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Analysis of ridges and grooves shape in a grating coupler for
optimization of integrated optics sensor structures.

Przemystaw Struk™

Department of Optoelectronics, Faculty of Electrical Engineering, Silesian University of Technology,
2 Krzywoustego Str. 44-100 Gliwice, Poland

Received May 15, 2022; accepted September 28, 2022; published September 30, 2022

Abstract—The paper presents a theoretical analysis of a sensor
structure based on a planar waveguide and grating coupler designed to
determine selected physical properties of blood — hemoglobin
concentration and oxidation level. In particular, the analysis was focused
on optimization of selected geometrical properties of a grating coupler
(the shape of ridges and grooves) to obtain maximum efficiency of
uncoupling of light from the sensor structure. The analysis was carried
out for three types of ridges and grooves shape in a grating coupler:
rectangular, triangular and sinusoidal.

Nowadays, medicine requires fast and accurate
diagnostic methods for measurement of physical
properties of biological liquids, especially properties of
blood [1-2]. Theknowledgeaboutblood properties play s
a key role in determining of the patient’s health condition
[1-3]. From this point of view, modern medicine requires
the development of new methodsandsensor structures
designed for measurement of blood propertiesincluding
oxidation leveland hemoglobin concentration [4-7]. The
integrated optics structures based on a planarwaveguide
and a grating coupler offer attractive possibilities of
application as a sensor structure for measurement of
selected properties of biological liquids, including blood
properties - oxidation and concentration of haemoglobin
[7-10].

The presented sensor structure consists of a prism
couplerforintroduction of light generated by a laser into
a structure, planarwaveguideandgrating coupler. The
part of the structure with a planar waveguide is
responsible for measurement of hemoglobin oxidation
(changes in an imaginary part of refractive index k)
thanks to the phenomena of evanescence field of the
guided mode. The grating coupler is responsible for
measurement of hemoglobin concentration (changes of
realpart of refractive index n). An additionaltask of the
grating coupler feature is uncoupling light from the sensor
structure to the detector. The mathematical equation
describing uncoupling of light from a waveguide by a
gratingcoupleris presented below [7,9-10]:
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where: f., pw — the propagation constant in the
environmentand waveguide respectively, A—the space
period of the grating, m, — the diffraction order, « - the
angle of light uncoupling.

The angle aof light uncoupling from the structurecan be
written as[7-9]:
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where: o —the wavelength, Ner —theeffective refractive
index.

The schematic view of the sensor structure is presentedin
Fig. 1.
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Fig. 1. The scheme of the sensor structure.

A detailed description oftheprinciple of operation of
the presented sensor structure and selected numerical
analysis have been presented in the previous articles [7-8,
12].

Numerical analyses presented in the manuscript were
focused on optimizing efficiency of light uncoupling by a
grating coupler from structureto detectorasa function of
the grating coupler geometrical properties — shape of
ridge and grooves. Thenumerical analysis of uncoupled
power of light to substratedirection Powwascarried out
for the following shapes of ridges and grooves in a
gratingcoupler:
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—rectangular shape — the grating coupler with a height of
ridges dy is placed on the waveguide layer with thickness
dw (Fig. 2.a),

—triangular shape—the grating coupler with a height of
ridges du placed onthe waveguide layer with thickness dw
(Fig. 2.b),

—sinusoidal shape—the grating coupler with a height of
ridges dn into waveguide layer with thickness dw
(Fig. 2.c).

The numerical analyses were performed by using the
Finite Difference Time Domain method (FDTD) in 2D.
The wavelength of light A==560nm was chosenfor ensure
maximum sensitivity of the presented sensor structure for

detection of hemoglobin physical properties [7].
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Fig. 2. Shape of ridges and grooves in grating coupler.

The key issue during the numerical analysis was to
select the proper boundary conditions suchas mesh size,
time step and layers which surrounded theanalysedarea.
The mesh size and time stepwere chosen to ensure the
Courant-Friedrichs—Lewy conditionand forappropriate
and accurate mapping of the grating couplertopography
[13-14]. The meshsize on thex axisand zaxiswas equal
to Ax=2nm, Ax=2nm respectively, time stepwas equal to
At=4.44e ¥ sec. The edge of the analysed area on the x
and z axis was surrounded by anisotropic perfectly
matched layers (APML). The optical properties —
refractive index of each layer in the structure was as
follows: waveguidelayer n,=2.3, substrate ns=1.465 and
hemoglobin ncy=1.3681 (correspondingto hemoglobin
level 17.3 g/dL) respectively [7]. The grating coupler had
a spatial periodequalto A=600nmand periodsnumbers
N=25.
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The thickness of awaveguide layerhasbeen chosento
correspond with maximum homogeneous sensitivity for
waveguide modes and was equal to dw=188nm or
dw=237nm. A detailed analysis of the homogeneous
sensitivity was presented in the previous paper [7].

The first analysis presented in the paper was carried out

for the grating coupler with a ridge and grooves in the
form of a rectangular shape. It should be noted that the
periodic structure of grating (ridges and grooves) with
thickness dn was placed on the waveguide layer with
thickness dw Fig. 2a.
Thisis a different construction than the one presented in
an earlier paper, where the periodic structure of agrating
coupler was placed into the waveguide layer [12]. The
calculated output power of light Po. as a function of
groovesdepth in a grating coupler for the sensor structure
with waveguide layer thickness d,=188nm is presented in
Fig. 3. The analysis of results shows that if the height of
ridges increases, then the power of light uncoupled from
the sensor structure through the grating coupler also
increases up to a maximum value. The optimal ridges
height dw in a grating coupler is strongly dependent on
waveguide mode polarization. The optimal height of
ridges for TEOO mode isat the levelof dv=88nm, while
for TMOO mode isat the level dy=76nm. The distribution
of the Poynting vector for TEOO and TMOO mode is
presentedin Fig. 4a and Fig.4b.
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Fig. 3. The output power of light Po. transmitted to a substrate as
a function of ridges height d for rectangular shape of ridge and grooves.

a) TEOO - b)  TM00

Fig. 4. Poynting vector for mode: a) TEOO, b) TMOO,
d,=188nm, d=76nm.

Inthe case of the sensor structurewith a thickness of
waveguide layer d,=237nm, the power of light uncoupled
from the structure Pouheavily depends on: polarization
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and order of waveguide mode as a function of ridge
height. Higherorder modes such as: TEOL and TMOl are
more sensitive to ridge height in a grating coupler than
TEO0O0 and TMO00 modes. Fora given ridge height, higher
order modes TEO1 and TMO1 are uncoupled from the
structure much more strongly than lower order modes
TEO00 and TMO00 (Fig. 5). The optimal height of theridge
for TEOO and TM00 modes is around d4=70nm, however
the optimal height of ridge for TEO1 is at the level of
dw=44nm.
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Fig. 5. The output power of light P, transmitted to the substrate as a
function of ridges height dy for rectangular shape of the grating coupler.

Inthe case of a grating coupler with ridges and grooves
of a triangular shape, the calculated uncoupledpower of
light Pou by a grating coupler for the structure with a
waveguide layerthickness dw=188nm or dw=237nm is
presented in Fig. 6 and Fig. 7, respectively. The Poy is
growing with an increase in the height of ridges in a
grating coupler. The light coupling efficiency for the
structure with dw=188nm and grating with a triangular
shape is lower thanthe other presented shapes fora given
height of grooves. The distribution of the Poynting vector
for TEOO and TM0Omode is presented in Fig. 8a and Fig.
8b, respectively.
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Fig. 6. The output power of light P, transmitted to the substrate as a
function of ridges height dy for triangular shape of the grating coupler.
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Fig. 7. The output power of light P, transmitted to the substrate as a
function of ridges height dy for triangular shape of the grating coupler.
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Fig. 8. Poynting vector for mode: a) TEOO, b) TMOO,
dy=188nm, d=80nm.

The results of a numerical analysis for the sensor
structure with a sinusoidal shape of ridges and grooves in
the grating coupler and with waveguidelayer thickness
dw=188nm are presented below. The maximum uncoupled
power of light Poy is for the depth of grooves height
dy=88nm for TEOO and dy=104nm for TM0OO modes
Fig. 9. The output power Po is a little bit higherthan the
earlier presented shape of ridgesandgrooves in grating
couplers.
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Fig. 9. The output power of light P, transmitted to the substrate as
a function of ridges height dy for sinusoidal shape of the grating coupler.

The distribution of the Poynting vector for selected
waveguidemodes TEOOand TMOOinto thestructure are
presentedin Fig. 10a andFig. 10b, respectively.
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Fig. 10. Poynting vector mode: a) TEOO, b) TMOO,
dw=188nm, dx=90nm.

The numerical analyses presented below are focused on
the grating coupler with a sinusoidal shape ofridges and
groovesand thewaveguide layerthickness dw=237nm.
The power of light Po uncoupled from the sensor
structure asa function ofridge and grooves height du is
heavily depends on polarization and waveguide mode
order. The TE polarizationmodes are more sensitive to
ridge height in a grating coupler than TM polarization
modes. Generally, for given ridges and grooves, height d4
modes with polarization TEOO and TEOlare uncoupled
from the structure much morestrongly than the modes
with polarization TM00 and TMO1 (Fig. 11). The
maximum of uncoupled optical power from the structure
by a grating coupler is observed for lower ridge heights
dnfor TEmodesthan TM.
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Fig. 11. The output power of light P, transmitted to the substrate as
a function of ridges height dy for sinusoidal shape of the grating coupler.

The optimal height of the ridges and grooves for
waveguidemode TEOOis dy=112nm, in the case of TEOL
mode, ds =60nm. In the case of modes TM00and TMOL,
the optimal depth isaround dy =160nm.

Numericalanalyses showed a heavy dependence of
grating coupler efficiency for light uncoupling as a
function of ridges and grooves shapeand height.

Inaddition, the analyses showeda great dependence of
uncoupled power of light on the grating coupler as
a function of waveguide modes polarization and its order.
The optimal shape and height of periods in a grating
couplershould be designed for strictly defined properties
of sensor structuresuch as refractive indexdistribution in
structure and hence effective refractive index, layers
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thickness, spatial period of grating, periods number,
wavelength of light, polarization of waveguide mode,
waveguide mode order and maximum homogenous
sensitivity.

If we knowwhich waveguide mode we would like to use
(based on analysis of homogenous sensitivity) in the
designed sensor structure, then we should take into
account theresults of the numericalanalysis presented
below. However, if we make anassumption the grating
couplershould be useful fora wide range of waveguide
modes and waveguide mode polarizations, then, as
numerical analysis showed, the periods height should be
around 60nm-80nm.

The numerical analyses were carried outon a computer
financed by the Silesian University of Technology
Rector's pro-quality grant: 05/040/RGJ20/2003.
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