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Abstract—This paper presents a sensor structure dedicated for
determining the key properties of a hemoglobin concentration level and
oxidation level. The sensor structure is based on an integrated optics
circuit with a diamond-based planar waveguide including a prism and a
grating coupler. The paper is focused on numerical analysis of selected
properties of sensor structure for optimization sensing parameters.

Modern medicine requires fast, accurate and cost-
effective sensors for determining the physical properties
of biological liquids. One of the most important biological
liquids in living organisms is blood. Blood is responsible
for the transport of oxygen and nutrients to all body cells
[1+2]. In addition, blood is responsible for removing
waste products and carbon dioxide from body cells. One
of the key properties of blood is the oxidation level and
hemoglobin concentration [1+3]. An interesting group of
sensors, which could be applied for determining the
oxidation level and hemoglobin concentration are
integrated optics-based structures [4+6]. The integrated
optics sensors structures offer a high scale of integration,
high accuracy, low-cost, and short time of response
[4+11]. In the case of physical properties research of
biological liquids, special attention is focused on sensors
based on a planar waveguide equipped with grating
couplers [4+12].

The paper presents a numerical analysis of selected
components of the sensor structures based on a hybrid
integrated optics circuit, which contain a prism coupler,
planar waveguide, and grating coupler. The presented
sensor is intended for determining the physical properties
of blood such as oxidation level and hemoglobin
concentration.

The hemoglobin sensor structure is built in a hybrid
integrated optics circuit, which consists of three core
components: prism coupler, planar waveguide, and
grating coupler. The scheme of the hemoglobin sensor
structure is presented in Fig. 1. The principle of operation
of the hemoglobin sensor is the following: the prism
coupler is responsible for the introduction of light from a
laser into a planar waveguide structure. The planar
waveguide (between the prism coupler and the grating
coupler area) is responsible for the detection of a
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hemoglobin oxidation level by evanescence field. The
evanescence field of the waveguide mode penetrates the
hemoglobin cover layer. The changes in the hemoglobin
oxidation level cause changes in an imaginary part of the
refractive index k of hemoglobin and hence changes in
light attenuation of the planar waveguide. The changes of
light attenuation are detected by a photodetector. A
detailed numerical analysis of this part of sensor structure
with a planar waveguide was presented by Author in
papers [6]. The grating coupler in the sensor performs two
functions. The first function — the grating coupler is
responsible  for the detection of hemoglobin
concentration. The refractive index of hemoglobin ney is
dependent on concentration. Changes of hemoglobin
concentration have influence on refractive index ne and
hence on effective refractive index Nesr. The changes of
effective refractive index Nes cause changes of angle a,
for which the light is uncoupled from the structure. The
principle of operation of sensors with grating coupler is
described by equation [6, 7, 13]:

a = arcsin [niC(Neff —del)], 1)

where: a —the angle of uncoupling light beam, A — the
spatial period, nc — the refractive index of cladding, N —
the effective refractive index, mq — the diffraction order, A
— the wavelength of light.
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Fig. 1. Scheme of the haemoglobin sensor structure.
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The second function of the grating coupler in the
presented sensor structure is the uncoupling of light from
the sensor structure to the environment and hence to the
detector. The key issue is the optimization of physical
properties of the grating coupler, in particular, its
geometrical properties such as: spatial period A, depth of
grooves dg and duty cycle k.

The numerical analysis was divided into three parts.
The first part was focused on the optimization of an
optical and geometrical part of the sensor in the
waveguide area (between the prism and the grating
coupler). The results of the analysis such as: modal
characteristic, homogeneous sensitivity, modal field
distribution and propagation of light in the waveguide
area with a hemoglobin cover layer were presented by
Author in the previous paper [6]. The optimization of
selected physical properties of the sensor in the area of
the grating coupler - groove depth de was presented in
Ref. [12].

The numerical analysis presented in this paper was
focused on the optimization of the duty cycle ky of the
spatial period A in the grating coupler. The duty cycle is
determined as a width of the ridge W; to the spatial period
A in the grating coupler and described by equation:

Wr
ky, = > )

where: ky — the duty cycle, A — the spatial period of the
grating coupler, W, — the width of the ridge in the grating
coupler.

The optimal value of the duty cycle ky ensures the
highest efficiency uncoupling of a light beam from the
structure to the cladding, and hence to the detector, by the
grating coupler. The numerical analysis was carried out
for the following values of refractive indices: hemoglobin
layer nc4=1.3681 (concentration 26 g/dL), waveguide
layer (diamond): nw=2.3, substrate (quartz) ns=1.456,
cladding (air) nc=1 [6, 13, 14]. The grating coupler has a
number of periods P,=25, spatial period A=0.6um and
depth of grooves dc=40nm. The waveguide layer
thickness is dw=188nm. The analysis was carried out for
the wavelength A=560nm. The numerical analysis was
carried out for the selected waveguide mode - TEOO. The
waveguide mode was chosen as a compromise between
the sensitivity of the structure presented in paper [6] and
the possibility of practical realization of the sensor
structure with a grating coupler with assumed geometrical
properties (waveguide thickness, spatial period, depth of
grooves and duty cycle).

The numerical analysis was carried out by using the
Finite Difference Time Domain (FDTD) method and
dedicated software OptiFDTD 32 Bit (Optiwave,
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Canada). The numerical analysis was carried out for the
boundary condition, which ensures the stability of the
FDTD method - Courant-Friedrichs-Levy (CFL) [13, 15,
16]. The CFL condition is met for the following
assumptions: mesh size on x-axis Ax=0.002um, mesh
size on z-axis Az=0.02um and time step At=4.4-10°%s,
On the edge of the modeled area was applied an
anisotropic perfectly matched layer (APML).

The optimization of the duty cycle in the grating coupler
was carried out in the range from k,=0 to kw=1 with the
step Akw=0.025. The scheme of the grating coupler with
the duty cycle ku=0.1, kw=0.4, ky=0.8 is presented in Figs.
2 a+c, respectively.
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Fig. 2. Scheme of the analysed grating coupler with the duty cycle:
a) k,=0.1, b) k,=0.4, k,~=0.8.

The first step of analysis was the determination of a
modal field for TEOO mode in the waveguide structure
(Fig. 3). This modal field was applied to optimize the
duty cycle in the grating coupler.
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Fig. 3. Modal field distribution for TEOO mode.
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The presented results of numerical analysis show the
influence of the duty cycle kw on grating coupler
efficiency for uncoupling the light from the structure to
the environment. The optical power of the light uncoupled
by the grating couple as a function of the duty cycle ki, for
TEOO mode is presented in Fig. 4. If the duty cycle is
increased, the optical power of the light uncoupled from
the sensor structure to the environment via a grid coupler
also increases until it reaches the maximum for ky=0.4. If
the duty cycle is still increased above the optimal value,
the efficiency of the grating coupler decreases.
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Fig. 4. Optical power uncoupled to detector as a function of the duty
cycle for TEOO mode.

The Poynting vector for TEOO mode in the grating coupler
area for the duty cycle kw=0.1, ks=0.4 and k,=0.8 is
presented in Figs. 5+7, respectively.

Fig. 5. Poynting vector in the sensor structure for k,=0.1, d,=188nm,
mode TEOQO.
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Fig. 6. Poynting vector in the sensor structure for k,=0.4, d,=188nm,
mode TEOQO.
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Fig. 7. Poynting vector in the sensor structure for k,=0.8, d,=188nm,
mode TEOQO.
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According the numerical analysis presented above, the
optimal value of the duty cycle for the spatial period
A=0.6pm in the grating coupler is kw=0.4. In this case, the
width of ridge is W,=0.24 um and hence the width of
grooves Wy=0.36um. In this case, the efficiency of the
grating coupler for uncoupling of waveguide mode TEOO
from the sensor structure to the environment is the
highest.

In conclusions, the presented hemoglobin sensor
structure is intended for determination of hemoglobin
physical properties such as concentration and oxidation
levels. The proper operation of the sensor required the
optimization of optical and geometrical properties of the
structure. The presented numerical analysis showed the
relationship between the duty cycle of the spatial period
and efficiency of the grating coupler. In the presented
sensor structure, the optimal duty cycle ensuring the
maximum efficiency of the grating coupler is at a level of
kw=0.4. The numerical analysis of optical and geometrical
parameters of the sensor allows us to fabricate the
structure with the highest sensing properties.
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