show the spectral shift from water to saline solution. (f) Absolute value of the derivative
computed after adding white Gaussian noise to the reflection coefficient of the capillary, in the case of
water as filling fluid.
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5. Experimental Setup

For the experimental verification of the analytical results, phase-sensitive measurements were
performed by employing the optical instrumental configuration shown in Figure 3. The micro-capillary
is vertically fixed to a metallic frame with a thin layer of glue to improve its stability and, hence,
avoid unwanted vibrations of the device. The liquid fills the channel by capillary action and it is
discarded after the test by pushing air with a peristaltic pump connected to the upper termination
of the micro-capillary. Infrared radiation with an average power density of 0.12 mW/0.1 nm in a
wavelength band centered at 1550 nm and a FWHM of 40 nm, is generated by a diode-pumped,
Er3+—doped fiber broadband source (EBS-4022, MPB Technologies Inc., Canada). The light source is
operated in continuous wave mode. The emitted light is coupled into a single-mode optical fiber
and guided through an optical isolator, which protects the source from back-reflections, towards a
2x1 fiberoptic coupler with a 50:50 splitting ratio. The output port of the coupler terminates with
an aspherical lens (OzOptics, Canada) that provides a low-divergence beam traveling in free-space.
The beam reaches a glass slab (with a thickness of 4 mm) tilted at 45°, which acts as a beam splitter.
About 96% of the light is transmitted at each interface of the beam splitter. Hence, 92% of the light
(96% - 96% = 92%) is transmitted through the glass slab, and then travels along the measurement arm
of the Michelson interferometer, reaching and crossing the flat side of the capillary. A small fraction
of the radiation hitting the slab (approximately 4%) is reflected by the first glass—air interface at 90°,
along the interferometer reference path, towards an Al-coated mirror (ME1S-G01 Thorlabs, NJ, USA)
mounted on a precision mechanical stage. The radiation reflected at the back glass—air interface of the
glass slab does not reach the mirror and is thus discarded. Light beams back-reflected by the capillary
and the mirror are then superposed by the beam splitter and re-collected by the same input lens and
fiber. The fiberoptic coupler provides, on the third port, the output radiation that is then coupled to the
optical spectrum analyzer (OSA Agilent 86142B, Agilent Technologies, CA, USA), which is connected
to a computer for data acquisition.
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Figure 3. Block diagram of the experimental setup including the Michelson interferometer. Erbium-doped
broadband source (EBS). Optical spectrum analyzer (OSA). Personal computer (PC). The graph reports the
emission spectrum of the EBS, as coupled into a standard telecom single-mode fiber and measured with
the OSA using the resolution bandwidth RB = 0.1 nm.
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6. Experimental Results

In order to verify the validity of the theoretical analyses and give a proof-of-principle of
spectral phase-shift interferometry for refractive index monitoring in micro-capillaries, experimental
measurements were performed on a rectangular hollow micro-tube with geometrical parameters ;= d
= t;, = 50 pm. It must be noted that the wavelength dependence of the photo-detected interferometric
signal is given by the expression

Iinterfexp(/\) = Icap(A) + Imirmr(A) +2 Icap(A)'Imirror(A)]l/Z'V'Cos [(Ptot(A)]r (6)

where I;,(A) is the signal intensity only due to the capillary reflection, I;;r0,(A) is the signal intensity
only due to the mirror reflection, ¢y, is the total phase as mentioned in Equation 2 and V is the fringe
visibility, a parameter that is controlled by the autocorrelation function of the readout light [23]. V
can be assumed to be equal to one if the unbalance between the interferometer arm lengths As is
much shorter than the coherence length L of the photodetected light. L¢ can be computed using the
formula L = Agz/(n-A/\), where A, is the central emission wavelength, n = 1 is the RI of air and AA is
the photodetection bandwidth. Since AA to be considered is the resolution bandwidth of the OSA (0.1
nm), we get Lc = 24 mm; since we are working in a quasi-matched condition, then L¢c >> Asand V
~ 1. Signals were acquired by the OSA with a wavelength step of 10 pm in the following sequence.
First, Iap(A) was collected by blocking the reflection coming from the reference mirror. Then, the
signal I,,j0r(A) was recorded by blocking the signal coming back from the capillary. Finally, the overall
interferometric signal Liyserf exp(A) with both contributions was collected. During the experiments, from
sample to sample, the position of the mirror was mainly kept fixed or just finely modified to obtain the
condition As = 0. After acquisitions, data were processed and the cosine signal was retrieved as

<08 [rot(M)] = interf exp) = Teap(A) = Lipinror (A2 Teap(A) -Tirror (M)]H2) @)

Experiments were carried out by filling the capillary channel first with distilled water and then
with saline solution (Alcon Laboratories, Inc., Fort Worth, TX, USA). The Rls of these samples, measured
at room temperature by means of an Abbe refractometer at a wavelength of 566 nm, were found to be
N0 = 1.3340 + 0.0001 and 164, = 1.3345 + 0.0001, thus the RI difference was A0 satine = 5.5 - 1074
refractive index unit (RIU). These values were employed also in the theoretical analysis. Even if, in the
NIR region, the absolute RI values are not exactly the same as in the visible region, their RI difference
is very likely of the same order of magnitude. Figure 4a reports the acquired power spectra that are
reflected by the capillary, I;;(1), when filled with water (black solid trace) and saline solution (red
solid trace). The red trace is slightly red-shifted with respect to the black trace, as expected, due to
the higher RI of saline solution. The line-shapes of the experimental power spectra are in qualitative
agreement with the theoretical behavior, shown in Figure 2a, in terms of the number of minima and
maxima in the selected span and the sequences of peaks with different amplitudes. Discrepancies are
due to the effective values of the capillary dimensions, very likely not coincident with the nominal
values considered in the simulations, due to fabrication tolerances. The black dotted trace in Figure 4a
illustrates the power spectrum reflected from the mirror, I;,;,10,(1), with approximately constant power
density over the wavelength range of interest.

Figure 4b reports the interferometric cosine-shaped signals as a function of the wavelength
obtained with phase-sensitive detection, and retrieved by applying Equation 7 to the acquired data,
when the capillary is filled with water (blue solid trace) and saline solution (red dotted trace). All cosine
signals were processed with a digital low-pass filter to get rid of spurious spectral ripple, very likely
coming from unwanted internal reflections. The applied filter, implemented in MATLAB code, is an
infinite impulse response (IIR) Butterworth low-pass filter with a cut-off A~ at 3000 um~! and an
order of 10. Steep amplitude variations due to phase jumps are observed at the same wavelengths
where resonances occur, corresponding to minima in the power spectrum reflected by the capillary.
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In Figure 4b, the black solid trace is the reflected power spectrum obtained with amplitude detection
when water is the filling fluid, whereas the black dotted trace is the same signal for the saline-filled
capillary. Moreover, the interferometric cosine signal related to saline solution is red-shifted with
respect to the same kind of signal achieved with water filling.
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Figure 4. Experimental results of spectral phase-shift interferometry applied to a micro-capillary with
tp=d =t = 50 um to distinguish the refractive indices of water and saline solution. (a) Typical signals
acquired during the experiments: power spectra reflected by the capillary when it is filled with water
(black solid trace) and saline solution (red solid trace) and power spectrum reflected from the reference
mirror (black dotted trace), with approximately constant density over the spectral range of interest.
(b) Cosine signals (after digital low-pass filtering) obtained with phase-sensitive detection when the
capillary is filled with water (blue solid trace) and saline solution (red dotted trace): steep phase jumps
are observed at the same wavelengths where minima of the reflected power spectrum occur (black
solid trace: spectral amplitude results obtained with water as filling fluid; black dotted trace: same
kind of signal but with saline solution). (c) Absolute value of the derivatives of the cosine signals with
respect to the wavelength: following the shift of the peaks it is possible to retrieve the refractive index
(RI) variation of the sample from water (black trace) to saline solution (red trace). (d) Zoomed view of
(c) of a narrower wavelength range. The arrow highlights the spectral shift. (e) Absolute value of the
derivatives shown in (c) after thresholding to better highlight the sharp peaks (black trace: water; red
trace: saline solution). (f) Zoomed view of (e) of a narrower wavelength range. The arrow highlights
the spectral shift. The resolution bandwidth of the OSA employed for all measurements is RB = 0.1 nm.
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By calculating the derivatives of the cosine signals with respect to the wavelength and computing
their absolute value (Figure 4c), the steep amplitude variations due to phase jumps are strongly
enhanced, appearing as sharp peaks as a function of the wavelength. In Figure 4d, the spectral shift
can be appreciated with higher magnification. The FWHMs of the three peaks are 210, 260 and 230
pm, respectively; these values are of the same magnitude as the theoretical value obtained for data
simulated after adding the noise. The graphs in Figure 4c actually resemble what was calculated after
noise addition and was shown in Figure 2f. In order to better highlight the derivative maxima, the
amplitude threshold was set to 2200 pm~! and all the signal components below this value were zeroed;
results of this processing step are reported in Figure 4e and in the zoomed view of Figure 4f.

Table 1 reports the comparison between the detected wavelength position of a spectral minimum
and of the correspondent derivative peak, for both water and saline solution. Average values calculated
on three acquisitions and their relative standard deviations are reported. The average values of the
resonance wavelength positions are the same when looking at the spectral minimum or at the derivative
peak, while the standard deviation values are of the same order of magnitude. The sensitivity S of
the selected resonance, expressed as induced wavelength shift AA, for a given RI variation An can
be obtained as S = AA/An = 0.2 nm/(5.5 - 107#) RIU ~ 360 nm/RIU. Theoretical sensitivity values
quantifying the shift efficiency of resonances in the same wavelength range were found to be between
290 and 400 nm/RIU. Furthermore, considering the parameter K4y, = AAn20 saline/FSR, where FSR,
the free spectral range, is the wavelength separation between two consecutive minima of the same
spectrum, its average value calculated for all minima in the considered spectral range is K4, = 0.02 of
the same order of magnitude of the expected theoretical value.

Table 1. Comparison between the results of phase-sensitive detection and spectral amplitude detection.

Average Value [nm] Standard Deviation [nm]
spectrum minimum 1533.7 241
water
derivative peak 1533.7 20.7
Saline spectrum minimum 1533.9 17.3
solution derivative peak 1533.7 72.6

As mentioned in previous works, refractive index variations in a fluid sample, e.g., a solution,
with respect to the reference fluid (usually the solvent) can be detected without ambiguity only if the
induced spectral shift is narrower than the wavelength separation between two consecutive minima,
(previously mentioned as FSR). When comparing saline solution to water, the RI variation induces a
shift that is much smaller than the separation between consecutive minima.

To further investigate the potentiality of spectral phase-shift interferometry for RI monitoring,
experimental analyses were repeated by filling the capillary with two alcohols, ethanol and isopropanol.
The RIs of these samples, measured at room temperature by means of an Abbe refractometer at a
wavelength of 566 nm, were found to be nprop = 1.3640 + 0.0001 and njsop = 1.3772 + 0.0001, thus,
the RI difference was Anjconors = 13.2 - 10 RIU. Considering a sensitivity of the order of 360 nm/RIU,
previously calculated from the experimental results attained with water and saline solutions, when
substituting ethanol with isopropanol we expect a spectral shift of the order of 5 nm—almost as large
as the typical wavelength separation between consecutive minima relative to resonances of the same
order. Note that it was already demonstrated in previous works [17] that the separation between
consecutive minima differs from one to another. This second set of experiments was performed to
demonstrate that phase-sensitive detection was feasible, and also suitable, for large RI variations, close
to the limit of the unambiguous range.

Data were collected by first filling the capillary with ethanol and then with isopropanol.
We followed the same procedure and acquired the same sequence of data previously described
for the experiment with water and saline solution. For the sake of brevity, we report here only the most
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significant results. Figure 5a reports the power spectra reflected from the capillary itself, thus obtained
with the amplitude detection, when the channel is filled with ethanol (black trace) and isopropanol (red
trace). The absolute values of the derivatives of the cosine signals (as a function of the wavelength),
obtained with phase-sensitive detection, are shown in Figure 5b; in agreement with previous results,
sharp peaks are located at the same wavelength positions as the reflectivity minima. As expected, the
peaks undergo a wide red-shift, almost as large as the separation between consecutive resonances,
when ethanol is substituted by isopropanol in the capillary channel. In this case, the wavelength
shift of the resonance indicated by the arrow is AAjgop-gror = 5.15 nm. Moreover, we experimentally
obtained K4y, = AAsop-£ron/FSR = 0.95, in agreement with the theoretical calculation.

a —ethanol —isopropanol E —ethanol
S 10
15 o —isopropanol
—1. o
3 =
bR =
= 1 20
2 e
5 <10
205 S
) 3 5
o S
= i
=
0 s 0 N
1.53 1.54 1.65 1.56 1.63 1.54 1.65 1.56
Wavelength (um) Wavelength (um)

Figure 5. Experimental results for a micro-capillary with t; = d = t, = 50 pm obtained by filling the
channel with ethanol and isopropanol. (a) Typical power spectra reflected by the capillary filled with
ethanol (black trace) and isopropanol (red trace). The arrow highlights the induced spectral shift.
(b) Absolute value of the derivatives of the cosine signals with respect to the wavelength (black trace:
ethanol; red trace: isopropanol).

7. Conclusions

In this work, we presented an innovative optical method for detecting the RI of fluid samples based
on the phase detection of the optical resonances of rectangular glass micro-capillaries. By inserting
the device at the end of the measurement arm of a Michelson interferometer and using a broadband
light source, it was possible to detect the wavelength position of the resonances that correspond to
the sharp phase jumps of the interferometric cosine signal. Moreover, it was demonstrated that the
wavelength positions at which the phase variations occur shift towards higher values when the RI of
the sample filling the capillary channel increases. First, the theoretical sensor response was investigated
by modelling a capillary with geometrical dimensions ff = d = t;, = 50 um as an optical resonator and
retrieving the theoretical interferometric cosine signals. In particular, the phase jumps can be better
highlighted by computing the absolute value of the derivative of the cosine signals with respect to the
wavelength. Then, experimental analyses were performed by filling the capillary channel with water
and saline solution (A0 sasine = 5.5 - 1074 RIU), to prove the capability of the sensor to discriminate
among these kinds of samples. The results are in good agreement with the theoretical analysis.
The same experiments were repeated by inserting ethanol and isopropanol with a larger RI variation
(A giconors = 13.2 - 1073 RIU) into the channel; the sensor dynamic range is wide enough to ensure
RI monitoring in this situation as well. It is thus feasible, combining the interferometric setup and
micro-fluidic glass platform, to perform innovative phase-based measurements of the RI of ultra-low
volumes of liquids. The main advantage of the interferometric method over the spectral amplitude
readout consists in measuring the wavelength position of narrow and well-defined maxima of the cosine
signal derivative, instead of broad minima of the capillary reflection spectrum. Moreover, minima are
more sensitive than maxima to amplitude oscillations due to the detection of noise or fluctuations in
the source-emitted power that could even be wavelength dependent. Therefore, the interferometric
method is less affected by all these spurious fluctuations. Furthermore, even if the sensitivity S = AA/An
is comparable for both detection techniques, because it is an intrinsic feature of the transduction method
based on resonance shift, the spectral phase technique could provide better performances. Indeed, in
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the neighborhood of a resonance, we can define a responsivity (R) for both measurement methods
given, for phase interferometric readout, by Rinterferometric = 5C08(@rot(A))/An = [Acos(@ior(A))/AA]-S and,
for spectral amplitude readout, by Rspectrai = Alcap(A)/An = [Aleap(A)/AA]-S. As is evident, Riuterferometric
is much higher than Rgpectrs. Finally, it is also underlined in the literature that the performance is
better when using phase-sensitive detection [24]. Future work will be devoted to the investigation of a
more compact instrumental setup that does not require the use of the OSA. By sweeping the emission
wavelength of a semiconductor laser across an optical resonance and simultaneously introducing a
higher frequency amplitude modulation, phase detection of the resonance shift induced by small
refractive index variations could be carried out with a photodiode outside the baseband.

Author Contributions: Conceptualization, V.B. and S.M.; data curation, V.B. and A.S.; investigation, V.B., A.S.
and S.M.; methodology, V.B. and S.M.; project administration, S.M.; software, V.B.; supervision, S.M.; validation,
V.B., ASS. and S.M,; visualization, V.B. and S.M.; writing—original draft, V.B.; writing—review & editing, V.B., A.S.
and S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no specific external funding.

Acknowledgments: The authors want to thank Prof. Paolo Quadrelli of the Department of Chemistry of the
University of Pavia who kindly landed us the Abbe refractometer for the measurement of the sample Rls.
Rectangular micro-capillaries were kindly provided by VitroCom (NJ, USA).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hunt, HK.; Armani, A.M. Label-free biological and chemical sensors. Nanoscale 2010, 2, 1544-1559. [CrossRef]
[PubMed]

2. Passaro, VM.N.; Troia, B.; Notte, M.L.; Leonardis, F. De Photonic resonant microcavities for chemical and
biochemical sensing. RSC Adv. 2013, 3, 25-44. [CrossRef]

3.  Lahoz, F; Martin, LR.; Walo, D.; Gil-Rostra, J.; Yubero, F.; Gonzalez-Elipe, A.R. A compact and portable
optofluidic device for detection of liquid properties and label-free sensing. J. Phys. D Appl. Phys. 2017, 50,
215103. [CrossRef]

4.  Deng, Y,; Cao, G,; Yang, H.; Li, G.; Chen, X.; Lu, W. Tunable and high-sensitivity sensing based on Fano
resonance with coupled plasmonic cavities. Sci. Rep. 2017, 7, 1-8. [CrossRef]

5. Kim, G.D.; Son, G.S.; Lee, H.S.; Kim, K.D.; Lee, S.S. Integrated photonic glucose biosensor using a vertically
coupled microring resonator in polymers. Opt. Commun. 2008, 281, 4644-4647. [CrossRef]

6. Claes, T.; Bogaerts, W.; Bienstman, P. Experimental characterization of a silicon photonic biosensor consisting
of two cascaded ring resonators based on the Vernier-effect and introduction of a curve fitting method for an
improved detection limit. Opt. Express 2010, 18, 22747. [CrossRef]

7. Li, H.; Fan, X. Characterization of sensing capability of optofluidic ring resonator biosensors. Appl. Phys.
Lett. 2010, 97, 011105. [CrossRef]

8. Wu, J; Day, D.; Gu, M. A microfluidic refractive index sensor based on an integrated three-dimensional
photonic crystal. Appl. Phys. Lett. 2008, 92, 071108. [CrossRef]

9.  Mandal,S.; Goddard, ].M.; Erickson, D. A multiplexed optofluidic biomolecular sensor for low mass detection.
Lab Chip 2009, 9, 2924-2932. [CrossRef]

10. Yang, D; Tian, H.; Ji, Y. Nanoscale photonic crystal sensor arrays on monolithic substrates using side-coupled
resonant cavity arrays. Opt. Express 2011, 19, 20023. [CrossRef]

11. Surdo, S.; Carpignano, F; Strambini, L.M.; Merlo, S.; Barillaro, G. Capillarity-driven (self-powered)
one-dimensional photonic crystals for refractometry and (bio)sensing applications. RSC Adv. 2014, 4,
51935-51941. [CrossRef]

12.  Liu, Y,; Salemink, H.W.M. Real-time dynamic sensing with an on-chip nanophotonic sensor. Opt. Express
2017, 25,17201. [CrossRef] [PubMed]

13.  Benelarbi, D.; Bouchemat, T.; Bouchemat, M. Study of photonic crystal microcavities coupled with waveguide
for biosensing applications. Opt. Quantum Electron. 2017, 49, 347. [CrossRef]

14. Foreman, M.R.; Swaim, J.D.; Vollmer, F. Whispering gallery mode sensors. Adv. Opt. Photonics 2015, 7, 168.
[CrossRef] [PubMed]


http://dx.doi.org/10.1039/c0nr00201a
http://www.ncbi.nlm.nih.gov/pubmed/20820687
http://dx.doi.org/10.1039/C2RA21984K
http://dx.doi.org/10.1088/1361-6463/aa6cdd
http://dx.doi.org/10.1038/s41598-017-10626-1
http://dx.doi.org/10.1016/j.optcom.2008.06.006
http://dx.doi.org/10.1364/OE.18.022747
http://dx.doi.org/10.1063/1.3462296
http://dx.doi.org/10.1063/1.2840700
http://dx.doi.org/10.1039/b907826f
http://dx.doi.org/10.1364/OE.19.020023
http://dx.doi.org/10.1039/C4RA09056J
http://dx.doi.org/10.1364/OE.25.017201
http://www.ncbi.nlm.nih.gov/pubmed/28789214
http://dx.doi.org/10.1007/s11082-017-1182-5
http://dx.doi.org/10.1364/AOP.7.000168
http://www.ncbi.nlm.nih.gov/pubmed/26973759

Sensors 2020, 20, 1043 12 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Carpignano, F; Rigamonti, G.; Migliazza, T.; Merlo, S. Refractive Index Sensing in Rectangular Glass
Micro-Capillaries by Spectral Reflectivity Measurements. IEEE |. Sel. Top. Quantum Electron. 2016, 22,
383-391. [CrossRef]

Rigamonti, G.; Guardamagna, M.; Bello, V.; Marconi, S.; Auricchio, F.; Merlo, S. Flow-through micro-capillary
refractive index sensor based on T/R spectral shift monitoring. Biomed. Opt. Express 2017, 8, 4438. [CrossRef]
Rigamonti, G.; Bello, V.; Merlo, S. Spectral Optical Readout of Rectangular-Miniature Hollow Glass Tubing
for Refractive Index Sensing. Sensors 2018, 18, 603. [CrossRef]

Nelson, S.; Johnston, K.; Yee, S. High sensitivity surface plasmon resonace sensor based on phase detection.
Sens. Actuators B Chem. 1996, 35, 187-191. [CrossRef]

Wu, S.Y,; Ho, H.P; Law, W.C.; Lin, C.; Kong, S.K. Highly sensitive differential phase-sensitive surface plasmon
resonance biosensor based on the Mach-Zehnder configuration. Opt. Lett. 2004, 29, 2378. [CrossRef]

Chiu, M.-H.; Wang, S.-F.; Chang, R.-S. D-type fiber biosensor based on surface-plasmon resonance technology
and heterodyne interferometry. Opt. Lett. 2005, 30, 233. [CrossRef]

Gasior, K.; Martynkien, T.; Mergo, P.; Urbanczyk, W. Fiber-optic surface plasmon resonance sensor based on
spectral phase shift interferometric measurements. Sens. Actuators B Chem. 2018, 257, 602-608. [CrossRef]
VitroCom | The Leader in Technical Glass Products. Available online: https://www.vitrocom.com/ (accessed
on 5 December 2019).

Donati, S. Electro-Optical Instrumentation: Sensing and Measuring with Lasers; Prentice Hall: Upper Saddle
River, NJ, USA, 2004.

Kashif, M.; Bakar, A.; Arsad, N.; Shaari, S. Development of Phase Detection Schemes Based on Surface
Plasmon Resonance Using Interferometry. Sensors 2014, 14, 15914-15938. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/JSTQE.2015.2455339
http://dx.doi.org/10.1364/BOE.8.004438
http://dx.doi.org/10.3390/s18020603
http://dx.doi.org/10.1016/S0925-4005(97)80052-4
http://dx.doi.org/10.1364/OL.29.002378
http://dx.doi.org/10.1364/OL.30.000233
http://dx.doi.org/10.1016/j.snb.2017.10.084
https://www.vitrocom.com/
http://dx.doi.org/10.3390/s140915914
http://www.ncbi.nlm.nih.gov/pubmed/25171117
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Rectangular Micro-Capillary Structure 
	Theoretical Analysis 
	Theoretical Results 
	Experimental Setup 
	Experimental Results 
	Conclusions 
	References

