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OPTICAL CIRCUIT FOR SENSING A BIOLOGICAL ENTITY IN A FLUID
AND METHOD OF CONFIGURING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of priority of Singapore Patent Application
No. 201106834-3, filed 21 September 2011, the contents of which being hereby

incorporated by reference in its entirety for all purposes.

TECHNICAL FIELD
[0002] Various embodiments relate generally to an optical circuit for sensing a
biological entity in a fluid and a method of configuring an optical circuit for sensing a

biological entity in a fluid.,

BACKGROUND

[0003] Refractive index optical biosensor can be used in applications such as
drinking water contaminations monitor, early detection of infectious viral diseases and
real-time study of molecular interaction in chemical and biological processes. Generally,
sensors with a high sensitivity have a high sensitivity to temperature. Thus, temperature
of a testing condition can greatly influence the measured results of the sensors. However,
conventional approach of using polymer negative thermal optic (TO) cladding to
overcome this problem cannot be utilized in biosensors.

[0004] In the market of optical refractive index biosensor, one widely used method is
through surface plasmon resonance (SPR). Surface Plasmon is a charge density wave
occurring at the interface between a metal and a dielectric. It can be stimulated when a
beam of light is incident on the interface of a metal layer and the biochemical target with
a certain angle between the light and the surface. This angle can be shifted according to
the change of the refractive index of the biochemical. By monitoring the incident angle or
the intensity of the reflected light, this change of the refractive index can be achieved.
The simplicity of experimental set-up and the reasonable sensitivities obtained using
surface plasmon made this technology a practical and commonly used method in the

application of biosensor. The SPR biosensor can provide the following of biospecific
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interactions in real time instead of the determining of the concentration of the target
chemical. However, the size and cost of the instrument are still very large which limited
the application of the SPR biosensor.

[0005] Silicon photonics can offer a platform for the chip-size integration of these big
components with more functions and lower cost. For example, the incident light prism
coupling method in SPR biosensor can be replaced by etching grating coupler on the
surface of the silicon chip for fiber coupling. The complex optical routes set up in SPR
biosensor can be replaced by standard plane waveguide routes on Silicon-On-Insulator
and the big-size output signals collection part in the SPR biosensor can also be replaced
by integrating germanium photo detectors on the same chip with that of biosensor. The
advantages of shrinking the biosensor to chip size can include automation of the analysis,
shorter response time, reduced manual sampling handling and low cost. Utilizing silicon
photonics platform, volume refractive index and surface mass density detection limit of
biosensor made on array of silicon nitride slot waveguide micro-ring resonators may
reach 5.0e-6 refractive index units (RIUs) and 0.9pg/mm? respectively. However, the
impact of temperature is more serious in silicon waveguide-based biosensors because of
the large thermal-optical effect of the silicon material. Micro-ring resonators may help to
increase the sensitive of the sensor but the measure error coming from environment
temperature may become larger. Thermal drift may be compensated using on-chip
referencing, external thermal modulator or Peltier heat pump in the platform. However,

the complexity and cost may be increased at the same time.

SUMMARY

[0006] According to one embodiment, an optical circuit for sensing a biological
entity in a fluid is prdvided. The optical circuit includes a sensing arrangement including
a reference arm having a reference waveguide and a sensing arm having a waveguide;
wherein lengths of the reference waveguide and the waveguide are configured in
accordance with a temperature dependency reduction criterion.

[0007]  According to another embodiment, a method of configuring an optical circuit
for sensing a biological entity in a fluid is provided. The optical circuit includes a sensing

arrangement including a reference arm having a reference waveguide and a sensing arm
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having a waveguide. The method includes determining lengths of the reference

waveguide and the waveguide based on a temperature dependency reduction criterion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the princibles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

Figure 1 shows a schematic diagram of an optical circuit for sensing a biological
entity in a fluid according to one embodiment.

Figure 2 shows a cross-sectional view of a reference waveguide of an optical
circuit according to one embodiment.

Figure 3 shows a cross-sectional view of a waveguide of an optical circuit
according to one embodiment.

Figure 4 shows a schematic diagram of an optical circuit for sensing a biological
entity in a fluid according to one embodiment.

Figure 5 shows a schematic diagram of an optical circuit for sensing a biological
entity in a fluid according to one embodiment.

Figure 6 shows a schematic diagram of an optical circuit for sensing a biological
entity in a fluid according to one embodiment.

Figure 7 shows scanning electron microscope (SEM) pictures of a waveguide of
an optical circuit according to one embodiment.

Figure 8a shows SEM pictures of a waveguide of an optical circuit according to

one embodiment.

Figure 8b shows a graph of experimental results of a waveguide of an optical
circuit according to one embodiment.
Figure 9 shows SEM pictures of a reference waveguide of an optical circuit

according to one embodiment.



10

15

20

25

30

Figure 10 shows a table listing simulated group index and measured group index
of a reference waveguide and a waveguide of an optical circuit according to one
embodiment.

Figure 11 shows a table listing main parameters of an optical circuit according to
one embodiment.

Figure 12 shows a table listing main parameters of an optical circuit according to
one embodiment.

Figure 13 shows a graph of a simulated output spectrum of a waveguide of an
optical circuit according to one embodiment.

Figure 14 shows a graph of a simulated output spectrum of an optical circuit
according to one embodiment.

Figure 15 shows a graph of a simulated output spectrum of an optical circuit
according to one embodiment.

Figure 16 shows a graph of transmission power of an optical circuit plotted
against a wavelength of an optical signal according to one embodiment.

Figure 17 shows a graph 1700 of a free spectral range (FSR) of an optical circuit
plotted against DeltaN according to one embodiment.

Figure 18 shows a graph of transmission power of an optical circuit plotted
against a wavelength of an optical signal according to one embodiment.

Figure 19 shows a graph of normalized output of an optical circuit plotted against

a wavelength of an optical signal according to one embodiment.

DETAILED DESCRIPTION
[0009] Embodiments of an optical circuit for sensing a biological entity in a fluid and
a method of configuring an optical circuit for sensing a biological entity in a fluid will be
described in detail below with reference to the accompanying figures. It will be
appreciated that the embodiments described below can be modified in various aspects
without changing the essence of the invention.
[0010] Figure 1 shows a schematic diagram of an optical circuit 100 for sensing a

biological entity in a fluid according to one embodiment. The optical circuit 100 includes
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a sensing arrangement 102 including a reference arm 104 having a reference waveguide
106 and a sensing arm 108 having a waveguide 110.

[0011] Figure 2 shows a cross-sectional view of the reference waveguide 106 along
line A-A’. The reference waveguide 106 has a core layer 202 disposed above a first
cladding layer 204. The reference waveguide 106 has a second cladding layer 206
disposed above the core layer 202 and the first cladding layer 204. The core layer 202
includes at least one of silicon nitride and silicon (e.g. silicon nitride, silicon or a
combination of silicon nitride and silicon). The first cladding layer 204 may have the
same materials as the core layer 202. The second cladding layer 206 includes silicon
oxide.

[0012] Figure 3 shows a cross-sectional view of the waveguide 110 along line B-B’.
The waveguide 110 of the sensing arm 108 has a core layer 302 disposed above a
cladding layer 304. The core layer 302 of the waveguide 110 has a first portion 306 and a
second portion 308. The first portion 306 of the core layer 302 is arranged adjacent to the
second portion 308 of the core layer 302 such that a slot 310 is formed between the first
portion 306 and the second portion 308. The core layer 302 includes af least one of
silicon nitride and silicon (e.g. silicon nitride, silicon or a combination of silicon nitride
and silicon). In one embodiment, the waveguide 110 is a slot waveguide.

[0013] Referring back to Figure 1, the sensing arrangement 102 further includes an
input port 112 coupled to a first end 114 of the reference arm 104 and a first end 116 of
the sensing arm 108. The sensing arrangement 102 includes an output port 118 coupled to
a second end 120 of the reference arm 104 and a second end 122 of the sensing arm 108.
The input port 112 is configured to direct an optical signal 124 to the first end 114 of the
reference arm 104 and the first end 116 of the sensing arm 108. The output port 118 is
configured to combine an optical signal 126 from the second end 120 of the reference
arm 104 and an optical signal 128 from the second end 122 of the sensing arm 108.
{0014] In one embodiment, the sensing arrangement 102 may be used as a sensing
Mach Zehnder interferometer (MZI). The sensing arrangement 102 may contact e.g. a
micro-fluid of a target chemical. The reference arm 104 having the reference waveguide
106 and the sensing arm 108 having the waveguide 110 are disposed in a sensing window

130 of the optical circuit 100. In other words, the sensing arrangement 102 has a sensing
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window 130 extending across the reference arm 104 and the sensing arm 108. The
components in the sensing window 130 contact e.g. the micro-fluid of the target
chemical. The waveguide 110 may be a biosensing waveguide.

[06015] Lengths of the reference waveguide 106 and the waveguide 110 are
configured in accordance with a temperature dependency reduction criterion. Thus, the
sensing arrangement 102 may be temperature independent or the temperature dependency
of the sensing arrangement 102 may be reduced. The lengths of the reference waveguide
106 and the waveguide 110 are further configured in accordance with refractive indices
of the reference waveguide 106 (n.47) and the waveguide 110 (n.). In one embodiment,
the reference waveguide 106 and the waveguide 110 have the same length (L).

[0016] In one embodiment, the sensing arrangement 102 may be temperature-
independent by proper design including the cross-section dimensions and lengths of the
reference arm 104 and the sensing arm 108 (e.g. the cross-section dimensions and lengths
of the reference waveguide 106 and the waveguide 110).

[0017] Figure 4 shows a schematic diagram of an optical circuit 400 for sensing a
biological entity in a fluid according to one embodiment. The sensing arrangement 402 of
the optical circuit 400 has a similar configuration as the sensing arrangement 102 of the
optical circuit 100, except that the sensing arm 108 further includes a further waveguide
404 coupled in series with the waveguide 110. The further waveguide 404 is coupled
between the first end 116 of the sensing arm 108 and the waveguide 110.

[0018] In one embodiment, the further waveguide 404 has an identical or a similar
structure as the reference waveguide 106. Thus, as shown in Figure 2, the further
waveguide 404 may have a core layer 202 disposed above a first cladding layer 204. The
further waveguide 404 may have a second cladding layer 206 disposed above the core
layer 202 and the first cladding layer 204. The core layer 202 may include at least one of
silicon nitride and silicon (e.g. silicon nitride, silicon or a combination of silicon nitride
and silicon). The first cladding layer 204 may have the same materials as the core layer
202. The second cladding layer 206 may include silicon oxide.

[0019]  The reference arm 104 having the reference waveguide 106 and the sensing
arm 108 having the waveguide 110 and the further waveguide 404 are disposed in a

sensing window 406 of the optical circuit 400. In other words, the sensing arrangement
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402 has a sensing window 406 extending across the reference arm 404 and the sensing
arm 408. The components in the sensing window 406 contact e.g. the micro-fluid of the
target chemical. The waveguide 110 may be a biosensing waveguide. The further
waveguide 404 may be a non-biosensing waveguide.

[0020] Lengths of the reference waveguide 106 and the waveguide 110 are
configured in accordance with a temperature dependency reduction criterion. Thus, the
sensing arrangement 102 may be temperature independent or the temperature dependency
of the sensing arrangement 102 may be reduced. The lengths of the reference waveguide
106 and the waveguide 110 are further configured in accordance with refractive indices
of the reference waveguide 106 (n.4;) and the waveguide 110 (7¢52).

[0021] A length of the further waveguide 404 is configured in accordance with the
temperature dependency reduction criterion. The length of the further waveguide 404 is
further configured in accordance with the refractive index (nggy) of the reference
waveguide 106, the refractive index (np) of the waveguide 110 and a refractive index of
the further waveguide 404.

[0022] In one embodiment, the reference waveguide 106 and the waveguide 110 have
the same length (L). The reference waveguide 106 and the further waveguide 404 have
the same refractive index. The reference waveguide 106 and the further waveguide 404
have the same cross-sectional area.

[0023] In one embodiment, the sensing arrangement 402 may be temperature-
independent by proper design including the cross-section dimensions and lengths of the
reference arm 104 and the sensing arm 108 (e.g. the cross-section dimensions and lengths
of the reference waveguide 106, the waveguide 110 and the further waveguide 404).
When the cross-sections of the reference waveguide 106, the waveguide 110 and the
further waveguide 404 are fixed, a ratio between the [ength (AL) of the further waveguide
404 and the length (L) between the reference waveguide 106 / the waveguide 110 may
determines the temperature dependence of the sensing arrangement 402.

[0024]  Figure 5 shows a schematic diagram of an optical circuit 500 for sensing a
biological entity in a fluid according to one embodiment. The optical circuit 500 includes

a sensing arrangement 102 as described above and as shown in Figure 1 and a further



10

15

20

25

30

sensing arrangement 502. The further sensing arrangement 502 is coupled to the sensing
arrangement 102,

[0025] The further sensing arrangement 502 has an identical or similar configuration
as the sensing arrangement 102. The further sensing arrangement 502 has a reference arm
504 having a reference waveguide 506 and a sensing arm 508 having a waveguide 510.
The reference waveguide 506 and the waveguide 510 of the further sensing arrangement
502 have an identical structure or a similar structure as the reference waveguide 106 and
the waveguide 110 of the sensing arrangement 102 respectively. The reference
waveguide 506 and the waveguide 510 of the further sensing arrangement 502 may
respectively have the same structure as shown in and as described with reference to
Figures 2 and 3. The reference waveguide 506 of the further sensing arrangement 502
and the reference waveguide 106 of the sensing arrangement 102 may have different
lengths. The waveguide 510 of the further sensing arrangement 502 and the waveguide
110 of the sensing arrangement 102 may have different lengths.

[0026] The further sensing arrangement 502 further includes an input port 512
coupled to a first end 514 of the reference arm 504 and a first end 516 of the sensing arm
508. The input port 512 of the further sensing arrangement 502 is also coupled to the
output port 118 of the sensing arrangement 102. The further sensing arrangement 502
includes an output port 518 coupled to a second end 520 of the reference arm 504 and a
second end 522 of the sensing arm 508. The input port 512 is configured to receive an
optical signal 524 (e.g. a combined signal of the optical signal 126 and the optical signal
128) from the output port 118 of the sensing arrangement 102 and to direct the optical
signal 524 to the first end 514 of the reference arm 504 and the first end 516 of the
sensing arm 508. The output port 518 is configured to combine an optical signal 526 from
the second end 520 of the reference arm 504 and an optical signal 528 from the second
end 522 of the sensing arm 508.

[0027] In one embodiment, the sensing arrangement 102 may be used as a sensing
Mach Zehnder interferometer (MZI). The further sensing arrangement 502 may be used
as a reference Mach Zehnder interferometer (MZI). The sensing arrangement 102 may
contact e.g. a micro-fluid of a target chemical. The reference arm 104 having the

reference waveguide 106 and the sensing arm 108 having the waveguide 110 are
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disposed in a sensing window 530 of the optical circuit S00. In other words, the sensing
arrangement 102 has a sensing window 530 extending across the reference arm 104 and
the sensing arm 108. The components in the sensing window 530 contact e.g. the micro-
fluid of the target chemical. The further sensing arrangement 502 may be covered with a
cladding layer (not shown). In other words, the further sensing arrangement 502 has no
sensor window extending across the reference arm 504 and the sensing arm 508. The
cladding layer may include silicon oxide. Covering the further sensing arrangement 502
with a cladding layer can prevent the further sensing arrangement 502 from contacting
the micro-fluid of the target chemical or analyte. This may increase the sensitivity of the
optical circuit 600. Covering the further sensing arrangement 502 with a cladding layer
can also maintain thermal independence.

[0028] In one embodiment, the sensing arrangement 102 may have a free spectral
range FSR1. The further sensing arrangement 502 may have a free spectral range FSR2.,
The sensing arrangement 102 and the further sensing arrangement 502 have different free
spectral range.

[0029] In one embodiment, the optical circuit 500 may be an athermal biosensor
which uses a two-MZI cascade with different free spectral range (FSR). The senor
window 503 is open only on one of the two MZI. The optical circuit 500 can utilize
Vernier effect to increase the sensitivity of e.g. a biosensor while keeping the temperature
independence.

[0030] Figure 6 shows a schematic diagram of an optical circuit 600 for sensing a
biological entity in a fluid according to one embodiment. The optical circuit 600 includes
a sensing arrangement 402 as described above and as shown in Figure 4 and a further
sensing arrangement 602. The further sensing arrangement 602 is coupled to the sensing
arrangement 402,

[0031]  The further sensing arrangement 602 has an identical or similar configuration
as the sensing arrangement 402. The further sensing arrangement 602 has a reference arm
604 having a reference waveguide 606 and a sensing arm 608 having a waveguide 610
and a further waveguide 612. The reference waveguide 606, the waveguide 610 and the
further waveguide 612 of the further sensing arrangement 602 have an identical or similar

structure as the reference waveguide 106, the waveguide 110 and the further waveguide
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404 of the sensing arrangement 402 respectively. The reference waveguide 606 and the
further waveguide 612 may have the same structure as shown in and as described with
reference to Figure 2. The waveguide 610 of the further sensing arrangement 602 may
have the same structure as shown in and as described with reference to Figure 3. The
reference waveguide 606 of the further sensing arrangement 602 and the reference
waveguide 106 of the sensing arrangement 402 may have different lengths. The
wavegnide 610 of the further sensing arrangement 502 and the waveguide 110 of the
sensing arrangement 402 may have different lengths. The further waveguide 612 of the
further sensing arrangement 602 and the further waveguide 404 of the sensing
arrangement 402 may have different lengths.

[0032] The further sensing arrangement 602 further includes an input port 614
coupled to a first end 616 of the reference arm 604 and a first end 618 of the sensing arm
608. The input port 614 of the further sensing arrangement 602 is also coupled to the
output port 118 of the sensing arrangement 402, The further sensing arrangement 602
includes an output port 620 coupled to a second end 622 of the reference arm 604 and a
second end 624 of the sensing arm 608. The input port 614 is configured to receive an
optical signal 626 (e.g. a combined signal of the optical signal 126 and the optical signal
128) from the output port 118 of the sensing arrangement 402 and to direct the optical
signal 626 to the first end 616 of the reference arm 604 and the first end 618 of the
sensing arm 608. The output port 620 is configured to combine an optical signal 628 from
the second end 622 of the reference arm 604 and an optical signal 630 from the second
end 624 of the sensing arm 608.

[0033]  In one embodiment, the sensing arrangement 402 may be used as a sensing
Mach Zehnder interferometer (MZI). The further sensing arrangement 602 may be used
as a reference Mach Zehnder interferometer (MZI). The sensing arrangement 402 may
contact e.g. a micro-fluid of a target chemical. The reference arm 104 having the
reference waveguide 106 and the sensing arm 108 having the waveguide 110 and the
further waveguide 404 are disposed in a sensing window 630 of the optical circuit 600. In
other words, the sensing arrangement 402 has a sensing window 630 extending across the
reference arm 104 and the sensing arm 108. The components in the sensing window 630

contact e.g. the micro-fluid of the target chemical. The further sensing arrangement 602



10

15

20

25

30

11

may be covered with a cladding layer (not shown). In other words, the further sensing
arrangement 602 has no sensor window extending across the reference arm 604 and the
sensing arm 608. The cladding layer may include silicon oxide. Covering the further
sensing arrangement 602 with a cladding layer can prevent the further sensing
arrangement 602 from contacting the micro-fluid of the target chemical or analyte. This
may increase the sensitivity of the optical circuit 600. Covering the further sensing
arrangement 602 with a cladding layer can also maintain thermal independence.

[0034] In one embodiment, the sensing arrangement 102 may have a free spectral
range FSR1. The further sensing arrangement 502 may have a free spectral range FSR2.
The sensing arrangement 102 and the further sensing arrangement 502 have different free
spectral range.

[0035] In one embodiment, the optical circuit 600 may be an athermal biosensor
which uses a two-MZI cascade with different free spectral range (FSR). The senor
window 603 is open only on one of the two MZI. The optical circuit 600 can utilize
Vernier effect to increase the sensitivity of e.g. a biosensor while keeping the temperatt;re
independence.

[0036] A method of configuring an optical circuit for sensing a biological entity in a
fluid is described. The optical circuit includes a sensing arrangement including a
reference arm having a reference waveguide and a sensing arm having a waveguide. In
one embodiment, the method includes determining lengths of the reference waveguide
and the waveguide based on a temperature dependency reduction criterion.

[0037] The temperature dependency reduction criterion may be a temperature
dependency minimizing criterion. The temperature dependency minimizing criterion may
be to minimize the temperature ’dependency of the optical circuit. The temperature
dependency of the optical circuit may be minimized to zero.

[0038] In one embodiment, the method may further include determining the lengths
of the reference waveguide and the waveguide based on refractive indices of the
reference waveguide and the waveguide.

[0039] In one embodiment, the sensing arm of the sensing arrangement of the optical
circuit may further include a further waveguide coupled in series with the waveguide.

The method may further include determining a length of the further waveguide based on
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a temperature dependency reduction criterion. The method may further include
determining the length of the further waveguide based on the refractive index of the
reference waveguide, the refractive index of the waveguide and a refractive index of the
further waveguide.

[0040] In one embodiment, the optical circuit may further include a further sensing
arrangement coupled to the sensing arrangement. The method may further include
determining lengths and cross-sectional areas of a reference arm and a sensing arm of the
further sensing arrangement based on a temperature dependency reduction criterion, and
determining the lengths and the cross-sectional areas of the reference arm and the sensing
arm of the further sensing arrangement based on Vernier effect.

[0041] Determining the lengths and the cross-sectional areas of the reference arm and
the sensing arm of the further sensing arrangement based on Vernier effect may include
determining the lengths and the cross-sectional areas of the reference arm and the sensing
arm of the further sensing arrangement based on a free spectral range of the sensing
arrangement and a free spectral range of the further sensing arrangement. The length and
the cross-sectional area of the reference arm of the further sensing arrangement may
include a length and a cross-sectional area of a reference waveguide of the reference arm
of the further sensing arrangement. The length and the cross-sectional area of the sensing
arm of the further sensing arrangement may include a length and a cross-sectional area of
a waveguide of the sensing arm of the further sensing arrangement. The length and the
cross-sectional area of the sensing arm of the further sensing arrangement may further
include a length and a cross-sectional area of a further waveguide of the sensing arm of
the further sensing arrangement.

[0042] Details of configuring an optical circuit for sensing a biological entity in a
fluid is described in the following.

[0043] A transmitting wavelength A of a sensing arrangement of an optical circuit is

given as:

mA =n g AL+(n,zy —n; )L (1)

where ngy is effective refractive index of a reference waveguide and of a further

waveguide, n.p is effective refractive index of a waveguide, m is an integer for
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constructive interference or a half-integer for destructive interference, L is a length of the
reference waveguide and of the waveguide, and AL is a length of the further waveguide.
[0044] Considering the wavelength-dispersion effect, equation (1) changes to
M=m—AL on g - 7y — 1) )
oA oA

where M is an interference order under the wavelength A.

[0045] The temperature sensitivity of the transmitting wavelength A can be expressed
as

_0_}]_,_~§_L*an'ﬂ-l +£ a(ne_ﬂ-z —?leﬁ«])
or M oT M or

where T is the temperature.

[0046]  Thermal independent is satisfied whendA/87 =0. Whend2/0T =0,

&)
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L On /0T
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[0047]  The above equations (1) to (4) can be applied for the optical circuit 400 and
the optical circuit 600. As the optical circuit 100 and the optical circuit 500 do not have a
further waveguide in the sensing arm, the above equations (1) to (4) are different for the
optical circuit 100 and the optical circuit 500. Thus, the temperature sensitivity of the
transmitting wavelength A for the optical circuit 100, 500 can be expressed as

oA _ L a(ngﬂ'z—nw'1)

or M aT

When 84/8T =0,

6(nw2 —Ng) _
oT

[0048] A sensitivity of an optical circuit having a sensing arrangement can be

0

expressed as

Ohy _ Oy A

sensor =
anmr an:ar ng

)

where A is a transmitting wavelength of the sensing arrangement, A, is a resonance

wavelength, 7, is a refractive index of target biochemical under testing, n.s is an
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effective index of the sensing waveguide, and n, is a group index of the sensing
waveguide.

[0049] A senpsitivity of an optical circuit having a further sensing arrangement
coupled to a sensing arrangement (e.g. a cascade arrangement of the sensing arrangement

and the further sensing arrangement) can be expressed as

VS FSR,

N "2 sensor =————_'Ssen:or
FSR, - FSR,

()

cascade —

where M is a sensitivity enhancement factor, FiSR; is a free spectral range of the sensing
arrangement, and FSR; is a free spectral range of the further sensing arrangement.
From equation (6), it can be understood that

M=F£§—%_S& @

[0050] The above equations (5) to (7) can be applied for the optical circuits 100, 400,
500, 600.

[0051] The sensitivity of the optical circuit (e.g. athermal biosensor) can be improved
by cascading two sensing arrangements (e.g. the sensing arrangement and the further
sensing arrangement) together. Compared to the sensitivity of the optical circuit 400 (e.g.
a single ring resonator sensor) as shown in equation (5), the sensitivity of the optical
circuit 600 (e.g. cascaded ring resonators sensor) is enhanced with a factor of
FSR/(FSR;-FSR;y) as shown in equation (6). Vernier effect is utilized in two cascaded
Mach Zehnder interferometers (MZIs). Thus, the sensitivity of the optical circuit can be
increased while keeping its thermal independence.

[0052] In one embodiment, the refractive index of silicon nitride (ns;n) is about 2.0.
The refractive index of oxide (noxge) is about 1.46. The thermal optical coefficient of
silicon nitride (8ngp/dT) is about 4.0 x 107, The thermal optical coefficient of oxide
(Pnoxiae/OT) is about 1.0 x 107,

[0053] Thermal optical coefficients (dn/6T) of the reference waveguide 106 and the
waveguide 110 can be achieved through experiment.

[0054] Experiments can be conducted for the waveguide 110 with oxide cladding, air
cladding and cladding of sodium chloride (NaCl) under different temperatures. A Peltier

heat pump may be used for the thermal test. Figure 7 shows scanning electron
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microscope (SEM) pictures of the waveguide 110 in a form of a silicon nitride slot
waveguide 700 with air cladding. The silicon nitride slot waveguide 700 shows good
profile under SEM.

[0055] Figure 8a shows SEM pictures of the waveguide 110 in a form of a silicon
nitride slot waveguide Mach Zehnder interferometer (MZI) 800 with air cladding. A
similar experiment is also carried for the silicon nitride slot waveguide MZI 800. Figure
8b shows a graph 802 of experimental results (e.g. of a spectrum testing) for the silicon
nitride slot waveguide MZI 800 with cladding of NaCl solution with different
concentrations. Graph 802 shows insertion loss (IL) of the silicon nitride slot waveguide
MZI 800 plotted against wavelength of an optical signal. Graph 802 shows a plot 804 of
experimental results for a cladding of deionized water. Graph 802 shows a plot 806 of
experimental results for a cladding of NaCl solution with 3% concentration level. Graph
802 shows a plot 808 of experimental results for a cladding of NaCl solution with 5%
concentration level.

[0056] A biosensor testing may be carried out for the silicon nitride slot waveguide
MZI 800. A measured refractive index sensitivity of the silicon nitride slot waveguide
MZI 800 may be about 268nm/RIU. A detection limit of the silicon nitride slot
waveguide MZI 800 may reach 2.2 x 10™ with a detection minimum value of 2pm.

[0057]  Figure 9 shows scanning electron microscope (SEM) pictures of the
waveguide 106 in a form of a silicon nitride strip waveguide 900 with air cladding, The
silicon nitride strip waveguide 900 shows good profile under SEM.

[0058] Figure 10 shows a table 1000 listing simulated group index and measured
group index of the reference waveguide 106 and the waveguide 110 with different
claddings. Column 1002 shows the cladding layer used, column 1004 shows a simulated
group index of the reference waveguide 106 (e.g. silicon nitride strip waveguide), column
1006 shows a simulated group index of the waveguide 110 (e.g. silicon nitride slot
waveguide), column 1008 shows a simulated group index difference between the
reference waveguide 106 and the waveguide 110, and column 1010 shows a measured
group index difference between the reference waveguide 106 and the waveguide 110.
[0059] Row 1012 shows that with an air cladding having a refractive index of 1.0, the
simulated group index of the reference waveguide 106 is about 2.06, the simulated group
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index of the waveguide 110 is about 1.541, the simulated group index difference is about
0.521 and the measured group index difference is about 0.5309. Row 1014 shows that
with a water cladding having a refractive index of 1.3119, the simulated group index of
the reference waveguide 106 is about 2.0299, the simulated group index of the waveguide
110 is about 1.77, the simulated group index difference is about 0.2599 and the measured
group index difference is about 0.2609. Row 1016 shows that with an oxide cladding
having a refractive index of 1.46, the simulated group index of the reference waveguide
106 is about 2.0, the simulated group index of the waveguide 110 is about 1.81, the
simulated group index difference is about 0.19 and the measured group index difference
is about 0.1827. It can be observed from table 1000 that the simulated group index
difference is close to the measured group index difference.

[0060] Figure 11 shows a table 1100 listing the main parameters of an optical circuit
(e.g. optical circuit 400) in water cladding. Column 1102 shows a width of the reference
waveguide 106 (e.g. silicon nitride strip waveguide), column 1104 shows a simulated
group index of the reference waveguide 106, column 1106 shows a simulated thermal
optic coefficient of the reference waveguide 106, column 1108 shows a simulated group
index of the waveguide 110 (e.g. silicon nitride slot waveguide), column 1110 shows a
simulated thermal optic coefficient of the waveguide 110, and column 1112 shows the
length (AL) of the further waveguide 404 when the length (L) of the reference waveguide
106/waveguide 110 is 1 mm.

[0061] In one embodiment, the waveguide 110 has a simulated group index of 1.77
and a simulated thermal optic coefficient of 2.0 x 10>,

[0062] Row 1114 shows that the reference waveguide 106 has a width of 1.0 pum, a
simulated group index of 2.0276, and a simulated thermal optic coefficient of 3.4 x 1075,
Row 1114 also shows that the length (AL) of the further waveguide 404 is 411.765 pm
when the length (L) of the reference waveguide 106/waveguide 110 is 1 mm.

[0063] Row 1116 shows that the reference waveguide 106 has a width of 0.7 um, a

simulated group index of 1.9754, and a simulated thermal optic coefficient of 2.9 x 107,

Row 1116 also shows that the length (AL) of the further waveguide 404 is 310.345 um
when the length (L) of the reference waveguide 106/waveguide 110 is 1 mm.
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[0064] Row 1118 shows that the reference waveguide 106 has a width of 0.55 um, a
simulated group index of 1.8845, and a simulated thermal optic coefficient of 2.45 x 10,
Row 1118 also shows that the length (AL) of the further waveguide 404 is 183.673 um
when the length (L) of the reference waveguide 106/waveguide 110 is 1 mm.

[0065] Row 1120 shows that the reference waveguide 106 has a width of 0.5 pm, a
simulated group index of 1.838, and a simulated thermal optic coefficient of 2.3 x 10~
Row 1120 also shows that the length (AL) of the further waveguide 404 is 130.435 pm
when the length (L) of the reference waveguide 106/waveguide 110 is 1 mm.

[0066] Figure 12 shows a table 1200 listing the main parameters of an optical circuit
having a sensing arrangement and a further arrangement arranged in a cascade (e.g.
optical circuit 600). In one embodiment, the sensing arrangement 402 is a sensing MZI
and the further sensing arrangement 602 is a reference MZIL. The sensing arrangement
402 is covered with water cladding and the further sensing arrangement 602 is covered
with oxide cladding.

[0067] As shown in table 1200, the width of the reference waveguide 106 is 1.0 pm.
The length (Lseq) of the reference waveguide 106 and of the waveguide 110 of the sensing
arrangement 402 is 7 mm. With Ly, = 7 mm, the free spectral range (FSR;) of the
sensing arrangement 402 is 0.54 nm, and the length (ALsen) of the further waveguide 404
is 2,882.355 pm.

[0068]  When the free spectral range (FSRZ) of the further sensing arrangement 602 is
0.52 nm, the length (L) of the reference waveguide 606 and of the waveguide 610 of
the further sensing arrangement 602 is 25.2884 mm. When the free spectral range (FSR;)
of the further sensing arrangement 602 is 0.54 nm, the length (L.f) of the reference
waveguide 606 and of the waveguide 610 of the further sensing arrangement 602 is
24.3518 mm. When the free spectral range (FSR;) of the further sensing arrangement 602
is 0.56 nm, the length (L) of the reference waveguide 606 and of the waveguide 610 of
the further sensing arrangement 602 is 23.4821 mm.

[0069] Figure 13 shows a graph 1300 of a simulated output spectrum of the
waveguide 110 in a form of a silicon nitride slot waveguide Mach Zehnder interferometer
(MZI) 800 of Figure 8a. Graph 1300 shows a plot 1302 of normalized transmission of an
optical signal in the silicon nitride slot waveguide MZI 800 plotted against a wavelength
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of the optical signal for Delta N (AN) = 0. Graph 1300 shows a plot 1304 of normalized
transmission of the optical signal in the silicon nitride slot waveguide MZI 800 plotted
against a wavelength of the optical signal for Delta N (AN) = 2.31 x 10, Delta N (AN)
represents a change of a refractive index corresponding to target biochemical‘s
concentration variation. The simulated sensitivity of the silicon nitride slot waveguide
MZI 800 is about 272 nm/RIU which is close to the measured simulated sensitivity of
about 268 nm/RIU.

[0070] Figure 14 shows a graph 1400 of a simulated output spectrum of an optical
circuit having a sensing arrangement (e.g. optical circuit 400). Graph 1400 shows a plot
1402 of normalized transmission of an optical signal in the optical circuit plotted against
a wavelength of the optical signal for Delta N (AN) = 0. Graph 1400 shows a plot 1404 of
normalized transmission of the optical signal in the optical circuit plotted against a
wavelength of the optical signal for Delta N (AN) = 4.0 x 10™*. The simulated sensitivity
of the optical circuit is about 67.5 nm/RIU.

[0071] Figure 15 shows a graph 1500 of a simulated output spectrum of an optical
circuit having a sensing arrangement and a further sensing arrangement in a cascade
configuration (e.g. optical circuit 600). In one embodiment, the sensing arrangement 402
is a sensing MZI and the further sensing arrangement 602 is a reference MZI. Graph 1500
shows a plot 1502 of normalized transmission of an optical signal in the optical circuit
plotted against a wavelength of the optical signal for Delta N (AN) = 0. Graph 1500
shows a plot 1504 of normalized transmission of the optical signal in the optical circuit
plotted against a wavelength of the optical signal for Delta N (AN) = 1.0 x 10 The
simulated sensitivity of the optical circuit is about 9000 nm/RIU.

[0072] Comparing graph 1400 of Figure 14 and graph 1500 of Figure 15, the
simulated sensitivity of the optical circuit can be increased from 67.5nm/RIU to
9,000nm/RIU by having a cascade arrangement of two sensing arrangements. The
Vemnier effect in cascaded sensing arrangements can increase the sensitivity of the optical
circuit,

[0073] Given the Vernier effect, if two sensing arrangements (e.g. resonators) are
cascaded, when the free spectral range difference between the two sensing arrangements

is small compared to the full-width at half-maximum of the resonance peaks of the
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individual sensing arrangements, a change of the refractive index in the evanescent field
of the sensing MZI of the cascaded sensing arrangements will cause a shift of the
resonance peaks in its transmission spectrum. The shift of the resonance peaks in its
transmission spectrum of the sensing MZI can be translated in a much larger shift of the
central wavelength of the envelope peak in the transmission spectrum of the cascaded
sensing arrangements as shown in Figure 15.

[0074] Figure 16 shows a graph 1600 of transmission power of an optical circuit (e.g.
optical circuit 400) plotted against a wavelength of an optical signal. In one embodiment,
DeltaN = mAn, where m = 0, 1, 2, .., m. Graph 600 shows a plot 1602 for the optical
circuit having a free spectral range (FSR) of 0.488 nm and DeltaN of 2An. Graph 600
shows a plot 1604 for the optical circuit having a free spectral range (FSR) of 0.496 nm
and DeltaN of 1An. Graph 600 shows a plot 1606 for the optical circuit having a free
spectral range (FSR) of 0.505 nm and DeltaN of 0An.

[0075] Figure 17 shows a graph 1700 of a free spectral range (FSR) of an optical
circuit (e.g. optical circuit 400) plotted against DeltaN. In one embodiment, DeltaN =
mAn, where m =0, 1, 2, .., m. Graph 1700 shows a plot 1702 of measured free spectral
range of the optical circuit plotted against DeltaN. Graph 1700 shows a plot 1704 of
simulated free spectral range of the optical circuit plotted against DeltaN. It can be
observed that the measured free spectral ranges and the simulated free spectral ranges at
different values of DeltaN have a slight difference.

[0076] Figure 18 shows a graph 1800 of transmission power of an optical circuit (e.g.
optical circuit 600) plotted against a wavelength of an optical signal. In one embodiment,
DeltaN = mAn, where m = 0, 1, 2, .., m. FSRab represents a difference between a free
spectral range of a sensing arrangement and a free spectral range of a further sensing
arrangement.

[0077] Graph 1800 shows a plot 1802 for the optical circuit having FSRab = 2.643nm
and DeltaN = 4An. Graph 1800 shows a plot 1804 for the optical circuit having FSRab =
2.882nm and DeltaN = 3An. Graph 1800 shows a plot 1806 for the optical circuit having
FSRab = 3.149nm and DeltaN = 2An. Graph 1800 shows a plot 1808 for the optical
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circuit having FSRab = 3.634nm and DeltaN = 1An. Graph 1800 shows a plot 1810 for
the optical circuit having FSRab = 4.137nm and DeltaN = QAn.

[0078]  Figure 19 shows a graph 1900 of normalized output of an optical circuit (e.g.
optical circuit 600) plotted against a wavelength of an optical signal. Graph 1900 shows a
plot 1902 for the optical circuit when the temperature is about 23.4°C, a plot 1904 for the
optical circuit when the temperature is about 35.8°C and a plot 1906 for optical circuit
when temperature is about 42.4 °C,

[0079] In one embodiment, the optical circuit may be an athermal slot waveguide
refractive index biosensor in which no special active component is needed for thermal
compensation. Both high sensitivity and temperature/thermal independence can be
realized at the same time. The results as described above show that the optical circuits
can work with high sensitivity while keep thermal independence. Temperature influence
can be reduced in accordance with the refractive indices of the reference waveguide and
the waveguide and the lengths of the reference waveguide and the waveguide.

[0080] In one embodiment, the optical circuit may be based on cascaded MZI on
silicon nitride slot waveguide system which has a smaller thermal optical effect and a
lower transmission loss.

[0081] In one embodiment, the optical circuit can be applied in applications of silicon
waveguide photonics.

[0082] While embodiments of the invention have been particularly shown and
described with reference to specific embodiments, it should be understood by those
skilled in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the appended claims.
The scope of the invention is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency of the claims are therefore

intended to be embraced.
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CLAIMS

What is claimed is:

1. An optical circuit for sensing a biological entity in a fluid, comprising:
a sensing arrangement comprising:
a reference arm having a reference waveguide;
a sensing arm having a waveguide; and
a sensing window extending across the reference arm and the sensing arm;
and
a further sensing arrangement coupled to the sensing arrangement, the further
sensing arrangement comprising:
a reference arm having a reference waveguide; and
a sensing arm having a waveguide;
wherein lengths of the reference waveguide and the waveguide of the sensing
arrangement are configured in accordance with a temperature dependency reduction
criterion, and

wherein the further sensing arrangement is covered with a cladding layer.

2. The optical circuit of claim 1, wherein the lengths of the reference waveguide and
the waveguide of the sensing arrangement are further configured in accordance with
refractive indices of the reference waveguide and the waveguide of the sensing

arrangement.

3. The optical circuit of claim 1, wherein the sensing arm of the sensing arrangement
further comprises a further waveguide coupled in series with the waveguide of the

sensing arrangement.

4. The optical circuit of claim 3, wherein a length of the further waveguide is

configured in accordance with the temperature dependency reduction criterion.
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5. The optical circuit of claim 4, wherein the length of the further waveguide is
further configured in accordance with the refractive index of the reference waveguide, the
refractive index of the waveguide and a refractive index of the further waveguide of the

sensing arrangement.

6. The optical circuit of claim 1, wherein the reference waveguide of the sensing
arrangement comprises a core layer disposed above a first cladding layer and a second

cladding layer disposed above the core layer and the first cladding layer.

7. The optical circuit of claim 1,

wherein the waveguide of the sensing arrangement comprises a core layer
disposed above a cladding layer;

wherein the core layer of the waveguide of the sensing arrangement comprises a
first portion and a second portion; and

wherein the first portion is arranged adjacent to the second portion such that a slot
is formed between the first portion and the second portion such that the waveguide of the

sensing arrangement constitutes a slot waveguide.

8. The optical circuit of claim 3, wherein the further waveguide comprises a core
layer disposed above a first cladding layer and a second cladding layer disposed above

the core layer and the first cladding layer.

9. The optical circuit of claim 1, wherein the sensing arrangement further comprises:
an input port coupled to a first end of the reference arm and a first end of

the sensing arm of the sensing arrangement; and
an output port coupled to a second end of the reference arm and a second

end of the sensing arm of the sensing arrangement.

10. The optical circuit of claim 9,
wherein the input port is configured to direct an optical signal to the first end of

the reference arm and the first end of the sensing arm of the sensing arrangement; and
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wherein the output port is configured to combine an optical signal from the
second end of the reference arm and an optical signal from the second arm of the sensing

arrangement and to output the combined optical signal.

11.  The optical circuit of claim 1, wherein the lengths and cross-sectional areas of the
reference arm and the sensing arm of the further sensing arrangement are configured

based on the temperature dependency reduction criterion.

12.  The optical circuit of claim 11,

wherein the lengths and the cross-sectional areas of the reference arm and the
sensing arm of the further sensing arrangement are further configured based on Vernier
effect whereby the lengths and the cross-sectional areas of the reference arm and the
sensing arm of the further sensing arrangement are further configured based on a free
spectral range of the sensing arrangement and a free spectral range of the further sensing

arrangement.

13. A method of configuring an optical circuit for sensing a biological entity in a
fluid, the optical circuit comprising:

a sensing arrangement comprising a reference arm having a reference waveguide,
a sensing arm having a waveguide, and a sensing window extending across the reference
arm and the sensing arm, and

a further sensing arrangement coupled to the sensing arrangement, the further
sensing arrangement comprising a reference arm having a reference waveguide, and a
sensing arm having a waveguide, wherein the further sensing arrangement is covered
with a cladding layer

the method comprising:

determining lengths of the reference waveguide and the waveguide of the sensing

arrangement based on a temperature dependency reduction criterion.

14.  The method of claim 13, wherein the temperature dependency reduction criterion

is to minimize the temperature dependency of the optical circuit.
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15.  The method of claim 14, wherein the temperature dependency of the optical

circuit is minimized to zero.

16. The method of claim 13, further comprising determining the lengths of the
reference waveguide and the waveguide of the sensing arrangement based on refractive

indices of the reference waveguide and the waveguide of the sensing arrangement.

17. The method of claim 13,

wherein the sensing arm of the sensing arrangement of the optical circuit further
includes a further waveguide coupled in series with the waveguide of the sensing
arrangement; and

wherein the method further comprises determining a length of the further

waveguide based on the temperature dependency reduction criterion.

18.  The method of claim 17, further comprising determining the length of the further
waveguide based on the refractive index of the reference waveguide, the refractive index

of the waveguide and a refractive index of the further waveguide.

19.  The method of claim 13,
wherein the method further comprises:
determining lengths and cross-sectional areas of the reference arm and the
sensing arm of the further sensing arrangement based on the temperature
dependency reduction criterion, and
determining the lengths and the cross-sectional areas of the reference arm

and the sensing arm of the further sensing arrangement based on Vernier effect.

20.  The method of claim 19, wherein determining the lengths and the cross-sectional
areas of the reference arm and the sensing arm of the further sensing arrangement based
on Vemier effect comprises determining the lengths and the cross-sectional areas of the

reference arm and the sensing arm of the further sensing arrangement based on a free
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spectral range of the sensing arrangement and a free spectral range of the further sensing

arrangement.



