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Mirrors are used in optical sensors and measurement setups. This creates a demand for mirrors made
of new materials and having various properties tailored to specific applications. In this work, we
propose silicon covered with a thin silicon nitride layer as a mirror for near-infrared measurements.
SiN layer was deposited on a standard silicon wafer with a Low-Pressure Chemical Vapor Deposition
furnace. Then, the created layer was investigated using ellipsometry and scanning electron
microscope. Subsequently, the mirror was used as a reflecting surface in a Fabry—Perot fiber-optic
interferometer. The mirror performance was investigated for wavelengths used in telecomunication
(1310 nm and 1550 nm) and then compared with results obtained with the same measurement setup,
with a silver mirror instead of silicon covered with SiN, as reference. Results showed that the proposed
mirror can replace the silver one with satisfying results for investigated wavelengths.

Optical mirrors are one of the most frequently used optical components in optical sensors and measurement
setups. Mirrors can be divided into two categories: metallic mirrors and dielectric mirrors. Metallic mirrors use
a thin layer of metal as a reflecting surface’. Dielectric mirrors consist of multiple layers of material with high
and low refractive indices®. High reflectivity is achieved by multiple Fresnel reflections from the layers. In optical
systems and measurement setups, metallic mirrors are most commonly used; in very demanding applications
these are silver mirrors in particular>*. These mirrors are characterized by high reflectivity and a wide spectrum
of reflected wavelengths®, but they have several drawbacks. The biggest problem during biological and medical
measurements is silver chemical and biological reactivity®” when measured samples must be in direct contact
with the mirror. A measured sample can react with mirror material thus changing its chemical composition or
biological properties, which can influence measurement results. Another drawback of silver mirrors is their low
mechanical damage threshold as they can be scratched very easily. Mirror installed in frequently used devices
can quickly wear off, thus causing the need for frequent service and additional costs. In addition, silver mirrors,
even with a protective layer, are vulnerable to corrosion® !0, Instead of standard metallic mirrors, silicon-based
mirrors can be used, as they show good mechanical properties!'2. Research on replacing silver as a reflecting
surface has been going on research group. As part of them, materials with optical properties similar to silver,
and at the same time devoid of its disadvantages, have already been proposed. These include diamonds doped
with boron"® or nitrogen'. Their parametric properties are close to silver. They are also biocompatible. Their
disadvantage is the difficulty of their manufacture and the potentially high cost of production. A very interest-
ing alternative is SiC'®. Due to its mechanical and thermal resistance’®, it is used as a reflecting layer in space
applications!’. Another interesting material that can be used to fabricate a mirror is carbon nanotubes'® in epoxy
matrix. Due to material’s light weight and low modulus of elasticity, it can be used as active telescope mirror®.

In this work, we propose a silicon coated with a layer of silicon nitride (SiN) as a mirror for fiber-optic sensors.
Silicon nitride is characterized by low chemical reactivity?*-*, biocompatibility?® and in addition high hardness
and superior wear resistance?>*>?%, Thus, it can eliminate the aforementioned problems with standard mirrors,
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Figure 1. Scheme of LPCVD furnace used for the SiN deposition process.

Average | Maximum | Minimum | Standard deviation N | Uniformity
Thickness (nm) 492.019 517.085 475.440 12.295 0.042
Reflactive index n (at 633.0 nm) 2.141 2.141 2.141 0.000 0.000
Extinction coefficient k (at 633.0 nm) 0.002 0.002 0.002 0.000 0.000
Fitting error X* 2.517 3.844 1.834 0.578 0.354

Table 1. Results of thickness measurements and the value of the refractive index n parameter for the
deposited SiN layer.

enabling trouble-free application in optical measurements of biological samples. We implemented silicon covered
with silicon nitride as a mirror in a Fabry-Perot fiber-optic interferometer working in a reflective mode, and
compared results with measurements performed with a silver mirror. In our study, we examine mirrors in a range
of wavelengths used in fiber-optic telecommunication. Fiber-optic telecommunication has three most commonly
used bands called telecommunication windows: the first is around 850 nm, the second around 1300 nm, and the
third around 1550 nm?*. First window is currently not as frequently used as second and third, due to the higher
signal absorption than in second and third®. Using telecommunication range of wavelengths assures several
advantages. The biggest one is wide access to devices and parts, such as light sources, optical fibers, couplers,
etc., that can be easily adapted to sensors working with this range of wavelengths, at reasonable prices. Moreover,
sensors able to operate at these wavelengths can be coupled with existing telecommunication systems.

Materials and methods
Materials. Preparation and characterization of SiN.  The silicon wafer (4", 1-10 Ohm cm, (100)) was cleaned
and prepared using following procedure:

- SCI (Standard Clean 1), DIW:NH,OH:H,0, 5:1:1 at 80 °C (353 K) for 10 min;
- SC2 (Standard Clean 2) DIW:HCI:H,0, 6:1:1 at 80 °C (353 K) for 10 min;
- HF (hydrofluoric acid) 5% in DIW (deionized water) for 5 min.

Afterwards, the silicon wafer was processed in a horizontal LPCVD (Low-Pressure Chemical Vapor Deposi-
tion, SYSTEM ASM 2803, THERMCO SYSTEM, UK) furnace (Fig. 1) to deposit silicon nitride (SiN) layer'®.

The pressure in the furnace tube was set at 200 mTorr and the temperature during the process was 770 °C
(1043 K). Ammonia (NH;) and dichlorosilane (H,SiCl,) in a ratio of 1:5 were used as process gases.

SiN layer characterization. The first method of layer characterization was ellipsometry (UVISEL 2-NIR, HOR-
IBA, France). The four-inch wafer was mapped at 225 points. The results are shown in Table 1.

A thickness map was prepared based on the ellipsometric measurements and it is shown in Fig. 2. The thick-
ness variations resulted from wafer orientation in the oven during silicon nitride deposition, but the overall
uniformity was high and in the expected range.

The layer thickness pattern is information about the uniformity of the layer. The more homogeneous the
obtained layer is, the better, as it provides more reproducible results regardless of the measuring point on its
surface. This is a great advantage when using a given layer in a sensor. The tested layer has differences of up to
several dozen nanometers, which is much smaller than the wavelengths of 1330 nm and 1550 nm. For this reason,
these differences will not affect the measurement, as they are too small to be observed with the measurement
setup was use.

SiN layer thickness was confirmed with SEM (Scanning Electron Microscope, AURIGA 60, ZEISS, Germany).
The wafer was cleaved into two halves (Fig. 2) and its thickness was measured by SEM (Fig. 3) in the central
point of the cleave (center of the wafer).
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Figure 2. Map of the SiN layer thickness after the deposition process using the LPCVD method (red dotted line
shows cleave direction).
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Figure 3. SEM image of central point of the Si substrate with the SiN layer deposited.
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Figure 4. Measurement setup, 1 —light source, 2—optical spectrum analyser, 3—fiber coupler, 4—investigated
SiN layer, 5—fiber end-face, 6—micrometric screw.

Methods. Measurement set-up. Interferometric measurements were conducted using a fiber-optic Fabry-
Perot interferometer working in a reflective mode. A simplified schematic of the measurement setup is presented
in Fig. 4.

The light source and the spectrum analyser were connected with the sensing interferometer using telecommu-
nication single-mode fibers coupled by a coupler (Lightel, WA, USA) with a 1 x 2 power split (50/50 symmetrical
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system). The first coupler arm was connected to the light source. During measurements, we used 2 different light
sources. The first light source was a 1550 nm Fibre Labs Inc SLD-1550-13 and the second one was a 1310 nm
Fibre Labs Inc SLD-1310-18. The second coupler arm was connected to the spectrum analyser (Ando model
AQ 6319). The end of the third coupler arm was creating an interferometer cavity using its fiber end-face and Si
wafer covered with SiN layer as reflecting surfaces. The fiber end-face was placed in parallel to the surface of SIN
layer with a small gap between them creating the resonating cavity. Its width was modified using a micrometric
screw that allowed adjusting width of the cavity with a 10 um accuracy. Silver was used under the same condi-
tions for the reference measurements.

Results
Results of interferometric measurements. The purpose of the measurements was to examine changes
in the spectral characteristics, thus all of them were standardized. Two major factors were responsible for the
shape of these characteristics: spectra of the light sources were responsible for the envelope of the character-
istics while the appearance of the peaks was caused by light interference in the Fabry-Perot resonator. Peaks
are observed for wavelengths corresponding to the resonating frequency of the resonance cavity. Position and
distance between the maxima are a function of the cavity width.

The optical spectrum of the Fabry-Perot interferometer SF(v) is the result of the convolution of the source
signal S(v) and the transmission of the interferometer T(v). For interferometers, they can be represented by the
Formula (1)%

4mrnl
SF(v) = S(v) x T(v) = S(v) x {1 + cos i }, (1)

where: S(v) is the optical spectrum of the source signal, n is the refractive index of the medium inside the cavity,
lis the physical light path length, A is the wavelength.

The shape of the spectral characteristics thus depends on the characteristics of the source used and the
optical path length. Based on formula (1), an interferometric model was created. Its detailed description is pre-
sented in the literature””. The model was used to calculate the theoretical values of the optical parameters of the
Fabry-Perot interferometer using Ag and SiN mirrors.

Representative optical characteristics are shown in Fig. 5. It shows two optical spectra for each source: a refer-
ence measurement for the silver mirror, and a measurement for the SiN layer. All the presented measurements of
the characteristics were made for the same width of the resonance cavity equal to 150 um. This made it possible
to directly compare the obtained results.

The comparison of the selected spectra shows similiarity. For a wavelength of 1310 nm, the optical spectra are
almost identical, differing only in the level of absorption. It is bigger for the measurement carried out with the
silver mirror. This shows that the tested layer can provide better optical parameters than silver. For a wavelength
of 1550 nm, the optical spectra have identical modulation with slight phase shift.The measured optical spectra
are consistent with the modeled ones in terms of distance between adjacent peaks as shown in Fig. 6.

The measured optical spectra fit their theoretical models. The shape of the obtained characteristics is match-
ing, as well as the position of maxima in spectra. The measured characteristics are differing from the model in
terms of intensity values, which can be caused by the slight displacement of the measurement head and losses due
to absorption appearing in a non-ideal measurement environment. Appearing mismatches on the wavelength
axis result from the adopted source model. The real source was approximated with ideal Gaussian characteristics,
assuming perfect symmetry of the distribution which resulted in negligible mismatches on the wavelength axis.

The optical spectra in the function of the cavity length of the interferometer were measured. The range of the
cavity length was changed from 20 to 200 um with an increment of 10 pum. Measurements were made using both
light sources (1310 nm and 1550 nm). In the investigation, two mirrors were examined: a thin film of SiN and
a silver mirror as reference. All measurements were repeated 10 times to verify their repeatability. The optical
properties were analyzed based on the spectral separation between the maxima. These values include informa-
tion about the modulation of the signal.

Discussion

The best way to observe the difference in measured spectra is to calculate the distance between corresponding
peaks in one characteristic and compare the results with each other. Observation of the position of the specific
peak can be difficult due to light source fluctuations over time. Calculation of distance between peaks makes
measurement results invulnerable to changes in the light source. The distance between the peaks was calculated
as the difference between the wavelength of the occurrence of the central peak and the wavelength of its nearest
neighbouring peak. The distance to the right and left of the central peak was checked for each spectrum. Boxplot
charts were used to show the statistical analysis of the measurement data. They show the mean value, the lower
and upper quartile of data. Both quartiles form a rectangle with the mean value in the middle. They use whiskers
that indicate the minimum and maximum values. In some cases, indicators of outliers of the entire data group
appear marked with crosses. This chart type is insensitive to outliers and keeps the information about the data
distribution. Its advantage is the small number of measurements required to obtain reliable data?®%.

Figure 7 shows boxplot charts for reference measurements and measurements of SiN at 1310 nm. They pre-
sent changes of distance between the peaks in the range of tested cavity widths. For each material two charts are
shown: one presenting the distance on the left side of the central peak, and the other showing the distance on
the right side of the central peak. A theoretical values of the changes in the distance between the adjacent peaks
were plotted in Fig. 7.
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Figure 5. Selected optical characteristics measured for the cavity length of 150 um on (a) the silver mirror for
the wavelength of 1310 nm; (b) the SiN thin film for the wavelength of 1310 nm; (c) the silver mirror for the
wavelength of 1550 nm; (d) the SiN thin film for the wavelength of 1550 nm.

The Fig. 7a shows the left-hand scattering of values for silver does not exceed 3 nm, and it decreases as the
width of the cavity increases. The best repeatability of the measurement was obtained for the cavity widths of 80,
150, and 180 pm. For these widths, the measurement series difference did not exceed 0.5 nm. Measurements for
the right side are most reproducible in the range from 90 to 200 pm. The differences between series are around
0.5 nm. For the cavity length values below 90 um, the repeatability is smaller. This can be due to the limited
accuracy of setting the cavity length with the micrometer screw. The difference between the data in the series
is0.5to 1 nm.

For SiN on the left side, we observe the spread of data at the level of 0.7 nm or less for the width range from
60 to 200 um. The best repeatability was obtained for 140 um and 200 pm. Changes between series of measure-
ments do not exceed 0.1 nm. For the right side, the largest data spread is 2 nm. From 70 pm, the dispersion is
smaller than 0.8 nm. The best measurement repeatability is for the widths of 140, 150, 170, and 200 pum. For these
widths, the measurement series differed by only 0.2 nm.

From Table 2 it can be seen that the greatest differences between the model and the mean of the data occur
for the width from 20 um to about 40 pum for silver and 70 pum for SiN Silver parameters from the width of
50-200 um are similar to the model. Their difference does not exceed 0.5 nm. Such compliance with the SiN
model is achieved in the width range of about 100-200 pm.

Both materials show similar properties. The measurements for silver were closest to the model from the width
of 40 pm and for SiN from about 100 um. Measurement repeatability at the level of 0.5 nm difference between
series was obtained for silver in the range of 90-200 pm pm, and for SiN from 70 to 200 pum.

Figure 8 shows the plots of the distance between the peaks dependent on the width of the resonant cavity.
Measurements were made using a 1550 nm source, theoretical lines showing modeled values of changes in the
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Figure 6. Comparison of the theoretical optical spectra with the measurement results (a) for a silver mirror
at a wavelength of 1310 nm; (b) for an SiN thin film at a wavelength of 1310 nm; (c) for a silver mirror at a
wavelength of 1550 nm; (d) for a SiN thin film at a wavelength of 1550 nm. The cavity length was set to 100 um.

distance between the peaks are shown in each plot. For SiN on the left, the smallest distributions were observed
for widths from 110 to 200 um. The differences between the series of measurements must not exceed 1 nm. The
best measurement repeatability was obtained for the width of 130 um. The difference between the highest and the
lowest value in the series was about 0.9 nm. On the right, repeatability with a data spread of 1 nm was observed
for a width of 110 to 200 um. The most reproducible measurements were obtained for the width of 190 um. The
difference between the maximum and minimum measurement values was 0.2 nm. The silver data distribution on
the left shows a data spread of less than 1 nm for widths from 90 um. The best reproducibility was observed for
the width of 140 um. The difference between the highest and the lowest measured value is 0.3 nm. On the right,
repeatability with a spread of less than 1 nm was observed for widths from 80 to 200 um. The best repeatability
was obtained for the widths of 180 and 200 pm. The data distribution for these widths did not exceed 0.2 nm.
Differences in the distribution of data for SiN and silver were observed. The data spread is greater for SiN in the
range from 20 to 110 um. Most likely, it is the fault of an under-regulated micromechanical screw. For widths
above 110 um, both materials have a data spread lower than 1 nm. The differences between the SiN distribution
and the silver distribution in this range differ by tenths of nm.

From Table 3 it can be seen that the greatest differences between the model and the mean of the data were
observed for the range of 20-70 pm for silver and for the range from 20 um to about 90 um for SiN. The silver
closest to the model was in the range from 70 to 200, and SiN in the range from 140 to 200 ym.

For both materials at a wavelength of 1550 nm, similar values of the tested parameters were observed. Fitting
to the model at a difference of 1 nm between the mean and the model was observed for SiN from 80 pm, and for
silver from 70 pm. Measurement repeatability with 1 nm data spread for SiN was observed from 110 pm, and
for silver from 90 um. For both materials, the best data spread was 0.2 nm.
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Figure 7. Distance between adjacent maxima in the signal using a 1310 nm source: (a) measured between the
central and left peaks for silver mirror; (b) measured between the central and left peaks for SiN thin film; (c)
measured between the central and right peaks for silver mirror; (d) measured between the central and right
peaks for SiN thin film (where the magenta line is a theoretical model of data, red horizontal line is the mean
value, red crosses are outliers).

Value of difference between the model and the
average >1nm 1nm<0.5 |<0.5 The greatest compliance
For silver
Left side of spectrum 20-40 um | - 40-200 ym | 190 pm
Civity of width (um)
Right side of spectrum | 20-40 ym | - 40-200 um | 180 pm
For SiN
Left side of spectrum 20-70 um | 70-120 um | 120-200 pm | 190 pm
Cavity of width (um)
Right side of spectrum | 20-50 um | 60-100 um | 100-200 um | 140 pm

Table 2. Comparison between the theoretical model and the average data of 1310 nm.

One of the most important metrological parameters in interferometry is visibility. It was calculated for indi-
vidual characteristics following the formula®:
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Figure 8. Distance between adjacent maxima in the signal using a 1550 nm source: (a) measured between the
central and left peaks for silver mirror; (b) measured between the central and left peaks for SiN thin film; (c)
measured between the central and right peaks for silver mirror; (d) measured between the central and right
peaks for SiN thin film (where the magenta line is a theoretical model of data, red horizontal line is the mean

value, red crosses are outliers).

Value of difference between the model and the
average data >1nm 1nm<0.5 <0.5 The greatest compliance
For silver
Left side of spectrum 20-70 um | - 70-200 ym | 160 pm
Cavity of width (um)
Right side of spectrum | 20-70 ym | 70-110 um | 110-200 um | 180 pum
For SiN
Left side of spectrum 20-80 um | 80-140 um | 140-200 ym | 200 pm
Cavity of width (um)
Right side of spectrum | 20-100 um | 100-130 yum | 130-200 pum | 130 pm

Table 3. Comparison between the theoretical model and the average data of 1550 nm.
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‘Wavelength 1310 nm Wavelength 1550 nm
Materials Cavity width (um) Visibility (a.u) Cavity width (um) Visibility (a.u)
80 0.7446 80 0.7815
Silver mirror
150 0.9593 150 0.9687
80 0.9644 80 0.9430
SiN thin film
150 0.9801 150 0.9974

Table 4. Comparison of the visibility values for the tested SiN material and silver for the second and third
wavelengths of the telecommunications window.

Lnax — Imin

Imax + Imin

V=

where: V—visibility, I,,,,—highest signal intensity, I,,;,—lowest signal intensity.

Table 4 presents the calculaed visibility values. The calculations were performed for both investigated wave-
lengths. The results obtained during the measurements of the SiN thin film. The visibility values have been
shown for two cavity widths—80 um and 150 pum. This selection allows the analysis of the visibility behavior in
the range of the tested cavity widths.

The tested SiN thin film has higher visibility values than silver. This is independent of the wavelength used.
There is a significant difference between the values for a cavity width of 80 pum. The visibility for silver was about
0.2 lower than for SiN thin film. This means that the SiN thin film can be used for measurements on narrower
cavity widths than silver.

Conclusions

The performed measurements and their analysis showed that the SiN thin film can replace silver as the reflect-
ing layer in the interferometer. The produced tested film can be considered homogeneous as the changes in its
thickness were insignificant and did not change the refractive index. During optical measurements, the SiN
layer behaved similarly to silver in terms of signal modulation. The performed statistical tests proved that the
tested layer provides repeatable measurements for a resonant cavity with a width in the range of 20-200 pm.
Comparing the tested material in terms of visibility with silver and doped diamond films described in the litera-
ture, it turned out that it shows very good optical properties. It can work in smaller cavities than silver, which
is significant in biological measurements. This allows smaller samples to be tested. SiN thin film also has better
performance for larger cavity widths than silver. Summing up, the tested SiN layer can replace silver as it assures
better optical parameters in a greater distance measurement range. Moreover, it introduces biocompatibility
and greater wear resistance.

Data availability

The data used in this investiagtion can be requested from the corresponding authors.
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