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Abstract

This paper presents the design and construction of a new planar optical Polymer Waveguide
Bragg grating (PWBG) temperature and humidity sensor realized by polymer-glass hybrid
technology composition with a new layout concept. The Bragg grating of a sensor was
made by a Direct Laser Writing (DLW) in Poly (methyl methacrylate) (PMMA) formed
on a multimode waveguide realized in a glass substrate by Ag* <>Na* ion exchange. The
fabricated hybrid Bragg grating structure exhibited more than 10 dB of the attenuation
dip, equivalent to higher than 90% diffraction efficiency. The fabricated hybrid PWBG
sensor exhibited high temperature and humidity sensitivity in contrast to glass-based sen-
sors of —48.6 pm/°C and 54.16 pm-RH™!, respectively.

Keywords Polymer Bragg grating sensor - Multimode glass waveguide - PMMA - Laser-
thermal patterning

1 Introduction

Over the last few decades, the planar optical Polymer Waveguide Bragg Grating (PWBG)
sensors and the Polymer Fiber Bragg Grating (PFBG) sensors have been subjects of intense
research and applications. The very good properties of some transparent polymers are the
high temperature and humidity coefficients, which allow PWBG sensor implementation.
Because of the broad diversity of optical polymers and their properties, optimization of
the structural characteristics for the selected application area can be easily achieved. Fur-
thermore, it is well suited for the increasingly demanding requirements for optical sensor
performance, degree of integration, and the cost-effectiveness of modern optical PWBG
sensors. The use of traditional acrylates or epoxy polymer sensors results in typical tem-
perature sensitivity of more than —40 pm/°C (Caroll et al. 2007; Liu et al. 2001; Beneitez
et al. 2005; Zhang and Tao 2013), relative humidity (RH) of 42 pm/RH or strain 2.04 pm/
pe (Rosenberg et al. 2012, 2014). In the past, many methods of implementing PWBG have
been proposed for different types of polymers. The most common lithographic method is
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contact UV photolithography, where the diffraction limit determines the constant periodic-
ity of the grating in units of micrometers. Using new technologies such as EBL ion beam
recording (Aubry et al. 2002), advanced X-ray photolithographic techniques (Reznikova
et al. 2008), EBL electron beam lithography (Wong et al. 2003), or nanoimprinting (Bin-
feng et al. 2014), it is possible to produce a grid with a fine grid period in the hundreds of
nanometers. The fiber Bragg gratings (FBGs) in polymer optical fibers (POFs) based on
Poly (methyl methacrylate) (PMMA) have been reported in both step-index of refraction
by Yu et al. (2004), and microstructure fibers by Dobb et al. (2005). The temperature sen-
sitivity of polymer FBGs is more than that ten times higher than silica fiber gratings. Sher-
man and Zappe (2014) presented planar PWBG fabricated by replication technology. He
proved that PMMA is the most suitable material for temperature sensors if we compare the
value of thermal expansion and thermo-optical coefficient of different polymers. The value
of the thermo-optic coefficient of PMMA is set by Polystyrene (PS) mixing. The refractive
indices for the PS and PMMA copolymers show a linear relationship to styrene volume at
room temperature as presented in Johnson and Town (2015). The refractive indices for the
PS and PMMA copolymers show a linear relationship with styrene volume at room tem-
perature of 1.49-1.57. This increase can be used to modify the Bragg wavelength. PWBGs
realized by replication technology by using RIE with a very low grating period of 200 nm
are published in a paper by Sherman and Zappe (2014). In this work, it is demonstrated
that, under a particular condition, the relation of the Bragg wavelength dependence on tem-
perature could be progressive and nonlinear depending on the crosslinking, chain length,
and molecular weight of the monomer. In the majority of reported applications Bragg Grat-
ing (BG) works in a single-mode regime. However, BG was used in few-mode, and the
multimode regime, delivering a wider wavelength band, was also presented by Mizunami
et al. (2000). A hybrid temperature sensor realized by deposited polymer layers on a curved
side-polished single-mode fiber with polymer Bragg grating is presented in the paper pre-
sented by Ouerghia et al. (2005). The cladding is locally removed to gain access to the eva-
nescent field of the guided mode. The structure is then coated by the polymer. The depos-
ited polymers are susceptible to a temperature change through the thermo-optic effects.

The purpose of this paper is to report on the design, fabrication, and utilization of a new
layout concept PWBG temperature and humidity sensor created by a planar polymer-glass
hybrid composition. Our concept uses a combination of the ion-exchanged glass waveguide
and a PMMA polymer BG. For the creation of polymer BG, a Direct Laser Writing method
(DLW) using the Marangoni phenomenon was used. The application of this method has
been published previously in Mares and Jerabek (2016) based on the principal work of
Lyutakov et al. (2009). The theoretical modeling of the radiation field profile of the clad-
ding thickness and dimensions of the grating was created by the mathematical solution and
optimization of the wave equation using Beam Propagation Method (BMP) and Rigorous
RCWA methods utilizing simulation software. The temperature and humidity coefficients
of the implemented sensor were measured and compared with the calculated ones.

2 Design of the hybrid PWBG sensor

The design was done using the planar hybrid technology combining two technological and
material approaches. These two technology steps include the fabrication of optical chan-
nel waveguides by an ion exchange process in the glass substrate and the fabrication poly-
mer layer with Bragg grating (BG) onto channel waveguides. This concept leads to the
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interconnection of the optical light propagated in the channel waveguide core and con-
trolled by the light connected via the polymer layer with the BG structure by an evanes-
cent wave. The proposed sensor structure is presented in Fig. 1. Figure 1a shows the three-
dimensional model and Fig. 1b shows the front view and the cross-sectional view of the
hybrid PWBG. The BG is realized as a surface corrugation of the upper side of the surface
PMMA layer. An optical diffused channel waveguide with a diameter of 4 um was fabri-
cated by Ag" <>Na* ion exchange into sodium glass substrate (Barkman et al. 2013). The
waveguide had a refractive index of the glass substrate n,=1.492, and the refractive index
difference of the channel core waveguide was An=0.003 for wavelength of 1310 nm.

One-step ion exchange Ag* <> Na* into the glass substrate was applied to achieve a high
coupling coefficient between the channel waveguide and BG structure fabricated in the
PMMA layer. The BG grating was fabricated by the DLW method into a thin PMMA layer
doped with the dye additive Porphyrine to a sensitive DLW optical source of 405 nm. The
refractive index of the doped PMMA was set to be n.=1.485 slightly lower than the index
of refraction of the channel core waveguide.

2.1 The PWBG sensor parameters

The crucial first parameter of the sensor is the central operational Bragg wavelength A,
which can be obtained from the condition for wave phase synchronization between the
glass ion exchange waveguide and the BG created in the polymer cladding (1). The effec-
tive refractive index n,; was determined by BPM simulations for the Bragg wavelength.

A= '1‘3|| =0,+1,+2
_Zl’leﬂ-q’ q_ 9 =1y = (1)

where ¢ is the grating diffraction order, which in our design was ¢g=3. The grating period
and the order of the diffraction were set because of the limitation of the used DLW

diffused waveguide

Fig.1 a Three-dimensional model of the sensor structure consisting of the glass substrate, ion exchange
waveguide channel, and topside corrugated cladding PMMA BG layer; b Front view and cross-section
(A-A) view of the hybrid PWBG and cross-section (A—A) view of the hybrid PWBG. A is the period of
the grating, h is the depth of the groove, and 7 is the thickness of the polymer layer; ¢ Topside image of the
fabricated structure where the longitudinal darker line is the ion channel waveguide, and the perpendicular
lines are forming the grating
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technique exploiting the Marangoni effect. The lower grating orders exhibited either
defects, non-periodic patterns, or insufficient modulation ratio of the grating. The calcu-
lated grating periods of PWBG for the first three orders A, are summarized in Table 1.

The next parameter that must be considered is the thickness of the polymer layer 7. To
determine the optimum thickness of the polymer layer, the electric field strength E| in the
x-direction was solved using a 2D wave equation.

Using wave Eq. (2) for the radiation propagating in the waveguide with the gradual
changes of the refractive index, we derive the electrical distribution field profile equation
E, for waveguide core diffused layer (3) and a grating cladding layer (4) in the x-axis, see
Fig. 3,

IE, R
— + (W - pHE, =0 )
zEyf 20,2 2
o+ (01} + be(=x/d)) = PE, =0 3)
&’E,,
@i~ POE, =0 @

where k is the wave number, k; is the free space wave number, f§ is the propagation con-
stant along the direction of the z-axis, n, is the substrate refractive index, n, is the refractive
index of the PMMA cladding, d is the depth of diffusion, and is approximated by 6 =2nAn.

The calculation performed using Egs. (3) and (4) reveals in Fig. 2 that the maximal rea-
sonable value of the thickness cladding layer is 7=2 pm. The thicker layer does not further
enhance the transfer of energy from the guided wave to the evanescent wave of the poly-
mer layer with BG. This boundary condition was considered in the following optimization
through simulations.

RSoft BeamPROP and GratingMOD software packages were used for the design and
optimization of the waveguide structure, the mode coupling, and the BG structure, respec-
tively. The simulations focused on optimizing the thickness of the polymer grating layer 7,
the grating period for third-order diffraction A _;, the grating length L, and grating modula-
tion ratio 4/T (modulation depth/thickness of the layer) to maximize the diffraction effi-
ciency 1. From the calculation and a common-sense point of view, the best interaction with
the grating is expected to be in the close vicinity of the waveguide. However, taking to
account the limitation of the DLW fabrication technology used, the achievable modulation
depth of the cladding layer is depicted in Table 2.

The optimal thickness of the grating layer was found to be 7,,,,=500 nm for the cou-
pling coefficient k=4.53 cm™!, resulting in the diffraction efficiency #=0.18 for the length
of the grating L=1 mm. The diffraction efficiency is directly proportional to the grating

Table 1 Calculated grating periods A
wavelength Ay

a1 Aq_z, and Aq_3 of PWBG for different grating orders and Bragg

Ag (nm) Ny (—) Agy (nm) Ay, (nm) Ay (nm)

1175 1.4884 395 790 1185
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Fig.2 The arb. unit field profile 04
E_ in the cross-section (A—A) ) 1
view of the hybrid PWBG ] PMMA clading+grating
4t ceceee oo S-TITTT===———mccmmmmm =
6 diffused waveguide
~ 8-
S .
3 10
x . glass substrate
12
14
164
184
20 y T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
E, ()
Table 2 The calculated
T h _
diffraction efficiency for the (nm) (nm) no
different thicknesses 7, the depth
of the groove # for the length of 730 270 0144
the grating with L=1000 pm 500 180 0.18
400 130 0.15
220 30 0.015

Transverse Mode Profile (m=0,n_,=1.488358)

glass
substrate

Y (um)

Fig.3 Electrical field distribution profile of the transversal mode TE, in the core of the optical diffused
channel waveguide for the PWBG structure. BG is located in the PMMA cladding layer
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length. Therefore, the necessary increase in the length of the grating to L=5 mm in the
hybrid structure was calculated to obtain a diffraction efficiency 7> 95%.

Simulation of the electrical fundamental transversal mode TE, distribution indicates
that an evanescent part of the guided light in the core penetrates the cladding layer and
interacts with the grating. The refraction indices, the optimal thickness of the cladding
layer, and the degree of the core submersion had been optimized to allow maximum inter-
action between the cladding layer and the submersed core waveguide without leakage of
the guided mode from the diffused waveguide. The field distribution profile simulation
of the electrical transversal mode TE, in the optical diffused channel waveguide for the
PWBG structure is shown in Fig. 3.

Thermally-induced changes of the index n,; and the grating period A in the PWBG
induce a shift in the Bragg wavelength of the grating A4,z For a PWBG with small uni-
form temperature changes AT, these individual effects can be superimposed to produce the
Bragg wavelength shift (5),

Alg  Ang Ap
2=+ 5)
Ap Ny A

where dn, g /n gz represents the change in the index of refraction and AA/A is the contri-
bution of thermal expansion resulting from a change in temperature AT.

The change in the effective index of refraction n,, can be expressed by the thermo-opti-
cal coefficient dn, /dT of the material and o” coefficient of thermal expansion with the
temperature change AT as

Adg  dng

Jy  dT

AT + o AT (6)

Typical values for dn, g /dT for glassy polymers range of —1- 10*to—2-107*°C~! (Weber
1995); the relative change of the grating period due to thermal expansion is given by

% =a'AT (7

where a'is the linear coefficient of thermal expansion.

Since the change in the grating period is affected only by the expansion change in
one dimension along the grating, the linear coefficient of thermal expansion a’ has
to be used. The typical PMMA values of the linear thermal expansion coefficient are
(15-30)- 107 °C~" (Weber 1995).

Thus, the two contributions to the wavelength shift due to thermo-optical and thermal
expansion effects are opposite in signs. Therefore, the Bragg wavelength change A1, can
be shifted to lower or higher wavelengths, depending on the polymer used and its proper-
ties. The polymer PMMA forming the grating layer was obtained from Good Fellow Inc.
and the catalog values of dn/dT and a” are —1.1-107* °C~! and 26- 107 °C~!, respectively.
Substituting these values into (6), the shift of the A to the lower wavelengths with tempera-
ture is expected. The calculated value is —56.6 pm/°C.

The effect of changes in humidity on the PWBG affects the grating constant to a similar
extent as in the case of temperature changes. The absorption of water molecules changes
the effective refractive index of the polymer layer and is simultaneously accompanied by
an increase in the volume of the structure and subsequently the grating period, resulting in
a change in the Bragg wavelength. The dry and wet PMMA refractive index values for the
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change in humidity used in the theoretical model were experimentally obtained by Rosen-
berger et al. (2014). The relative refraction change of the effective relative index of refrac-
tion was set at dn,; /ARH=38.053 - 107%. The extension of the grating period AA/A due to
changes in humidity changes {=2.123-107.

The variation of the Bragg wavelength with humidity can be expressed by Eq. (8) and
by fitting the values for PMMA to the form (9):

Ay _ g oy + CARH 8
Ag  dRH ®
Ady » s
—= =(8053-107° +2123 - 107 ) ARH ©)
B1

where ARH is the change in relative humidity (0-100%), ¢ is the parameter of the length
extension of PMMA grating due to the absorption of water molecules.

2.2 Fabrication

The fabrication process is shown in Fig. 4 step by step. In the first step, the glass wafer was cut
and polished (Fig. 4a). Then photolithography process (Fig. 4b) was used for defining the dif-
fusion region by a slit of width w in the lithographic mask deposited on the substrate surface.
The deposition of the lithographic mask is done by etching. A thin layer of titanium with a
thickness of approximately 150 nm was deposited on the surface free of impurities followed
by the deposition of the positive photoresist AZ1518S by spin-coating. After alignment of the
lithographic mask and exposure of the wafer surface to a UV source on a JUB 2104 lithogra-
phy machine, the substrate wafer was passed through an AZ-D300S developer to remove the
exposed area of the photoresist. The photoresist remaining on the wafer surface defined the

%%

Fig.4 The hybrid PWBG sensor fabrication procedure: a wafer cutting and polishing, b photolithography,
¢ ion exchange, d polymer spin coating, e chip cutting and polishing, f grating formation, g fiber-chip cou-
pling (Mares and Jerabek 2016)
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titanium layer area, which was etched in NaOH solution. In the last stage of the lithographic
mask deposition process, the photoresist layer was removed in AZ-Rem1165 solvent and after
cleaning, the wafer was subjected to optical inspection on an electron microscope to verify the
quality of the preparation for subsequent fabrication of the channel waveguides by one-step
ion exchange Agt <> Na* (Fig. 4c).

Prepared glass substrate containing Na*t ions is placed in a melt containing chemically
similar elements, in this case, Ag*. At the interface between the substrate and the melt, the
concentrations of the two types of ions involved in the ion exchange decrease dramatically.
This fact leads to a non-equilibrium state and the formation of a concentration gradient. Due
to the high temperature, random collisions occur, leading to the penetration of Ag™ ions from
the melt into the substrate, where they replace the Na* ions balancing the concentration gradi-
ent in the opposite direction. The intensity of the diffusion or concentration gradient decreases
with the depth of the substrate, forming a diffusion profile that is a function of spatial coor-
dinates. In this case, we can speak of diffusion from an infinite source of impurities. The
parameters of the waveguide formation process can be controlled by the melt temperature, the
concentration of ions in the melt, and the duration of the process. The channel waveguide is
thus formed in contact with the surrounding environment at the substrate surface. Thus, in this
region, a strong evanescent wave is generated, which can be advantageously used in contrast
to the use of full two-step ion exchange used in our previous works in Barkman et al. (2013)
and Smejcky et al. (2021).

In the next step, the PMMA layer doped with Porphyrine dye was deposited by spin coating
(Fig. 4d). A Porphyrine solution dissolved in 1,2-dichloroethane was mixed with PMMA dis-
solved in the same way to a final solution by volume at a concentration such that the resulting
mass concentration of porphyrin in PMMA was 3.5 wt%. The amount of dye was optimized
experimentally. The low value resulted in a small modulation depth modulation (amplitude)
of the grating, while a high value led to polymer degradation and disturbance of the periodic-
ity of the optical grating. The merged solutions were stirred for 60 min in an ultrasonic bath.
After the deposition, the substrate with waveguides is cut and facets polished (Fig. 4e).

The subsequent fabrication process of the BG patterning technique LBW was based on
the Marangoni effect (Malkin 2008). The heat caused by the absorbed laser radiation heats
the polymer over the transition temperature and begins to melt. The temperature gradient, as
well as the surface tension gradient in the opposite direction, is generated by the scanning
of the laser beam. The future grating surface line is then formed by the resulting so-called
Marangoni phenomenon, which is causing the melted polymer mass to be re-distributed to
the regions with higher surface tension thus at a lower temperature. Finally, if the sample is
continuously mechanically moved in parallel to the scanner, it produces gratings. The polymer
was doped with absorbent dye to increase absorption in the wavelength of the laser source
used, increasing the inductive heat required for melting. The structure of the grating (grating
period and modulation depth) is then directly determined by the polymer dopant concentra-
tion, laser beam intensity, and sample speed. Olympus Lext OLS 3100 confocal laser scanning
microscope operating at a wavelength of 405 nm with laser power of 100 uW was used. The
sensor fabrication procedure is depicted in Fig. 4.
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3 Hybrid PWBG sensor characterization

Spectral characterization of temperature and relative humidity was performed in the cli-
matic chamber and the shift of the Bragg attenuation dip depending on the change in
environmental parameters was evaluated. Tests of the influence of the environment and
its changes were carried out in the climatic test chamber VISCH VC37018. This climate
chamber with a closed temperature and relative humidity control system allowed a tem-
perature change in the range of —75 °C to 180 °C and relative humidity in the range of
10-98%. The temperature and relative humidity of the air had been set with high preci-
sion, while the high velocity of the circulating air ensured an even distribution of tem-
perature and humidity in the test space. The required environmental conditions were pre-
programmed for different types of stress tests. The measurement and the control of the
surface temperature were two-fold, first, the internal sensor of the climate chamber located
below the sample, and second the calibrated IR camera Fluke Ti25 for measuring the sam-
ple mass itself.

The fabricated samples were measured with the use of the set-up for the measurement
of the optical spectral transmission power. The HL-2000 halogen lamp was used as the
broadband source emitting in the wavelength range of 360-2400 nm. The sample was con-
nected through SM optical fibers to the HP 86140A halogen source and the optical spectral
analyzer HP 86140A. The insertion losses of PWBG were IL=1.2 dB at a wavelength of
1310 nm. The sensor was measured in the temperature range of —10 °C to 70 °C, at a set
constant relative humidity of 50% RH, to avoid the effect of changes caused by increased
absorption of water molecules into the sensor layer. The transmission spectral measure-
ment setup and a control image from the integrated IR camera showing the heated sample
are shown in Fig. 5.

The spectral dip of fabricated PWBG at room temperature si shown in Fig. 6a. Fig-
ure 6b, ¢ shows the measured temperature dependence of the Bragg attenuation dip wave-
length position A5z The change in the spectral position of the Bragg attenuation dip for
selected temperatures is shown in Fig. 6b. Figure 6¢ depicts the evaluation of the measured
and theoretical change in the position of the Bragg wavelength attenuation dip of the fab-
ricated PWBG sensor. The 1, position shifts to the region of lower wavelengths with an
accompanying slight decrease in the magnitude of the attenuation in the dip over the tem-
perature range 7, of — 10 °C to 70 °C with increasing temperature.

The cause of the attenuation change is a decrease in the refractive index of the PMMA
layer due to temperature (negative thermo-optic coefficient for PMMA polymer) resulting

O N reference O
EC FC
Ocean Optics Yokogawa
FC F
HL-2000 e AQ6370C

PWBG

Fig.5 a The transmission spectral measurement setup; b the image of the PWBG sensor under testing
inside the chamber using an IR camera (the heated sample is shown in red). (Color figure online)

@ Springer



590 Page100f13 D. Mares et al.

04 854
Al wg B C
-2 9.0 —~
£ 177
27 < 1178
4 95 s i
: 2 1175 Y A
& 5 Lo} Y ~
o © 1174 i
S 6] 10.04 s Y
N : = 173 4 -
- § 172 A
7 1054 o 1714 T T T T T T T T
9 -10 0 10 20 30 40 50 60 70
-104 11.04 Temperature (°C)
11 A Measured values for heating cycle
-12 -11.5 1 1 1 1 v Measured values for colling cycle
1000 1100 1200 1300 1150 1160 1170 1180 1190 Theoretical model

A [nm] A [nm]

Fig.6 a The spectral dip of PWBG at room temperature; b the detail of spectral change of dependence
Bragg attenuation dip on temperature; ¢ measured and theoretical approximated Bragg wavelength attenua-
tion dip dependence on temperature produced by hybrid PWBG sensor

in a decrease of the evanescent field intensity causing reduced evanescent wave interaction
with the grating and resulting in reduced diffraction efficiency. The change in the refractive
index npyyy of the PMMA layer n,;and the spectral shift 4 to lower wavelengths confirm
the theoretical assumption caused by the higher negative thermo-optical coefficient PMMA
dn,ydT=-130- 1076 °C~! compared to the positive coefficient of longitudinal expansion
PMMA o’ =50-1075 °C~!. The theoretical model of the Bragg wavelength on the tempera-
ture, which was calculated based on the relation (6) and the measured values of the dis-
placement of minima 1, are shown in Fig. 7b. The results show a good agreement between
the theoretical and measured temperature sensitivity with a value of —56.6 pm °C~.. In
terms of hysteresis of temperature sensing, after the heating to 70 °C, the sensor exhibited
low hysteresis in the cooling cycle, however, the hysteresis value was within to the meas-
urement uncertainty.
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Fig.7 a The spectral change of the Bragg attenuation dip position as a function of RH; b Measured and

theoretical change of the Bragg attenuation dip position of the fabricated hybrid PWBG sensor as a function
of RH
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The characterization of the relative humidity detection was performed in the range of
RH=10-90%, at the selected constant temperature 7,=30 °C. The temperature was chosen
to ensure sufficient saturation of the water vapor in the air enclosed in the climate chamber
for the selected RH measurement range while avoiding the influence of temperature 7, on
changes in 1. The measured change in the spectral position of the 1, attenuation dip due to
humidity is shown in Fig. 7.

The dependence of the spectral position of 1z on humidity is evident, whereby with
increasing RH there is a shift of 4, to the higher wavelength region, which is accompanied
by an increase in the magnitude of the attenuation dip (up to 1.5 dB) over the RH=10-90%
relative humidity range. The absorption of water molecules into the cladding layer results
in a higher refractive index which strengthens the evanescent field interacting with the grat-
ing. Hence, this results in a higher coupling coefficient and diffraction efficiency.

Unlike the increase in temperature, where the higher negative thermo-optic coefficient
resulted in a A shift to the shorter wavelengths, in the case of an increase in humidity,
both coefficients are positive with values of the change in the refractive index change dn,,/
dRH=8.053-107° and the length elongation due to moisture {=AA/A=2.123-107. This
results in a measured shift of 1 to the higher wavelengths, see Fig. 7b. From the meas-
ured humidity dependence, it can be concluded that the measured A shift agrees with the
theoretical calculation of the proposed model according to the relation (8) in the range
of RH=10-70%. For RH=70%, the maximum saturation of the PMMA layer with water
molecules occurred, and a further increase in RH did not lead to a further wavelength shift.
The resulting sensitivity of the hybrid PWBG to changes in humidity in the RH=10-70%
range is 54.16 pm/RH. In the case of relative humidity sense hysteresis, negligible hyster-
esis was present for the RH levels above 60%.

4 Conclusions

Properties of the hybrid planar optical PWBG sensor have been presented. The sensor was
realized using two technology steps including fabrication of optical channel waveguides
by ion exchange in the glass substrate and fabrication of polymer layer with Bragg grating
onto this channel. Where the BGs were fabricated by the DLW method of the laser-thermal
patterning technique based on the Marangoni effect.

Based on the experimental and theoretical results, the topological parameters of the
PWBG sensor were optimized by BMP and RCWA algorithms to obtain a maximum
diffraction efficiency of 97%. Third-order polymer PWBGs with the grating constant
A,3=1.2 pm were fabricated. The fabricated hybrid PWBGs sensor exhibits third-order
diffraction documented by measurement of the optical spectral transmission characteristics.
A significant dip at A=1175 nm at room temperature was observed, which correlated with
the calculation. The attenuation of the spectral transmission was greater than 11 dB in the
dip. Thus, a higher than 95% diffraction efficiency was achieved.

The measured sensitivity of PWBG was —48.6 pm/°C, which is close to the theoretically
calculated value of —56.6 pm/°C. The resulting measured sensitivity in the RH=10-70%
range was 54.16 pm RH™'. The main goal of this work that was achieved successfully
was the design and verification of a new type of temperature and humidity sensor with
the new layout hybrid glass/PMMA composition. It was confirmed that the efficient han-
dling and certain fabrication steps, such as cutting, polishing, and coupling, were easily
accomplished, compared to the PWBG sensors based purely on the polymer materials. The
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resulting coupling losses fiber—facet was only 0.2 dB. The total average insertion loss of
the 1.2 dB PWBG sensor was determined.
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