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Optofluidic sensors based on bragg gratings

Abstract: This paper describes the optical planar waveguide Bragg grating including silica
waveguide, polymeric waveguide, and silicon-on-insulator (SOI) waveguide in application for biosen-
sors. Topic includes design and fabrication of the etched planar waveguide single Bragg grating and
the polymeric & SOI planar waveguide Bragg grating Fabry-Perot cavity optical refractive index
sensors. It is shown that the higher the refractive index of the medium, the more the resonance
peak of a sensor moves. The Bragg grating cavity is more sensitive than the single Bragg grating
at the same wavelength area. Therefore, a Bragg grating with a cavity area is more sensitive than
the single Bragg grating. In addition, the shorter FP cavity waveguide could reveal much more
sensitivity than the longer one, which will be promising to scale down the sensors to be so nanosized
that extremely low concentration of molecules can be detected.

The sensor developed in this study shows much promise in the application of biomedical diagnostics
such as a biosensor and/or environmental monitoring biochemical sensors.

Keywords: Fabry-Pérot Bragg gratings cavity, refractive index sensors, microfluidics

DOI: https://doi.org/10.32523,/2616-68-36-2019-126-1-68-81

Introduction. The most common Bragg grating is induced in the core of a photosensitive fiber
with a periodic index modulation exposed by the laser beam interference [1]. Similar techniques have
been applied to form photoinduced Bragg gratings in integrated glass channel waveguides [2]. Planar
optical waveguide gratings have been used in variety of applications for optical components like
couplers, beam splitters, modulators, filters, and sensors, etc.|3,4] These devices are used to control
lasers, spectrometers, and the measurement of the wavelength of light in a wide variety of fields. Since
the 1990s, optical waveguide Bragg gratings have also been employed in optical sensors to measure
both the mechanical and electrical conditions. This allows for the smaller footprint, lower weight,
and simplification of measurement systems, in particular, because the resultant measurements can
be encoded by Bragg resonant wavelength.

Author has recently developed high sensitivity and high selectivity fiber Bragg grating sensors
[5-10]. For these sensors, the cladding and even part of the core of the fiber were completely re-
moved. Sensors were characterized to have sensitivity to changes of the index of refraction of order
7 x 1077 . The sensor was typically etched down to a diameter of 5 pym and can be detected with a
wavelength change of 1 pm or less in the center frequency of our Bragg grating sensor. This sensor
was demonstrated to detect monolayer deposition of small molecules of mass of order 250 Da. In par-
ticular, we have studied the real-time attachment of one monolayer of 3-Aminopropyltriethoxysilane
(APTES) and 3-aminopropyl-methyl diethoxysilane (APMDS) on the sensor and have demonstrated
the formation of a water layer on the sensor. We have also studied the covalent monolayer attach-
ment of glucose to the sensor and the hybridization of DNA. We extend this work by converting
our fiber sensor to a planar single-mode ultra-high @ microcavity sensor on polymeric waveguides
by forming a single-mode planar Bragg grating Fabry-Pérot (FP) cavities. In order to realize high
finesse planar Bragg grating FP cavities, we will have to develop the technology for fabricating two
spatially separated identical gratings.

With regard to biosensors, label-free biodetection is possible by measuring the varying effective
refractive index of the optical waveguide that occurs from biointeraction between antibodies/probe
and antigen/target molecules. This takes place on the surface of the core layer of the optical
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waveguide. This occurs by means of the evanescent field penetrating the optical waveguide Bragg
grating when light is incident on the optical waveguide Bragg grating. This sensor for biodetection
can be made by carving the grating on the surface of the core layer of the optical waveguide to
multiplex the Bragg grating wavelengths. Thus, the characteristics of Bragg grating sensors can be
used to diagnose human diseases by detecting proteins in the human blood as biomarks. In addition,
Bragg grating technology has the potential to be applied in a variety of other areas as well, such
as the monitoring of food quality in manufacturing processes in the food industry, chemical and
biological weapons-related measurement and detection activities in the military, and air and water
quality measurements in the environmental protection industries.

The results from this investigation will also be used to develop a small sensor device with ultra-
high sensitivity, which is achieved by forming an FP cavity between two Bragg gratings on the planar
waveguide. The FP Bragg grating cavity structure allows for the development of ultra-high sensitive
sensors. The sensitivity of the sensor has the potential to be further improved by generating sharper
resonance peaks than a single Bragg grating. Shifts in optical resonant peaks due to the change of
optical path length between two identical gratings arise from the change in the effective refractive
index of an FP Bragg grating cavity. In this investigation, this is caused by binding immobilized
antibodies and antigens, which can then be detected and measured.

In this study, FP Bragg grating cavity sensors will be designed, fabricated, and characterized so
that the Bragg grating sensor has expanded to detect temperature and refractive index of medium
surrounded planar waveguides such as an etched-silica core waveguide, a polymeric waveguide, and
a silicon-on-insulator (SOI) planar waveguide Bragg grating.

Theoretical Background. A single planar waveguide Bragg grating This section provides the
basic mathematical formalizing that will be used to design and perform data analyses of the proposed
planar waveguide etched grating sensor. This section starts by providing the expressions needed to
calculate the propagation constants for the slab waveguide in terms of the waveguide geometric and
optical properties. Then the coupled mode equations are used to determine the grating properties
are presented. The waveguide geometry of interest in this paper is illustrated in Figure 1, and
consists of a core bounded by air above and core below. This waveguide is fabricated on a silicon
substrate. The refractive indices of the air, and the core and cladding layers are denoted by n;p,
ng, and ng, respectively and core thickness is given by t,. Also seen in Figure 1(a) are the etched
corrugations of pitch and depth a.

The most important parameter in the design of Bragg grating in waveguides is effective index. This
effective index is found in the usual way [11] by solving the wave equation and applying continuity
boundary conditions at the respective core/cladding interfaces of the waveguide shown in Figure

1(a).

Transmission P h=2n A ]
Clad :3 / b—>A | |« ‘.G{ﬂf,ing Ct{tz .
* | 1mm Si Substrate /mm P <—> W
Smm X
a) The corrugated Bra ratin b) Operation principle of a biosensor
g gg g g p p p

F1cure 1 — Schematic of the corrugated Bragg grating on the silica planar waveguide as a biosensor

The guided modes have propagation constant (s such that kong < Bs < kgno, where n; < ns.
This solution process leads to the following transcendental equation that yields the propagation
constant:

p+q
T IY (1)
h (1 — pq/h?)
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Given a set of the refractive indices n;, ng, and n3 and the waveguide thickness, Z,, of the
planar waveguide, and the source wavelength, ~. Eq. (1) in general yields a number of solutions
for the propagation constant, Bs;. However, the source wavelength and the waveguide thickness are
restricted in the present study such that only one propagation mode is supported, and therefore Eq.
(1) has only one solution of interest. As a result, the effective index of the planar waveguide is given
by nepr = BsA/27.

The corrugated structure into the waveguide leads to a corresponding periodic perturbation of the
refractive index distribution. Each groove of the grating acts like a weak mirror, and the cumulative
effect of all of the weak reflectors results in a very strong combined reflection centered on what is
known as the Bragg wavelength. The Bragg wavelength is related to the effective index calculated
above and grating period, A, by [11]

/\b = 2TL6 f fA (2)
when expressed in terms of the propagation constant is given by
Ao = BsAA/2 (3)

where )\, is the Bragg wavelength and A is the central wavelength of the optical source. The
fraction of power couple to the backward-propagation mode (—pf;s), i.e. the grating reflectivity is
given by [11]

Rmax = tanh? (kL) (4)

where L is the length of the Bragg grating and s is the coupling coefficient.

Figure 1(a) shows the principle of biosensor about how to detect biochemical. The antibody bound
on the surface of the grating captures the antigen/target molecules surrounded on the Bragg grating,
and then the Bragg grating wavelength due to change of effective refractive index of waveguide shifts
in order to detect biochemical.

Planar waveguide Bragg grating Fabry—Pérot (FP) cavity

Figure 2 (a) illustrates a schematic of two identical gratings for forming the FP cavity. The length
of a single Bragg grating inscribed on the single-mode core channel waveguide is 2.5 mm. The length
of the FP Bragg grating cavity formed by the identical dual Bragg grating is 5 mm.

Gratings
7 1mm
8um
8pm
I ~5mm ~2.5mm Core
3mm
Clad
Substrate
X 15mm ™

(a) The corrugated planar waveguide Bragg grating Fabry—Pérot (FP) cavity

Gratings
—1 1mm
8um
8pm
I ~5mm ~2.5mm Core
3mm
Clad
Substrate
* 15mm >

(b) Operation principle of a biosensor

FIGURE 2 — Schematic of the corrugated planar waveguide Bragg grating Fabry—Pérot (FP) cavity
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For the FP Bragg grating cavity formed by two identical planar waveguide Bragg gratings, we
assume that the effective cavity length Lpp is constant and that the wavelength of a resonance
mode, Ag, must satisfy [11]

mAR/2 =nefrLrp (5)
where m is the modal number. When the refractive index of the ambient medium on the bio-
sensitive area, i.e., Fabry-Perot cavity area at which biochemical agent is bound to detect biochemical
target, as shown in Figure 2(b), is changed, the effective index of the effective cavity length Lpp is
changed and thus the resonance wave of m ’th mode is shifted.

The period of the single grating on the polymeric planar waveguide was designed to be 538 nm so
that the Bragg wavelength of the single grating should be obtained to be around 1550 nm, whereas
that of SOI waveguide was designed to be 228 nm. The length of the single grating was 2.5 mm,
and the depth of the grating with a sine-waved pattern was designed to be ~ 150 nm so that about
30% of the light can be reflected from the single grating

Experiment. Silica planar waveguide Bragg grating

The planar waveguides used in these studies are fabricated by Photonics Integrated Research,
Inc (PIRI) using hydrolysis deposition. These waveguides are originally manufactured with an 8
pm thick germanium doped silica core with a 20 um silica undercladding sitting on top of a 1
mm thick silicon substrate. The refractive indices of the core layer and underclad layer are 1.4495
and 1.4452 measured at 1550nm wavelength, respectively. The waveguide blank is diced parallel or
perpendicular to the straight edge of the silicon substrate into 3 mm long x 5 mm wide waveguides.

Bragg gratings are produced in the planar waveguides using photoresist based optical lithography
techniques. This process starts by first spin coating a 50 % dilution of Shipley S1400-17 photoresist
onto the surface of the waveguide using 6000 rev/min for 30 seconds. The resulting ~ 220 nm layer
of photoresist is soft baked for 35 min at 96°C to ensure complete removal of thinning solvents.
A phase mask printing method is then used to fabricate Bragg gratings. A phase mask is used
to produce two equal amplitude interfering optical beams, as shown in Figure 3. The interfering
pattern is expanded in size so that interference occurs in a 2 mm smaller diameter circular region.
Grating are typically written in the planar waveguide coated by exposing the photoresist to the 244
nm UV light for 5 sec to 8 sec with a laser powers ranging from 2 mW to 3 mW. The phase mask
used in this study had a pitch of 0.5278 ym and 15.4 % transmission of zeroith order diffraction.
This phase mask pitch corresponds to a Bragg wavelength somewhat near 1550 nm, depending on
the effective index of the waveguide. Once exposed, the waveguides are baked for 12 min at 120°C'.

Phase Mask
244nm Beam

UV Laser Expander +1st (26.3%)

i
<~
\‘qp
v

Oth (15.4%)

-1st (26.4%)
Collimating

Lens (f=4cm) Waveguide

(b)
Ficure 3 — (a) Photo and (b) schematic of phase mask direct imprinting of Bragg grating

Also seen in Figure 4 are the next step at which the grating fabrication process involves developing
the photoresist for typically 12 sec with a developer made of one part Shipley Microposit Concentrate
and one part deionized water to form resist gratings. The waveguide are then rinsed in deionized
water for 30 sec and then blown dry with Nitrogen gas. After developing, the substrates are baked
for 30 min at 120°C, and then are wet-chemically etched for 75 seconds to a depth of 130 nm to 200
nm using bufferd HF. The photoresist is next stripped using solvents such as Shipley S1165 remover
or acetone.
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F1cURrE 4 — Schematic of fabrication procedures for silica planar waveguide Bragg grating

Polymeric planar waveguide Bragg grating

The period of the single grating was designed to be 538 nm so that the Bragg wavelength of the
single grating should be obtained to be around 1550 nm. The length of the single grating was 2.5
mm, and the depth of the grating with a sine-waved pattern was designed to be ~ 150 nm so that
about 30% of the light can be reflected from the single grating.

Polymeric materials are used to form the planar optical waveguide which consists of the core layer
(ZPU 13-440, n = 1.440 , Chemoptic, South Korea) and the cladding layer (ZPU 13-436, n = 1.436,
Chemoptic, South Korea). A cladding material, ZPU13-436, was spin coated on a 4 in. silicon wafer
to be 20- um thick. After 3 min of UV curing under a Halogen lamp with 9mW /cm? at 370 nm
peak wavelength, the polymer was hard baked at 160°C for 30 min. An optical waveguide pattern
was defined on the cladding layer by conventional photolithography using an AZ5214 photoresist.
After the cladding layer with a thickness of 20 um was deposited on the silicon substrate, the core
channel groove of 8 ym wide and 8 pm high on the clad layer was made by a reactive ion etching
to implement single-mode optical waveguide. The etch rate of the AZ5214 was slower than that of
the ZPU polymer. Then Chemoptic’s material, ZPU 13- 440, was spin coated on the clad layer to
form a core channel waveguide. The core layer was holographically exposed by two equal beams to
form Bragg gratings on the core layer of the optical waveguide and then the exposed substrate was
dry etched to form the corrugated gratings by the conventional lithographic technique, as shown in
Figure 5.

A Silicon-on-insulator (SOI) planar waveguide Bragg grating Fabry—Pérot (FP) cavity

SOI wafers were commercially available. SOI wafers consist of an oxide thickness of 1 um (ng =
1.46 ) and a silicon thickness of 5 pm (n; = 3.5). The length of the single grating was 2.5 mm, and
the Bragg grating with a depth of 150 nm is etched into the top of the ridge which is etched down
to a depth of 3 pm, so that about 30% of the light can be reflected from the single grating. The
grating strength, coupling coefficient, depends upon the waveguide dimensions with a fixed grating
depth.

The period of the single grating was designed to be 223 nm so that the Bragg wavelength of the
single grating should be obtained to be around 1550 nm. Figure 6 outlines fabrication procedures
of the ridge waveguide and the electron-beam lithographic sequence that was employed to pattern
the Bragg gratings on the top of silicon ridge waveguides.

The butt coupling technique

The final step in the grating sensor fabrication is to prepare the edges of the waveguides to
facilitate coupling light into the sensor and to provide for visual inspection. This is done by first
cleaning the diced waveguide with solvents (acetone and methanol) and then blowing to dry it with
Nitrogen gas. The waveguide is mounted on a jig with the heat-melt wax and is polished using 1
micron and 0.3 micron aluminum oxide on a polishing wheel rotating at 1500 rev/min, respectively.
The polishing is done using 0.1 micron diamond sheet. Visually inspection using a transmission

71



JI.H. I'ymunies areiagarel EYY Xa6apibicer - Bulletin of L.N. Gumilyov ENU, 2019, 1(126)

Spin coating : TSMR

%4
Soft baking
o4

Grating : He-Cd Laser

T SO 000
UV Mask exposure
AR et g
i hadow mMask - g
/

T —

U

Develop
= = 4_...--'-""'-“.—#

_..--""""-—'_-

[#) Bragg grating fabri
by E-beare iivageapley

(gl 501 Bicsansar

AZS214
Silicon
Silieon Cude
Silieon

Silicon
~ Silicon Cride
Silican

Silicon Cuide
Silicon

FI1GURE 6 — Schematic of fabrication procedures of the ridge waveguide and the electron-beam lithographic sequence to
pattern the FP Bragg grating cavity

optical microscope is used to control the surface roughness of the waveguide facet. Finally, the
polished waveguide is thoroughly cleaned in acetone for 30 min at 100°C' to remove residual wax.
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Ficure 7 — The schematic of the coupling technique used to investigate spectral characteristics of planar waveguide Bragg
gratings

The etched grating sensor is interrogated by using a single mode optical fiber to carry the light
to and from the sensors. This means that efficient fiber to waveguide coupling techniques be used.
Typical tolerance of lowest insertion loss are offset less than +2 pm and an angular misalignment
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less than 0.5°. The butt coupling technique shown schematically in Figure 7 was used to achieve
the efficient fiber to waveguide coupling.

Amplified Spontaneous Emission (ASE) from an Erbium Doped Fiber Amplifier (EDFA) is
launched into one arm of a 3 dB coupler fabricated with optical fiber having a mode field diameter
of 9.5 pm. One arm of the coupler is index matched to prevent back reflection and the other arm
is butt coupled into the waveguide. Light reflected from the waveguide is directed by the 2 x 2
coupler to an optical spectrum analyzer. The first step of the alignment process involves replacing
the EDFA with a Helium Neon laser and imaging the transmitted near-field beam appearing at
the back facet of the waveguide with a CCD camera. The Helium Neon laser is used because its
wavelength falls within the spectral bandwidth of the CCD camera. The optical fiber and the planar
waveguide are first aligned visually, and then a five degree of freedom monopositioning stage is used
to adjust the location and orientation of the waveguide, while viewing the near field image on a
video monitor. This process is stopped when the near-field image intensity is maximized, and its
shape symmetric and centrally located. The He-Ne laser is then replaced with an EDFA, and the
gap between the optical fiber and waveguide is reduced while monitoring the reflected spectrum in
the optical spectrum analyzer. Optimum positioning is achieved when the spectrum associated with
the air gap Fabry-Perot interferometer formed between the optical fiber and the waveguide facet
is minimized. Index matching liquid (refractive index, 1.4587, Cargille Company) is applied to the
back facet of the waveguide sensor to prevent a Fabry-Perot cavity from forming between the two
waveguide facets.

To measure the shift in the optical Bragg grating wavelength when the single Bragg grating and
the FP cavity sensor are covered by fluids to be measured, erbium-doped fiber amplifier (LiComm,
South Korea) and optical spectrum analyzer (ANDO, Japan) with a 0.05-nm wavelength resolution
were used. For the FP grating cavities, fluids were dropped by a pipette on the surface of the cavity
between the FP grating cavities because of measuring the fluid- induced change in optical path
length of FP cavity, whereas fluids were dropped on the surface of the Bragg grating..

Results and Discussion. Silica planar waveguide Bragg grating

The gratings investigated here typically have a 537.8 nm period as measured using an atomic
force microscopy (AFM) shown in Figure 8(a). It is noted that the distance between the phase mask
and the planar waveguide has to be minimized without causing the damage of the phase mask to
minimize the above noted multiple reflections.

The reflected spectrum produced by a grating 2 mm long, 200 nm deep (typical values) etched
into a planar waveguide was measured with the optical spectrum analyzer as well, as shown in Figure
8(b). The reflected spectrum of the reflection from the planar waveguide gratings generally appeared
bifurcated due to geometry-induced birefringence. Therefore, an output fiber polarizer is used to
isolate the Bragg condition from one polarization mode. In order to examine temperature sensing
performance of the etched planar waveguide Bragg grating sensor, the planar waveguide Bragg
grating was heated with temperature ranging from 20°C to 200°C' using the heating tape which
folds the translating block mounting the planar waveguide. Figure 8(c) illustrates calculation leads
to a proportionality factor between the change in wavelength and temperature of 0.0137 nm/°C'.
For comparison, the proportionality factor for a ~ 1550 nm photorefractive grating written in an
optical fiber is 0.0132 nm/°C'.

Polymer planar waveguide Bragg grating

Single grating

Figure 9 shows the spectral change of a single Bragg grating. Each spectrum was measured in air
(n =1.00), water (n = 1.33), and IPA (n = 1.37). The shifted wavelength was measured to be
1547.099, 1547.307, and 1547.341 nm in air, when water was dropped on the single grating, and in
IPA, respectively. Water and IPA induced shifts in the wavelength to the right were measured to be
~ 0.208 and 0.242 nm, respectively. The difference in wavelength between water and IPA-induced
shifts was 0.034 nm. The sensitivity of a sensor (AM/An), i.e., wavelength on the refractive index
unit (RIU) between air and water, was 0.63 nm / RIU. The sensitivity between water and IPA was
0.85 nm / RIU.

B.2 Planar waveguide Bragg grating Fabry—Pérot (FP) cavity
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FicUurReE 8 — (a) - AFM photo of the wet-etched grating (b) reflection spectrum of etched Bragg grating formed on the
planar waveguide (c) shift in Bragg wavelength induced by temperature change

Figure 10 shows the photo of the fabricated FP cavity sensor. Atomic Force Microscopy (AFM)
image of Bragg grating was also shown with magnification. The length of the FP cavity ( Lrp)
formed by the two identical Bragg gratings is 5 mm. The reflected spectral resonance was measured
by coupling the reflected light from the Bragg grating cavity to the detector through the 2 x 1
optical fiber coupler. Before fabricating the 2.5-mm grating, the 5-mm grating was fabricated as
a preliminary experiment. However, it was found that the long-length grating caused significant
reflection of light from the first Bragg grating and thus the interference between two gratings could
not be made without sufficient light transmission from the first grating. To overcome this problem,
the Bragg grating length was designed to be 2.5 mm, preventing too much back-reflection from the
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first grating and thus transmitting ~ 60% to 70% of light from the first Bragg grating to the second
Bragg grating. After passing the first Bragg grating, the light travels to the second Bragg grating
and is then reflected to the first grating enough to have interference between two gratings, obtaining
a high reflectivity from the FP cavity. The measured spectra of the fabricated FP Bragg grating
cavity sensor were shown in Figure 11.

The full-width at half maximum (FWHM) of the highest peak of spectrum formed by multiple
reflection arisen from Bragg grating FP cavity was measured to be 0.036 nm with maximum reflec-
tivity of 20 dB at wavelength of 1547.9 nm, whereas that of the single grating was 0.228 nm. Free
spectral range of FP cavity was measured to be about 0.12 nm, which was made by interference
between the optical waves from the first Bragg grating and the second Bragg grating. In addition,
the spectrum was formed symmetrically around the highest peak, as shown in Figure 11.

To measure the sensitivity of the sensor, shifts in the wavelength of the FP cavity sensor were
measured when dropping water and methanol on the region (so called the biosensitive area) between
the two Bragg gratings. At this moment, no surrounding liquid was dropped on the surface of the
grating. A shift in wavelength of spectral resonant peak can be induced by changing the effective
refractive index of optical waveguide due to varying the surrounding medium.

The sensitivity of a sensor (AA/An), i.e., wavelength on the RIU between air and water, was 0.48
nm / RIU. The sensitivity between water and IPA was 2.58 nm / RIU. It is shown that the closer the
refractive index of the medium to that of the waveguide, the larger the movement of the peak. This
phenomenon is more dominant for an FP cavity than a single grating.

The shifts in wavelength for the single Bragg grating and FP cavity sensors have a similar move-
ment in water, but FP cavity sensors revealed more rapid movement than the single Bragg grating
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in methanol. Through these movements, when the refractive index of the surrounding medium ap-
proaches closer to the effective refractive index of the waveguide, the wavelength of the FP cavity
sensors could be rapidly changed. FP Bragg grating cavity sensors revealed a rapid change of reso-
nant wavelength compared to the single Bragg grating sensor. In addition, a shorter cavity length
sensor showed more sensitivity than a longer cavity length sensor.

The planar waveguide with high difference in refractive index between the core and clad layers
was made by using the ZPU12-480 (core layer, n = 1.480 ) and ZPU13-436 (clad layer, n = 1.436).
Figure 11(a) shows the spectral reflectance of the FP cavity sensor with 5 mm of length with a
high difference refractive index between core and clad layers when surrounded by air, methanol,
and water. The shifted wavelength at the highest value for each spectral reflectance was 1578.332
nm in air, 1579.24 nm in methanol, and 1579.321 nm in water, respectively. This result indicated
a 10 times greater shift than low refractive difference cavity sensor by air and water, Figure 11(b)
shows the plot of shifts in wavelength of FP Bragg grating cavity sensors by air (n = 1), methanol
(n = 1.326), and water (n = 1.33). The curve of sensor sensitivity sharply increases between
methanol and water because the refractive indices of surrounding media get close to that of the
Sensor.
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Ficure 11 — Shift in wavelength of FP Bragg grating cavity sensor with high difference in refractive index between core
and clad layers (a) shifts in spectra of FP grating cavity (b) plot of shifts in grating wavelength

The FP Bragg grating cavity may have much better sensitivity than the single Bragg gratings.
These results indicate that an FP Bragg grating cavity sensor may detect low volume of molecules
with higher sensitivity as biological sensors when employing the immune-sensing schemes such as
antibody and antigen reactions.

SOI planar waveguide Bragg grating FP cavity

Silicon is transparent at photon energies below the bandgap (i.e., for wavelengths longer than
about 1.2 pm). Although the high refractive index contrast between silicon and oxide or air seems
to imply a small mode size, relatively large optical modes can be confined in silicon-ridge waveguides
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without sacrificing single-mode operation |12, 13]. Single-mode SOI ridge waveguides with propa-
gation losses as low as 0.1 dB/cm and fiber coupling losses as low as 0.17 dB per facet have been
reported [14]. A relatively shallow grating atop the ridge would constitute a very weak perturba-
tion, and would not be suitable for most integrated filter applications, the structure should offers
reasonable grating strength with a relatively large mode size [15|. For sensor application, however,
the structure shown in Figure 12 offers appropriate grating strength with a mode size to couple the
optical fiber.

Ficure 12 — Photos for FP grating cavity on SOI planar waveguide

Figure 12 illustrates the SOI ridge waveguide and Bragg grating patterned on the SOI ridge
waveguide. The characterization of SOI planar waveguide Bragg grating FP cavity structure is
under investigation.

Conclusion. The purpose of this study is to develop biologically compatible high-sensitivity
sensors for the detection of a biomedical substance for medical diagnostics through telemedicine via
a body- mountable tiny small biochip and environmental monitoring. Etched-silica planar waveguide
single Bragg grating was characterized to have Bragg wavelength shift with change in temperature,
as a result, the temperature-induced fractional Bragg wavelength shift measured in this experiment
is 0.0132 nm/°C. It has a potential to be used in a biosensor. A polymeric optical planar waveguide
was made was fabricated the sample which has a grating length of 5 mm. As a result, it was confirmed
that the shallower depth and the shorter grating length could develop the interference arisen from
multiple reflections between two identical Bragg gratings.

We fabricated two single gratings to form a FP Bragg grating cavity with 5 mm of cavity length.
The Bragg wavelength of the single grating that forms the FP Bragg grating cavity was designed to
be a 1550-nm wavelength. As a result, spectral characteristics for the 5 mm of the Bragg grating
cavity revealed a sharp-pointed peak that is finger shaped, whereas the single Bragg grating has a
round-shaped peak. In addition, reflectivity of the single Bragg grating is about 10 dB, but that of
the 5 mm of Bragg grating FP cavities have about 20 dB, which is two times larger than the single
Bragg grating. Furthermore, the resonance spectra of the FP Bragg grating cavity sensors with the
5 Bragg grating cavity have 0.036 nm of FWHM as compared to 0.316 nm of FWHM for the single
Bragg grating. This fact confirms that the resolution of the FP Bragg grating cavity sensor could
be enhanced by 10 to 20 times over that of the single Bragg grating.

It is shown that the higher the refractive index of the medium, the more the resonance peak of a
sensor moves. The Bragg grating cavity is more sensitive than the single Bragg grating at the same
wavelength area. Therefore, a Bragg grating with a cavity area is more sensitive than the single
Bragg grating. In addition, the shorter FP cavity waveguide could reveal much more sensitivity than
the longer one, which will be promising to scale down the sensors to be so nanosized that extremely
low concentration of molecules can be detected.

All the planar waveguide Bragg gratings have a potential in application for bio/chemical sensing
such as biomedical diagnostics and environmental monitoring, etc.
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Annarna: Byn makanala ONTHKAJIBIK Ka3bIK, TOJIKBIHXKETEKTETIN OP3IT TOPBIH OHOCEHCOpJIapAa KOJJAHY TapalblHAH
cunarranansl. Cunarraarad 6pIrT TOPbI KPUEMHUIIIK TOJIKBIHKETEKTETII, TOJUMEDPJIK TOJIKBIHKETEKTErII YKoHe KPEMHUN-
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TOPJIAPBIH JAMBbIH/AY »KOHE OHJIPY TaKbIPHIITAPhl KAPaCTHIPBIIFaH.

OpTaHblIH ChIHY KOPCETKIII HEFYPJIBIM KOFaphbl 00JIca, JATIUKTIH PE30HAHCTHIK, IIBIHBL COFYPJIBIM *KOFaphl 6osansl. Kybicrst
Bparr Topsr Gipieit TOJIKBIH Y3bIHABIFEL aliMarbiia 6ipbinrail Bpsrr Topeina kaparania aca ce3imran. COHABIKTAH, YFBIMAJIBIK
KybICTBL Bparr Toper 6ipeiarait Bpsrr topeina kaparamga cesimras. CoHbIMEH KaTap, KbICKa FP TOJKBIHIBIK KyBICHIHBIH
ce3iMTaJIbIFbl Y3aK TOJIKBIHJIBIK KYBICKa KaparaH/a dJIeKaiia Korapbl, OyJI JaTYNKTEP/li HAHOOJIIIIEM/Ii eTill »Kacail OTbIPHIII,
MOJIEKYJIAJIAPAbIH, ©T€ TOMEH KOHIIEHTPAIUICHIH aHbIKTayFa MYMKIHIIK TYFbI3aIbl.

Ocsl 3eprTEyzie O31pJIEHIeH NATYNKTIH OMOMEIMINHAIBIK JUArHOCTUKALa KOJIIaHy OoJlallarbl 30p, MBICAJIBI OHMOCEHCODJIAp
HeMece KOpIIaraH OpTa MOHUTOPHHTICIH/IEe KOJIIAHBLIATHIH OHOXUMUSIBIK JATIUKTEPI.

Tyitin ce3mep: Fabry-Perot Bragg KybicTbl TOp, ChIHY KOPCETKIIITEPIHIH CEHCOPIAPBI, MUKPOMIIIOUATED.
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Canr Meii JIu %, Bocynr ITTun 2, A.Ceiitkan 3, A.Mpbipsaraauesa * , B.Meney6aesa °

L Unotcenepro-uccaedosamensckuts uenmp no co3oanuto u npoudcodcmey Wimnamnos
2 Koanedoic manomeznonoeut, Iycancrut nayuonasvhoiti ynusepcumem, ITycan, otcnas Kopes
3 Meotcoynapodrwti yrnusepcumem Acmana, Acmana, Kazaxcman
4 Eepasutickutl nayuonarvrond yrusepcumem um.JI. H. Dymunesa, Acmarna, Kasaxcman
5 Bocmouno-Kasaxcmanckuti 2ocydapemeenmoid yrusepcumem um. C. Amanotcorosa, Yemo-Kamenozoper, Kasaxcman

OHTOd)J'IIOI/I,E[HbIe AaTYUKHU Ha OCHOBeE€ BPSFFOBCKHX penreToxk

AnHoTanusi: B manHON paboTe ONMUCHIBAETCsT ONITUYECKAsI IJIOCKAs BOJIHOBOIHAsT OP3IrTOBCKasl PeIleTKa, KOTOPas BKJIYaeT
B cebsl KPEMHHEBDIl BOJIHOBOJ|, IIOJIMMEDPHBIA BOJHOBOJA M BOJIHOBOJ KpeMHuit-Ha nmasnexkrpuke (KHJI) B npumenenun zjist
6uocencopoB.  Tembl HACTOSIIIEN CTaTbU BKJIOYAOT B cebs MPOEKTUPOBAHWE W W3TOTOBJIEHUE IIPOTPABJIEHHONM IIJIOCKOM
BOJIHOBOJIHOI OZMHOYHOIl GP3rrOBCKON pElIeTKH W MOJUMepHON u kpeMmuwuii-uHa guanekrpuke (KHJI) mrockoil BoIHOBOmHOMN
Op3rrOBCKOI pEelIeTKU JAaTIYNKOB OINTUYECKOro npejomieHusi pesonaropa Pabpu-Ilepo. IlokaszaHo, 4To yeM BbIlllEe MOKA3aTEb
NIPEJIOMJICHUSL CPeJibl, TeM GOJIbIIE U3MEHSIETCA PE30HAHCHBIA NUK JaTduka. llosocTs pemerku Bpasrra Gosiee uyBcTBUTENBHA,
4eM OJIMHOYHAasi OP3IrTOBCKasi pelieTka B TOW Ke O0JIACTH JIJIMHBI BOJIHBL. 1103TOMY OP3rroBCKasi pelreTka C IOJIOCThIO GoJiee
qyBCTBUTEJIbHA, Y€M €JUHCTBEHHasi Op3rroBcKasi perrerka. Kpome Toro, 6oJjiee KOPOTKasi BOJIHOBOJIHAs 1OJIOCTH FP moxker
OOHAPYKUBATH TOPa30 OOJIBIIYK YyBCTBUTEJIBHOCTb, 4YeM 6oJjiee JJIMHHAsi, 4TO OyJeT MEepPCIeKTUBHBIM I TOrO, YTOOBI
YMEHBIINUTD JATIYUKU HACTOJIHLKO HAHOPA3MEPHO, UTO MOXKHO OOHAPYZKHUTH YPE3BBIYAHO HU3KYIO KOHIIEHTPAIUIO MOJIEKYJI.

Haruuk, paspaboTaHHBI B JAHHOM WCCJIEJOBAaHUU, JEMOHCTPUPYET OOJIBIIYIO IEPCHEKTUBHOCTDL JJIsi NPUMEHEHUS B
6MOMEUINHCKON JUATHOCTUKE, TAKOM KaK GHOCEHCOp M / niu GMOXUMHUYECKUE JATIMKU MOHUTOPHUHIA OKPY KAIOUIEH CPebl.

KuaroueBsbie ciioBa: nosiocts pererku Pabpu-Ilepo Bparra, maTanku nmokazaTesisi peJIOMJIEHUs, MUKPOMJITIOUIBI
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umenu JI.LH.I'ymuaeBa. Cepusi: @Pusuka. AcTpoHOMUI»

Pedaxyus otcyprara mpocum asmopos 03HAKOMUMbBCA C NPABUAGMU U MPUIEPIHCUBAMNBCA UL NPU Nod20moske pabom,
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5. CxeMa IOCTPOEHUsI CTATbU

I'PHTH http://grnti.ru/

Hruyuaas u gpamuaus aemopa(os)

IToanoe HaumenoB8aHUE Op2aHU3AUUU, 20p00, cMPara (ecau aBTOPHI paboTAIOT B PA3HBIX OPraHU3AIUAX, HEOOXOIUMO
[IOCTaBUTH OJIMHAKOBBII 3HAYOK OKOJIO (haMHJIMKM aBTOPA ¥ COOTBETCTBYIOIIEH OpraHn3alyn)

E-mail asropa(os)

Haseanue cmambvu

Annomayus (100-200 coB; He MOJKHA COAEPXKATH TPOMO3AKHE (DOPMYJIbI, IO COJAECPXKAHUIO IMOBTOPITH HA3BAHHE
CcTaTby; He JOJIXKHA COAEp:KaThb Oubsmorpaduveckue CChUIKH; JOJIXKHA OTPayKaTb KPATKOe COIEPXKAHUE CTATbH, COXPAaHsIS
CTPYKTYpy CTaTbu —BBEIEHWE,/ IOCTAHOBKA 3aJadu,/ Iean/ HMCTOpUs, METOIbl HMCCIIEJOBAHUS, DE3yJbTaThl/00CyKIeHHIE,
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2 Axmaobuncruti pezuonasvionli 2ocydapemeenoiti yrueepcumem umenu K. 2Kybanosa,
Axmobe, Kaszaxcman
(Email: ' avaulezh@mail.ru, % ntmath10@mail.ru, 3 adilzhan_ 71@mail.Tu)

Yucsaennoe agudpdepennupoBanne QyHKIni B KoHTekcTe KoMnboTepHOro
(BBIYMCIUTEIBHOrO) HOIIEPEYHNKA

Bsenenune

TekcT BBE/IEHHUSI. ..
ABTopam He cieayer HCHOIB30BaTh HecTangaprHele nakeTsl LaTeX (mcmosb3yiite mx smmb B
cirydae KpaijiHeit HeoOXOIUMOCTH)

3aroJiIoBOK CeKIuun

1.1 3aroJjioBoK I10oaCceKIInu
OKpyKeHus.

Teopema 1.

JlemmMma 1. ...

IIpensoxxkenue 1.

Omnpenenenne 1.

CaencrBue 1. ...

3ameuanwue 1. ...

Teopema 2 (Temupramues H. [2]). Texcm meopemo.
HokaszarTeunbcTso. Tekcr Jgoka3aTeabCTBa.

2. @opmyJibl, TAGINIBI, PUCYHKU

In(ens DN)y = n(en; T F; D)y = (l(N),LIJIVf)eDN N <€N; (l(N)a @N))Y7 (51)
re On (en; (l(N)#PN))Y =0n(en; T F; (1M, on))y =
= sup HTf(-) —#N (lgvl) () 5N o I (f)+w§vN)€%V);->H :
fer Y
’%(J) <1(r=1,...,N)

Tabsmrpl, puCyHKH HEOOXOINMO pacroyiararh mociae yrnomuHanus. C KaxKJi0#fl HILTIOCTpanueil J0JKHa,
CJIeI0OBATh HA/IIINCh.

3. Ccbuiku u 6ubauorpadus

st cchuoK Ha yTBeprKjeHust, (DOPMYJIBI U T. II. MOXKHO HCIIOJIb30BaTh MeTKH. Hanpumep, Teopema 2,
Dopmyna (51)
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Tasnmuna 1 — Hazsanme tabinib

IIpocTrie He mpoctrie
2,3,5,7,11, 13,17, 19, 23,29 | 4, 6, 8, 9, 10, 12, 14

PucvyHok 1 — HasBanue pucynka

st pyroBomcrsa 1o M TEX u B kKadecTBe mpuMepa opopMIeHHs CCBLIOK, CM., HanpuMmep, JIpBoBckuii C.M.
Habop u Bepcrka B makere ITEX. Mocksa: Kocmocuadopm, 1994.
Crmcok smurepaTypbl 0OOPMIISIETCS CJIETYTONNM 0OPA30M.

Crcok urepaTrypbl

1 Jlokymuesckuit O.M., 'aspukos M.B. Hauasa uncnennoro ananuza. —M.: TOO "duyc", 1995. —581 c. - xkuura

2 Temwupranmes H. KomubrorepHslil (BBIYUCINTENBHBL) IONEPEYHUK KAK CUHTE3 U3BECTHOIO M HOBOI'O B YMCJIEHHOM
anasnuse // Becrauk Epasuiickoro Hanmonasssoro yausepcurera uvenu JI.H. I'ymusesa —2014. —T.4. Ne101. —C.
16-33. doi: ... (upu HaNMYNK) - CTATHS

3 ZKybanbimesa A.2K., Abukenosa I1I. O Hopmax npon3BonHbIX DYHKIUH C HYJIEBBIMY 3HAYCHUSIMI 3aJaHHOTO HAbOpa
JIMHEHHBIX (QYHKIIMOHAJIOB U UX NPUMEHEHHs K ITONEPEIHUKOBBIM 3amadaM // OyHKINOHAJIBHBIE MPOCTPAHCTBA
u Teopusi upubsmkennsa oynknuit: Tesucsl mokmamoB MexayHaponHoit kondepeHuu, nocssinerras 110-geTuio
co mHst poxaenust akagemuka C.M.Hukosbckoro, Mocksa, Poccusi, 2015. — Mocksa, 2015. —C.141-142. - Tpyabt
KOH(epeHIuit

4 KypmykoB A.A. AHruonporekTopHasi U TMIIOJIUIIIEeMUYecKas aKTUBHOCTE JieyKomusuna. —Asmars: Bacray, 2007.
—C. 3-5 - raseTHbI€e CTATHU

5 Koipos B.A., Muxaiimmaenko I'.I. Ananutudecknii MeTO/| BIOKEHHsT CUMILUIEKTHIECKOH reomerpun // Cubupckue
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http://semr.math.nsc.ru/v14/p657-672.pdf. (nara obpamenus: 08.01.2017). - 3JI€KTPOHHBINA >KypHAJ

A.2K. XKy6anbimesa ' , H. Temiprammes ! , A.B. Yrecos ?

L JLH.Mymunes amoirdaeo, Eypasus yammols yHU6EpCUmMeminir, meopuilotk MOMeMamuKa HCoHe euliolMU ecenmeyiep
uncmumymat, Acmana, Kaszaxcman
2 K.2Ky6anos amvmodaev.. Axmebe onipaix memaexemmix. yrnusepcumemi, Axmobe, Kasaxcman

Komnbrorepaik (ecenreyim) guamerp mMoHMaTiHIHAe dyHKUMaANapas!l caHablK, auddepeHnuanaay

Amnsoranusa: Komnbooreprik (ecenreyim) auaverp moumoTininge CobosieB KIAChIHIA YKATATHIH (OYHKIUAIADABI OJIap/IblH
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ecebi TonprrpiMe mmeminai [100-200 cesznep].

Tyiiin cesgep: »xyvikran nuddepeHnuanmay, OO eMeC aKmapar OOMBIHINA »KYBIKTAy, IIEKTiK KaTedik, Kommbiorepiiik
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A.Zh.Zhubanysheva ! , N. Temirgaliyev ! , A.B. Utesov ?

L Institute of theoretical mathematics and scientific computations of L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan
2 K.Zhubanov Aktobe Regional State University, Aktobe, Kazakhstan

Numerical differentiation of functions in the context of Computational (numerical) diameter

Abstract: The computational (numerical) diameter is used to completely solve the problem of approximate differentiation
of a function given inexact information in the form of an arbitrary finite set of trigonometric Fourier coefficients. [100-200 words|

Keywords: approximate differentiation, recovery from inexact information, limiting error, computational (numerical) di-

ameter, massive limiting error. [6-8 words/word combinations|
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