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We demonstrate the transfer of arrays of nanofabricated noble
metal and alloy nanostructures obtained by high-temperature
annealing on a flat parent support onto optical fibers, to create a
hysteresis-free fiber optic nanoplasmonic hydrogen sensor. This
work enables the integration of complex nanofabricated structures
and their arrangements in tailored arrays with fiber optics to
realize optical sensors, which will find application in a wide range
of disciplines.

Fiber optic sensors exhibit unique features such as cheap
mass production potential, multichannel distributive and
remote readout capability, small footprint and immunity to
electromagnetic interference. Thus, they are already today
finding application in multiple fields ranging from bio- to
industrial process monitoring' and from gas- to chemosen-
sing.*® The sensing activity in a fiber optic sensor is typically
mediated by either an optical property change of the measured
analyte itself (e.g. a refractive index change), indirectly through
surface-bound transducing agents such as fluorescent mole-
cules,>® or by thin noble metal films grown onto the fiber,
which enable surface plasmon resonance (SPR) detection.””®
More recently, driven by the great promise of nanoplasmonic
sensors'® that rely on nanoparticle signal transducers,
attempts to deposit plasmonic nanoparticles onto fibers by
self-assembly of colloidal nanoparticles’ ™ and, to a much
smaller extent, by dewetting of a sputtered thin film'*"> have
also been reported. However, these solutions are so far
restricted to small (<50 nm) and single-element Au (and Ag'®)
nanoparticles due to inherent limitations of colloidal synthesis
to produce monodisperse large nanoparticles, in particular
when it comes to more complex materials like alloys.'”*°
Moreover, self-assembly provides little to no control of the
nanoparticle surface density on the fiber. These limitations are
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unfortunate because integration of nanoplasmonic sensors
with optical fiber technology has significant potential to bring
the field closer to application in practical sensor technology.

To enable such a breakthrough, finding new ways to grow
or deposit complex nanostructures, tailored in terms of size,
shape and composition, onto optical fibers is necessary. To
this end, such structures are readily available via nanolithogra-
phy-based fabrication techniques where methods like electron-
beam lithography and colloidal lithography have been demon-
strated to enable the crafting of myriads of (complex) nano-
structures with excellent control of the aforementioned key
parameters.*>* However, these methods typically require flat
supports and, consequently, they are incompatible with optical
fibers.

In response, in this communication we present a solution
for the deposition of nanofabricated noble metal alloy nano-
structure arrays onto optical fibers by further developing a
pattern transfer method recently reported by Lodewijks et al.>*
Specifically, we transfer PdAu alloy nanodisk arrays, fabricated
by Hole-Mask Colloidal Lithography (HCL) on a flat support®®
compatible with high-temperature annealing at 500 °C, onto
optical fibers. In this way, we enable a fiber optic nanoplasmo-
nic hydrogen sensor that features hysteresis-free and fast
response, for which the high-temperature treatment necessary
to induce alloy formation can be carried out prior to the
pattern transfer, thus entirely eliminating thermal damage to
the fiber. Furthermore, the use of nanofabricated nanoparticle
arrays with controlled composition provides access to design
rules that enable the tailoring and maximizing of the sensor
limit of detection by engineering nanoparticle size and shape
and thus their plasmonic response,”® yielding performance
superior to thin film solutions.?”"*®

We chose this particular application to demonstrate our
nanopattern transfer method because a fiber optic platform is
very attractive for hydrogen detection due to its effective
remote readout that reduces the risk of spark generation at
flammable hydrogen concentrations (i.e. 4-75 vol% H,), as
well as due to its small geometrical footprint and mass-pro-
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duction potential. To this end, fiber optic hydrogen sensors
employing diverse sensing mechanisms such as evanescent
field intensity,>" reflection,** fiber-grating,*®® interfero-
metry’>*® and SPR** have been reported. The majority of
these sensors employ Pd (and its alloys®**®*%) as the active
material since it enables effective hydrogen detection with
high selectivity under ambient conditions as only hydrogen
can induce the phase transformation to a hydride phase that
gives rise to the optical contrast used as the readout.*” This
contrast is induced by the absorption of hydrogen in intersti-
tial lattice positions in the Pd host, which both alters the elec-
tronic structure, and the volume due to lattice expansion.*®*”
However, all of these sensors, with a few exceptions,*® employ
thin Pd films as active material, and thus they are prone to
durability issues due to cracking and peeling of the films.
Moreover, readouts other than evanescent field and reflectivity
change often require complicated fabrication and setups.*
Also, the use of neat Pd as transducer material as such has
significant shortcomings. For example, due to an energy
barrier created by lattice strain during phase transformation to
the hydride, hysteresis between hydrogen absorption and de-
sorption is observed*® and hampers sensor accuracy and
dynamic range. The former is adversely affected since the
response will depend on sensor history, and readout may thus
be ambiguous.*®*? The latter is limited in the sense that Pd
features a large response only in a very narrow hydrogen
pressure range, i.e. around the phase transformation in the
o + B phase coexistence region.*®*® Finally, it is also predicted
that thin films are inferior as hydrogen sensor transducers
since nanoparticles have the potential to provide faster
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response due to shorter diffusion paths.”® Therefore, realizing
a nanoplasmonic fiber-optic hydrogen sensor, where nano-
particles with tunable sensitivity via shape and size engineer-
ing, as well as with tailored chemical composition,* act as
signal transducers, is highly desirable. Specifically, Pd-based
coinage-metal alloys are attractive because they feature faster
hysteresis-free response and higher resistance towards poison-
ing and deactivation by species like CO and NO, compared to
neat Pd.**°'>3

To achieve such an optical nanoplasmonic Pd-alloy based
fiber-optic hydrogen sensor, we have developed the specific
sequence of nanofabrication steps outlined in Fig. 1 to transfer
an amorphous array of alloy nanostructures made by HCL>*?*
on a flat support, to an optical fiber. The key component
enabling this process is the presence of a sacrificial Cr-layer
and a thin C transfer layer that provide the means for lifting-
off and transferring the nanostructures from the flat to the
fiber support. Hence, these two layers are first deposited onto
the flat support (here borofloat glass) by electron beam evapor-
ation of a 100 nm thick Cr-film, followed by 10 nm of C
(Fig. 1a). In the next step, the nanoparticles are defined by
HCL nanofabrication onto the Cr/C sandwich support, fol-
lowed by the layer-by-layer deposition of Au and Pd through
the mask to produce a square centimeter quasi-random array
of nanodisks with 170 nm average diameter, and a thickness
of 25 nm (Fig. S17). After lifting-off the mask, we annealed the
sample at 500 °C for 24 h under H, flow to induce the for-
mation of a homogeneous PdAu alloy comprised of 75 at% Pd
and 25 at% Au, as predefined by the respective thickness of
the evaporated layers.>®> We chose this particular alloy compo-
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Fig. 1

(@) The steps of the growth of the sacrificial Cr-layer and the C-pattern-transfer-layer, followed by the Hole-mask Colloidal Lithography

(HCL)?*?® nanofabrication of the PdAu alloy nanodisk array. (b) The sequence of the pattern transfer steps to the optical fiber. Once the Cr-layer is
removed by wet etching, the C-layer with the nanoparticles is detached but still resides on the substrate. The substrate can therefore be used to pick
up the C-layer and move it into deionized water. Due to the hydrophobicity of the C-layer, it will then readily float up to the water—air interface, pro-
viding access for the optical fiber to pick it up and complete the transfer process. Once dried, oxygen plasma is utilized to remove the C-layer,
leaving only the nanodisk array on the fiber. Note that the schematic is not drawn to scale.
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sition as it enables the complete suppression of hysteresis
between hydrogen absorption and desorption, which is critical
in a hydrogen sensing application.®> Mechanistically, hyster-
esis is suppressed by pre-straining the Pd lattice by the Au (or
other atoms with different atomic radius than Pd, e.g., Ag, Cu
or Ni*»**327%) and the concurrent lowering of the critical
temperature for the formation of the hydride phase.
Furthermore, the high-temperature annealing step is also
necessary to increase the mechanical stability of the C-layer, to
enable the pattern transfer.”*

After completion of the nanofabrication and alloy for-
mation, the pattern transfer to the optical fiber can be
initiated and executed following the steps depicted in Fig. 1b
(see also Fig. S31 for photographs). First, the Cr sacrificial
layer is dissolved by immersing the sample in a Cr-etchant
solution, in this way detaching the C-film with the alloy nano-
particle array from the glass substrate. Once the Cr-layer is
completely removed (as indicated by a distinct color change of
the sample, see Fig. S31) the C film can be picked up by the
glass substrate and moved into deionized water. Due to the
hydrophobic nature of the C film, it readily floats at the water-
air interface. This makes it possible in the next step to “pick it
up” by careful immersion of the desired part of the optical
fiber and in this way transfer the nanofabricated pattern onto
it (or essentially any other support of interest*!). In this
process, the very thin, flexible, and yet mechanically stable C
film support enables the conformal transfer of the pattern
onto the entire fiber (i.e. around it), if the correct size of the
transferred pattern is prepared. After drying, as the final step,
an oxygen plasma treatment is utilized to remove the C film,
leaving only the array of alloyed Pd,sAu,s nanodisks that
reside on the fiber.

To evaluate the hydrogen sensing function of optical fibers
decorated with a nanofabricated Pd;s;Au,s alloy nanoparticle
array, we used a commercial multimode fiber with 300 pm
SiO, core and hard fluoropolymer cladding, and we
implemented the optical readout as a combination of evanes-
cent field and reflection mode, as shown in Fig. 2a.
Specifically, we transferred the Pd,sAu,s alloy particles onto
the end of a fiber, where we previously had removed the clad-
ding (see Fig. S2f for fiber configuration and the Methods
section in the ESIf for details). In this way, upon hydrogen
sorption in the nanoparticles, the evanescent field of the light
transported through the fiber will be modified via coupling to
the localized surface plasmon resonance (LSPR) in the nano-
particles, whose permittivity changes proportionally to the
hydrogen concentration in the environment.*****® This, in
turn, gives rise to a wavelength-dependent variation of the
transmitted light intensity,>>*>”” which we pick up in reflec-
tion mode by growing a 300 nm thick Al mirror at the tip, as a
means to reflect the light back into a spectrometer via a bifur-
cated fiber (Fig. 2a and S47).

Fig. 2b shows an optical micrograph of such a fiber, deco-
rated with the transferred C film and the Pd;sAu,s alloy nano-
particle array, revealing the conformity of the coating. The
same fiber is shown after the oxygen plasma treatment, which
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Fig. 2 (a) An artist’s rendition of a fiber-optic nanoplasmonic hydrogen
sensor, where a transferred array of PdAu alloy nanoparticles on the
unclad portion of an optical fiber constitutes the signal transducer, via
its permittivity changes induced by hydrogen sorption. Note that the tip
of the fiber is coated with an Al mirror to enable efficient readout of the
modified light propagation properties due to the hydrogenation of the
nanoparticles via back reflection. (b) Optical micrograph of the as-trans-
ferred pattern with the C-transfer layer still in place. (c) Optical micro-
graph of the same fiber after 10 min oxygen plasma treatment. (d) SEM
images of the Pd;sAu,s alloy nanodisk array on the parent substrate (left)
and on the optical fiber, after transfer process (right). Note that the par-
ticle arrangement is retained despite minor agglomeration. (e) Dark-field
scattering spectrum of the Pd;sAu,s alloy nanodisk array measured
directly on the fiber, which reveals a distinct LSPR peak around 550 nm.

removes the C-layer and leaves behind only the Pd;sAu,s alloy
nanoparticle array (Fig. 2c), as confirmed by SEM (Fig. 2d). To
this end, we note that the minor particle agglomeration seen
in the SEM image will not affect the particle sensing function-
ality since a distinct LSPR scattering peak around 550 nm can
resolved by dark-field scattering spectroscopy (Fig. 2e).

Having successfully transferred an array of Pd,sAu,s alloy
nanoparticles onto a fiber, we now turn to assessing its hydro-
gen sensing functionality. For this purpose we placed the
sensor in a flow reactor, which enables controlled exposure of
the sample to hydrogen pulses in Ar carrier gas at a constant
temperature of 30 °C, with gradually increasing hydrogen
partial pressure (Fig. 3a, see also the Methods section for
experimental details). At the same time, we measured the
broadband optical transmission through our fiber probe in the
400-1000 nm range by employing a self-referencing scheme,
that is, by defining the transmitted intensity at each wave-
length as the zero baseline at the beginning of each measure-
ment (Fig. 3b). Except at the wavelengths close to the LSPR
peak of the alloy around 550 nm (in excellent agreement with
the dark-field scattering spectrum in Fig. 2e), a distinct step-
wise change in the optical signal appears when hydrogen is

Nanoscale, 2018, 10, 20533-20539 | 20535
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(a) Depiction of the sequence of hydrogen pulses with increasing partial pressure applied to measure the Pd;sAu,s alloy fiber optic sensor

response. (b) Corresponding color-coded wavelength-resolved optical transmission contrast change AT of the Pd;sAus alloy fiber optic sensor. The
dashed line depicts the 650 nm wavelength at the inflection point of the LSPR peak. (c) Temporal response of the AT at 650 nm. Shaded areas mark

the time where the sensor is exposed to H,. We note a gradual baseline

shift of AT due to minute movement of the fiber (see Methods). Inset: A

linear change in AT as a function of the square root of the H, partial pressure is found, in good agreement with Sievert's law for a solid solution. (d)
Depiction of the sequence of hydrogen partial pressure steps for control experiments on a blank and Au nanodisk array decorated fiber. The corres-
ponding color-coded wavelength-resolved AT for (e) the bare unclad fiber and (f) the fiber decorated with an Au nanoparticle array. The dashed
lines mark the 650 nm wavelength used in (g). Clearly there is no apparent response of both control samples to a variation in H, partial pressure.

introduced, and whose amplitude nicely scales with the H,
partial pressure. In very good agreement with our previous
work on flat sensors using a traditional nanoplasmonic
sensing configuration, the highest change in optical trans-
mission contrast, AT, occurs at the inflection points of the
LSPR peak.>®”®>® Hence, peak-tracking is not necessary and
monochromatic readout using cheap components like LEDs
and photodiodes is readily enabled. To this end, plotting the
AT at the 650 nm inflection point as a function of the square
root of the H, partial pressure in the feed reveals a linear
relation obeying Sievert’s law for a hydrogen solid solution in
the host (Fig. 3c). This feature is in very good agreement with
our previous studies of PdAu alloy hydrogen sensors on tra-
ditional flat supports,®>® confirming that after the pattern
transfer all sensor and material-related functionalities are
retained.

To further corroborate these results, we also performed
measurements on two negative control samples: a bare optical
fiber with the cladding removed, and a fiber onto which we
transferred an array of pure Au nanodisks with similar dimen-
sions as the PdAu alloy structures. Since Au does not absorb
hydrogen itself but acts as sensitive probe for its environment
via LSPR,'® it provides insights into whether either the fiber
itself or, e.g., C residues from the pattern transfer are respon-
sible for the observed response to hydrogen. The wavelength-
resolved AT change upon a step-wise increase of the H, partial

20536 | Nanoscale, 2018, 10, 20533-20539

pressure from 0 to 40 mbar (Fig. 3d) is shown in Fig. 3e for the
bare fiber and in Fig. 3f for the Au nanoparticle control,
respectively. Clearly there is no discernible response in both
control measurements, as further highlighted in Fig. 3g.

As the final step of our study, we first characterized the
hydrogen sorption properties, from a materials science per-
spective, of the transferred PdAu alloy nanoparticle array, as
well as of a pure Pd analogue for comparison. Specifically, we
measured the optical pressure-composition isotherms of both
systems directly on the fibers at 30 °C, using the monochro-
matic AT at 650 nm as the readout (Fig. 4a). For the neat Pd,
an isotherm characterized by the wide o +  phase coexistence
region (“plateau”) reveals itself, together with the expected hys-
teresis between the hydrogen absorption and desorption
branches.*® In contrast, the isotherm measured with the fiber
decorated with the Pd;sAu,s alloy nanoparticle array exhibits
the anticipated complete suppression of the hysteresis**”* due
to the reduced critical temperature of the phase transition by
Au-atom induced lattice strain,®® corroborating the homo-
geneous alloy formation.>®>* In this way, the sensing charac-
teristics are greatly improved since accurate hydrogen detec-
tion with a wide dynamic range becomes available.>?

We also investigated the temporal response characteristics
of the Pd and Pd;sAu,s fiber-optic sensors upon hydrogen
absorption to and desorption from 40 mbar hydrogen partial
pressure (i.e. lower flammability limit), respectively, at 30 °C

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Optical pressure-composition isotherms of Pd and Pd;sAuas
alloy nanoparticles measured directly on the fibers at 30 °C after pattern
transfer. Up- and downward triangles denote the absorption and de-
sorption branches of the isotherm, respectively. The arrow marks the
hysteresis gap between absorption and desorption branches for pure
Pd. Note the complete suppression of hysteresis in the alloy sensor. (b)
Hydrogen absorption and (c) desorption temporal response of Pd and
PdssAuys alloy fiber optic sensors to a stepwise H, partial pressure
change from 0 to 40 mbar and vice versa. The dashed lines in panels (b)
and (c) mark the 90% and 10% level of the total response, respectively.
The distinct change in trend for the pure Pd can be attributed to
different kinetics in the low concentration solid-solution regime
(a-phase) and across the first order phase transition when the hydride
(B-phase) is formed.

(Fig. 4b and c). Clearly, the Pd;sAu,s sensor outperforms the
neat Pd in both response (fo) and recovery time (¢;0). This
general trend is in good agreement with previous reports of
these two systems at the qualitative level (note also that the
faster response compared to the data in Fig. 3 is due to a
larger applied H, partial pressure difference). However, quanti-
tatively, the response from both sensors is significantly slower
than previously reported, where e.g. for Pd;sAu,s a response

Synthetic air + [J25% H2
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time of <5 s was achieved.’® To explain this difference, we note
that the experiment here was performed in a flow reactor with
large volume®' and rather gradual partial pressure change (see
Methods), in contrast to our previous study, which was done in
a vacuum chamber that enables hydrogen pressure change at
the sub-second timescale level.

Finally, we scrutinized the robustness of the transferred
nanoparticles by exposing the Pd;sAu,s fiber sensor to 110
cycles of 25% H, in synthetic air carrier gas, to mimic real
application conditions. As shown in Fig. 5, even with oxygen in
the feed, the sensor responds consistently and with the same
amplitude to hydrogen during the entire ~20 h test. The slight
change of baseline level that occurs at ca. 700 min we assign to
a minute movement of the fiber. Since the sensor fiber is only
loosely “clamped” into the bifurcator even the tiniest move-
ment will slightly alter the amount of transmitted light and
thus cause this artefact in our setup (see Methods).
Nevertheless, the most important result here is that, despite
the baseline shift, the overall response magnitude remains
constant throughout the experiment in air.

Conclusions

In summary, we have demonstrated the successful deposition
of arrays of tailored nanostructures made by nanofabrication,
onto an optical fiber via pattern transfer. Specifically, we
employed HCL to nanofabricate arrays of Au, Pd and Pd;sAu,;
alloy nanoparticles onto a flat parent support, which we then
transferred onto the unclad tip of a commercial optical fiber to
realize a hysteresis-free fiber-optic nanoplasmonic hydrogen
sensor. We confirmed the functionality of the device by
measuring its hydrogen sensing characteristics in response to
different hydrogen partial pressures below the flammability
limit of 4%, for which we find a linear correlation in good
agreement with Sievert’s law for solid solutions. We also
characterized the pressure-composition isotherms of an array
of neat Pd and of Pd,sAu,s alloy nanoparticles transferred
onto optical fibers, and found all the anticipated character-
istics of the two systems, such as the existence and suppres-
sion of hysteresis, respectively, to be retained. Analysis of the

e
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Fig. 5 AT response of Pd;sAu,s alloy nanoparticles to 110 cycles of 25% H, in synthetic air. A small baseline shift occurs after ca. 700 min due to
miniscule movement of the fiber. Nevertheless, a constant AT signal amplitude is observed throughout the entire experiment (red circles), demon-
strating the excellent stability of the transferred nanoparticles and the reproducibility of their absolute response to hydrogen.
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temporal response to increasing and decreasing hydrogen
partial pressure in the fiber-optic sensors’ environment also
revealed a significantly shorter response time for the alloy
sensor, in good agreement with earlier studies of the same
systems in flat sensor designs. Finally, we demonstrated excel-
lent stability of the transferred alloy nanoparticles, which
operate consistently over 100 hydrogenation cycles in synthetic
air.

In a wider perspective, our work opens the door to the inte-
gration of complex nanofabricated structures and their
arrangements in tailored arrays with fiber optics to realize
optical sensors, which we predict to find application in a wide
range of disciplines, spanning from gas- and chemosensing to
biosensing. The particular generic advantage that becomes
available by our approach is that their sensitivity and optical
fingerprint can be engineered and maximized by employing
tailored nanostructures in terms of size, shape, arrangement
and chemical composition,>® which are readily available by
nanofabrication tools that are only compatible with flat
surfaces.
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