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Photonic Crystal Fiber Based Reconfigurable
Biosensor Using Phase Change Material

N. Ayyanar, K. V. Sreekanth, G. Thavasi Raja, and M. S. Mani Rajan

Abstract— A reconfigurable biosensor with different spectral
sensitivities could provide new opportunities to increase the label-
free selectivity and sensitivity for biomolecules. Here, we propose
and numerically demonstrate a phase change chalcogenide
material (Ge,Sh,Tes)-based photonic crystal fiber (PCF) sensor
for tunable and enhanced refractive index sensing at near
infrared (NIR) wavelengths. In order to achieve this, we integrate
a thin hybrid sensing layer of Au/Ge,Sb,Tes with D-shaped PCF.
By switching the structural phase of Ge;Sh>Tes from amorphous
to crystalline, we realize tunable and enhanced refractive index
sensing with a large figure of merit (FOM) for the sensing range
from 1.35 to 1.40, which covers most known analytes such as
proteins, cancer cells, glucose and viruses or DNA/RNA. The
obtained average bulk refractive index sensitivity is 17,600
nm/RIU and 8,000 nm/RIU for crystalline and amorphous phase,
respectively. The observed large tunable differential response of
the proposed sensor offers a promising opportunity to design an
assay for the selective detection of higher and lower molecular
weight biomolecules through future artificial intelligence-based
sensing.

Index Terms— photonic crystal fiber, phase change
chalcogenide materials, optical fiber sensors and finite element
method

|. INTRODUCTION

Over the years, a plethora of sensor technologies and
methods have been developed for biomolecules detection.
Among them, optical biosensors based on refractometric
sensing devices have made a substantial impact on the study
of real-time biomolecular binding affinity and kinetics [1-3]. It
can measure the changes in refractive index that take place in
the field of an electromagnetic wave supported by the optical
structure of the sensor. In particular, the sensors based on
surface plasmon resonance (SPR) concepts are next-
generation optical devices with enormous potential to
transform healthcare by providing advanced sensors, imaging
devices, and therapies [4, 5]. Surface plasmon resonances can
be classified into two: (i) localized surface plasmons (LSPs)
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supported by a metallic nanoparticle and (ii) propagating
surface plasmon polaritons (SPPs) supported by a thin
continuous metal film. In the case of SPP-based sensors,
momentum matching condition must be satisfied to excite the
SPP, so these are usually built in a total-internal-reflection
geometry using bulky prisms [6]. However, LSP sensor
exhibits a tunable resonant frequency by changing the size and
shape of the nanoparticle, thus it is not required any
momentum matching schemes [7]. By using both sensing
schemes, different plasmonic sensor geometries with
improved sensitivity have been demonstrated [6-8]. In
addition, plasmonic resonances supported by many engineered
nanostructures including metamaterials have been proposed
for improving the detection limit of plasmonic biosensors [9,
10].

Plasmonic biosensors have proven to be successful and are
commercialized; one major issue of the bio-receptors in the
sensor is the existence of parasitic molecules that cannot be
easily distinguished from the targeted biomolecules, which
results in a false positive signal. This problem can be
overcome to a large extent by developing a multiplexing assay
that works as a biological sieve to avoid the non-specific
binding of parasitic molecules. Since the multiplex detection is
very important in sensing applications, it can be realized by
developing multimode sensors [11] and reconfigurable sensors
[12, 13], these sensors show differential sensitivity. In
particular, the sensitivity of these sensors can be tuned from a
maximum to a minimum value, so that different molecular
weight biomolecules including parasitic molecules can be
recognized. However, algorithms to analyze proper logic
functions based on this concept has to be implemented with
the help of deep learning and artificial intelligence [14].

In the recent years, photonic crystal fiber (PCF)-based SPR
sensors have received considerable attention because of their
compact in size, portability, wider bandwidth and tunability
[15]. In contrast to conventional optical fiber, PCF has large
effective index difference between the core and cladding,
which could enhance the sensing performance. In PCF-SPR
sensors, plasmonic resonances usually excited by coating a
thin metal layer on either inside or outside of the cladding air
holes. The basic sensing principle of PCF-SPR sensor is the
coupling between the core guided mode and the SPP mode
excited at the cladding. Once the refractive index of the
medium surrounding the cladding changes, a considerable
change, in the form of wavelength shift or intensity change
can be recorded in the sensor response spectrum. To date,
various configurations of PCF-based SPR sensors have been
proposed for refractometric sensing applications [16, 17].
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Notably, D-shaped PCF structure has received greater
attention towards SPR sensing applications because the metal
layer can be directly deposited on the cleaved flat surface [18-
22]. As a result, the propagation length of SPP mode as well
as the field confined at the analyte/metal interface increases,
thus the sensitivity can be further enhanced. In order to realize
active PCF with tunable optical properties, the integration of
tunable optical materials with PCF is essential.

In this direction, graphene has been successfully integrated
with PCF to realize strong and tunable light-matter interaction
[23]. However, the integration of chalcogenide phase change
materials (PCMs) with nanophotonic platforms offers several
advantages compared to existing functional materials [24]. It
is due to its ability of reliable and repeatable switching via
optically or electrically over billions of switching cycles. By
switching the structural state from amorphous to crystalline,
the refractive index of PCM thin film can be tuned, as a result
the optical properties of the device can be changed. Different
PCM thin films have widely been used in several
nanophotonic and plasmonic systems to tune their optical
functionalities [25, 26]. More importantly, the prototypical
PCM such as Ge;Sh,Tes (GST) can be reversibly switched on
a sub-nanosecond time scale billions of times. We note that
the PCM-based optical devices have shown better
performance over liquid crystals and mechanically tuned
photonic devices [27].

In this work, we propose and numerically demonstrate a
phase change chalcogenide material-based reconfigurable PCF
sensor for biosensing applications. We use GST as the PCM
because it is low-loss and shows large refractive index contrast
in the NIR wavelengths. We show wide tunability in refractive
index sensing with extreme sensitivity by utilizing the non-
volatile phase change properties of GST. The proposed
reconfigurable refractive index sensor can be used to tune the
spectral position of the modes in the infrared frequencies, so
that vibrational fingerprints of different biomolecules can be
determined, which is important for infrared spectroscopy.

Il. DESIGN AND NUMERICAL ANALYSIS OF PROPOSED
TUNABLE D- SHAPED PCF SENSOR

In Fig. 1la and Fig. 1b, we show the cross-sectional and
three dimensional (3D) schematic view of the proposed D-
shaped PCF sensor, respectively. The D-shaped PCF is
arranged in such way that three layers of air holes form a
triangular lattice. The spacing between two air holes in each
layer is 2 um. The optimized diameter of two big air holes is
2.4 pum (for more details see supplementary Fig.S1) and
remaining air holes have a diameter of 1.2 um. An important
component in the proposed PCF sensor is the hybrid sensing
layer of Au/GST, which can provide tunable and enhanced
refractive index sensing through evanescent wave sensing
mechanism. The optimized thickness of GST and Au layer is
14 nm and 12 nm, respectively (for more details see
supplementary Fig.S3 and Fig.S5).
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Fig.1. Schematic of the proposed phase change material tunable D-shaped
PCF sensor: (a) Cross sectional view and (b) 3D view. Red peaks represent
the incident and transmitted power. The transmitted power of cGST sensor
decreases due to higher loss of cGST layer. aGST: amorphous GST and
CcGST: crystalline GST.

The sensing mechanism is based on the coupling
condition between the decaying evanescent fields (SPP) at the
hybrid layer of Au/GST with the core mode of the fiber. The
coupling condition can be altered when the refractive index of
surrounding medium above the Au/GST changes, which can
be recorded as a spectral wavelength shift as well as peak
intensity change in the transmission loss spectra. Strong
coupling between silica core mode and SPP mode is possible
because high birefringence effect is achieved in the fiber, by
placing big air holes close to the core region.

Finite element method was used to study the performance of
the proposed PCF sensor. In the simulation, the perfectly
matched layer was set to the boundary surface, which can
absorb the radiant energy and resist the reflection of any stray
energy from the fiber axis. Since the background material of
the sensor is fused silica, we obtained the wavelength
dependent refractive index of silica from Sellmier equation

(28],
) A?
" _1=Z,12 =z

Where n is the refractive index and A; and A; are the fitting
parameters, which are A1=0.0684043, 1,=0.1162414,
13=9.8961611 and A1=0.6961663, A,=0.4079426,
A3=0.8974794. The wavelength dependent complex
permittivities of gold are calculated using the Drude model
[29],

wp
=1 -—- 2
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With w, and T}, is the plasma frequency and damping rate,
respectively, which are o, = 9.06eV and I, = 0.07eV.
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Experimentally determined complex refractive indices of
GST thin film was used in the simulation. The complex
refractive indices of GST were determined using spectroscopic
ellipsometry (J. A. Woollam Co., Inc, V-VASE). In Fig. 2a,
we show the ellipsometrically acquired and fitted optical
constants of GST. To obtain the optical constants of GST in
both amorphous and crystalline phases, initially 20 nm GST
thin film was deposited on a silicon substrate and a Tauc-
Lorentz model was used to fit the measured ellipsometry data.
Since ‘as deposited” GST sample was in amorphous phase
(aGST), we annealed the sample at 160°C for 30 min to switch
the phase of the GST from amorphous to crystalline. The
crystalline GST (cGST) was fitted using a Tauc-Lorentz
oscillator model. It is evident that there is a significant
variation in both n and k values by switching the phase of the
GST from amorphous to crystalline. Fig. 2b shows the optical
contrast between both phases of GST thin film. As can be
seen, GST shows large changes in refractive index (4n) with
low-loss (4k) behavior in the NIR wavelengths, therefore it
can be used as a functional material in the PCF to tune the
refractive index sensitivity of PCF sensor.
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Fig.2. Experimentally determined (a) Complex refractive indices of GST in
both phases (b) Refractive index difference between both phases of GST

I11. Results and Analysis

Since the sensing mechanism is based on the coupling
between the SPP modes excited at the Au/GST hybrid layer
with the core mode of the fiber, we only consider y-polarized
mode in our analysis. In Fig. 3a and Fig. 3b, we show the
dispersion relation (real parts of effective index) and loss
spectrum of fundamental silica core mode (guided mode), and
SPP mode of Au/GST hybrid layer when GST is in amorphous
and crystalline phase, respectively. In the calculation, the
refractive index of surrounding medium is set to 1.38. The loss
values (o (y)) in dB/cm are calculated by using the expression,

a(y) = 8.686 x = Im(n,sr) x 10*  (3)

As shown in Fig. 3a, the SPP mode and the silica core mode
coupled at a wavelength of 1.26 um for aGST. In particular,
the effective indexes of both modes are close to each other and
loss values are matched at the coupling wavelength. This
perfect coupling is achieved due to the low absorption of
aGST at 1.26 um. In the case of cGST, coupling happened at a
wavelength of 1.38 um (Fig. 3b). The observed increase in
coupling wavelength is due to the increase in refractive index
of GST from amorphous to crystalline phase transition. As can
be seen, the effective index of both modes is exactly equal at

1.38 um, however, the loss values are not matched. Thus,
incomplete coupling is obtained due to the higher absorption
of cGST. The electric field distribution of coupled mode at
1.26 pm and 1.38 pm for aGST and cGST is shown in the
inset of Fig. 3a and Fig. 3b, respectively. (See supporting
information for more details)
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Fig.3. Dispersion relation (effective index) and loss spectrum of fundamental
silica core mode (guided mode) and SPP mode of Au/GST layer when GST is
in (a) amorphous phase (aGST) and (b) crystalline phase (cGST)
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It is evident that strong decaying field is present at Au/GST
hybrid layer for both phases of GST. The coupling condition
between the SPP mode and the core mode changes when the
refractive index of the surrounding medium changes. As a
result, tiny refractive index changes at the Au/GST hybrid
layer can be recorded from transmission loss spectrum. In Fig.
4, we show the calculated transmission loss spectra of the
sensor for both phases of GST when the refractive index of
surrounding medium (analyte) is varied from 1.35 to 1.40. The
considered refractive index range covers the refractive index
of unknown analytes such as DNA/RNA, viruses, proteins,
cancer cells and glucose solutions [30-33].

As can be seen, the modes are observed in the NIR
wavelengths with large tunability in peak wavelength and
peak intensity, by switching the phase of the GST layer from
amorphous to crystalline. It is important to note that the
wavelength tunability is increased with increase in the
refractive index value of analyte, as the obtained wavelength
shift for 1.35 and 1.40 is 20 nm (Fig. 4a) and 500 nm (Fig. 4f),
respectively.
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Fig.4. Transmission loss spectrum for both phases of GST when the refractive
index of analyte is varied from (a) 1.35 to (f) 1.40 with a step of 0.01.

This is because the resonance (peak) wavelengths are red
shifted with increasing the refractive index of analyte. As a
result, wavelength shift increased since the refractive index
contrast between amorphous and crystalline phase increases
with increasing wavelength up to 2 um (see Fig. 2b). In
addition, we observed significant change in peak loss intensity
by switching the phase of the GST from amorphous to
crystalline. For a surrounding refractive index of 1.35,
obtained peak loss is 185 dB/cm for aGST, however, this

value is increased to 240 dB/cm for cGST (Fig. 4a). The
observed increase in peak loss intensity for cGST is due to the
higher absorption of cGST compared to aGST (see Fig. 2a). It
shows that both wavelength shift and peak loss intensity
change can be considered as a tunable sensing parameter for
the proposed reconfigurable PCF sensor. However, the
wavelength shift is more linear compared to peak intensity
change with variation in refractive index of analyte. In Fig. 5,
we plot the obtained peak wavelength in the loss spectrum as a
function of refractive index of analyte (1.35-1.40), for both
phases of GST. It is evident that almost linear variation is
obtained with change in refractive index of analyte.
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Fig.5. Peak wavelength change with varying refractive index of analyte for (a)
aGST and (b) cGST. (c) Sensor response (wavelength shift) by varying the
refractive index of analyte for both phases of GST.

In Fig. 5a and 5b, the peak wavelengths are fitted using the
following linear fitting equations,

Apeak (aGsT) (um) =801xn, —977 (4)
Apeak(cesty (Mm) =17.48 xn, —2263  (5)

Where Apeak (agst) @Nd Apeak (cgsTy represents the peak
wavelength for amorphous and crystalline phase, respectively
and n, is the refractive index of analyte. We obtained a R2
value of 0.99 for aGST and 0.96 for cGST, which ensures the
linear performance. For aGST, with an analyte refractive
index of 1.40, the obtained peak wavelength is 1.46 um and
the corresponding red shifted peak wavelength for cGST is
1.96 pm. In Fig. 5¢, we show the calculated wavelength shift
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variation (with respect to minimum refractive index of 1.35)
for both phases of GST. A maximum wavelength shift of 400
nm for aGST and 880 nm for cGST is obtained. Thus, the
calculated average bulk refractive index sensitivity (S =
Adpear/Adng) of the proposed sensor is minimum for
amorphous phase, 8,000 nm/RIU and maximum for crystalline
phase, 17,600 nm/RIU.

The observed high sensitivity of the proposed D-shaped
PCF sensor is due to the huge field confinement at Au-GST
hybrid layer since the refractive index of GST thin layer is
very high in the NIR wavelengths. Notably, extraordinary
tunability with two times increase in sensitivity is obtained by
switching the phase of the GST from amorphous to crystalline.
Since the refractive index of c¢cGST is higher compared to
aGST in the NIR wavelengths, higher field confinement is
possible for cGST [30], as a result maximum sensitivity is
obtained when GST thin film is in crystalline phase. We then
calculated the minimum detectable refractive index limit or
resolution of the sensor, which can be calculated from [18],

Resolution = An, x (22min) (6)

Aflpeak

where A4,,;,, represents the minimum spectral resolution, which
is set to be 0.1 nm. The calculated resolution of the sensor is
1.25x10° RIU and 5.55x10% RIU for aGST and cGST,
respectively. Higher resolution is obtained for cGST, which
indicates that the sensor detects smaller refractive index
changes when GST is in crystalline phase.

We further analyzed the tunable amplitude sensitivity of
the sensor by calculating the optical power loss with respect to

refractive index analyte at a fixed wavelength. It can be
expressed by [20],
Sa — Aa(Angnatyte)/ Aanaiyte (7)

a(/lvnanalyte)

where, a(d, Ngnayee) 1S the fundamental mode confinement
loss at a particular wavelength and analyte refractive index.
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Fig.6 Confinement loss of the sensor as a function of analyte refractive index
for both phases of GST and two excitation wavelengths (1200 nm and 1300
nm).
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In Fig. 6, we plot the calculated fundamental mode
confinement loss of the sensor as a function of analyte
refractive index for two excitation wavelengths (1200 nm and
1300 nm) and both phases of GST. The confinement loss
varies with refractive index of analyte and wavelength. More
importantly, the mode confinement loss changes drastically by
switching the GST phase from amorphous to crystalline. We
calculated the amplitude sensitivity at 1300 nm wavelength by
considering the maximum confinement loss at an analyte
refractive index of 1.38, with respect to the confinement loss
obtained at a minimum refractive value of 1.35. The calculated
amplitude sensitivity at 1300 nm is 61 RIU and 300 RIU! for
aGST and cGST, respectively. It indicates that amplitude
sensitivity also significantly changes with phase change of
GST.

The figure of merit (FOM) of the sensor is the another key
sensor characteristic parameter, which can be obtained from
sensitivity and full width at half maxima (FWHM) of the

mode [20], that is FOM =Z2RYD - gince FOM is a
FWHM (nm)

wavelength dependent parameter, we report the maximum
FOM of the sensor, which is 245.32 RIU? for aGST and
337.38 RIU? for cGST. The performance analysis of the
proposed sensor with existing PCF sensors is shown in Table
1.

TABLE |

PERFORMANCE ANALY SIS OF THE PROPOSED PCF SENSOR WITH PREVIOUS
REPORTED PCF SENSORS

Average
Bulk RI Amp. RI
Ref. Structure RI Wave. Sen. Res.
range Sen. (RIUY) (RIU)
(nm/RIV)
[18] Gold-D 1.33- 5,600 NA 9.56x10°®
shape PCF 1.38
SPR
[19] Gold/ 1.32- 4,250 NA 2.98x10°®
graphene- 135
D shape
PCF SPR
[20] TiN-D 1.485- 7,571 206 NA
shape PCF 1.52
SPR
[21] D shape 1.33- 5,600 NA NA
Hi-Bi PCF 1.38
SPR
[37] Multi- 1.33- 4,600 NA 5.25x10°°
channel 1.39
PCF SPR
[38] Silver 1.35- 4,000 NA 2.94x10°°
nanowires - 15
D shape
PCF
[39] Gold/MoSz/ 1.33- 9,500 NA 6.70x10°®
graphene - 1.40
D shape
PCF
[40] ITO-D 1.33- 12,500 74 5.80x10°®
shape PCF 1.35
SPR
This GST/gold- 1.35- 8,000 61 1.25x10°°
work D shape 1.40 (@GSsT)
PCF SPR 17,600 300 5.55x10°®
(cGST)

RI- refractive index, Wave. - Wavelength, Sen. — Sensitivity, Amp. -
Amplitude and Res. — Resolution
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In contrast to existing PCF sensors, the proposed sensor
provides extreme average refractive index sensitivity of
17,600 nm/RIU when GST is in crystalline phase. In
particular, the sensitivity can be tuned between 8,000 nm/RIU
and 17,600 nm/RIU, which is the most important feature of
the proposed PCF sensor. In short, a tunable biosensor device
can be developed using this configuration so that the
sensitivity of the device can be tuned by electrically or
optically. In order to emphasis the key role of GST layer in the
sensor, we investigated the sensing performance of the same
PCF sensor by replacing GST layer. The simulated sensor
geometry is same as that shown in Fig. 1, but there is no GST
layer. Transmission loss spectrum of this sensor with different
refractive indices of analyte is shown in Fig.7. In comparison
to ‘with GST layer sensor’, the resonance peak wavelengths
are resulted at lower wavelengths due to the absence of GST
layer. A red shift in peak wavelength is obtained with increase
in the refractive index of analyte that characteristic matches
with the proposed ‘with GST layer sensor’. However, the
calculated bulk refractive index sensitivity (2,000 nm/RIU)
and resolution (2.50x10°° RIU) of ‘without GST layer sensor’
are much lower compared to ‘with GST layer sensor’. About
8-fold increase in sensitivity (with respect to the sensitivity of
c¢GST) with much higher resolution is obtained by introducing
a thin GST layer in the D-shaped PCF SPR sensor. The
proposed sensor can be developed using the currently
available fabrication techniques, as several D-shaped PCF
based SPR sensors have been experimentally demonstrated
[34, 35] and the deposition of PCM thin films on different
materials have already been realized [25, 36].
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Fig.7 Transmission loss spectrum of a ‘without GST layer sensor’ for different
refractive indices of the analyte.

IV. CONCLUSION

In summary, we numerically investigated the tunable and
enhanced refractive index sensing performance of a SPR-
based D-shaped PCF sensor at NIR wavelengths. Tunability
and extraordinary sensitivity are realized by incorporating a
high index thin phase change chalcogenide material such as
GST in the sensor. By switching the structural phase of GST
layer from amorphous to crystalline, the average bulk
refractive index sensitivity is tuned from 8,000 nm/RIU to
17,600 nm/RIU for an analyte refractive index range of 1.35 to
1.40. We observed that peak intensity in the loss spectrum can
also be tuned through the non-volatile phase transition of
GST. The realized sensing performance of the proposed sensor

is better compared to the existing SPR-based PCF sensors.
The tunable differential response of the proposed sensor could
be a good addition for the future intelligent sensing
applications.
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