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Multi-resonance enhanced photothermal
synergistic fiber-optic Tamm plasmon polariton
tip for high-sensitivity and rapid hydrogen
detection

Xinran Weil, Yuzhang Liang'*, Xuhui Zhang?3, Rui Li!, Haonan Wei?,
Yijin He!, Lanlan Shen?, Yurui Fang?, Ting Xu*>* and Wei Peng!

Accurate and real-time detection of hydrogen (H») is essential for ensuring energy security. Fiber-optic H> sensors are
gaining attention for their integration and remote sensing capabilities. However, they face challenges, including complex
fabrication processes and limited response times. Here, we propose a fiber-optic Ho sensing tip based on Tamm plas-
mon polariton (TPP) resonance, consisting of a multilayer metal/dielectric Bragg reflector deposited directly on the fiber
end facet, simplifying the fabrication process. The fiber-optic TPP (FOTPP) tip exhibits both TPP and multiple Fabry-Per-
ot (FP) resonances simultaneously, with the TPP employed for highly sensitive Hy detection. Compared to FP reso-
nance, TPP exhibits more than twice the sensitivity under the same structural dimension without cavity geometry defor-
mation. The excellent performance is attributed to alterations in phase-matching conditions, driven by changes in pene-
tration depth of TPP. Furthermore, the FP mode is utilized to achieve an efficient photothermal effect to catalyze the re-
action between H, and the FOTPP structure. Consequently, the response and recovery speeds of the FOTPP tip under
resonance-enhanced photothermal assistance are improved by 6.5 and 2.1 times, respectively. Our work offers a novel
strategy for developing TPP-integrated fiber-optic tips, refines the theoretical framework of photothermal-assisted detec-
tion systems, and provides clear experimental evidence.

Keywords: fiber-optic hydrogen sensor; Tamm plasmon polariton; photothermal synergistic effect; dynamic response
enhancement; cost-effective production

Wei XR, Liang YZ, Zhang XH et al. Multi-resonance enhanced photothermal synergistic fiber-optic Tamm plasmon polariton tip for
high-sensitivity and rapid hydrogen detection. Opto-Electron Sci 4, 240029 (2025).

Introduction construction, transportation, and other fields due to its
Hydrogen (HZ)’ as a green renewable energy source, is excellent combustion performance and environmentally
anticipated to replace traditional fossil fuels in industries, friendly characteristics"?. However, H, is a highly
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flammable and explosive gas, with a risk of explosion
when its concentration in the air exceeds 4%. Additional-
ly, H, is colorless and odorless, difficult to perceive di-
rectly. Therefore, it is extremely crucial to develop high-
performance Hj sensors for real-time detection of H,
concentration in these processes involving its produc-
tion, storage, transportation, and utilization®. Optical
sensors based on hydrogen-sensitive materials like palla-
dium (Pd), platinum (Pt), and their alloys, have become
prominent and feasible solutions for real-time
detection®®. Unlike traditional electrical sensors”'’, these
optical sensors exhibit a reduced risk of explosion and
lower power consumption, making them more competi-
tive for various application scenarios. Moreover, with the
rapid development of Internet of Things (IoT) technolo-
gy, optical sensors are increasingly focused on miniatur-
ization and integration.

Fiber optic sensors, as integrated and miniaturized al-
ternatives to prism or on-chip devices, combine optical
sensing with optical transmission capabilities. They offer
enhanced flexibility, robust resistance to electromagnet-
ic interference, and the potential for remote monitoring
and distributed measurement''-'*. Consequently, consid-
erable efforts have been devoted to developing highly
sensitive and fast-response fiber-optic H, sensors using
various resonance coupling mechanisms, such as Fabry-
Perot (FP) interferometers'®?, fiber Bragg gratings*'?,
tilted fiber Bragg gratings®, Mach-Zehnder interferome-
ters*, fiber optic surface plasmon resonance*?°, and the
like. The response time of these fiber-optic sensors typi-
cally depends on the H, permeability of the H,-sensitive
material, which is negatively correlated with its thick-
ness and positively correlated with the working tempera-
ture?”. Therefore, increasing the operating temperature is
an effective strategy to improve the response time of the
H, sensor with fixed structural dimensions. Contem-
porarily, photothermal effects have been integrated into
various emerging optoelectronic devices for their precise
and non-contact heating capabilities?*. This approach
provides an all-optical pathway to develop temperature-
assisted fiber-optic sensors for rapid H, detection®"*.
Nevertheless, the theoretical analysis and experimental
investigation of the photothermal effect in the reported
photothermal-assisted Hj, detection remain insufficient,
hindering the optimal utilization of the photothermal ef-
fect in these systems.

Despite significant advancements in developing high-
performance fiber-optic H, sensors have been achieved,

these efforts often rely on complex fabrication processes
such as photolithography, fiber modification, and struc-
tural transfer, which restricts the potential for achieving
low-cost and large-scale production of fiber-optic H;
sensors. Tamm plasmon polariton (TPP), as a boundary
state mode, is excited at the interface between the dis-
tributed Bragg reflector (DBR) and metal film*~. The
geometry structure supporting the TPP mode is con-
structed using only planar multilayer films, bypassing the
requirement for photolithography or structural transfer
methods. Consequently, TPP in multilayer films has at-
tracted considerable attention in various fields, includ-
ing biochemical sensing®**!, filtering and absorption*>*,
nonlinear optics*, and electro-optic modulation*. How-
ever, electric fields in TPP-based optical sensors are
mainly concentrated inside the structure, resulting in rel-
atively low sensitivity and thus not appropriate for bioas-
says. One effective solution is to replace the metal film
with sensitive materials to achieve high-sensitivity detec-
tion of specific analytes®, which is consistent with the
principle of H, detection*. Furthermore, the excitation
of TPP does not necessitate strict control of the angle
and polarization of incident light. Therefore, it can be di-
rectly integrated into the fiber end facet without requir-
ing special fiber treatment. Nevertheless, to the best of
our knowledge, TPP-integrated fiber-optic devices con-
structed by multilayer planar films, including sensors
and other optoelectronic devices, have not been experi-
mentally reported until now.

In this paper, we experimentally integrate multilayer
planar DBR and H;-sensitive metal Pd onto the end facet
of fiber for the first time, supporting the excitation of
TPP and FP modes. By assigning distinct functions to
different resonance modes, a multi-resonance enhanced
photothermal synergistic FOTPP H, sensing tip is both
theoretically and experimentally demonstrated. In this
system, TPP mode with higher sensitivity is utilized for
H, detection, while the high-absorption FP resonance
enhances the photothermal catalytic effect, thereby im-
proving the dynamic response speed of H; detection. We
elucidate theoretically the H; sensing mechanism of TPP
by comparing it with FP resonance, providing a novel
design scheme for multilayer planar sensors. Further-
more, the dependence of TPP's sensitivity on Pd film
thickness has also been thoroughly analyzed and dis-
cussed theoretically and experimentally. Due to the im-
proved reproducibility demonstrated by the FOTPP tip
with a thicker Pd film, we highlight its sensing perfor-
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mance, including sensitivity, repeatability, and stability.
Compared to traditional FP resonance sensing struc-
tures, the FOTPP Hj sensing tip exhibits excellent H; de-
tection performance and minimal cross-sensitivity due to
its independence from Pd film deformation. Additional-
ly, we provide a comprehensive theoretical and experi-
mental investigation of the high-efficiency heating and
catalytic effects of FP resonance photothermal effect, in-
cluding their dependencies on resonance wavelength,
laser power, and Pd film thickness. The results indicate
that the FP resonance-enhanced photothermal effect sig-
nificantly accelerates the response and recovery speeds of
the FOTPP sensing tip and surpasses the photothermal
assistance provided by non-resonance modes. This pro-
vides the necessary theoretical and experimental valida-
tion for the photothermal-assisted detection system.

Structural design and analysis of
sensing mechanism

Figure 1(a) and 1(b) depict three-dimensional schematic
diagram and cross-section of the proposed FOTPP sens-
ing tip, which consists of both dielectric DBR and H,-
sensitive metal Pd. The DBR is composed of 5 pairs of al-
ternately stacked Al,O3 and TiO, dielectric layers, de-
signed to create photonic bandgaps. The thicknesses of
the TiO, and Al,Oj3 layers satisfy the Bragg condition:
1ih; = ABragg/4 (i = 2, 3), where n; and h; represent the re-
fractive index and thickness of TiO; and Al,Os, respec-
tively, and Apragg represents the Bragg wavelength. In this

B ™
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Broadband
light

https://doi.org/10.29026/0es.2025.240029

design, the values of n; and n3 are measured by the ellip-
someter (M-2000 V), while the complex refractive in-
dices of Pd and PdH, are taken from the reported litera-
ture”’, as shown in Supplementary information Fig. S1.
Besides, Apragg is fixed at 400 nm with a 42 nm thick TiO,
layer and a 60 nm thick Al,O3 layer, and the thickness of
the top Pd film is denoted as h;. The preparation of
FOTPP tips is detailed in the "Sample preparation” sec-
tion. The cross-sectional scanning electron microscope
(SEM) image on the right side of Fig. 1(b) demonstrates
the uniformity of periodically stacked layers. Additional-
ly, the metallic Pd not only excites TPP at the Pd/DBR
interface but also serves as an Hj sensing layer. As shown
in Fig. 1(c), there are both TPP and FP resonance modes
generated in the FOTPP tip. The hydrogenation of the
Pd film causes a redshift in the TPP resonance wave-
length, thereby enabling H, detection through wave-
length demodulation. Due to the inherent response re-
covery characteristics of Pd film, the FOTPP sensing tip
also exhibits good repeatability. Furthermore, the pho-
tothermal effect induced by the FP resonance mode is
employed to improve the response recovery speed of the
FOTPP sensing tip.

Optical properties of the FOTPP tip are calculated by
both the transfer matrix method (TMM) and the finite-
difference time-domain (FDTD) method. Figure 2(a)
shows the TMM-calculated dependence of reflection
spectra on the thickness of Pd film. When there is no Pd
film on the FOTPP tip, its reflection spectrum exhibits a

TPP
h, —=

h,

200 nm
hsy
Ls| Heating
7 |
A :
Q (8]
C
i &
O
=
Photothermal & FP
cO @ 9l
- Wavelength
N | | | Pd

Fig. 1 | Photothermal synergistic TPP Hz detection system integrated on the fiber tip. (a) Three-dimensional schematic of the fabricated fiber-op-

tic TPP (FOTPP) tip with broadband halogen source (blue beam) and narrowband laser (red beam), along with a photograph of the actual fabri-
cated FOTPP tip. (b) Its cross-section and SEM image for the FOTPP tip, where h1, ha, and hs denote the thicknesses of Pd, TiO2, and Al2O3 lay-
ers, respectively. (c) Schematic of spectral working principle of photothermal synergistic FOTPP H, sensing tip and the response/recovery char-

acteristics of resonance wavelength under photothermal (red curve) and non-photothermal (black curve) synergistic conditions.
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primary bandgap around 400 nm. With the increased
thickness of the Pd film, a resonance dip (labeled as D)
appears within this bandgap, along with two resonance
dips at longer wavelengths labeled as D, and Dj3. The res-
onance depth of dip D; increases with the thickness of
the Pd film, reaching a maximum near 50 nm. Besides,
the effects of other structural parameters on the charac-
teristic spectra are detailed in Supplementary informa-
tion Fig. S2. For a direct comparison, the DBR is equiva-
lent to a dielectric layer with an average RI of
i = (nyhy, + nshs)/ (hy + hs)*®, serving as an FP reso-
nance structure. Unlike the TPP resonance structure, the
reflection spectra of the FP resonance structure exhibit
four distinct orders of FP resonance dips, labeled as Dy,
D), Ds', and Dy, as illustrated in Fig. 2(b). We further
compared the H, detection sensitivity of the two differ-
ent structures using TMM to demonstrate the superiori-
ty of the multilayer TPP resonance structure. Figure 2(c)
illustrates the wavelength shift of the resonance dips of
TPP (top panel) and FP (bottom panel) resonance struc-

H TPP tip n Ftip

tures after the hydrogenation of Pd films with different
thicknesses. The results indicate that resonance dip D;
exhibits higher sensitivity compared to dips D, and Ds.
Furthermore, the sensitivity of the resonance dip D; de-
creases rapidly as the Pd film thickness increases before
stabilizing. Therefore, considering potential processing
errors, it is crucial to use a sufficiently thick Pd film to
ensure high reproducibility in the sensitivity of FOTPP
tips. Furthermore, the sensitivity of the FP resonance
structure is comparable to that of D, and Dj, but less
than half of the resonance dip D; mode in the FOTPP
resonance structure for different thicknesses of Pd film.
Therefore, the proposed FOTPP resonance structure
demonstrates superior performance compared to the FP
resonance structure for H, detection. The generation
mechanisms of the resonance dips Dj, D,, and Ds are in-
vestigated through simulated electric field distribution.
As shown in Fig. 2(d-f), resonance dip D; exhibits the
strongest electric field at the DBR/Pd interface, gradually
decaying within the DBR with a periodically modulated
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Fig. 2 | Photoelectric characteristics of the FOTPP tip for Ha detection. TMM calculated the reflection spectra of (a) FOTPP and (b) FP tips with
different thicknesses of Pd film. The white dashed line marks the main bandgap location of the DBR. (c) Wavelength shifts of the resonance dips
of TPP (top panel) and FP (bottom panel) tips after hydrogenation at various thicknesses of Pd film. (d—f) Simulated electric field profiles for three
resonance dips supported by the FOTPP tip with a 50 nm thick Pd film, where Eg denotes the incident electric field intensity.
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exponential envelope, a typical characteristic of TPP. In
contrast, resonance dips D, and D3 produce interference
fringes with highly uniform intensity, indicating their
origin from different orders of FP resonance. Conse-
quently, the sensitivity of the TPP mode surpasses that of
the FP resonance mode.

To explain this phenomenon, the response mecha-
nism of TPP to the hydrogenation of the Pd film is ex-
plored theoretically. Figure 3(a) depicts the electric field
distribution curves of TPP before and after hydrogena-
tion for a 50 nm thick Pd film. These results indicate
that, after Pd hydrogenation, the electric field intensity of
the TPP weakens, accompanied by a decrease in the pen-
etration depth of the TPP into the DBR (Lpragg). Here,
the penetration depth is defined as the minimum of the
electric field envelope. Additionally, Fig. 3(b,c) illus-
trates the dependence of the TPP electric field on the
thickness of Pd film before and after hydrogenation,
while Fig. 3(d) summarizes the maximum electric field
intensity of TPP at the Pd/DBR interface. Both Lpagg and

H h,=50 nm n Pd

https://doi.org/10.29026/0es.2025.240029

the electric field intensity of TPP mode increase with the
thickness of the Pd/PdH, layer, meanwhile they tend to
stabilize as the thickness of Pd/PdH, approaches 50 nm,
indicating a correlation with reflection intensity. Addi-
tionally, both Lpragg and the electric field intensity of TPP
before hydrogenation are always greater than those after
hydrogenation, which is attributed to the reduced reflec-
tion intensity of Pd film after hydrogenation, as shown in
Fig. 3(e). Therefore, Lpragg is positively correlated with
the reflection intensity of the metal film on top of the
DBR because greater reflection intensity excites stronger
TPP resonance, in turn requiring a longer Lpragg for at-
tenuation. This phenomenon is key to achieving the Hj-
induced wavelength shift of the TPP resonance. We fur-
ther elucidate the response mechanism of TPP mode
through its phase-matching condition as below*:

w — wBragg

2ﬁLBragg : c = (PPd/Pde ) (1)

where w and wpragg is the resonance angular frequency of
TPP and Bragg frequency, c is the speed of light, and

PdH, ﬂ
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Fig. 3 | Response mechanisms of resonance wavelength in TPP mode. (a) Calculated electric field distribution at the resonance wavelength of
TPP supported by the FOTPP tip before (top panel) and after hydrogenation (bottom panel). The dependence of the electric field distribution of
TPP (b) before and (c) after hydrogenation on the thickness of the Pd film. The individual electric field curves are shifted upwards for clarity. The
circle marks indicate the position range of Lpragg (near the minimum of the electric field envelope). (d) The maximum electric field intensity of TPP
at the Pd/DBR interface as a function of Pd film thickness. (e) Reflection intensity difference and (f) reflection phase difference between PdH, and
Pd films at different thicknesses. (g) Dependency of the total phase contribution of the DBR on the penetration depth of TPP in DBR (Lgragg)
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@pd/pdHy is the reflection phase of Pd/PdH,. The left and
right sides of the equation represent the total phase con-
tributions of the DBR and the Pd/PdH, film to TPP reso-
nance. In contrast, the phase matching condition for FP

resonance is also presented as:

/

2nh - " + Poparr, = 27N ()

where ' is the angular frequency of FP resonance mode,
h is the total thickness of DBR, and N is an integer. Be-
cause the above two equations for both resonance modes
incorporate the total phase contribution of the metal
film, the reflection phases of the Pd and PdH, films are
calculated and shown in Fig. S3. Figure 3(f) illustrates the
reflection phase difference (@pgrx — @pa) before and af-
ter the hydrogenation of the Pd film. The results show
that the change in the reflection phase of Pd films with
different thicknesses before and after hydrogenation is
minor. According to Eq. (2), the variation of the frequen-
cy of the FP resonance mode depends mainly on the dif-
ference between ¢pgmy and ¢pq (other terms are constant
or have negligible variation). Therefore, the wavelength
shift of the FP resonance mode is relatively small. Differ-
ent from the FP resonance mode, the wavelength shift of
the TPP resonance mode mainly originates from the
variation of Lpragg. As depicted in Fig. 3(g), the Lpragg
variation significantly affects the total phase contribu-
tion of the DBR, resulting in a significant resonance
wavelength shift of the TPP. Differentiating Eq. (1) with

respect to Lpragg, We have:

do ¢ Prawar, | YPrapan,
= — - + )
dLBragg 2nLBragg LBragg dLBragg

where dgpd/pdHx /dLBragg approaches to 0 (dgpd/pdmsx is
minor) as well as both ¢pg and ¢pgr, are always negative,
this derivative is always greater than 0, that is, the reso-
nance angular frequency of TPP is positively correlated
with Lpragg. Therefore, we demonstrate that the hydro-
genation of the Pd film results in a reduction of Lpragg,
thus causing the redshift of TPP resonance wavelength.
Moreover, the second-order differential of Eq. (1) is ap-
proximated as follows:
dw c
ALirage’  27Lpnngs

dz(de/Pde _ 2d¢Pd/PdHX + 2(PPd/Pde
dLBragg2 LBraggdLBragg

2
LBragg

~ Prapan, 1 ' (4)

~

3
n LBragg

Since Eq. (4) is always less than 0, the resonance fre-
quency of TPP exhibits a greater variation rate when
Lpragg is smaller. As previously mentioned, Lpragg is posi-
tively correlated with Pd film's thickness. This indicates
that the sensitivity of TPP is negatively correlated with
the thickness of the Pd layer when the Pd thickness is rel-
atively small, which is consistent with the result of Fig.
2(c). However, in this case, Lpragg has a strong depen-
dence on the Pd film's thickness, resulting in poor ro-
bustness of the FOTPP tip's sensitivity. The strong de-
pendence of sensitivity on the thickness of the Hj-sensi-
tive material is also a common issue for many H; sen-
sors. To address this issue, the thickness of the Pd film is
increased to 50 nm in the experiment to minimize the
dependence of Lpragg on Pd film thickness, ensuring that
the fabricated FOTPP tip has relatively stable sensitivity
within the permissible error range. Furthermore, as
shown in Fig. 2(c), the FOTPP tip exhibits more than
twice the sensitivity compared to the FP resonance struc-
ture, even for the thicker Pd film. Therefore, the FOTPP
tip with a thicker Pd film simultaneously offers the ad-
vantages of high sensitivity and high reproducibility in
fabrication.

Hydrogen sensing application of
photothermal synergistic FOTPP tip

The fabricated FOTPP tip is employed in H; detection to
experimentally validate the rationalization of the pro-
posed theory. Figure 4(a) illustrates the schematic dia-
gram of the detection setup. Different H, concentrations
are prepared using the mixture of high-purity nitrogen
and high-purity H, in various proportions in a gas
chamber controlled by two mass flow meters. The
FOTPP sensing tip is placed inside the gas chamber, and
a terminal reflection spectroscopy system captures the
spectra and dynamically collects the resonance wave-
length of TPP. As shown in Fig. 4(b), the experimentally
measured reflection spectra of the FOTPP tip (top
panel), without a Pd film and with a 50 nm thick Pd film,
exhibit spectral characteristics consistent with theoreti-
cal alculations (bottom panel). This indicates that the de-
signed FOTPP tip can support three distinct resonance
modes simultaneously. The resonance intensity discrep-
ancy of dip D; is mainly attributed to the differences in
the permittivity of the metal Pd, as well as thickness devi-
ation, roughness, and imperfect uniformity of multilayer
film. The sensitivity of the FOTPP tip is further assessed
by placing it in different H, concentrations. Figure 4(c)
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illustrates the experimental spectra of the FOTPP tip at
varying H, concentrations, revealing a redshift of TPP
with increasing H, concentration. To demonstrate the
response recovery properties and signal-to-noise ratio of
the FOTPP tips, the gas in the chamber is cyclically
switched between 100% N, and a specific H, concentra-
tion, maintaining each time interval of 300 s. The H,
concentration gradually increases from 0% to 3.5%, then
decreases from 3.5% back to 0%. This detection concen-
tration range enables real-time quantitative monitoring
of Hj concentration in applications such as H, produc-
tion and storage facilities, fuel cell systems, and the
chemical industry, thereby addressing the safety require-
ments in industrial and energy storage and other fields®.
Besides, according to our laboratory's safety manage-
ment regulations, the case of H, concentration excessing
4% is not considered. Figure 4(d) and 4(e) show the
amount of wavelength redshifts and real-time wave-
length response of the FOTPP tip during the process. Ex-
perimental results indicate that the resonance wavelength

—

of TPP is approximately linearly correlated with the H,
concentration, with the sensitivity S for both cycles re-
maining nearly consistent at approximately 0.661 nm/1%.
The discrepancy between experimental and theoretical
sensitivities is attributed to the incomplete hydrogena-
tion of the Pd film and processing errors. In general, the
limit of detection is defined as 30/S, where o represents
the standard deviation of the baseline (~0.0163 nm, as
shown in Supplementary information Fig. S5(b)). There-
fore, the ideal limit of detection of the sensor is deter-
mined to be 0.074%, showing the potential of FOTPP
tips for detecting low H, concentrations. Additionally,
after responding at different H, concentrations, the reso-
nance wavelengths of TPP return to the initial positions
in high-purity N, demonstrating good response recov-
ery characteristics. Furthermore, we demonstrate that
the resonance wavelength shift of TPP has a linear rela-
tionship with the external temperature, as shown in Fig.
4(f) and 4(g). Since the FOTPP H, sensor does not rely
on the deformation of a suspended thin film, it exhibits a
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Fig. 4 | Experimental measurements of H, concentration using the fabricated FOTPP tip. (a) Schematic of the experimental setup for Hy detec-

tion, highlighting the gas sensing and spectral analysis systems in the green and blue boxes, respectively. (b) Experimentally measured (top pan-
el) and theoretically calculated (bottom panel) reflection spectra of the FOTPP tip without a Pd film and with a 50 nm thick Pd film. (c) Reflection
spectra of the FOTPP tip under various Hy concentrations ranging from 0.5% to 3.5%. (d) Wavelength redshifts and (e) real-time response of
wavelength shift for the FOTPP tip at both increasing and decreasing H, concentration pulses, ranging from 0.5% to 3.5% and 3.5% to 0.5%. (f)
Real-time wavelength shift response of TPP supported by the FOTPP tip under different working temperatures. (g) The relationship between the
amount of wavelength shifts of TPP and working temperatures. (h) The wavelength response of the FOTPP tip in continuously repeated 0.5% Ha

concentration. The black dashed line represents the locations of the average wavelength shifts.
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low temperature sensitivity of just 0.0072 nm/°C. This
indicates that the FOTPP tip possesses relatively small
cross-sensitivity, thereby enhancing its suitability for
practical environmental monitoring applications. Fur-
thermore, the FOTPP tip undergoes 8 cycles of response
and recovery pulses in a 0.5% H, concentration to
demonstrate its repeatability, as depicted in Fig. 4(h).
The average response of the FOTPP tip in multiple de-
tections of the 0.5% H; concentration has a wavelength
shift of 0.365 nm with a standard deviation of 0.0238 nm.
The small standard deviation confirms the FOTPP tip'
capability for repeated detection of low concentrations of
H, and its long-term durability. In addition to the
FOTPP tip with a 50 nm thick Pd film, the sensing per-
formance of FOTPP tips with 28 nm and 36 nm Pd films
is also shown in Fig. S4. Experimentally, the trend in sen-
sitivity variation, as illustrated in Fig. S4(c), is consistent
with the theoretical calculations in Fig. 2(c). Moreover,
to demonstrate the advantages of the FOTPP tip, the
quantitative comparison of sensing performances be-
tween our work and other recent works is listed in Table
S1. The comparison results indicate that the proposed
FOTPP tip exhibits excellent sensing performance with-
out the need for complex fabrication processes.

In addition to H; detection sensitivity, the dynamic re-
sponse speed of the sensor is also an important factor in
early warning applications for H, leakage. According to
the Arrhenius equation®, the rate of the H-Pd reaction is
positively correlated with temperature. Therefore, in-
creasing the surface temperature of the Hj sensors is an
effective method to improve its response time. Building
on the multi-resonance characteristics of FOTPP tips, we
further employ the FP resonance mode within the same
structure to enhance light absorption, enabling a local-
ized and efficient photothermal effect at the fiber tip
while ensuring no crosstalk between photothermal assis-
tance and H; sensing. Before further discussing the sens-
ing performance of the photothermal-assisted FOTPP
sensing tip, we will first provide a detailed demonstra-
tion of the photothermal effect in the FOTPP structure.
Figure 5(a) illustrates the simulated absorption spec-
trum of the FOTPP tip before and after hydrogenation.
There are three distinct absorption peaks corresponding
to TPP and two different orders of FP resonance modes.
As a representative example, a 785 nm laser (MDL-E-
785-30 mW) located at the absorption peak is employed,
while a 980 nm laser (LSR980H-4W-FC) situated at the
absorption dip is used for comparison. The reasons for

selecting a broad absorption peak rather than a narrow
absorption peak (~550 nm) for photothermal-assisted ef-
fects are summarized as two aspects: (1) a broad absorp-
tion peak exhibits excellent tolerance to deviation be-
tween the laser wavelength and the absorption peak; (2)
the photothermal effect enhanced by a broad absorption
peak demonstrates greater stability and reduced temper-
ature cross-sensitivity when the ambient environment
changes. The loaded power of these two lasers measured
using the optical power meter (S130VC) is 7 mW, as
shown in Fig. S5(a). Figure 5(b) illustrates the effect of
introducing these two lasers on the resonance wave-
length of TPP. Due to the change in the permittivity of
the materials induced by the generated photothermal ef-
fect, the TPP resonance wavelength undergoes a redshift.
Specifically, the redshift induced by the 785 nm laser is
larger, indicating a higher generating temperature.
Moreover, we demonstrate that the FOTPP tip exhibits
excellent stability when exposed to air for a prolonged
duration, either under laser illumination or non-laser il-
lumination (as shown in Fig. S5(b-d)). To quantitatively
describe the temperatures generated by these two lasers,
comprehensive photothermal numerical calculations are
performed. The scaled absorbed power Q,ps can be ex-
pressed by the following equation®':

gowe”|E[’

- __ _ ILaser : Ssim ) (5)
IRC (Pinc) : dssim

Qs =
where ¢ and ¢” represent the vacuum permittivity and
the imaginary part of the permittivity of the materials,
respectively. E is the electric field intensity in the materi-
als. Pipc and Sgim are the Poynting vectors and the illumi-
nated area (simulated region) of the incident light, re-
spectively. I1aer is the power density of the laser, defined
as the ratio of laser power to spot area. Since the spot di-
ameter is equal to the fiber core diameter (400 pm), I1aser
is determined to be 5.573x10* W/m? Based on Eq. (5),
the scaled absorption power distributions of the FOTPP
tip at wavelengths of 785 nm and 980 nm are calculated
and illustrated in Fig. 5(c) and 5(d). The absorbed power
is concentrated within the Pd film, with the FOTPP tip
showing greater absorbed power for the 785 nm laser
compared to the 980 nm laser. This indicates that reso-
nance modes can more effectively absorb light energy,
thereby enhancing light-to-heat energy conversion. Ac-
cording to the distribution of absorption power, the ther-
modynamic properties of the FOTPP resonance struc-
ture are further performed using the finite element
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Fig. 5 | Theoretical and experimental characterization of photothermal effect in the FOTPP tip with a 50 nm thick Pd film. (a) Simulated absorp-

tion spectra of the FOTPP tip before and after hydrogenation. (b) The effect of two 7 mW lasers with different wavelengths on the resonance

wavelength of TPP. Calculated absorbed power and temperature distributions at wavelengths of (c, d) 785 nm and (e, f) 980 nm. Experimentally

measured thermal images of the FOTPP tip under (g) 785 nm and (h) 980 nm laser illumination. (i—-k) Thermal images of the FOTPP tip illuminat-

ed with three higher-power 985 nm lasers (9.5 mW, 10.5 mW, and 11.5 mW). The peak temperature of the fiber-optic tip and the ambient temper-

ature are indicated in the thermal images. (I) Simulated and measured peak temperature at the FOTPP tip under different laser powers. For clari-

ty, scenarios illuminated by 7 mW and higher power lasers are differentiated by enclosing them in red and blue boxes, respectively.

method. Figure 5(e) and 5(f) illustrate the temperature
distribution of the FOTPP structure under these two
laser illuminations. The temperature within the multilay-
er structure is nearly uniform in steady state, with opti-
cal heating from the 785 nm laser and the 980 nm laser
resulting in temperatures of approximately 43.5 °C and
35.9 °C, respectively. In the experiment, thermal images
of the FOTPP tip illuminated with these two lasers (785
nm and 980 nm) are captured directly using a high-reso-
lution infrared thermal camera (FOTRIC 220 s), as de-
picted in Fig. 5(g) and 5(h). The peak temperature at the
fiber tip and the ambient temperature are also indicated
in these figures. The experimental results are in near
agreement with numerical simulations, thereby validat-
ing the relationship between the photothermal effect and
the resonance wavelength. Additionally, Fig. 5(i-1) pro-
vide theoretical and experimental evidence that the pho-
tothermal effect is proportional to laser power. This re-

sult also shows that the laser with non-resonance wave-

lengths requires higher power to achieve the same pho-
tothermal effect. Therefore, the resonance absorption ef-
fect of the structure can effectively enhance and regulate
the photothermal effect.

The photothermal-synergistic sensing setup for rapid
H; detection is developed based on the aforementioned
multi-resonance enhancement scheme. As depicted in
Fig. 6(a), the laser and broadband halogen light source
are simultaneously introduced into the FOTPP tip via
fiber-optic jumpers. Additionally, a filter is placed in
front of the spectrometer to cut off reflected light with
wavelengths longer than 750 nm, preventing potential
damage from reflected lasers. Noteworthy, all tests are
conducted in a thermally stable environment, where the
laser output power remains stable, leading to minimal
temperature variations on the sensor surface. In view of
the extremely small temperature sensitivity of TPP, the
wavelength shift induced by slight temperature varia-
tions is negligible, with only a corresponding adjustment
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of the sensor's baseline at different operating tempera-
tures. Figure 6(b) shows the real-time wavelength shift
response of the TPP mode under photothermal assis-
tance from both 785 nm (top panel) and 980 nm (bot-
tom panel) lasers, which indicates that the FOTPP tip
maintains excellent response and recovery characteris-
tics and signal-to-noise ratio under photothermal assis-
tance, as like as that under non-photothermal condi-
tions. To demonstrate the advantages of photothermal-
assisted Hj detection, Fig. 6(c) demonstrates the re-
sponse and recovery curve of TPP at a 3.5% H, concen-
tration under both non-photothermal and photothermal
conditions. Without the photothermal synergy, the re-
sponse and recovery times of Hj detection are 122 s and
179 s, respectively. However, with the photothermal as-
sistance of a 785 nm laser, the response and recovery
times are reduced by approximately 85% and 53% (~19 s
and 85 s) and are shorter than those achieved with a 980
nm laser (~25 s and 104 s). These results demonstrate
that the photothermal catalytic effect significantly im-
proves the response and recovery speeds of the FOTPP
tip, with the effect being more pronounced under reso-
nance-enhanced photothermal conditions. Figure 6(d)
and 6(e) summarize the response and recovery times of
the FOTPP tip at various H; concentrations under three

https://doi.org/10.29026/0es.2025.240029

different conditions. The results at other H, concentra-
tions further highlight the superiority of resonance-en-
hanced photothermal assistance in improving the dy-
namic response/recovery speed. Furthermore, the dy-
namic response and recovery speed of the photothermal-
assisted FOTPP tip exhibits a positive correlation with
H, concentration, as the adsorption and diffusion rates
of H, molecules are faster at higher concentrations. The
influence of the photothermal effect on the wavelength
shift of the TPP is also thoroughly explored, as illustrat-
ed in Fig. 6(f). It is noteworthy that the photothermal ef-
fect reduces wavelength shifts of the TPP mode, particu-
larly in high-concentration H, environments. This is be-
cause the increase in temperature causes the Pd lattice to
expand, facilitating the diffusion of H, into the sur-
rounding environment, thereby reducing the binding ra-
tio of H and Pd. Despite this reduction in wavelength
shift, the sensitivity remains sufficient for H, detection
application. Moreover, recent research has indicated that
an increase in temperature is beneficial for H, detection
in high relative humidity environments®. Therefore, the
photothermal effect can also provide an effective strate-
gy for overcoming environmental interference such as
high relative humidity, further highlighting the impor-
tance of developing photothermal synergistic detection
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Fig. 6 | Quantitatively assessment of the sensing performance of resonance-enhanced photothermal synergistic FOTPP tip with a 50 nm thick Pd
film. (a) Schematic of the optical setup used for photothermal assistance. (b) Real-time wavelengths shift of TPP mode supported by the FOTPP

tip under 785 nm laser illumination (top panel) and 980 nm laser illumination (bottom panel). (c) Response recovery curve of TPP at a 3.5% Ha

concentration under non-photothermal (blue curve), 785 nm-photothermal (red curve), and 980 nm-photothermal (green curve) conditions. Com-
parison of (d) response time, (e) recovery time, and (f) wavelength redshifts for the FOTPP tip at various Hy concentrations under three different

photothermal conditions.
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technology. Finally, we discuss the effect of Pd film's
thickness on the photothermal synergistic H, detection
system, as depicted in Fig. S6. This theoretical and exper-
imental evidence provides valuable insights into optimiz-
ing the photothermal-assisted detection technology.

Conclusions and discussion

In conclusion, we have successfully designed and fabri-
cated a multi-resonance enhanced photothermal syner-
gistic FOTPP Hj sensing tip. Through numerical simula-
tions and theoretical analysis, we have demonstrated that
the TPP response to H is primarily attributed to changes
in phase-matching conditions, driven by the decreased
penetration depth within the PC. This distinctive opera-
tional mechanism enhances the sensitivity of TPP to
more than twice that of the FP resonance mode. Experi-
mentally, the sensitivity of the FOTPP H, sensing tips
surpasses many fiber-optic H, sensors relying on Pd film
deformation, with extremely low temperature cross-sen-
sitivity. Furthermore, the relationship between TPP sen-
sitivity and Pd film thickness has been confirmed both
theoretically and experimentally.

In addition to the TPP resonance mode, we also
achieve an efficient photothermal effect through the FP
resonance mode in the FOTPP structure, significantly
catalyzing the reaction between Pd and H. Theoretical
and experimental results demonstrate that FP resonance
absorption effectively improves the optical heating in-
duced by the photothermal effects, thereby further re-
ducing the sensor's response and recovery times. In par-
ticular, the response and recovery speeds of the FOTPP
sensor are improved by 6.5 times and 2.1 times, respec-
tively, at an H, concentration of 3.5%. In terms of fabri-
cation, the FOTPP sensing tip offers unparalleled advan-
tages over traditional sensors, typically requiring lithog-
raphy or structural transfer. It can be fabricated simply
through thin film deposition, enabling cost-effective
batch production of the sensor. Thus, our work not only
paves a new path for integrated TPP devices but also offers
crucial theoretical reinforcement and experimental veri-
fication for photothermal-assisted sensing technology.

Notably, in certain circumstances, molecules such as
H,0, CO, and NO, can strongly bind to the surface of
H,-sensitive materials, effectively inhibiting the adsorp-
tion and dissociation of Hj,, which ultimately leads to
sensor deactivation. Fortunately, previous studies have
demonstrated that elevated temperatures can effectively
mitigate this deactivation issue®. Therefore, although the
present study only focuses on sensing applications un-

https://doi.org/10.29026/0es.2025.240029

der conventional environmental conditions, the precise-
ly controllable photothermal synergistic detection tech-
nique provides a potential strategy to overcome the com-
petitive adsorption of H,O and other molecules, thereby
enhancing the environmental adaptability of hydrogen

SENsors.

Materials and methods

Numerical simulation approach:
In the TMM calculation, the transfer matrix of each
layer can be determined by the following forms:
cosd; L sing;
M, = ,-
—in,sind; cosd;

where §; and #; satisfy the following equation:

(Si:gnihi, n= i”li . (7)
c V i

Among them, n; and h; represent the refractive index
and thickness of each layer. ¢y and y are vacuum permit-
tivity and vacuum magnetic permeability. The transmis-
sion behavior of incident light in multilayer dielectrics is
expressed as the multiplication of the transfer matrix of
each dielectric layer:

(E)=(m) (&)
(eo)(i) @

where A, B, C, D are the elements of the total matrix of

2x2. The reflection coefficient of the multilayer struc-
ture can be written as follows:

— Aty + By, — C— Dipy,, ) (9)
Aty + Bty + C+ Dy,

In the FDTD simulation, a two-dimensional simula-
tion is employed in the x-z plane, with periodic bound-
ary conditions and perfectly matched layers applied
along the x and z directions. The incident light has an
electric field amplitude of 1 V/m, with the incident and
polarization directions along the z and x axes, respectively.

In the thermal simulation, the temperature of the am-
bient surroundings is fixed to 24 °C. We assume that the
temperature returns to the ambient temperature after
propagating 1 mm inside the fiber core. Besides, the top
of the FOTPP tip is cooled convectively via natural con-
vection with a convective heat transfer coefficient of 10
W/(m?-K). The material parameters used in the thermal
simulations are summarized in Table 1.
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Table 1 | Heat transfer properties of the materials in our thermal simulations.

Materials Density (kg-m=2) Specific heat (J-(kg-K)™") Thermal conductivity (W:(m-K)-")
Pd 12023 240 72
TiOz 4950 690 7.4
Al,O3 3900 796 28
SiO; 2203 709 1.38
Table 2 | The coating process parameters of the atomic layer deposition technique.
Thin film Precursors Pulse (ms) Purge (s) Precursor temperature (°C) Deposition temperature (°C) Cycle number
Trimethylaluminum 20 20 Room temperature
AlxO3 150 580
Water 20 25 Room temperature
) Titanium tetrakis(dimethylamide) 100 20 70
TiO2 150 715
Water 20 25 Room temperature
Material: 7. Wen L, Sun ZW, Zheng QL et al. On-chip ultrasensitive and
. . y . rapid hydrogen sensing based on plasmon-induced hot elec-
The multimode optical fiber for sensing is purchased tron—-molecule interaction. Light Sci Appl 12, 76 (2023).
from Changfei Optical Fiber & Cable Co., Ltd, with 8. Tomedek D, Moberg HK, Nilsson S et al. Neural network en-
core/cladding/coating diameters of 400/430/730 pm and abled _narTOPIasmom_C hydrogen sensors with 100 ppm limit of
. . detection in humid air. Nat Commun 15, 1208 (2024).

a numerical aperture (NA) of 0.37. The materials of the 9. Korotcenkov G, Han SD, Stetter JR. Review of electrochemical

core, cladding, and coating are high-purity quartz, fluo- hydrogen sensors. Chem Rev 109, 1402-1433 (2009).

rine-containing acrylic resin, and Ethylene-tetrafluo- 10. Liu Q, Yao JY, Wang YP et al. Temperature dependent re-

& .ry ? ) Y sponse/recovery characteristics of Pd/Ni thin film based hydro-

roethylene, respectively, and the optical fiber cutter was gen sensor. Sens Actuators B Chem 290, 544-550 (2019).

purchased from OSCOM Technology Co., Ltd. 11. Caucheteur C, Guo T, Albert J. Review of plasmonic fiber optic

Sample Pr ration: biochemical sensors: improving the limit of detection. Anal

ample Freparation: Bioanal Chem 407, 3883-3897 (2015).
Initially, commercial fiber optics are cut using an opti- 12. Jing JY, Liu K, Jiang JF et al. Highly sensitive and stable probe
cal fiber cutter to achieve a clean and flat fiber end facet. refractometer based on configurable plasmonic resonance with
. . . nano-modified fiber core. Opto-Electron Adv 6, 220072 (2023).

Subsequently, 5 pairs of Al;O3 and TiO; thin films are 13. Wang Q, Wang L. Lab-on-fiber: plasmonic nano-arrays for sens-

sequentially deposited on the fiber end facet using the ing. Nanoscale 12, 7485-7499 (2020).

atomic layer deposition (MNT-S1000z-L3S1) technique 14. Xiong YF, Xu F. Multifunctional integration on optical fiber tips:

. -~ . challenges and opportunities. Adv Photonics 2, 064001 (2020).
with a vacuum degree of 20 Pa. The spec1f1c Coatlng pro- 15. Zhao Y, Tong RJ, Xia F et al. Current status of optical fiber
cess parameters are shown in Table 2. Finally, a single biosensor based on surface plasmon resonance. Biosens Bio-

layer of Pd film is deposited on top of the DBR using electron 142, 111505 (2019). , ,

. . 16. Liu HH, Hu DJJ, Sun QZ, Wei L, Li KW et al. Specialty optical

magnetron sputtering (Quorum Q300T+) with the sput- fibers for advanced sensing applications. Opto-Electron Sci 2,

tering current of 40 mA for a time of 100 s. 220025 (2023).

17. Jiang BQ, Hou YG, Wu JX, Ma YX, Gan XT et al. In-fiber photo-
electric device based on graphene-coated tilted fiber grating.
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