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Abstract: Sensitive and robust detection of gases and 
chemical reactions constitutes a cornerstone of scientific 
research and key industrial applications. In an effort to 
reach progressively smaller reagent concentrations and 
sensing volumes, optical sensor technology has expe-
rienced a paradigm shift from extended thin-film sys-
tems towards engineered nanoscale devices. In this size 
regime, plasmonic particles and nanostructures provide 
an ideal toolkit for the realization of novel sensing con-
cepts. This is due to their unique ability to simultane-
ously focus light into subwavelength hotspots of the 
electromagnetic field and to transmit minute changes of 
the local environment back into the farfield as a modu-
lation of their optical response. Since the basic building 
blocks of a plasmonic system are commonly noble metal 
nanoparticles or nanostructures, plasmonics can easily 
be integrated with a plethora of chemically or catalyti-
cally active materials and compounds to investigate pro-
cesses ranging from hydrogen absorption in palladium to 
the detection of trinitrotoluene (TNT). In this review, we 
will discuss a multitude of plasmonic sensing strategies, 
spanning the technological scale from simple plasmonic 
particles embedded in extended thin films to highly engi-
neered complex plasmonic nanostructures. Due to their 
flexibility and excellent sensing performance, plasmonic 
structures may open an exciting pathway towards the 
detection of chemical and catalytic events down to the 
single molecule level.
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1  Introduction
In the last decade, plasmonics has developed into an 
expansive and vibrant field, with applications as diverse 
as negative refraction, enhanced photovoltaics, and tar-
geted drug delivery [1–3]. This progress has been driven 
by major advances in the fabrication of nanostructured 
systems, including both “top-down” approaches such 
as electron-beam or nanoimprint lithography as well as 
“bottom-up” techniques like nanosphere lithography 
[4–6]. The unprecedented ability to structure metals and 
dielectrics on the nanoscale has allowed plasmonics to 
move from giga- and terahertz into the near-infrared and 
visible spectral ranges. Since the response of plasmonic 
structures in the latter range allows for remote and non-
invasive read-out using standard optical spectroscopy, 
this move has been a crucial driving factor for the field of 
plasmonic sensing [7–11].

Most plasmonic sensing concepts rely on the ability 
of small metal particles to concentrate incident light into 
deep subwavelength volumes. This behavior is due to the 
collective oscillations of the conduction electrons against 
the restoring force of the positively charged nuclei, which 
can be resonantly driven by an external electromagnetic 
field [12]. The spectral behavior of such plasmonic reso-
nances (specifically the scattering and absorption cross-
sections) can be calculated analytically for geometrically 
simple systems, such as a subwavelength gold sphere, 
yielding a Lorentzian lineshape (Figure 1). However, for 
more complex systems, the plasmon resonance position 
and lineshape are highly dependent on the composition, 
geometry, and dielectric environment of the nanostruc-
ture [13].

The greatly enhanced electromagnetic fields at the 
surface of a resonant plasmonic structure allow for the 
probing of minute changes in the surrounding environ-
ment. Due to the evanescent nature of the fields, the 
sensing volume of plasmonic nanostructures is only mar-
ginally larger than the structures themselves, making 
them ideal local probes for neighboring changes in a 
medium (Figure 1B). Consequently, plasmonic probes are 
especially relevant for monitoring of chemical or cata-
lytic reactions, where the reaction efficiency can crucially 
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sensitivity S, defined as the peak shift in nanometers of 
the plasmonic resonance per refractive index unit (RIU). 
However, since the final accuracy of the peak tracking 
depends both on the magnitude of the peak shift and on 
the resonance linewidth, a more suitable choice for plas-
monic systems is the figure of merit (FOM), obtained by 
dividing the refractive index sensitivity by the full width at 
half maximum (FWHM) of the resonance (Figure 1C).

Thus, there are two key approaches for optimizing the 
figure of merit in a plasmonic sensing geometry: reduc-
ing the resonance linewidth (or FWHM), and increasing 
the peak shift by boosting the local field-enhancement. 
In general, plasmon oscillations in nanoparticles experi-
ence damping arising from two contributions: intrinsic 
damping due to electron-electron collisions and impu-
rity scattering in the metal, as well as radiation damping 
due to the direct decay of the collective oscillations into 
photons. Utilizing noble metals for the resonant nano-
particles helps to reduce intrinsic damping. However, 
radiation damping, which constitutes the dominating 
effect for particles larger than a few tens of nanometers, 
cannot easily be overcome in simple plasmonic systems 
[14, 15].

By arranging multiple plasmonic particles into a 
defined geometry, coupling effects may happen and can 
significantly reduce the linewidth of the plasmonic reso-
nance [16]. One way to achieve this is to couple a broad 
dipolar plasmonic resonance to a spectrally narrow quad-
rupolar mode, which cannot be excited from the far-field. 
The coupling of two such modes can lead to a narrow 
spectral feature in the otherwise broad dipolar lineshape, 
a behavior known as the plasmonic analogue of elec-
tromagnetically induced transparency (EIT). Due to its 
reduced linewidth, this distinctive asymmetric lineshape 
(also referred to as a Fano resonance) exhibits a greatly 
increased FOM compared to simple dipolar plasmonic 
structures in the same spectral range [17–19].

In order to increase the electromagnetic field-
enhancement, plasmonics has taken cues from classi-
cal antenna theory. In triangular “bowtie” nanoparticle 
geometries, the electromagnetic fields can be enhanced 
and concentrated at the tips of the structure. By utiliz-
ing complex Yagi-Uda antenna designs on the nanoscale, 
efficient and directed energy transfer between the far-
field and the near-field can be realized [20, 21]. Using 
the coupling between, e.g., two rod-type nanoantennas 
can further enhance the near-fields compared to single 
antenna elements. When decreasing the distance between 
the two rods, the electromagnetic fields can be confined 
to a progressively smaller volume, leading to extremely 
high enhancement factors, only limited by fabrication 

Figure 1 Principles of plasmonic sensing.  
(A) A simple plasmonic sensing geometry, consisting of a gold 
nanosphere on a glass substrate. The system is excited by a linearly 
polarized electromagnetic wave with electric field vector E and wave 
vector k. (B) Calculated energy density of the electric field for the 
described sensing geometry. The dielectric functions of the sphere 
and the environment are given by εAu and εenv = (nenv)2, respectively. 
(C) Exemplary scattering spectra for the plasmonic system. The 
optical response follows a Lorentzian lineshape with clearly defined 
resonance wavelength λ and full width at half maximum (FWHM). Upon 
change of the refractive index in the environment by some (generally 
complex) value Δn, the resonance undergoes a wavelength shift Δλ. 
The sensitivity of the system is then given as S = Δλ/Δn, and can be 
normalized with the FWHM to obtain the figure of merit FOM = S/FWHM.

depend on localized changes in reagent concentration or 
catalyst morphology.

In order to quantify the sensing performance of a 
plasmonic system, we can consider its refractive index 
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tolerances and quantum mechanical tunneling effects 
below sub-1-nm gaps [22–24].

When such highly sensitive plasmonic structures are 
adapted for sensing applications, two main concepts for 
the detection of gases and chemical reagents emerge: in 
direct sensing configurations, the reagents actively influ-
ence the plasmonic entity, changing its material proper-
ties and in turn its optical response, whereas in indirect 
sensing schemes, the plasmonic structure is located adja-
cent to some reagent-sensitive material and simply probes 
the dielectric changes in that system [25].

One experimental issue connecting both sensing 
schemes is the correlation of gas or reagent concentration 
changes with changes in the optical response. To facili-
tate this analysis, one commonly extracts a single “sensor 
signal” value from the full spectral response. Depending 
on the system under consideration, observables such as 
the intensity at a given wavelength, the resonance posi-
tion, or the resonance peak’s full width at half maximum 
(FWHM) can be tracked in relation to environmental 
changes. This allows for a straightforward characteriza-
tion and performance comparison between plasmonic 
sensor designs with different structural and configura-
tional parameters.

In the following, we will review both direct and 
indirect sensing schemes, covering a wide technologi-
cal range from plasmonically functionalized thin films 
through highly engineered chemically grown particles 
composed of multiple materials all the way up to complex 
nanostructured geometries. The presented sensor devices 
are selected to showcase the wide array of reagents that 
can be investigated using plasmonic systems as well as 
the most versatile and high-performance complex plas-
monic nanoprobes. By combining such highly sensitive 
nanodevices with novel reagent-specific materials, plas-
monic sensors can be used to investigate a plethora of 
chemically and biologically significant reagents, with 
nanometer spatial resolution and possibly down to the 
single molecule level.

2  �Thin films with embedded 
plasmonic particles

One straightforward approach to optical sensing is the 
use of thin films of reagent-sensitive material deposited 
on a substrate. Such films combine robust fabrication 
via standard evaporation or sputtering techniques with 
simple optical transmission or reflection measurements 
for read-out [26, 27].

In order to enhance the sensor performance and tailor 
the optical response of such thin films, small plasmonic 
particles can be added using co-deposition or multi-step 
processes. When considering thin films with embedded 
plasmonic particles, two main concepts can be distin-
guished. In plasmonically enhanced systems, small noble 
metal particles in the thin film act simply as light concen-
trators and probes to enhance the dielectric changes in the 
surrounding material. In catalytically enhanced systems, 
gold nanoparticles in direct contact with, e.g., transition 
metal oxide films can substantially increase the cata-
lytic activity of such composite systems. Here, the optical 
response is often caused by charge transfer processes 
between the transition metal oxide and the embedded Au 
nanoparticles. In the following, we will first focus on two 
examples of catalytically enhanced thin-film systems.

2.1  �Carbon monoxide sensing with  
plasmonically functionalized thin films

Due to its high toxicity, sensitive and reliable detection 
of carbon monoxide is vital for industrial process and 
environmental monitoring applications. Ando et al. have 
demonstrated a plasmonically functionalized Au-CuO 
nanocomposite film for CO sensing, fabricated by first 
depositing Au particles on a substrate via DC sputtering 
and then covering them with a CuO film via pyrolysis 
[28]. Figure 2A shows a transmission electron microscope 
(TEM) image of the nanocomposite film, where small Au 
particles of average diameter 24 nm surrounded by a CuO 
matrix can be clearly identified. The authors performed 
absorbance measurements at a temperature of 300°C and 
observed a plasmonic absorbance peak at a wavelength 
of around 800 nm. The magnitude of this peak increased 
substantially upon exposure of the film to 1000 ppm and 
1% CO in dry air (Figure 2B). In addition, when calibrating 
their sensor device with various concentrations of CO in 
dry air, the authors found a linear relation between the 
absorbance change and the logarithm of the CO concen-
tration over a wide range from 50 to 10000 ppm CO in dry 
air (Figure 2C), allowing for straightforward quantitative 
sensing.

A similar approach for the detection of CO was pre-
sented by Sirinakis et  al., who used gold nanoparticles 
embedded in an yttria-stabilized zirconia (YSZ) matrix [29]. 
Their device was fabricated using radio frequency magne-
tron co-sputtering followed by an annealing process and 
optical characterization was performed in a quartz trans-
mission cell surrounded by a tube furnace (Figure 2D). The 
authors observed a pronounced Lorentz-like absorbance 
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peak at a wavelength of around 600 nm, which spec-
trally narrowed and blueshifted upon CO exposure. This 
change allowed the authors to detect CO concentrations 
ranging from 0.1 to 1 vol.% in dry air at a temperature of 

500°C (Figure 2E). However, they observed no change in the 
optical response when exposing their sample to CO in nitro-
gen carrier gas. The authors attributed this behavior to the 
reactivity of the YSZ film to oxygen, since switching from 
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Figure 2 Carbon monoxide sensing with plasmonically functionalized thin films.  
(A) Transmission electron microscope image of a Au-CuO nanocomposite film. (B) Relative CO-induced absorbance change of the Au-CuO 
composite film. (C) Correlation between CO concentration and relative absorbance change (A–C reprinted from [28], with permission from 
Elsevier). (D) Schematic of a setup used for high temperature CO sensing experiments. (E) Sensing signal response curve of the Au-YSZ 
nanocomposite film at 500°C. (F) Absorbance of the Au-YSZ nanocomposite film in N2 and air atmosphere at 500°C (D–F adapted with per-
mission from [29]. Copyright 2006 American Chemical Society).
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nitrogen carrier gas to dry air already introduced a broaden-
ing and redshift of the plasmon resonance in their system 
(Figure 2F). This allowed them to explain the blueshift and 
narrowing of the plasmon resonance through charge trans-
fer into the Au nanoparticles caused by the oxidation of CO 
and the corresponding reduction of the YSZ matrix at high 
temperatures. This behavior makes the system by Sirinakis 
et  al. a prime example of catalytically enhanced sensing 
with plasmonically functionalized thin films.

2.2  �Hydrogen sensing with plasmonically 
functionalized thin films

Other than carbon monoxide, hydrogen detection is an 
additional safety factor in large-scale industrial chemical 
processing [30]. Hydrogen forms a combustible mixture 
with air at concentrations ranging from 4 vol.% to 76 
vol.%, which can be ignited easily with sparks or at a suf-
ficiently high temperature. Therefore, sensitive hydrogen 
detection is a cornerstone of alternative energy concepts 
such as water splitting or, in more general terms, solar-to-
chemical energy conversion [31].

In this framework, Buso et al. have utilized a SiO2 matrix 
containing Au and NiO nanoparticles for sensitive detection 
of hydrogen, where the SiO2 matrix was chosen due to its 
extremely high specific surface area [32]. High-resolution 
TEM images in Figure 3A show the evenly distributed Au 
particles embedded in the SiO2 host material, surrounded 
by finely dispersed crystallite NiO particles. In optical meas-
urements, the authors found a plasmon resonance peak at a 
wavelength of 563 nm, which underwent a drastic blueshift 
of 22 nm when exposing the sensor device to 1 vol.% H2 in dry 
air. This pronounced change in the optical behavior (Figure 
3B) could not be sufficiently explained in terms of catalytic 
charge transfer into the Au particle, which led the authors 
to relate their system to plasmonically enhanced detection of 
hydrogen. There was, however, a second sensing pathway 
when exposing the sensor device to CO with a weaker but 
still measurable response (Figure 3B). The authors assumed 
an injection of electrons from the NiO crystallites into the 
Au nanoparticles during CO exposure and subsequent oxi-
dation, which led to the observed changes in the plasmonic 
response. Thus, their system combined both plasmonically 
and catalytically enhanced approaches for detecting hydro-
gen and carbon monoxide.
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Figure 3 Hydrogen sensing with plasmonically functionalized thin films.  
(A) Cross-sectional and high-resolution TEM images of a SiO2 matrix containing Au and NiO nanoparticles. (B) Dynamic optical response of 
a film containing 6% Au exposed to cycles of 1 vol.% H2 in air and 1 vol.% CO in air (A–B adapted from [32]. Copyright 2007 IOP Publishing. 
Reproduced by permission of IOP Publishing. All rights reserved). (C) SEM images of small-particle and medium-particle Au-YSZ nanocom-
posite films. (D) Hydrogen sensing calibration curves for nanocomposite samples with different particle sizes and preparation methods 
(C–D adapted from [33]. Licensed under the creative Commons Attribution License 2.0). (E) Absorbance spectra and Lorentzian fits for a 
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In a further study on this system, Dharmalingam et al. 
investigated Au-YSZ nanocomposite films with varying 
sizes of the embedded Au particles for detection of CO and 
H2 [33]. To achieve the desired parameter variation, the 
authors fabricated their samples using layer-by-layer phys-
ical vapor deposition (PVD), where Au was deposited first 
to form small islands on the substrate and then covered 
with YSZ (Figure 3C). They then exposed the film to differ-
ent concentrations of H2 and CO at a temperature of 500°C 
and monitored the spectral changes of the film’s plasmon 
resonance peak at a wavelength of around 580 nm.  
Calibration curves for several Au nanoparticle configura-
tions are shown in Figure 3D. The authors found that the 
film with the smallest Au particles (mean crystallite size of 
approx. 50 nm) yielded the largest response to hydrogen 
exposure (Figure 3D). When comparing this response to 
a co-deposited nanocomposite film, where the Au parti-
cles were embedded in an YSZ matrix, they obtained an 
enhancement of the sensing performance by a factor of 1.5. 
However, this enhancement is accompanied by a decrease 
of the sensitivity to CO. Still, the study by Dharmalingam 
et al. outlines how sensitivities and selectivity in Au-YSZ 
nanocomposite films can be tuned by a straightforward 
variation of one of the structure parameters, accelerating 
the development of integrated sensor chips for multiple 
reagents.

Au-YSZ can also serve as a broader model system for 
the investigation of electrochemical reactions in nanocom-
posite geometries, as demonstrated by the work of Rogers 
et al., who monitored the optical response of Au nanopar-
ticles embedded in an YSZ matrix during H2 exposure [34]. 
However, by simultaneously tuning the concentration of 
H2 and O2, they were able to achieve much better control 
over the electrochemical reactions occurring in the nano-
composite film. They studied hydrogen to oxygen ratios 
in nitrogen carrier gas ranging from 10 (1 vol.% H2, 0.1 
vol.% O2) to 0.005 (0.05 vol.% H2, 10 vol.% O2) and found 
clear influence of the mixing ratio on the optical response 
(Figure 3E). When comparing the spectral shifts in their 
nanocomposite system for different H2 and O2 concentra-
tions, the authors made two key observations: an increase 
of the H2 concentration generally led to a blueshift and a 
narrowing of the plasmon resonance, whereas an increase 
of the O2 concentration led to a redshift and a broadening 
(Figure 3F). This behavior could be explained by reaction-
induced charge transfer between the oxygen ions in the 
YSZ matrix and the Au nanoparticles, where the blue- 
and redshifts were associated with charge injection and 
removal, respectively. Taking a further step, the authors 
were able to correlate the plasmon resonance position 
(and thus the square root of the charge density in the Au 

nanoparticles) with the gas mixing ratio through an elec-
trochemical model, paving the way towards the all-optical 
interrogation of different oxygen ion transport and charge 
transfer mechanisms.

2.3  �Chemical sensing in harsh and 
corrosive environments

In recent years, industrial energy production has expe-
rienced an increasing shift from traditional fossil-based 
technologies towards renewable sources. However, large-
scale petrochemical processing is still a vital step in the 
production of a multitude of products ranging from plas-
tics to pharmaceuticals. Many important petrochemical 
reactions take place at high temperatures and in otherwise 
harsh or corrosive environments, which requires constant 
and reliable process monitoring. Due to their durability, 
sensitivity, and all-optical readout, plasmonically func-
tionalized thin films are well positioned to detect a variety 
of reagents in such challenging environments.

Towards this goal, Ohodnicki et  al. have utilized an 
Au/TiO2 nanocomposite film for the detection of hydro-
gen at temperatures as high as 850°C [35]. The authors 
prepared their nanocomposite through sol-gel deposition 
techniques and obtained a TiO2 matrix with a well-con-
trolled amount of dispersed Au crystallites (Figure 4A). 
TiO2 was chosen due to its reactivity to a variety of gaseous 
reagents combined with excellent thermal stability. They 
then examined the sensing performance of their device by 
exposing it to 4 vol.% H2 in N2 carrier gas at temperatures of 
600 and 850°C while recording the transmittance changes 
close to the plasmon resonance position at a wavelength 
of 625 nm (Figure 4B). The authors observed pronounced, 
reversible and reproducible transmittance changes for 
both temperatures and found that the response time of 
their system could be reduced from 33 to only 3  min by 
increasing the temperature from 600 to 850°C. This rapid 
and reproducible response makes the Au/TiO2 system suit-
able for chemical process monitoring, especially at high 
temperatures associated with advanced petrochemical 
processing or reactions in solid oxide fuel cells.

Besides high-temperature chemical monitoring 
devices, sensors for the detection of reagents in harsh or 
corrosive environments also play a pivotal role in control-
ling large-scale chemical processing plants. Hydrogen 
sulfide (H2S) is a prominent example for a toxic and cor-
rosive gas that is produced in chemical reactions ranging 
from natural gas manufacturing to food production. Della 
Gaspera et al. utilized a TiO2-NiO film with embedded Au 
nanoparticles for the detection of H2S down to the ppm 
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range [36]. The authors produced the films using a sol-gel 
method with a subsequent annealing step at 500–600°C 
and examined three composition ratios of the TiO2-NiO 
system: 70TiO2-30NiO, 50TiO2-50NiO, and 30TiO2-70NiO. 
Bright-field TEM imaging of an Au-70TiO2-30NiO nanocom-
posite film showed that annealing at 600°C could result in 
the formation of NiTiO3 islands in addition to the NiO and 
TiO2 phases (Figure 4C). In their gas sensing experiments, 
the authors exposed the three nanocomposite films to 
100  ppm H2S and 1 vol.% H2 in air and monitored the 
absorbance change at resonance over time (Figure 4D). 
They found that the Au-70TiO2-30NiO film yielded the best 
dynamic behavior with large absorbance changes as well 
as quick response times. The sample also showed only a 
negligible response to H2 vs. H2S, even at a concentration 
ratio of 100:1, demonstrating the excellent selectivity of 
the device.

So far, we have mainly covered sensing applications 
for chemical process engineering. However, the monitor-
ing of exhausts released into the environment is equally 
important. Many combustion processes release large 
amounts of nitrous oxides (NOx), which contribute to the 
formation of acid rain and degrade water quality on a 
global scale. Thus, the detection of NOx close to the source 
of formation in, e.g., a turbine jet engine is crucial for the 
development of low-emission machinery. Here, Rogers 
et al. extended their previous work on Au/YSZ nanocom-
posites towards the detection of NOx in small amounts and 
at temperatures between 500 and 800°C [37]. They pre-
pared their nanocomposite using co-magnetron PVD with 
a subsequent annealing step and obtained films with an 
average grain size of approx. 28 nm for both Au and YSZ 
crystallites. The film was then exposed to different ppm 
range concentrations of NO2 in air and the optical absorb-
ance change was recorded for different temperatures. 
When comparing the absorbance spectra for 100 ppm NO2 
in air with air at a temperature of 500°C, a redshift and a 
broadening of the plasmon resonance could be observed 
(Figure 4E). The authors attributed this behavior to the 
removal of electrons from the Au nanoparticles, caused 
by oxygen ion production during the dissociation of NO2 
on the Au-YSZ nanocomposite. To further characterize 
the temperature dependence of the sensor response, they 
exposed their sensor device to concentrations of 5, 10, 50, 
and 100 ppm NO2 in air at different temperatures ranging 
from 200 to 700°C. To simplify analysis, the authors sub-
tracted the optical spectra during gas exposure from the 
“baseline” spectrum in air and defined their sensor signal 
as the difference between maximum and minimum of the 
resulting curve (Figure 4F). They found the highest sensor 
signal change for a temperature of 400°C whereas the best 

trade-off between magnitude of the signal and response 
time was observed at a temperature of 500°C, with a sen-
sitivity down to 5 ppm NO2 in air. Furthermore, they were 
able to resolve concentrations of 50 ppm NO2 in air in a 
wide temperature range from 300 to 700°C, which makes 
their design ideally suited for industrial NO2 monitoring.

3  �Shell-isolated nanoparticle-
enhanced Raman spectroscopy

One important application of plasmonic enhancement is 
the amplification of Raman scattering signals from mol-
ecules adsorbed on roughened or nanostructured metal 
surfaces [38]. In general, Raman spectroscopy is used to 
investigate rotational and vibrational transitions in mole
cules through the measurement of inelastically scattered 
photons from the sample. However, inelastic scattering 
signals in such systems are generally much weaker than 
the elastic Rayleigh scattering and thus are difficult to 
detect. Here, deposition of molecules onto, e.g., a rough-
ened or nanopatterned metal film can greatly enhance the 
inelastic response. This signal increase can be understood 
in terms of surface plasmon propagation at the metal-
molecule interface, which leads to strongly enhanced 
electromagnetic fields as well as to a chemical effect due 
to charge transfer complexes. Depending on the mate-
rial and morphology of the substrate, surface-enhanced 
Raman scattering (SERS) geometries can reach enhance-
ment factors in the 1010 range, which makes them suitable 
for the detection of single molecules [39].

In order to investigate the nanoscale properties of 
novel catalytic or reactive materials, current approaches 
need to be extended towards localized optical probes that 
can be freely dispersed on any surface or morphology, while 
retaining the high enhancement factors crucial for Raman 
scattering measurements. Li et  al. have utilized small 
silica-coated gold nanoparticles to perform shell-isolated 
nanoparticle-enhanced Raman spectroscopy (SHINERS) 
[40]. For fabrication, the authors chemically synthesized 
spherical gold particles with a diameter of around 55 nm, 
which were subsequently coated with a thin, uniform, and 
optically transparent silica shell (Figure 5A). The purpose 
of the thin shell is twofold; it offers controllable separa-
tion of the gold core from the surface to be studied as well 
as protection of the core from the chemical or biological 
environment (Figure 5B). In addition, the amount of field-
enhancement around the nanoprobes can be tailored 
by varying the shell thickness. The authors first applied 
their technique to hydrogen adsorption on platinum. They 
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spread the shell-isolated nanoprobes on a Pt(111) single-
crystal electrode covered by a 0.1 m NaClO4 electrolyte and 
started the hydrogen generation reaction by applying a 
suitable electrode potential. Through the use of particles 
with an ultrathin SiO2 shell of only 2 nm, they were able 
to detect the Raman signal of the adsorbed hydrogen. To 
further demonstrate the versatility of their approach for 
environmental monitoring and food safety applications, 
the authors studied pesticide residues on fruits. They dis-
persed their nanoprobes on orange skin with and without 

methyl parathion contamination and recorded the Raman 
scattering signal (Figure 5C). They were able to clearly 
detect the presence of parathion on the orange skin 
samples in their nanoparticle-enhanced Raman spectra, 
whereas measurements without the nanoprobes yielded 
no signal changes (Figure 5D). Thus, SHINERS offers a 
clear advantage in sensitivity and flexibility over standard 
SERS approaches and constitutes an important milestone 
on the pathway from plasmonically functionalized thin 
films to more complex sensing devices.
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Figure 5 Shell-isolated nanoparticle-enhanced Raman spectroscopy.  
(A) TEM images of Au/SiO2 core-shell nanoparticles with different shell thicknesses. (B) Schematic of the sensing principle. Shell-isolated 
nanoparticles can be used to probe any surface or morphology. (C) Schematic of a SHINERS experiment for the detection of pesticides on 
citrus fruits. (D) Normal Raman and SHINERS spectra for oranges with and without pesticide contamination by parathion (A–D adapted by 
permission from Macmillan Publishers Ltd: Nature [40], copyright 2010). (E) TEM images of Au/PAT core-shell nanoparticles with different 
shell thicknesses (F) SERS spectra of Au@2 nm PAT NPs + TNT (10-2 m to 10-5 m) (E–F reprinted from [41]. Reproduced by permission of The 
Royal Society of Chemistry). (G, H) SEM images and extinction spectra of Au NRs with different aspect ratios prepared by tuning the volumes 
of the Au seed solution (G–H reprinted with permission from [42]. Copyright 2013, John Wiley & Sons, Ltd.).
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The reliable monitoring of environmental safety is a 
major area of chemical sensing. One crucial aspect for land 
and air travel is the detection of explosive materials in low 
amounts and on diverse surfaces and morphologies. To 
achieve this, Qian et al. demonstrated the use of functional-
ized shell-isolated nanoprobes for the selective detection of 
trinitrotoluene (TNT) [41]. They first synthesized gold nano-
particles with a diameter of 50 nm, which were then coated 
with an ultrathin 2 nm shell of poly- (2-aminothiophenol) 
(PAT). In a final processing step, the PAT was functional-
ized with amino groups to facilitate the binding of TNT. 
This resulted in uniform nanoprobes with high yield and 
controllable shell thickness (Figure 5E). The authors then 
performed SHINERS measurements on their nanoprobes in 
the presence of different amounts of TNT ranging from 10-2 
to 10-5 M and observed several TNT-specific Raman peaks 
in their spectra for all concentrations (Figure 5F). To eluci-
date the mechanism for the TNT-PAT binding, the authors 
focused on the Raman peak around 2955 cm-1, which they 
attributed to the formation of a Meisenheimer complex 
between the TNT molecules and the amino groups at the 
PAT surface. By tracking signal changes only at the wave-
number associated with the highly specific Meisenheimer 
complex, the authors were able to demonstrate excellent 
selectivity of their sensor geometry even when exposed to 
very similar reagents such as dinitrotoluene (DNT).

To optimize the sensing performance of SHINERS-based 
devices even further, more complex particle geometries with 
tunable properties need to be synthesized. In this context, 
Zhang et  al. investigated gold nanorods covered with an 
ultrathin shell of silica [42]. By varying the amount of gold 
seed solution in their synthesis process, they were able to 
reproducibly grow nanorods with different lengths and 
aspect ratios ranging from 2.2 to 3.7 (Figure 5G). In addition, 
the shell thickness could be varied from 3 to 7 nm. To optically 
characterize their shell-isolated nanoparticles, the authors 
performed absorbance measurements and found that the 
plasmon resonance wavelength of their nanoprobes could 
be tuned from around 700 nm well beyond 800 nm (Figure 
5H). With such flexibility, SHINERS-based sensor geometries 
can easily be tuned to the wavelength of an exciting laser 
beam, maximizing the Raman enhancement and allowing 
for reagent detection with greatly improved sensitivity.

4  �Label-free refractive index 
gas sensing

Many of the sensing approaches presented so far have 
relied on a combination of passive plasmonic antennas, 

often composed of noble-metal nanoparticles, with 
a chemically active surrounding material. This mate-
rial allows the composite system to exhibit selectivity 
to specific reagents and provides a reactor for chemical 
surface or bulk processes. Label-free sensing devices, on 
the other hand, focus on the reagent-induced refractive 
index changes in the vicinity of plasmonic structures. 
Since the adsorption of biological molecules or the gen-
eration of new compounds in chemical processes causes 
fairly large refractive index changes, label-free methods 
are well suited for the investigation of a plethora of liquid-
phase systems [43]. However, the label-free detection of 
chemical reagents and processes in the gaseous phase is 
significantly more challenging, mainly due to the minute 
refractive index changes associated with gas concentra-
tion variations.

To overcome this, Bingham et  al. utilized high-re
solution localized surface plasmon resonance (HR-LSPR) 
spectroscopy on arrays of silver nanoparticles to detect 
gas-induced refractive index changes in the 10-4 range 
(Figure 6A) [44]. For their gas sensing experiments, the 
authors fabricated Ag nanoparticle arrays using nano-
sphere lithography and recorded extinction spectra 
while alternating the gaseous environment repeatedly 
between helium/argon and helium/nitrogen every 10 s. 
They observed clear spectral redshifts when switch-
ing from He to the target gases, with wavelength shifts 
of 0.048  nm and 0.058  nm for Ar and N2, respectively, 
which corresponds to a sensitivity of around 200 nm/RIU  
(Figure 6B). In addition, the authors performed gas 
exchanges every 5  s and found mass-transport limited 
rise and fall times, indicating the detection of RI changes 
in the gaseous environment as opposed to adsorption 
processes at the Ag surface. The main enabling factors in 
their high-resolution measurements were the use of silver 
for plasmonic resonators with low intrinsic damping, the 
stability of their experimental setup, and the ability to 
precisely track the plasmon resonance wavelength over 
multiple measurements.

A reliable and highly accurate technique for deter-
mination of the resonance position from (potentially 
noisy) experimental spectra is the centroid method as 
introduced by Dahlin et al. for LSPR spectroscopy [45]. As 
a first application, the authors investigated the sensitiv-
ity of nanohole arrays in a thin gold film towards small 
refractive index changes in the environment (Figure 6C). 
The centroid method relies on the computation of the first 
moment (or center of mass) of a spectral intensity distribu-
tion I(λ), taken over a certain wavelength span Sc (Figure 
6D). In order to reduce measurement noise and provide a 
continuous analytical representation of the experimental 
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data, the authors first fitted the nanohole absorbance 
spectra I(λ) using a high-degree polynomial ε(λ) of order 
20. The starting wavelength λs of the centroid span Sc in 
the spectra was obtained by minimizing the expression 
ε(λs+Sc)–ε(λs) and the intensity baseline εbase was defined 
as ε(λs). The centroid wavelength λcentroid was then calcu-
lated using
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Since there is a linear relationship between the reso-
nance wavelength λpeak and λcentroid with a proportional-
ity factor of roughly 1 for most plasmonic systems, the 
centroid wavelength shift serves as a reliable measure 
for sensor performance. Overall, the centroid detection 
approach allows for the sensitive, robust and reproduc-
ible extraction of resonance wavelength positions from 
noisy experimental data and thus enables a plethora of 
applications in biological and chemical sensing. In this, 

it is clearly superior to common peak tracking or fitting 
methods due to the inclusion of the full span S of spec-
tral data and its suitability for, e.g., non-Lorentzian line 
shapes.

5  �Engineered nanoparticles and 
smart dust

Highly engineered or “smart dust” nanoparticles offer 
many exciting possibilities for the detection of chemical 
or biological reagents [46]. Furthermore, the combina-
tion of multiple materials in complex core-shell nano-
particles and the use of advanced synthesis procedures 
allow for new functionalities as well as increased flex-
ibility in structure design [47–49]. Implementing this 
concept for plasmonic gas sensing, Ghodselahi et  al. 
have demonstrated the use of Cu@CuO core-shell nano-
particles for the detection of carbon monoxide [50]. The 
authors first prepared hexagonal Cu nanoparticle arrays 
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on a glass substrate through co-deposition of RF-sput-
tering and RF-PECVD, and subsequently oxidized them 
under airflow to obtain the CuO shell structure. This 
yielded uniform Cu@CuO core-shell nanoparticles with 
a thickness of 35  nm and a mean lateral dimension of  
10 nm. To demonstrate the carbon monoxide sensitivity 
of their system, the authors recorded absorbance spectra 
of their sample during exposure to different flow rates of 
CO. In ambient air, they observed a pronounced plasmon 
resonance peak at around 600 nm, which underwent a 
spectral redshift and an increase in the absorbance for 
increasing CO flow rate (Figure 7A). Spectral redshifts 

of approximately 3  nm were observed for a low flow 
rate of 1.6 l/h, with a maximum value of approx. 8  nm 
and saturation-like behavior for flow rates in the 10 l/h 
range (Figure 7B). This response could be attributed to 
CO adsorption on the CuO shell, which lead to a dielec-
tric change in the active material and thus to a spectral 
shift of the plasmon resonance in the Cu. Since CO mol-
ecules are only adsorbed on the particle surface, the CuO 
shell could potentially be cleaned via a low-temperature 
annealing step in air. This would reduce sensor perfor-
mance degradation and enable long-term environmental 
monitoring applications.
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Figure 7 Sensing with complex core-shell nanoparticles.  
(A) Absorbance spectra of Cu@CuO core-shell nanoparticles under air and various CO gas concentrations. (B) LSPR absorbance (left) and LSPR 
wavelength (right) versus CO concentration (A–B reprinted with permission from [50]. Copyright 2011 American Chemical Society). (C) TEM 
image of starch-stabilized silver nanoparticles for hydrogen peroxide detection. (D) Absorbance spectra of the Ag nanoparticle solution 15 min 
after the addition of hydrogen peroxide solution for different H2O2 concentrations (C–D reprinted from [51], with permission from Elsevier). 
(E) TEM image of polyvinylpyrrolidone-coated silver nanoparticles in water. (F) Absorbance at resonance over time after the addition of 1 mm 
hydrogen peroxide (E–F reprinted from [52], with permission from Elsevier).
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Apart from different metals and oxides, smart dust 
nanoparticles can also be capped with biological species 
to facilitate the detection of diverse reagents. Vasileva 
et al. have demonstrated the use of starch-stabilized silver 
nanoparticles to detect hydrogen peroxide (H2O2) [51]. 
Hydrogen peroxide plays an important role in the human 
body, where it is a key factor for oxygen metabolism, enzy-
matic breakdown of glucose or lactose, and oxidative 
stress [53]. In their experiments, the authors designed a 
green synthesis procedure employing only soluble starch, 
silver nitrate, D-glucose, and sodium hydroxide to obtain 
an aqueous dispersion of nanoparticles with a mean diam-
eter of 14.4 nm and excellent uniformity. Importantly, they 
performed ultrasonication and controlled alkalization of 
the reaction medium to tailor the size and shape of their 
Ag particles (Figure 7C). A key feature of their synthesis 
approach is the use of soluble starch as a capping agent, 
which eliminated the need for toxic chemicals in the reac-
tion process and still allowed for sufficient control over 
particle morphology. When added to the nanoparticle 
dispersion, H2O2 acted as an active oxidant, leading to the 
degradation of the starch-stabilized silver particles. The 
authors could correlate this degradation with the absorb-
ance strength of the silver particles’ plasmon resonance 
and thus were able to reliably differentiate H2O2 concen-
trations ranging from 10-1 to 10-6 mol/l (Figure 7D).

A different bio-inspired approach for detection of 
H2O2 has been demonstrated by Endo et al. [52]. They used 
silver nanoparticles in solution to obtain a pronounced 
plasmonic response, but coated them with polyvinylpyr-
rolidone (PVP) to improve their stability towards other 
reagents (Figure 7E). Exposure to H2O2 led to an aggrega-
tion of the PVP-coated Ag nanoparticles and a subsequent 
decrease of the absorbance strength of the plasmon res-
onance at a wavelength of around 405 nm. The authors 
investigated this behavior in more detail by introducing 
1 mm H2O2 into a vial of PVP-coated Ag nanoparticles while 
tracking the absorbance over time (Figure 7F). They again 
observed a strong decrease of the peak absorbance, with a 
large enough effect to be visible by naked eye. Thus, such 
coated nanoparticles could be employed as cheap and 
biocompatible color markers for medical and pharmaceu-
tical applications.

Due to their unique properties, plasmonic smart 
dust particles can sensitively probe localized structural 
features such as size, shape, material, and morphol-
ogy [54, 55]. Furthermore, the efficiency of many physi-
cal, chemical and catalytic processes depends crucially 
on such nanoscale properties. This is especially true for 
large-scale catalytic hydrogen generation and storage, 
a key component of green energy production which 

may facilitate a move away from present, fossil-based 
technologies.

Palladium constitutes an ideal model system for hydro-
gen dissociation and subsequent absorption processes in 
metals [56–59]. During catalytic loading, hydrogen mol-
ecules are first chemisorbed on the Pd surface, followed 
by near barrierless dissociation and subsequent diffusion 
of atomic hydrogen into the lattice. When increasing the 
hydrogen concentration, palladium undergoes a phase 
transition from a mobile, solid solution α-phase to a pal-
ladium hydride (PdH) β-phase. This transition causes both 
an expansion of the Pd lattice as well as a pronounced 
change in the dielectric function.

To study the influence of the localized particle geom-
etry on this reaction, Tang et al. investigated the hydrogen 
uptake trajectories for individual Au/Pd core-shell parti-
cles with different shapes, faceting, and Pd shell thickness 
[60]. The authors employed a synthesis method designed 
for particles with high quality but low uniformity to obtain 
a mixture of triangular plates, decahedrons, and icosa-
hedrons (Figure 8A). This allowed them to study nano-
particles with different sizes and shapes from the same 
synthesis process, aiding in reproducibility. The authors 
first studied hydrogen-induced shifts of the plasmon 
resonance for an Au/Pd core-shell triangular plate and 
found a pronounced spectral redshift on the order of 
25 nm (Figure 8B). Both this result and similar measure-
ments on icosahedrons were found to be in good agree-
ment with numerical simulations, taking into account 
the dielectric function change from Pd to PdH. However, 
when investigating decahedral nanoparticles, the authors 
measured a pronounced spectral blueshift upon initial H2 
exposure (Figure 8B), which could not be accounted for 
in numerical simulations using a simple Pd/PdH transi-
tion. This contrasting behavior was attributed to two 
chemical transformations that occur during hydrogen 
exposure: the interdiffusion of Au and Pd, which leads 
to an effective decrease of the Au particle size and thus 
a blueshift, and the formation of palladium silicide due 
to an reaction of the nanoparticles with silicon atoms of 
the substrate below. Both effects were found to be espe-
cially pronounced in nanoparticles with thicker Pd shells, 
allowing for the straightforward differentiation of the par-
ticle species. Thus, the plasmonic resonance of individual 
smart dust nanoparticles can serve as a sensitive probe 
for H2 storage properties and metal support interactions 
in nanocatalytic systems, revealing geometry-dependent 
properties that are not accessible via standard ensemble 
measurements.

An ideal application for such smart dust nanoprobes 
is the catalytic generation of hydrogen, which is a key 
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prerequisite for renewable energy production. Here, Seo 
et  al. investigated the photocatalytic decomposition of 
lactic acid for hydrogen generation, using platinized 
cadmium sulfide (Pt/CdS) nanocubes [61]. In order to 
enable in-situ monitoring of the produced H2 gas, they 
integrated gold domains into the nanocube reactors and 
recorded time-resolved dark-field scattering spectra from 
single structures (Figure 8C). When their nanoreactors 
were illuminated with white light, photons that match 
the optical band gap were absorbed in the CdS shells, 
leading to the generation of photoelectrons. These elec-
trons can transfer to the Pt part and react with protons 
from the surrounding solution to produce H2 gas. During 
the reaction, the authors observed a gradual blueshift 
of the plasmonic resonance with a maximum value of 

14 nm combined with a decrease of the scattering ampli-
tude (Figure 8D). This was found to be consistent with a 
change of the local environment close to the gold probe 
from 10% lactic acid in water (n = 1.342) to hydrogen gas 
(n = 1.000), taking into account that the Au probe has an 
average distance of 20 nm from the active Pt surface. As 
expected, the time-resolved spectral resonance position 
followed a saturation behavior, reaching the maximum 
blueshift after around 10  min (Figure 8E). By perform-
ing further analysis on their spectral time trace data, the 
authors were able to estimate the hydrogen generation 
from a single nanoreactor particle at around 1300 mol-
ecules per minute, showing that the use of smart dust 
probes can yield detailed information on local reaction 
kinetics from non-invasive far-field measurements.
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Figure 8 Complex smart dust nanoparticles for hydrogen and chemical sensing.  
(A) Low- and high-resolution TEM images of Au/Pd core-shell nanocrystals. (B) Plasmon resonance shift upon hydrogen uptake and release 
for a single Au/Pd core-shell triangular plate (left) and decahedron (right) (A–B adapted with permission from [60]. Copyright 2011 American 
Chemical Society). (C) Schematic diagram of single-particle measurement and detection on a single Au@Pt/CdS catalyst particle. (D) Extinc-
tion spectra of a single Au@Pt/CdS cube along the reaction progress. (E) Plasmon resonance shift during reaction for the same cube (C–E 
adapted with permission from [61]. Copyright 2012 American Chemical Society). (F) Schematic of plasmonic probing of local chemical reac-
tions using smart dust nanoparticles (left). Exemplary element-resolved TEM and SEM images of the probing platform (right). (G) Electric 
near-field distribution at resonance. The intense near-fields are strongly localized at the touching point between the smart dust particle and 
the Pd film. (G) Time-resolved centroid wavelengths in response to hydrogen uptake and release for a single smart dust particle on a 15 nm 
Pd film (F–H adapted with permission from [62]. Copyright 2013 American Chemical Society).
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In order to extend the presented concepts to the detec-
tion of chemical or catalytic processes in realistic material 
systems and environmental conditions, there is a need for a 
versatile sensing platform that can probe arbitrary surfaces 
and morphologies. To achieve this, Tittl et al. utilized silica 
shell-isolated gold nanoparticles to monitor local chemical 
reactions in real time [62]. The smart dust nanoparticles can 
focus incident light into subwavelength hot spots of the 
electromagnetic field and optically report minute environ-
mental changes at their pinning sites on the probed surface 
during reaction processes (Figure 8F, left). Furthermore, 
the smart dust particles can easily be dispersed on target 
surfaces via drop-coating and allow for straightforward 
all-optical readout via standard dark-field spectroscopy 
(Figure 8F, right). As a model system, the authors investi-
gated the hydrogen dissociation and subsequent absorp-
tion in adjacent palladium thin films. A key feature of their 
particles is the ultrathin SiO2 shell with a thickness of 10 nm 
(Figure 8F, right), which both separates the Au core from 
direct contact with the probed agents and enables the high 
localized field-enhancements necessary for the sensitive 
detection of dielectric changes in the neighboring Pd film 
(Figure 8G). For their sensing measurements, the authors 
exposed a “dust on film” sample consisting of smart dust 
nanoprobes on a 15 nm Pd film to concentrations of 0.5, 1, 
2, and 3 vol.% hydrogen in nitrogen carrier gas. They were 
able to observe different concentration steps as clear spec-
tral blueshifts in the optical scattering response of single 
smart dust particles, with a maximum value of around 
8 nm for 3 vol.% H2 (Figure 8H). To check the ability of their 
platform to resolve localized morphology changes, the 
authors next investigated the “film on dust” system, where 
the smart dust particles were covered with a highly curved 
Pd film via tilted angle evaporation and found pronounced 
redshifts for all concentrations. This shows how the smart 
dust probing platform can transform small localized mor-
phology changes into a complete reversal of the spectral 
shift direction in the far-field optical response, allowing it 
to resolve chemical reactions for nearly arbitrary material 
placements and configurations. In the future, such tech-
niques could combine two-dimensional imaging and spec-
troscopy to locally map chemical and catalytic reactions on 
a subdiffraction-limit scale.

6  �Large-area nanostructured 
sensor chips

Synthesis- and deposition-based approaches enable the 
reliable and high-throughput fabrication of plasmonic 

nanosensor devices. However, in order to produce large-
area sensor chips with a predefined spatial arrangement 
of plasmonic elements, other fabrication methods such as 
soft-imprint lithography, nanosphere lithography, or (to 
some extent) electron-beam lithography often need to be 
implemented [5, 6].

As a first example of nanosphere lithography, Wang 
et al. utilized ordered gold nanoparticle arrays to study the 
chemical adsorption of mercury vapor on the Au surface 
[63]. They fabricated the particle arrays by evaporating 
2 nm chromium (Cr) and 40 nm Au through the intersti-
tial voids of a densely packed monolayer of polystyrene 
(PS) nanospheres, followed by sonication in ethanol to 
remove the PS spheres from the substrate. This yielded 
triangular gold nanoparticles with a hexagonal spatial 
arrangement, which could be transformed into more cir-
cular nanodisks by a subsequent annealing step (Figure 
9A). The authors then exposed their sample to 15 ppm of 
mercury vapor delivered by nitrogen flow and monitored 
the shift of the plasmon resonance peak over time. They 
found a clear monotonic spectral blueshift from 565 to 
560 nm, which saturated after 2  h and reached 85% of 
the maximum value after around 30 min (Figure 9B). This 
adsorption time was found to be shorter than in the case 
of an extended Au film, where only 67% of the maximum 
response was obtained after 30 min [65]. In addition, the 
authors were able to regenerate their sensor chip using a 
heating step at 300°C for 30 min, resulting in a return of 
the plasmon resonance position to the original value. The 
blueshift was attributed to the formation of an adsorbed 
mercury shell on the hemispherical Au nanoparticles, 
which could be clearly observed as a volume increase in 
AFM measurements, leading to a change of the effective 
refractive index and thus the observed spectral shifts.

Ma et  al. used a structurally similar system for the 
detection of chloroform vapor, a prime example among 
the volatile organic compounds that play a role in both 
industry and medical diagnostics [66, 67]. Their sensor 
device consisted of an array of triangular silver nanopar-
ticles, covered with a poly(methyl methacrylate) (PMMA) 
transduction layer which provided the reagent sensitiv-
ity [68]. For fabrication, the authors utilized nanosphere 
lithography followed by spin-coating of the PMMA layer 
to produce high-quality ordered triangular nanoparticle 
arrays over large areas. PMMA was chosen as a chloroform 
sensitive material due to its excellent long-term stability, 
low optical loss, and transparency in the visible spectrum. 
In optical extinction measurements, the system exhibited 
a clear plasmon resonance at a wavelength of around  
670 nm, which decreased in magnitude upon exposure to 
increasing concentrations of chloroform vapor. Compared 
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to this pronounced response in extinction magnitude, the 
authors found only small changes in the resonance wave-
length for the different chloroform concentrations. This 
spectral behavior was found to be consistent with chloro-
form-induced swelling in the PMMA layer. When switch-
ing on the chloroform vapor flow, the system reached the 
saturation value of maximum extinction change after 
a fast response time on the order of 10 s and the system 
returned to the initial state 300  s after switching off the 
flow. Finally, the authors examined the cross-sensitivity of 
their sensor device and found only negligible responses for 
exposures to benzene, toluene, ethanol, propyl alcohol, or 
hexane. This shows that their system can be utilized as a 
stable, reliable, and selective chloroform sensor for health 
and safety or industrial uses.

One key application of large-area nanostructured 
sensor chips was first demonstrated by Langhammer 
et  al., who utilized palladium nanodisks to perform 
hydrogen sensing experiments and to study the hydrogen-
induced phase transition from palladium (Pd) to palla-
dium hydride (PdH) on the nanoscale [64]. The Pd/PdH 

transition causes both a strong change of the dielectric 
function and an expansion of the Pd lattice, allowing it 
to be observed in resonant plasmonic systems. To achieve 
this, the authors fabricated a disordered array of supported 
Pd nanodisks with a diameter of 300 nm using hole-mask 
colloidal lithography (Figure 9C, top). They then measured 
extinction spectra for different hydrogen partial pressures 
ranging from 0 to 150 torr. The initial plasmon resonance 
peak at a wavelength of around 1200 nm underwent a pro-
nounced redshift as well as a broadening and a decrease 
of the total extinction cross-section for increasing hydro-
gen pressure (Figure 9D). By correlating the peak shifts 
with the hydrogen partial pressures, the authors were able 
to obtain hydrogen absorption and desorption trajectories 
comparable to the well-known pressure-composition iso-
therms that characterize the phase transition in the bulk 
PdH system, showing that the nanoscale phase behavior 
can be effectively retrieved from optical measurements. 
They also found that it was crucial to use relative spectral 
shifts instead of absolute peak positions for the derivation 
of the pressure-composition isotherms, since repeated 

Figure 9 Large-area nanostructured sensor chips.  
(A) AFM image of ordered gold nanoparticle arrays prepared using nanosphere lithography. (B) Plasmon resonance wavelength shifts of the 
gold nanoparticle arrays at different times after exposure to mercury vapor (A–B adapted from [63], with permission from Elsevier). (C) SEM 
image of a Pd nanodisk array used for hydrogen sensing (top) and degradation of the system after several exposure cycles (bottom). (D) 
Series of measured extinction spectra for the nanodisk array at successively higher hydrogen pressures (C–D adapted with permission from 
[64]. Copyright 2007 American Chemical Society).
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hydrogen loading and unloading cycles led to irreversible 
changes in the Pd nanostructures (Figure 9C, bottom). 
Theses changes are due to the phase-transition-induced 
10% volume increase of the Pd lattice and the associated 
mechanical stress [56]. For use in highly stable industrial 
sensor devices, this hydrogen-induced structural deterio-
ration can be overcome by, e.g., alloying Pd with nickel 
(Ni) and by sandwiching the resulting material in between 
optimized capping and buffering layers [69].

The presented nanostructured sensor chips exhibit 
excellent homogeneity over large areas as well as high 
performance and can thus serve as the reagent-sensitive 
element in simple, all-optical, and industry-compatible 
sensor devices. This enables their use in a variety of appli-
cations, especially in the field of environmental monitor-
ing, where high numbers of identical sensor elements are 
needed.

7  �Complex grating-based 
plasmonic hydrogen sensors

In order to further improve the performance of plasmonic 
sensor devices, many recent designs have moved from 
simple plasmonic resonators towards complex coupled 
or hybrid nanostructures [16, 70–72]. Coupled plasmonic 
systems provide a way to tackle two main limiting factors 
for the sensitivity of such devices: the linewidth (and thus 
the quality factor) of the plasmon resonance and the back-
ground signal close to the resonance position.

One approach to reduce the resonance linewidth is to 
place an array of plasmonic nanowires on top of a pho-
tonic waveguide to form a metallic photonic crystal slab 
[73–76]. To obtain sensing functionality, Nau et  al. used 
Au nanowires on top of a gasochromic WO3 waveguide, 
which undergoes a strong modification of its optical prop-
erties when exposed to hydrogen gas [77]. The authors 
also incorporated an ultrathin (2 nm) catalytic Pd layer 
between the wires and the waveguide to facilitate the 
splitting of molecular hydrogen gas into atomic hydrogen 
for diffusion into the WO3 waveguide (Figure 10A). When 
the system is excited perpendicular to the nanowires, 
the associated plasmon resonance can couple to the 
quasiguided mode of the WO3 waveguide, resulting in the 
formation of a polariton-type coupled system. In extinc-
tion measurements, the upper and lower branch of the 
polariton can be associated with two pronounced maxima 
in the spectrum. Additionally, the coupling between the 
broad plasmon peak and the narrow waveguide mode 
leads to the formation of a sharp extinction dip between 

the maxima, which is ideally suited for sensing due to its 
low FWHM. Upon hydrogen exposure, the optical prop-
erties of the WO3 layer change drastically, which in turn 
causes pronounced changes in the extinction spectrum 
of the complete metallic photonic crystal slab. In their 
sensing experiments, the authors exposed their sample 
to a constant gas flow with a predefined ratio of H2 to 
N2 flow rates, allowing them to precisely set the hydro-
gen concentration. Extinction measurements were taken 
100 s after each change of the H2 concentration to allow 
the system to reach equilibrium. In TM polarization, the 
authors observed a pronounced response of the extinction 
dip at a wavelength of 674 nm when going from 0 vol.% H2 
to 20 vol.% H2, with an extinction change of 247% and a 
resonance blueshift of 13 nm (Figure 10B). These results 
exemplify how the combination of a chemically sensitive 
waveguide with plasmonic elements can lead to versatile 
and high-performance sensor geometries. Furthermore, 
by replacing the Au nanowires with other reactive mate-
rials, metallic photonic crystal devices can be expanded 
to detect two reagents simultaneously, enabling rapid 
multiplexing.

A different way to obtain narrow spectral features 
suitable for sensing applications is the coupling of inci-
dent light to an array of apertures in an optically thick 
metal film. In optimized geometries, this leads to a 
transmittance much greater than predicted from classi-
cal aperture theory, a phenomenon known as extraordi-
nary optical transmission (EOT) [80–82]. In this context, 
Maeda et al. utilized the infrared transmittance through 
an array of rectangular subwavelength holes in a palla-
dium film to sensitively detect hydrogen [78]. The struc-
tures were fabricated using electron-beam lithography, 
metal sputtering, and wet-chemical lift-off to produce 
hole arrays with a periodicity of 1.1 μm, a length of 
0.8  μm, and varying aspect ratios (length/width) from  
1 to 2.6 (Figure 10C, aspect ratio 1.6). In Fourier-transform 
infrared (FTIR) measurements, the authors found a pro-
nounced transmittance peak that could be tuned from 
a wavelength of 4 μm up to 5 μm with increasing aspect 
ratio. Upon exposure to a concentration of 2 vol.% hydro-
gen, they observed a decrease of the transmittance as 
well as a spectral redshift of 0.2 μm for a fabricated hole 
array with an optimal aspect ratio of 1.6. This behavior 
was confirmed by numerical simulations of the sensing 
performance, which included both the dielectric change 
associated with the Pd/PdH transition and the hydrogen-
induced expansion of the Pd lattice. The authors were 
able to reproduce the plasmon resonance positions for 
all experimental values of the aspect ratio and found 
spectral redshifts for both the dielectric change and the 
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lattice expansion, adding up to a total redshift consist-
ent with the experimental data. This shows that, com-
pared to simple Pd patches, the use of EOT structures 
can provide sharp spectral features with large reagent-
specific responses and can thus enable highly sensitive 
sensor devices.

Plasmonic perfect absorber structures, designed to 
fully absorb incident light of a certain predefined wave-
length, can be utilized to reduce the background signals 
commonly associated with intensity-based sensing 
approaches [83–86]. This concept was applied to gas 
sensing by Tittl et  al., who utilized a palladium-based 

perfect absorber structure to detect hydrogen [79]. Their 
system consisted of an array of Pd nanowires stacked 
above a dielectric (MgF2) spacer layer and a gold mirror, 
which ensures zero transmittance through the structure 
(Figure 10E). Incident light perpendicular to the wires can 
excite plasmon oscillations, which in turn cause the oscil-
lation of mirror plasmons in the thick gold film below. 
Ideally, these two charge distributions oscillate antiphase 
to produce a circular current with an associated mag-
netic mode. By carefully tuning the width of the Pd wires 
and the height of the dielectric spacer layer, the authors 
were able to tailor both the effective electric permittivity ε  

Figure 10 Complex grating-based plasmonic hydrogen sensors.  
(A) Schematic of a metallic photonic crystal slab which incorporates WO3 as the waveguide layer material. (B) Wavelength shift of the 
extinction dip in TM polarization for various H2 concentrations (A–B adapted with permission from [77]. Copyright 2010 Optical Society 
of America). (C) SEM image of a subwavelength Pd hole array. (D) Transmittance change for a hole array with an aspect ratio of 1.6 when 
exposed to 2 vol.% H2 in dry air (C–D reprinted with permission from [78]. Copyright 2009, AIP Publishing LLC). (E) Schematic of the palla-
dium-based perfect absorber hydrogen sensor. (F) Reflectance spectra of an optimized perfect absorber structure in N2 and when exposed 
to 1 and 4 vol.% H2 in N2 (E–F reprinted with permission from [79]. Copyright 2011 American Chemical Society).
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and the magnetic permeability μ of their structure. This 

enabled them to match the optical impedance µ
ε

=z  

of the coupled system to the vacuum value, resulting in 
zero reflectance and thus an absorbance of unity. Fol-
lowing a numerical optimization of the design, the struc-
tures were fabricated using electron-beam lithography, 
thermal evaporation, and wet-chemical lift-off. In optical 
measurements, the authors observed a pronounced 
reflectance dip with a minimum value of R0 = 0.5% at the 
resonance wavelength of λ0 = 650 nm, which corresponds 
to an absorbance  > 99%. Exposure of this sample to 1 and 
4 vol.% H2 in N2 carrier gas led to a strong increase of the 
reflectance at resonance combined with a spectral red-
shift (Figure 10F). For the 4 vol.% concentration, which 
constitutes the explosion threshold of hydrogen in air, a 
maximum reflectance value of 4.9% at λ0 and a spectral 
redshift of 19 nm were observed. Since the initial reflec-
tance at resonance was designed to be practically zero, 
this translated to a very large relative reflectivity change 

of ∆
−

= =2 0

0

8.8,H
rel

R R
R

R
 an increase of one order of magni-

tude over conventional thin-film geometries [87].

8  �Antenna-enhanced sensor 
geometries

Plasmonic nanoantennas can focus incident light into 
intense hotspots of the electromagnetic field, making 
them an essential building block for applications ranging 
from single molecule fluorescence enhancement to 
nanoscale photodetection [88–90]. The strong near-
fields also enable the high sensitivity of such structures 
towards refractive index changes in, e.g., the nanoscale 
gap of a plasmonic dimer antenna [91, 92]. Extending this 
towards catalytic systems, Liu et al. utilized the concept of 
antenna-enhancement for hydrogen sensing by placing a 
small palladium disk in the nanofocus of a triangular gold 
nanoantenna [93]. Compared to previous experiments 
that studied, e.g., resonant plasmonic nanodisks with 
diameters in the 200–300 nm range, the authors were able 
to examine the hydrogen uptake and release trajectories of 
Pd particles down to 60 nm in size. The Pd/PdH transition 
in such small particles is very challenging to detect opti-
cally, since the high intrinsic damping of Pd causes the 
Pd nanoparticles to exhibit a very low optical response at 
visible wavelengths. Hybrid antenna/disk structures were 
fabricated using two-step electron-beam lithography, and 
precise alignment between the two exposure processes 

was achieved through the use of gold alignment marks. 
This allowed for the reliable positioning of the Pd disk 
adjacent to the triangular Au antenna with inter-particle 
gaps down to 10 nm. The authors first exposed this opti-
mized sample to controlled cycles of hydrogen gas while 
recording the optical scattering response from a single 
antenna/disk structure. They observed a pronounced plas-
monic scattering peak at a wavelength of 638 nm, which 
underwent a spectral redshift of up to 9 nm for exposure 
to a hydrogen concentration of 16 Torr, equivalent to a 
concentration of 2 vol.%. When purging the system with 
nitrogen, a net redshift of 4 nm remained, demonstrating 
the presence of hysteresis in a single nanoscale Pd/PdH 
particle. In a subsequent second exposure cycle, the dete-
rioration of the Pd/PdH particle associated with the hys-
teresis behavior led to somewhat lower redshifts (Figure 
11A). Also, an increase of the antenna-nanoparticle dis-
tance caused a severe drop of the sensing performance, 
again elucidating the important role of strong plasmonic 
field-enhancement.

The crucial influence of antenna shape was demon-
strated by replacing the triangular nanoantenna with a 
simple Au rod antenna (Figure 11B). In this geometry, the 
authors found that the spectral shifts were roughly half 
compared to those of the triangular system, showing that 
the sharp tip of the single bowtie antenna is essential 
to obtain an intense nanofocus and consequently high 
sensitivity.

The detailed reason for the experimentally observed 
spectral shifts was further investigated by Tittl et al., who 
performed numerical simulations on the discussed nano-
antenna-enhanced sensor geometry [94]. They modeled 
the system using geometrical parameters extracted from 
the experimental SEM micrographs as well as optical con-
stants for Au and Pd/PdH from literature, and calculated 
the scattering response of single antenna/disk sensor 
devices using a commercial finite element (FEM) electro-
magnetic field solver. This allowed them to investigate the 
two main features of the Pd/PdH transition, the dielectric 
change and the lattice expansion, independently from 
each other. The authors started with the hydrogen-induced 
dielectric change, since it constitutes the dominant effect 
for less complex Pd-based sensor geometries [96–98]. 
However, when changing the dielectric function of the disk 
from Pd to PdH, the authors observed a small blueshift of 
3 nm instead of the expected pronounced redshift of 9 nm 
from experiment. To model the effect of lattice expansion, 
both the diameter and the height of the Pd nanodisk were 
scaled with a factor s, ranging from 1.00 (no expansion) 
to 1.04 (maximum expansion from literature [56]). This led 
to a linear redshift of the plasmon resonance peak, with a 
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maximum value of 13 nm for a scaling of 1.04 (Figure 11C). 
By combining this scaling with the dielectric function of 
PdH, the authors were able to fully reproduce the experi-
mental results. Additionally, the two competing spectral 
effects exhibited a markedly different scaling behavior: 
the blueshift associated with the dielectric change in the 
Pd remained mostly constant at 3 nm, whereas the redshift 
induced by the disk’s scaling could be tuned via the gap 
size (Figure 11D). Furthermore, the authors found that, 
in contrast to the single antenna systems, a double rod 
antenna geometry yielded spectral shifts comparable to a 
double bowtie geometry, elucidating how the strong field-
enhancement in the feed gap can become dominant over 
the shape of the constituent elements.

Still, the precise relative positioning of particles with 
different material properties and the required multi-
layer processing pose significant challenges for high-
throughput fabrication. To alleviate this, Langhammer 
et  al. have utilized hole-mask colloidal lithography to 
fabricate truncated gold nanocones with functional-
ized tips to detect the hydrogen sorption and desorption 
kinetics of palladium und magnesium (Mg) nanoparticles 
[95]. Au nanocone antennas with different truncation 
height and consequently tip sharpness were fabricated 
and subsequently covered with a SiO2 spacer layer and 
the reactive material in question. For a nanocone height 
of 120 nm, a 15  nm spacer layer, and a 15  nm thick tip, 
the authors were able to obtain an antenna-enhanced 

Figure 11 Antenna-enhanced sensor geometries.  
(A) Optical scattering measurements and plasmon resonance shifts for a single palladium-gold triangle antenna during two hydrogen uptake 
and release cycles. (B) Hydrogen-dependent measurements for a single palladium-gold rod antenna (A–B reprinted by permission from Macmil-
lan Publishers Ltd: Nature Materials [93], copyright 2011). (C) Numerically calculated single particle scattering spectra for different diameters of 
the Pd disk next to the triangular Au antenna (initial gap size g = 7 nm). (D) Resonance shifts due to the Pd/PdH transition and the growing of the 
Pd disk for different initial gap sizes g (C–D reprinted with permission from [94]. Copyright 2012 Optical Society of America). (E) SEM image and 
schematic depiction of a 120 nm high, truncated Au nanocone with a 15 nm SiO2 spacer layer and a Pd particle on the tip. (F) Dark-field optical 
image of a single nanocone (left) and its spectral response to 100 vol.% Ar, 10 vol.% H2 in Ar, and 100 vol.% Ar (right). (G) Corresponding optical 
isotherm of the nanocone system during hydrogenation (E–G reprinted with permission from [95]. Copyright 2011, John Wiley & Sons, Ltd.).
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system with a Pd particle only 30 nm in size (Figure 11E), 
a factor of 2 smaller than in the experiment by Liu et al. 
[93]. Still, the authors were able to detect the optical scat-
tering response from single nanocones and could observe 
clear and reversible shifts of the plasmon scattering 
peak when exchanging the gaseous environment from 
100 vol.% Ar to 10 vol.% H2 and back to Ar (Figure 11F). 
To further study the phase-transition behavior in the Pd 
nanoparticle, complete isotherms for hydrogenation and 
dehydrogenation were recorded at different temperatures. 
Especially, the authors chose to track the full width at half 
maximum (FWHM) of the plasmon peak vs. the hydrogen 
partial pressure instead of the more common spectral 
shift or peak intensity change, allowing them to observe 
a clear hysteresis behavior from a single 30 nm Pd parti-
cle coupled to a Au nanocone antenna (Figure 11G). Using 
Van’t Hoff analysis, they were able to extract the enthalpy 
and entropy of hydride formation from the isotherm meas-
urements, indicating a destabilization of the PdH phase 
compared to the bulk material. Furthermore, the authors 
extended the nanocone concept to the study of the hydro-
genation kinetics of a single Mg nanoparticle. To prevent 
alloying and to isolate the Mg particle from neighboring 
materials, it was placed between two titanium layers, with 
a thin catalytic Pd layer placed at the top of the structure. 
This system configuration allowed the authors to trace a 
full hydrogenation isotherm for a single Mg nanodisk with 
a diameter of only 35 nm, demonstrating the versatility of 
their detection scheme. By implementing such advanced, 
high-throughput fabrication methods, complex plasmonic 
sensing geometries can be transitioned from high-resolu-
tion single-particle spectroscopy towards large-scale tech-
nological applications, allowing for the sensitive, robust, 
and cost-effective detection of a variety of reagents and 
chemical processes.

9  Conclusions and outlook
Plasmonic gas and chemical sensing has evolved from 
simple functionalized thin films towards increasingly 
complex and highly sensitive nanodevices for detection 
of a plethora of chemical reagents. Especially, the devel-
opment of hybrid plasmonic structures, which combine 
several materials to incorporate new functionalities and 
achieve selectivity, has enabled an unprecedented flex-
ibility in the design of sensor nanodevices. Aided by 
straightforward optical and thus non-invasive readout, 
plasmonic sensor devices have demonstrated sensitivi-
ties down to the ppm range combined with extremely 

small sensing volumes and reproducible operation. 
Based on these past achievements, plasmonic nanosen-
sors need to overcome two main challenges in the future. 
In basic science, the ultimate limit of plasmonic chemi-
cal detection is still under debate. To resolve this and to 
extend current approaches towards gas sensing at the 
single molecule level, a combination of highly stable 
spectroscopic techniques and novel nanodevices with 
pronounced reagent-induced optical responses needs to 
be realized. In the context of industrial applications, the 
requirements of high-throughput, cost-effective fabrica-
tion and especially long-term stability have to be met, 
ensuring that the devices can withstand a move from 
laboratory conditions to realistic and possibly harsh envi-
ronments. With this, plasmonic nanosensor devices will 
serve as an essential building block both for nanomateri-
als science and advanced industrial process monitoring 
in the future.
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