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Abstract

We present a detailed theoretical and experimental study of cascaded double resonance long period
gratings (C DR LPGs) fabricated for sensing applications. The matrix description of cascaded LPGs
is presented and several important particular cases related to the regular and turn around point (TAP)
gratings are considered. A pulsed CO: laser was used to fabricate single and cascaded DR LPGs in a
photosensitive optical fiber. The responses of the fabricated C DR LPGs to surrounding refractive
index (SRI) temperature as well to longitudinal strain have been studied. A statistical comparison of
the SRI sensitivities of ordinary and cascaded DR LPGs is presented to outline the capabilities and
advantages of cascaded DR gratings. It was experimentally established that the temperature
dependence of the wavelength split at TAP follows a logarithmic dependence and the sensitivity to
temperature is inversely proportional to the temperature itself. We evaluate the temperature stability
needed for SRI based sensing application and the importance of fine-tuning to the operational point
slightly after the TAP to ensure a maximum sensitivity of the sensor.

Keywords: cascaded LPGs; turn around point LPGs; double resonance LPGs; fiber sensors; Mach
Zehnder interferometer; CO: fabrication of LPGs; biosensing

1. Introduction

Long period optical fiber gratings (LPG) have known for almost three decades [1-3] and the
most straightforward application being single- and multi-parameter sensing [4,5]. Phase-shifted and
cascaded LPGs were soon developed and shown to open new opportunities for a variety of sensing
applications [6-9].

The theoretical description of the principle of operation of the LPGs are the mode coupling
equations [2,7,9] both for non-birefringent and birefringent LPGs [10]. The coupled mode equations
describe the power exchange between the core fundamental mode and a higher order cladding mode.
The difference between the effective refractive indices of the two modes is wavelength dependent. In
case the wavelength dependence is monotonous and the dispersion does not change sign the LPG
exhibits a single resonance wavelength for a particular pair of coupling modes. A particular case of a
cascade of non-identic LPGs whose dispersion is with a constant sign has been analyzed theoretically
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and experimentally in [9]. In case the dispersion changes sign over a specific spectral range the LPGs
exhibits a double resonance [11-14]. Since the two minima at the resonance wavelengths shift in
opposite directions double resonance (DR) LPGs exhibit a higher sensitivity to SRI, temperature and
strain which is why they have caused an increased interest for a variety of sensing applications [15-
24]. In the case of biochemical sensors the DR LPGs have to be functionalized to achieve a desired
selectivity.

Thus far, single DR LPGs are basically used for large variety of biosensing applications [13,15,18]
and [21-24]. The LPGs are operated close to the turn around point (TAP) at which the single
minimum splits and the grating becomes double resonance featuring a maximum sensitivity to SRI.
However, while the sensitivity can be as high as 3000 nm/r.i.u. the minima are relatively broad and
the accuracy of determining the positions of the minima and hence the splitting is lower.

To overcome the above problem the performance of a cascade of two coated DR LPGs has been
simulated theoretically [25] and it has been shown that much sharper resonance minima and a
sensitivity to SRI as high as 12550 nm/RIU can be achieved around water refractive index (1.33- 1.334).
Experimentally, cascaded DR LPGs have been fabricated using an 248 nm UV excimer laser in a
PS1250/1500 photosensitive fiber and their sensitivities to SRI and temperature have been measured.
While the experimentally obtained minima are sharper, the measured sensitivities were still
comparable (< 3000 nm/r.i.u.) to those of single DR LPGs.

In this paper we present the general matrix description of cascaded LPGs and the case of
effective refractive difference varying monotonically and non-monotonically with wavelength
causing a split of the resonance leading to a cascade of DR LPGs. Our objectives are: i) to compare
the performances of single DR LPGs and cascaded DR LPGs, ii) to study the techniques to fine-tune
the cascaded grating to the TAP at a desired operational temperature and SRI; iii) to measure the
sensitivity to SRI, temperature and strain for future biosensing applications.

2. Matrix Description of LPGs and Cascaded LPGs
2.1. Coupling Matrices
2.1.1. A Single LPG

A long period grating (LPG) is a series of periodic opto-geometrical modifications of the fiber,
which cause the fundamental LPo1 core mode to couple to a higher order LPop cladding mode of the
glass-surrounding medium waveguide. During fabrication the surrounding medium is air and the
effective waveguide is a glass-air waveguide. The fiber structural modifications can be introduced
using different techniques such as refractive index modifications, geometrical deformations,
mechanical stress and others. A schematic representation of an LPG is shown in Figure 1. The

fundamental LPoi core mode with an amplitude A is launched into the grating at the input.

Lp Coating AL M Coating
—OPl| | s e e e s [ e e e s s s o | |££1
LN, A4, 4 K

Figure 1. Schematic representation of a long period grating (LPG) of length L, containing N modulations of
period A with normalized detuning 4 and coupling K coefficients.

As the mode propagates along the grating periodically a fraction of its power is coupled to the
higher order LPop cladding mode. At the output of the grating we have both modes with different
amplitudes. The grating is described by a matrix M which transforms the input vector A° of the
mode electric fields into an output vector A as [2]:

A(z)=M(2).A°, A° :[25] A=(:Zj (1)
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where Ao and A are the input and output electric vectors containing electric field amplitudes A; and

A, of the core LPo and A, and A, of the cladding LPo, mode. The matrix describing the coupling
between the core and the cladding mode is [2]:

M = {CJF JAS jK_S } where {C - c_os(&,b‘z)} ()
jJKS C-jAS S =sin(opz)

In (2) 8fis the difference between propagation constant f the fundamental core mode (LPo1) and fop
of the higher order cladding mode (LPop) which is

5p =2, K? + 52 (3a)

where « is the coupling and ¢'is the detuning coefficient between the core and cladding modes are
obtained from [2] as:

7 Adg An 1
k=-—%Ang  and S=nx ;” - (3b)
The coupling (K) and detuning (A) coefficients from (2) are normalized to 5f as [2]:
K:Z—K, A:E, K2 +A%* =1 (4)
op p

The effective refractive index difference Anett depends on the wavelength (1), temperature (T),
the refractive index (1) of the surrounding medium, the fiber deformation (&) and under fixed external
parameters the detuning parameter becomes zero at resonance wavelength which is obtained from
(3b) as:

A = Angr A (5a)

Thus, the resonance wavelength Ac is dependent on n, T and ¢ so
ﬂc(n,T,g) = AN (nT,&)A(T,¢) (5b)

which is the basis for the variety of sensing applications. With an LPa mode at the input A° = (A?,0)

and the LPo mode attenuated in the coated section of the fiber, only the fundamental LPo: mode is
observed at the fiber output with an amplitude A«(z = L = NA)

A (L) = [cos(AL) + jasin(5AL)|A? (©)
By letting C = cos(dfL) and S = sin(JpL) the measured intensity I is written as:
" _(c?+a282)l, =[-k282 ), @)

I =|A (L) =|C + jas|*|A

2.1.2. A Cascaded LPG (C LPG)

A cascaded LPG (C LPG) consists of (at least) two gratings LPG1 and LPG: separated by a fiber
section of length Lo, whose transmission matrix is To (Figure 2) and describes the parallel independent
propagation of the LPo1 and LPop modes [7, 9]

A(2) =M, (L) To(Lo)My (L) A° (8a)

C+iAS K L ae ™ 0

i= = 1,2 , = )
M [ JK;S; G- inSi:| ¢ ) To { 0 aelr? (8b)

Physically, the CLPG (Figure 2) is a Mach-Zehnder interferometer in which the LPo: mode which
is well confined in the fiber core stands for the reference arm, while the higher-order LPo, cladding
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mode which is more sensitive to external perturbations is the sensing arm. In a classical
interferometer the change of the phase difference between the two arms causes[7,9 the rise and
displacement of new interference fringes. For a cascaded DR LPG (C DR LPG) the fringes will be
manifested as an additional modulation in the spectral domain. Since in the general case the gratings
are considered different, each one is characterized by its parameters Li, Ni, /i, 4, Ki (i = 1,2) [9]. In the
intermediate section with length Lo the coupling coefficient is xo= 0 while A — o 50 6= nAnes/A sO

2
éﬂo = Aneff,o 7 9)

and the accumulated phase difference between the modes (in 8b) is so

T
A¢=5ﬂoL0/2=Aneﬂ,ozLo 1)

Also in (8b) a0 and a are amplitudes of the core LPn and the cladding LPo mode, the accumulated
phase difference between which is

Coating LPop . LPop Coating
LPo1 v_v_v >~ A LPo1
—» — ooooog > oooooO —> —>
Lo
L1, N, A1, A1, L2, N2, A2, A2, K>

Figure 2. A cascaded LPG containing two different subgratings with parameters L;, Ni, A;, 4, Ki.(i=1,2) separated
by a fiber section of length Lo as an equivalent Mach-Zehnder modal interferometer between the fundamental

LPo1 core mode and the higher order mode cladding LPop.

Assuming only core mode at the input and at the output, i.e., A°=(A?,0) and A= (A,,0) after

some manipulations the resultant intensity is obtained from (8) as [9]:
| =102 {(R_—7RIC,, +7R,Sa, P +[R,Cap — (R +7R)S, P (11a)
where
R=KK,SS,, R =C.Cp-A;A,S,S,, R, =A,S,C, +A,C;S, (11b)

and 7 is the ratio of the cladding-to-core mode ratio 7 = a/ao.
In the case of no intermediate section ao=a =1 and A¢=0.

1(A) =1, {[C1C2 — (A4, +K4K5)S;S, ]2 + (A151C2 +A,C,S; )2 } (12)

which is the equation for an LPG of two non-identic parts.
In case the two parts are identic L1 = L2 = Lo= L/2, C1 = C2 = Co= cos(JfLo), S1 = S2= So = sin(dpLo),
A1=A2= A, K1 =Kz =K and taking into account the normalization (4) as well as that we obtain that

1(1) = {(cg ~s2f +22(25,C, )2}|0 ~ oos226pLe) + A2 sin? (26L0) (13a)

1) =(c?+ 2821, =L-K282)1, (13b)

which is the result for an LPG with L = 2Lo from (7).

Using the general expression (11) different particular cases can be studied and simulated.
Intentionally [5] or not, during fabrication the LPGs may be non-uniform and the simplest approach
to account for existing non-uniformities is to assume that the two LPGs are different, though slightly.
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2.2. Particular Cases

2.2.1. Non-Uniform and Uniform Structures

In case the two LPGs are identic Anetti= Anei2 =Anetr, N1= N2 = N and A1= A2 = A and the same
holds for the coupling and detuning coefficients. The structure is then uniform.

For specific applications as the simultaneous measurement of average temperature and thermal
gradient [5,9], the cascade or the grating can be intentionally made non-uniform by either writing A
# A2 and Anes1 = Anet2 = Anett or A1= A2 = A and Anest1 # Anet2. Differences in the Anett can be achieved
either by partially etching one of the subgratings, or by changing the intensity of the laser writing the
grating. Such differences, though not constant can be obtained during fabrication due to laser
instabilities, non-uniform additional coatings etc.

2.2.2. Effect of Dispersion

The effective refractive index difference Anet is wavelength dependent and we can distinguish
two important cases: linear dependence with a constant dispersion, and non-linear dependence with
a change of the magnitude and of the sign of the dispersion:

A) Linear dependence

In the linear case we assume that over a certain spectral range, the effective refractive index Anet
is a linear function of wavelength in the form

AN (A) = AL+B (14)

where A and B are some constants depending on the particular mod, A being the dispersion
illustrated by the examples in Figure 3 below as recovered from [3]. The detuning parameter (3b) can
then be represented as:

Angs 1 Al+B 1 B 1
7{ P A} ”[ A A} ”[,1 A} (152)

At resonance § = 0 at a wavelength A which is from (15a) is related to the period as:
1
Al (15b)

C

A:

As an example, for mode 1 from Figure 3a) A =-0.0018 um and B =0.007. So a resonance at Ac =
1.5 pm would require a grating period of A =348.4 pm.

The linear dependence of the type (14) has been taken into account for the analysis of the
temperature behavior of cascaded LPGs made of non-identical LPGs [9].
B) Non-linear dependence and double resonance LPGs

In this case we consider that for a specific higher order cladding mode over a certain spectral
range Amnett is nonlinear and exhibits a minimum. As an example we consider the detuning AN
between the fundamental core and a higher order cladding mode defined in [19] as:

A
AN = Aneff —X (16)

Figure 2b) reproduces the wavelength dependences of AN(L) as calculated in [19] which can be
sufficiently well (R?=0.999) approximated by a quadratic function in the form

AN(A) = Ang —% —al® +bl+c (17a)

With reference to (16) the detuning coefficient § from (3b) is found in this case to be wavelength
dependent as:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Ang(A) 1| = Al
O(A)=n| —————|==| Ang —— |=—AN(4) (17b)
A A A A A
0.005 0.0015 T Vode2a B Mode2l
mode 1 m mode 2 Poly. (Mode 24) Poly. (Mode 21) €
o mode 3 =@ mode 4 —_ 0.001 4
- 2 _
g v =-0.0018x+0.007 g y = 0.004x ; E).DlD4x+ 0.0066
2 _; R2=0.0067 E 0.0005 p R*=0.999
e o —
T — 0.004 = 0
oe s <
o = b
g <=J., ,. E -0.0005 |
E ~B 2 y=0.0033x2-0.0102x +0.0064
“.F:’ y=-0.0027x+0.0076 _.. A -0.001 - R*=0.9991
w R?=0.9993 s
0.003 T 1 -0.0015 T T T T
1.3 15 . 1.7 0.9 1.1 1.3 1.5 1.7 1.9
Wavelength, . (11m) Wavelength, 2. (nm)
(a) (b)

Figure 3. Effects of dispersion and the corresponding fits: (a) linear dependence of the effective refractive
difference Anet between the fundamental HEu1 and six higher order HEim modes on the wavelength [3]; (b)
nonlinear spectral dependence exhibiting a minimum of the detuning AN between the fundamental guided and

two higher order cladding modes [19].

The resonance is then observed for wavelengths for which (1) = 0 i.e., AN(A) =0 as follows from
(17b). Taking the second order polynomial approximation (17a) we have:

AN () = Ang —%:aﬂcz +bA, +c=0 (18a)

or

2
—b++b*-4ac (18b)

y) =
cl,2 2a

The spectral separation AA between the two resonance wavelengths A< and Aa is

Vb? - 4ac
A2 = ﬁ'c,l - ﬂ“c,z = a (18¢)
By zeroing the first derivative of (18a) with respect to 4 the wavelength at which the detuning AN(4)

has a minimum is obtained as:

b
In = (18d)

The fitting coefficients a, b and ¢ depend on the particular mode, the strength of the coupling,
cladding diameter, the ambient temperature, the SRI, the imposed strain and other factors.

If we take as examples the fitting coefficients for modes 24 and 21 from Figure 3b) we can find
using Equation (18) that

Aa =15 pum, A2 =1.1 pum, Akc=0.2 pm and Am = 1.3 um (mode 24)
Aa =2.215 pm, A2 = 0.876 pm, Akc = 1.34 pm and Am = 1.545 pum (mode 21)

As the coefficient c in (18a) shifts the parabolic function above or below the zero line for a certain

value of ¢ the separation Ai. =0 which from (18c) is found to be fulfilled for

Crap =—— (19)
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In this case Aa = A2 = Am and is referred to as the turn around point (TAP). For ¢ < crar the LPGs
exhibits two minima which go apart as c decreases and the grading becomes double resonance
grating (DR LPG).

3. Experimental Part

3.1. Experimental Setup

The DR LPGs and the cascaded DR LPGs were fabricated using a pulsed CO: laser (SYNRAD
FHFL30-U) using the experimental arrangement presented schematically in Figure 4. The optical fiber
was a Fibercore photosensitive fiber PS1250/1500 with a 9.6 um fundamental mode field diameter.
The C DR LPGs consisted of two parts with same number of periods N1 = N2 and the same period A
=207.6 um and effective refractive indices Aneti (i = 1,2). The DR LPGs were labeled as P xxx, while
the C DR LPGs as CP xxx. The laser power expressed as percentage of the maximum power Pmax =
30W, sufficient to write the gratings was in the range between 13.1% and 14.4%. The scanning speed
was 24 cm/s. Theoretically, the uncertainty in the total length is about 10 pm which is determined by
the laser marking software. This ensures a better than 0.1 pum precision in the period of the gratings.
A K- broadband light source was used to observe the spectrum in the 400 nm to 1700 nm range of the

OSA (AQ 6370C).
Optical
Pulsed i :
cBEedy = | | seanning iber
N; V Grating N,
[¢ ) |
Weight Water bath
White light OSA
source AQ 670C

Figure 4. Experimental set-up to fabricate LPGs.

3.2. CO:z Laser Writing Process

3.2.1. Fabrication Procedure

The fabrication procedure is as follows:

i) A section of about 10 cm of photosensitive PS1250/1500 fiber was cleaved, spliced in between
SMF-28 lead-in/lead-out fibers and stripped bare over the whole length.

ii) The fiber was placed and fixed to one of the holders and kept straight with a small weight of 5g
over a pulley at the other end.

iii) The particular grating pattern was drawn using the built-in software.

iv) The changes of the spectrum were controlled during the writing process which was carried out
as consecutive scans if a single scan at a particular relative power was not sufficient to achieve
the desired results.

v) After each scan the LPG was immersed in the water bath to check if the LPG splits in water.

vi) The process continues with the next scan until the LPG spectrum splits in water.

3.2.2. Fine Tuning Procedure

As the scanning during the writing process is not interrupted, in water the DR LPG may be split
more than desired. To return it close to the TAP at a desired temperature (room temperature, for

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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example) when immersed in a liquid with a desired refraction index (typically water) we used etching
in HF acid. A U-shaped semicircular container was placed upon a thermoelectric cooler (TEC) with
attached thermocouples which allow us to maintain a constant temperature during the etching
process as well as to measure the temperature sensitivity.

The procedure is as follows:

i)  The spectrum of the DR LPG is measured in water.

ii) The LPGs is then lifted from the U-shaped water container and is moved to a similar container
filled with HF acid.

iii) The grating is kept in the acid and the spectrum is monitored continuously.

iv) As the spectrum approaches the TAP, the grating is returned to the water bath upon the TECs.

v) The temperature of the etched grating is varied to establish at what temperature exactly the
grating splits.

4. Results
4.1. Postfabrication Tuning
4.1.1. Etching to TAP

As the process of fabrication is in the air and the desired spectrum is observed in water it is
difficult to fine tune the grating during the writing process. One of the reasons is that if the writing
process is interrupted before completing the fixed number of periods, then the cascade will be of non-
identic gratings. In the general case if the desired initial spectrum is at turning point (TAP), then
depending on the particular application, the operational ambient temperature, SRI and imposed
longitudinal strain should also be known. We assume here that the desired initial operating
conditions should be slightly split immediately after TAP around room temperature (T =22C) and in
water (SRI ~ 1.333). Figure 5a) illustrates the transition from a widely split C DR LPG before etching
(EO) to the final spectral distribution of slightly split after the fourth etching (E4) as measured at 20C
as a function of the etching time. Figure 5c) shows the spectra of the same grating at 24C. To the right
in Figure 5b,d) are the corresponding plots of the spectral split A\ vs. the etching time.

0 200
4. + CP 001
@ 20C
2 - 150 - *
= > £ .
A S 100 - ¢
g o
6 (20) 50 - *
: ROV, CP 001
-7 ——E3(200) @ 20C
_8 ] E4I(2DC) T T T 0 T T T T
1200 1300 1400 1500 1600 1700 0 50 100 150 200 250
Wavelength, A (nm) Etching time, t (s)
(a) (b)
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0 200 &
* CP 001
@ 24C
2 — 150 -
5 £ ¢
) < ¢
— =~ i
24 o 100 N
S ——E0(240) &
6 | —ELR40) 50 -
h ——E2(24C)
—E3(24c) = CP 001
—F4(24C) @ 24C 0 : . ; .
—8 T T T T
1200 1200 1400 1500 1600 0 20 100 150 200 250

Wavelength, A (nm) Etching time, £ (s)

Figure 5. Fine tuning of the C DR LPG CP001 to TAP by means of etching in HF: (a) evolution of spectra at 20C;
(b) reduction of spectral split vs. etching time at 20C; (c) same as (a) but at 24C; (d) same as (b) but at 24C.

4.1.2. Fine Tuning to TAP by Means of Longitudinal Strain

For the purposes of sensing applications the C DR LPG’s initial spectrum should be slightly split,
because after TAP the sensitivities are at a maximum. An additional fine-tuning to the point of
discernible minima can be accomplished by means of a longitudinal strain which brings the minima
closer to the TAP. Figure 6 presents the spectral changes of a non-etched cascaded DR LPG as it is
subjected to an increasing longitudinal strain by weights with a mass increasing to about m = 33g.

0 45

1 - &\_ CP 005

5 o | ®. @266C

-3 'E" ‘\\\.\*
Sa £ 3
- 5 | — ), 00 ﬁzu 35 A \““
a 6.27 {'\ y=-0.3267x+43.311 “‘“*
36 —1s5 £ RZ = 0.9965

, | ——1876 S 30 -

i ——22.88 n ¢ Split (nm)

8 | ——27.96 : .

— Linear (Split...
g | T80 7 , 25 :
1300 1400 1500 1600 0 20 40
Wavelength, 2 (nm) Mass, m (g)
(a) (b)

Figure 6. Fine tuning to TAP by additional weights: (a) shrinking spectra; (b) wavelength split decreasing with

the cumulative mass.

4.2. Responses and Sensitivities to the Measurands

In this section we study the responses of the DR LPGs and cascaded DR LPGs SRI, temperature
and strain

4.2.1. Responses and Sensitivities to SRI

We start with the responses and the sensitivity to SRI changes and in Figure 7 we show the
responses to surrounding refractive index of a DR LPG (P 064) and a cascade of two DR LPGs (CP
001) at temperatures at which each one the gratings is at the TAP just about to split. Both gratings
had the same period A. A brief comparison between the two responses yields the following
observations:
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i)  The cascaded DR LPGs (CP 001) is narrower Ao =171 nm (EO)vs. AL = 260 nm for the DR LPG
(P064). The spectral width Alo above was measured prior to etching, but after etching 175 nm
(E1), 205nm (E2 @ 9C), 175 nm (E2 @ 48C), 18Inm (E3 @ 10.5C), 177nm (E3 @ 52.5C) and
essentially remains the same.

ii) The minima of the cascaded DR LPG are narrower compared to those of the ordinary DR LPGs

iii) The cascaded LPG exhibits additional minima because of the equivalent interferometer
arrangements which shift at a lower sensitivity compared to the inner minima.

These observations mean that since the minima of the cascaded DR LPGs are sharper it would
increase the accuracy of the wavelength shifts. Also, the additional minima can be used for sensing
purposes though with a lower sensitivity.

The spectra of the gratings from Figure 7a,b) were performed at different temperatures (20C for
P 024 and 35C for CP 001) at which the observed splitting of the spectra occurs. This poses the
question as to how the responses to SRI changes when etching is used to bring the TAP to a desired

temperature.
0 0
9 | -2 4
4 4
a ° s ]
[
T 8- T 8
g-- -10 :-. -10 +
_ ] —_—1.3323
9 12 1.3424 S 121 1.3357
14 1.3488 -14 1.3404
1.3542 1.3498 EO
-16 -16 A
1.3636 1.3599
18 1.3741 18 4 1.3697 35(:;‘ Cp 001
20 LB ; . 20 R . @3¢
1200 1300 1400 1500 1600 1700 1200 1300 1400 1500 1600 1700
Wavelength, 2. (nm) Wavelength, 7. (nm)
(a) (b)

Figure 7. Evolution of spectra for a varying SRI of a single DR LPG and a cascaded DR LPG having the same
period A =207.65 um: (a) DR LPG with N =235 (p = 13.6%) splitting at 24.5C; (b) C DR LPG with N1 = N2 =80
and Lo=6 m.

Figure 8 illustrate the change of the spectrum and the measured wavelength splits vs. SRI after
the corresponding etchings. Figure 8a—d) summarize the spectral changes at the corresponding
splitting temperature. After the fourth etching (E4) the CP 001 cascade splits at two temperature:
17.2C and 58C. Figure 8e) summarizes the spectral splits A\ vs. SRI for CP 001 while Figure 8f) — for
CP 004 which was fine-tuned after the first etching.
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Figure 8. Evolution of spectra for a varying SRI of the cascaded DR LPG CP 001 (see Table 1): (a) after E1 at 41C;
(b) after E2 at 48C; (c) after E3 at 48.8C; (d) after E4 at 17.2C; (e) all plots of A\ vs SRI; (f) same as (e) but for CP

004.

Table 1 below summarizes the measured sensitivities in the two distinct SRI ranges that are

readily outlined in Figure 8e,f): in the 1.33 to 1.35 interval and above 1.35.
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Table 1. Comparison table of the sensitivities to SRI of the eleven cascaded DR LPGs.

i Label AN +Lo 1.33St((?1.35 i(ilz)*.s e
1 CP 001 2x80+6mm 4182.7 2369.1 20C
2 CP 005 2x80+6mm 3518.4 2518 242C
3 CP 013 2x118+13mm 4231.1 2342.3 255C
4 CP 014 2x118+13mm 3385.4 2555.3 23C
5 CP 015 2x118+13mm 4602.5 2399.1 22.5C
6 CP 017 2x118+13mm 3549 2728.5 20.5C
7 CP 018 2x118+13mm 5457 .4 2634.1 25.5C
8 CP 019 2x118+20mm 5063.2 2476.9 22.7C
9 CP 020 2x118+20mm 3816.9 2599.3 20.5C
10 CP 022 2x118+20mm 44752 2893.2 22C
11 CP 023 2x118+20mm 3201.8 3090.2 25C

As seen from Table 1 the sensitivities S(I) and S(II) the two SRI intervals differ considerably and
a statistical variation is clearly observable. To evaluate the practical difference between a simple DR
LPG and a cascade of DR LPGs we performed some statistical analysis and the sensitivities of the
eleven cascaded DR LPGs is compared to the sensitivities of 25 DR LPGs whose spectra are similar
to those from Figure 7a. In Figure 9 we have plotted the cumulative probability F* of the measured
sensitivities Sn (n=1 to N) with N =11 for the C DR LPGs and N =25 for the DR LPGs which calculated
as:

n-0.3
Fr(s))= N +0.4 (20)

The plots of the cumulative probability F* vs. the measured SRI sensitivity S for the single DR
LPGs is plotted in Figure 9a), while for the C DR LPGs — in Figure 9b). The sensitivities for the DR
LPGs were for the range > 1.333 while those for the C DDR LPGs were for the two outlined in Figure
8 (e) and 8 (d) intervals. As is seen the results for the DR LPGs (empty rhombs) in Figure 9a) clearly
indicate the existence of three subpopulations numbering 4, 16 and 5 samples centered
correspondingly around different mean values, namely: (1) around 2387.7 nm/r.i.u., (2) around 2809.8
nm/r.i.u. and (3) around 3208 nm/r.i.u. The cumulative probability distributions Fi*, F2* and Fs* for
each of these subpopulations are plotted together for comparison. The average sensitivity over all
subpopulation is 2821.9 nm/r.i.u. In comparison, the cascaded DR LPGs systematically exhibit a
higher sensitivity S(I) over the initial SRI interval followed by a lower sensitivity above 1.35 — S(II) as
listed for each grating in Table 1. Figure 9b) presents the cumulative probability distributions F*(I)
and F*(II) of these two sensitivities, plotted in the same scale as those of the simple DR LPGs (Figure
9a). Their averages are ~ 2600 nm/r.i.u. for the lower sensitivity at higher SRI and ~ 4135 nm/r.i.u. for
the SRI around water.
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Figure 9. Cumulative probability distributions F* vs. SRI sensitivity S: (a) F* for 25 DR LPGs and their three
subpopulations; (b) F* for the two subintervals of the 11 C DR LPGs.

The comparison of the statistical results as described by the cumulative probability distributions
leads to the following observations:

i)  The average sensitivity of the simple DR LPGs is by about 9% higher than the average sensitivity
of the cascaded DR LPGs for SRI > 1.35.

ii) The sensitivity of the cascaded DR LPGs around water (SRI = 1.33 + 1.35) is on the average by
about 50 % higher than the average sensitivity of the simples DR LPGs.

iii) The variance of the sensitivities around lower SRI for the cascaded DR LPGs is quite large and
can vary by up to 70%.

The above observations imply the following conclusions: First cascaded DR LPGs are better
suited for more sensitive measurements over a limited range of SRI changes around water and
second, individual calibrations must be performed for the gratings used.

4.3. Response and Sensitivity to Temperature

4.3.1. Spectral Evolution

We now consider the temperature responses of the cascaded and first note that in Figure 8 the
responses to SRI changes at higher temperatures (Figure 8a—c) are deeper (around -17dB) compared
to the same responses at lower (17.1C). As the number of temperatures is about 20, we present the
evolution in two stages: at lower and at higher temperatures. Figure 9a presents the results for CP
003 for temperatures from 5C, at which the spectra was already lightly split, until the first split at 37
C. As is seen, under 30C the depth of the cascaded DR LPG is between -3dB to -5 dB, after which it
drops to -7dB as evidenced in Figure 9a,b.
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Figure 9. Evolution of spectra for a varying temperature in the 5C to 65C temperature range for cascaded DR
LPG CP 003 with N1=N2=115, Lo=13mm: (a) lower temperature range from 5C to 37C splitting at ~<36C; (b) higher
temperature range from 36C to 65C and a new minimum appearing at 60C for a high temperature split. The
spectra suggest that a splitting under 5C (around 0C), a second at 36C, and a third above 70C as summarized in
Table 2.

Table 2. Evolution of the low and high temperature splits at TAP wavelength of 1467 nm for a non-etched
cascaded DR LPG CP 003 (N1=N2=115, Lo=13mm).

Etching stage Low temperature split Mid temperature split High temperature split
E 0 (prior to etching) <5C (= 0C) @ -4C 36C @ -7dB >70C

Cascaded DR LPG CP 004 exhibits a somewhat different behavior. The first observed split at 15C
(Figure 10a) is deeper (-4.2dB) compared to the next one at 50C (-2.3 dB) shown in Figure 10b as
summarized in Table 3.

0 0

-1 A ) -1
—_-2 2
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73 g7
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—_5 —_—55
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Figure 10. Evolution of spectra for a varying SRI of a single DR LPG and a cascaded DR LPG having the same
period A =207.65 um: (a) DR LPG with N =235 ( p = 13.6%) splitting at 24.5C; (b) C DR LPG with N1 =N2 =80
and Lo=6 m.

Table 3. Evolution of the low and high temperature splits at TAP wavelength of 1467nm for a non-etched
cascaded DR LPG CP 004 (N1=N2>=118, Lo=13mm).

Etching stage Low temperature split High temperature split
E 0 (prior to etching) 15C@-4.2dB 50C @ -2.3dB
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Gratings CP 003 and CP 004 are weak and shallow compared to CP 001 which is deeper. To
study these observation we measured the evolution of the spectra of CP 001 vs. temperature changes
before (EO) and after etching (E1, ..., E4). Figure 11a—d show the temperature dependence before
etching (E0) and after the last fourth etching (E4). We clearly see the effect of the abrupt increase of
the grating depth at TAP. Before etching the TAP is at 35C which is in the middle of the temperature
range. Table 4 summarizes the parameters of the splits at lower and higher temperatures which
confirm the observation. It implies that the detuning 5() at higher temperatures is lower than that at
lower temperatures over the range of interest.
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Figure 11. Temperature induced evolution of the spectra of a C DR LPG prior to etching (E0) and after 4th etching
(E4): (a) a medium temperature split before etching at the extremity of the 5C - 35C low temperature range; (b)
a spectral split before etching (E0) in the 35C-37.5C range within the 35C-65C interval; (c¢) Low temperature split
after 4th etching (E4) around the middle of the 5C — 35C range; (d) high temperature split after 4th etching (E4)
around the middle of the 40C — 65C range.

Table 4. Evolution of the low and high temperature splits at TAP wavelength of 1451.5 nm for cascaded DR LPG

CP 001.
Etching stage Low temperature split High temperature split
E O (prior to etching) <0C 36C @ -14dB
E 1 (after 1st etching) 52C@-3dB 41.1 C@-16dB
E 2 (after 2nd etching) 10C @ -5.8 dB 46.5C @ -16dB
E 3 (after 3rd etching) 12C@-6.2dB 52C @-16dB
E 4 (after 4th etching) 17.2C @ -6.5dB 58C @ -16dB
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4.3.2. Sensitivity Curves

We now study the temperature dependence of the wavelength split AA(T). Figure 12a—e present
the temperature dependences of the split of CP 001 before etching (E0) and after each consecutive
etching (E1, ..., E4) as well of grating CP 002 (Figure 12f). The AA(T) at lower are in blue rhombs while
at higher temperatures in red squares. As we see from the figures the AL(T) curves are very well fit

by a logarithmic dependence in the form:

AAT)=CIn(T -T,)+Cy, T > Ttar (21)

In (21) C and Co are coefficients, while Tv is a biasing temperature. Equation (21) is valid for
temperatures above that of the turn a around point (TAP) i.e., T > Trar. The sensitivity to temperature
St(T) thus would be

dlvim)] ¢
ar T-T,

S (M) = , (22)

and it is inversely proportional to temperature.
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Figure 12. The effect of HF acid etching on temperature dependence of the wavelength splits: (a) non-etched
grating (E0); (b) after E1; (c) after E2; (d) after E3; (e) after E4 and (f) non-etched CP 002.

Figure 13a,b show the sensitivities at lower and higher temperature splits for CP 001 and CP 002
calculated using (22) and the fitting parameters from Figure 12a—f. The plots in Figure 13a show that
the etching process does not basically change the dependence, but simply shifts along the
temperature scale.

20 e CP 001 (EO) | ———CP 001 (E1} | 20
e CP 001 (E2) | e CP 001 (E3) | P 002 (EO) |
e CP 001 (E4) | CP 001 (EL) Nl
CP 001 (E2) I s CP 001 (E3) 1l ====CP 002 (EQ) Il
% 15 - cP 001 (E4) I o 15 - -
£ High T High
Y temperature E temperature
z‘. 10 + . 10 +
s Z
s 2
] L=
c G
a5 S 5 -
Low @ Low
temperature temperature
0 T T T 0 T T T
0 20 40 60 80 0 20 40 60 80
Temperature, T (°C) Temperature, T (°C)
(a) (b)

Figure 13. Temperature dependence of the sensitivity to temperature St calculated from (22): (a) sensitivities to
temperature at lower and higher temperature splits after four consecutive etchings for CP 001; (b) sensitivity to

temperature at lower and higher temperature splits for a non-etched CP 002. .

The logarithmic fits were found to be well suited for all of the cascaded DR LPGs and the results
for the fitting parameters Tb, C and Co, Trar as well as the sensitivity Star at TAP are listed in Table 5.

Table 5. Comparison table of the sensitivities to temperature of the eleven cascaded DR LPGs.

# Label Tv (°C) C Co TAP temperature (°C) Star (nm/ °C)
1 CP 001 0 191.32 -532.68 20C 9.57
2 CP 005 0 233.3 -730.48 242 C 9.64
3 CP 013 0 221.24 -680.88 24.8 C 8.92
4 CP 014 0 212.12 -642.47 23.5C 9.03
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5 CP 015 0 242.94 -732.46 22.5C 10.8
6 CP 017 0 204.86 -608.7 225C 9.1

7 CP 018 0 215.89 -666.4 25.5C 8.47
8 CP 019 18 100.94 -154.28 23.8C 17.40
9 CP 020 15 98.373 -154.45 21.4C 15.37
10 CP 022 14 121.51 -247.33 22C 15.19
11 CP 023 0 199.09 -597.34 22C 9.05

With reference to Table 6 in Figure 14 we present a plot of the cumulative probability F*(TS) of
the sensitivity to temperature around TAP temperature. The average sensitivity is Stavg~ 11.11 nm/°C
but we clearly see two subpopulations with cumulative functions F*(1) and F*(2) whose mean values
are 9.32 nm/°C and 16 nm/°C. Thus, we see that most of the C DR LPGs (73%) are well grouped
around 9.32 nm/°C. The gratings from the second subpopulation centered around 16 nm/°C are
among the subpopulation of higher sensitivity to SRI listed in Table 1 and Figure 9b.

0.9 - —O—F*(TS)
0.8 - B F*(1)
07 - B F*(2)

0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -
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Cumulative probability (re. un.)

Figure 14. Cumulative probability distributions F* vs. temperateyure sensitivity TS.

These results indicate that the highest sensitivity to temperature is observed at TAP, which is
important in the case of SRI sensing applications in which temperature stability must be maintained.
As seen from Table 5 the temperature sensitivity varies between ~ 8.5 and = 17.4. Taking a meaningful
value of 10 nm/°C, an instability of 0.1°C would lead to a 1 nm fluctuation of the reading the
wavelength split which will lead to an uncertainty of the SRI determination of 1/Sx. For an average
value Sn =~ 4135 nm/r.i.u. (see Figure 9b) the SRI uncertainty would be ~ 2.4 x 10 If the accuracy of
wavelength shift determination is 0.1 nm, then the SRI uncertainty would be ~ 2.4 x 10 which would
require a temperature stability of 0.01 °C.

4.4. Sensitivity to Strain

In section 4.1.2. we showed that accurate fine tuning to the TAP can be achieved by using
additional weights to increase the strain along the grating. The sensitivity to strain, however, depends
on the etching stage and the TAP temperature. Figure 14 presents the shrinking spectra of grating CP
003 after second (E2) and fourth (E4) etching. After E2 the split occurs around 55C while after E4 the
cascaded grating splits at around 22C. As is seen from Figure 14c,d, the sensitivities are different and
after E4 it is higher Sm =-1.8388 nm/g.
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Figure 14. Fine tuning to TAP of cascaded grating CP 003 caused by additional weights: (a) shrinking spectra
after E2 after 54.7 °C; (b) shrinking spectra after E4 at 22 °C; (c) spectral shift vs. additional mass after E2; (d)

spectral shift vs. additional mass after E4.

These results show that the sensitivity to strain is quite individual and should be measured for
each grating fabricated for sensing applications.

5. Discussion

The cascaded DR LPGs fabricated and experimentally studied in this paper demonstrated
advantages over plain DR LPGs. Their SRI sensitivity is higher at TAP, which usually is at room
temperature and in case the medium is water (n ~ 1.333) which is the case for most of the biosensing
applications. However, for other sensing applications in which the medium is not water but blood
with a refractive index of 1.3475 at 1.55 pm [27] the cascaded grating will have to be tuned to TAP
around a different value using the two methods described and used in this work.

The importance of fine tuning becomes equally important in biosensing applications because n
most of the case the outer surface of the gratings will have to be functionalized to become selective.
Functionalization in most of the cases means the deposition of nanolayers of specific agents [18,21-
25], which will increase the split and may change the sensitivity. The return to the TAP then can be
best done only using additional strain which is easier to control than temperature.

As the sensitivity to temperature around TAP is maximum, ambient temperature needs to be
strictly controlled and air currents suppressed.

The above means that fine-tuning using etching should be done for a particular set of operational
temperature and SRI.
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The wavelength split is temperature dependent and follows a logarithmic dependence and
hence the sensitivity to temperature is inversely proportional to the temperature itself.

Several issues remain for future studies.

In the first place, a more systematic experimental investigation of the effect of intergrating
spacing Lo.

Second, more statistical data is needed on the strain sensitivities.

Third, as the TAP is for a given set of SRI, temperature and strain operational conditions, cross
sensitivity studies need to be performed.

6. Conclusions

The presented results and analysis make it possible to formulate the following conclusions.

First, cascaded DR LPGs demonstrate definite advantage over single DR LPGs in so much as a
higher sensitivity to SRI at TAP is concerned for applications to biosensing.

Second, the results of the increased SRI sensitivity as experimentally obtained in this work are
significantly higher than those reported in the literature.

Third, around TAP the sensitivity to temperature is the highest (of the order of 10 nm/°C) which
implies that to avoid thermally induced instabilities in SRI based biosensors, the ambient temperature
must be stabilized with variations less than 0.01 which is demanding.

Fourth, fine tuning close to TAP can easily be realized by manipulating the longitudinal strain.
This is all the more needed in case the cascaded DR LPGs are functionalized with nanolayers for a
desired sensing selectivity which will additionally increase the split of the grating.
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