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 distribution of the plasmonic nanostruc-
tures is highly desired in order to achieve 
the required performance in various appli-
cations.[2] Typically, plasmonic nanostruc-
tures exhibit at least one LSP resonance 
(LSPR) in which both the absorption and 
scattering maxima are centered at the 
same wavelength. The impossibility of 
a spectral decoupling of absorption and 
scattering processes is a tradeoff in many 
applications, such as thermoplasmonics[3] 
and surface-enhanced Raman spectro-
scopy (SERS).[4]

SERS is an ultrasensitive optical tool 
that can provide rich molecular structure 
information for sensitive and label-free 
detection of molecules.[5] SERS applica-
tions of the plasmonic nanostructures usu-
ally rely on the LSP-enhanced scattering. 
At LSPR, optical energy confined on the 
surface of the plasmonic nanostructures 
excite the molecules on the nanostructure 
surface to emit SERS signals. The signals 

are then enhanced again and scattered away by the nanostruc-
tures to a detector.[6] However a limitation of conventional plas-
monic nanostructures is the high optical absorption that usu-
ally accompanies the scattering band. As a result, the optical 
absorption may contribute significantly to background noise, 
possibly due to inelastic electron scattering[7] as well as other 
potential processes,[8] that may hide the Raman signal. Due to 
complexity of SERS enhancement, the correlation between scat-
tering, absorption, and SERS intensity is not direct; it is reason-
able to regard that SERS is favored by scattering rather than 
absorption. Therefore, improvement of scattering-to-absorption 
ratio is desired for optimal SERS substrates, namely substrates 
showing SERS signals with high signal-to-noise ratio. For these 
reasons, the amplification of scattering cross section while 
keeping low optical absorption at the same wavelength can 
therefore be of considerable significance in the field of SERS.

On the other hand, plasmonic nanostructures are capable 
to convert the absorbed light into heat, which has attracted 
growing interest for a broad range of relevant applications, 
such as photothermal therapy,[9] cell modulation,[10] hot elec-
tron chemistry,[11] and thermophoresis.[12] For many biological 
applications, the most used operation bands are located in the 
near infrared (NIR) optical transparency windows to provide 
optimal tissue treatment conditions.[13] These transparency 

Tuning optical properties of plasmonic nanostructures, including their 
absorption, scattering, and local-field distribution is of great interest for 
various applications that rely on optical energy regulated by plasmonic 
effects. Conventional plasmonic nanostructures enhance light scattering 
and absorption simultaneously, leading to compromise for either surface-
enhanced spectroscopy or thermoplasmonic applications. In this paper, a 
dual functional platform based on a hyperbolic meta particles (HMP) sub-
strate that exhibits separate and tuneable wavelengths of absorption and 
scattering resonances for both thermoplasmonics and surface enhanced 
Raman spectroscopy (SERS), is demonstrated. Significantly, either light-to-
heat conversion efficiency at the absorption resonance band or SERS perfor-
mance at the scattering resonance band of the HMP substrate is improved 
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influence of the absorption resonance band position on the SERS signal is 
also investigated. The platform shows unique potential for in vitro biosensing 
in thermal modulation and in situ monitoring.

Y. Zhao, A. Hubarevich, M. Iarossi, T. Borzda, F. Tantussi, J.-A. Huang,  
F. De Angelis
Istituto Italiano di Tecnologia
Via Morego 30, Genova 16163, Italy
E-mail: yingqi.zhao@iit.it; jianan.huang@oulu.fi
J.-A. Huang
Faculty of Medicine
Faculty of Biochemistry and Molecular Medicine
University of Oulu
Aapistie 5 A, Oulu 90220, Finland

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202100888.

1. Introduction

Localized surface plasmons (LSPs) have the ability to generate 
extremely confined and enhanced electromagnetic fields at a 
subwavelength scale on nanostructures.[1] Tuning the optical 
properties, including absorption, scattering, and local-field 
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windows usually are the NIR I and NIR II located in the spec-
tral ranges of 650–950 nm and 1000–1350 nm, respectively. In 
particular, the NIR II window offers more efficient penetra-
tion and less photon scattering in various types of tissues.[14] 
In this framework, intensive research efforts have been made 
to design novel materials and architectures that can be used as 
transducers to provide highly efficient heat by maximizing the 
absorbance in the NIR windows while reducing the scattering 
effects.[15] Among various materials responsive in the NIR spec-
tral region,[16] plasmonic gold nanostructures represent a pri-
mary choice due to their biocompatibility and enhanced absorb-
ance at their LSPR wavelength in the NIR I window.[9,17] How-
ever, gold nanostructures face intrinsic limitations in the NIR 
II region due to the fact that the LSPR is shifted to longer wave-
lengths by increasing their size.[16c,18] It is worth noting that 
for nanospheres smaller than the illumination wavelength, the 
absorption cross-section scales with the volume (V), whereas 
their scattering cross-section scales with V2.[19] Consequently, 
the scattering effect is dominant over the absorption for large 
nanoparticles, leading to low absorption efficiencies in the NIR 
II and NIR III (1550 to 1870 nm) windows.

In this context, the design of a plasmonic nanostructure with 
two independent and tunable scattering and absorption bands 
has great potential for these kinds of applications. As explained, 
the scattering band can be used to amplify spectroscopic sig-
nals such as Raman and Fluorescence, whereas the absorption 
band can be exploited for plasmonic heating in thermoplas-
monic applications such as hyperthermia.

The manipulation of the absorption and scattering processes 
has been explored on various plasmonic nanosystems based on 
metal-insulator-metal (MIM) antennas,[20] coupled MIMs,[21] and 
multilayered metal/dielectric nanostructures.[22] Nevertheless, 
the full control of both the LSPR band position and intensity is 
still limited. Recently, hyperbolic metamaterials (HMMs) have 
attracted increasing attention because they have shown unusual 
and unique properties such as negative refraction[23] and wide-
band perfect absorption.[24] Our previous work demonstrated 
theoretically that HMM nanoparticles exhibit the separation of 
the absorption and the scattering peaks, enabling the control of 
the position and the ratio of absorption and scattering by tuning 
nanoparticle dimension, composition, and thickness of metal/
dielectric stacking layers, and therefore providing a novel and 
powerful nanostructured platform for multiple applications.[25]

In this paper, we demonstrate experimentally the capabili-
ties of hyperbolic meta particles (HMP) on a substrate as a 
dual functional platform for both thermoplasmonics and SERS 
sensing. The HMP consists of gold and alumina stacking 
layers, whose dimensions are tuned to exhibit a wide absorp-
tion band in the NIR II window (1000–1350  nm) and a scat-
tering band at 785 nm. By applying the former to thermoplas-
monics and the latter to SERS detection respectively, we dem-
onstrate that HMPs are an optimal platform for applications 
based on both scattering and absorption enhancements. Impor-
tantly, our work shows that the separation of the scattering and 
the absorption processes benefits both functions in comparison 
to conventional plasmonic nanostructures with overlapping 
absorption/scattering bands.

At the absorption resonance band, the hyperbolic nature 
of the HMP substrate[26] enables high confinement of the 

electric field within the nanostructures, which leads to a high 
absorption efficiency and light-to-heat conversion. The latter 
is increased compared to conventional nanostructures made 
of the same amount of gold, thus making this metamaterials-
based platform a promising candidate for fundamental investi-
gation of the interaction of biological system with light and heat 
in the NIR II range.

At the scattering resonance band, we demonstrate that the 
HMP substrate supports an enhanced electromagnetic field on 
the nanopillar surface (instead of within the structures) and 
yields excellent SERS intensity and uniformity. Meanwhile, by 
separating the absorption resonance band, the HMP substrate 
also avoids potential drawbacks,[7] such as low SERS signal to 
noise ratio. In addition, by tuning the separate scattering and 
absorption processes, the influence of the absorption resonance 
band position on the SERS signal is also investigated.

2. Results and Discussion

2.1. Optical Band Separation

Typical stacking layer nanoparticle samples composed of 
five Au (10–11  nm) layers separated by Al2O3 (20  nm) layers 
(Figure  1a insert) were fabricated by deposition of multi-
layers inside a nanohole template (see Experimental Section; 
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Figure 1. a,b) SEM images of the HMPs (with KOH treatment) on the 
glass substrate. The scale bars are 500 nm and 10 µm, respectively. The 
insert in (a) is a scheme which highlights the structure of a HMP made 
of Au (yellow) and Al2O3 (grey) stacking layers. c) Experimentally meas-
ured extinction (black line), absorption (red line), and scattering (blue 
line) spectra of five gold-layer HMPs. The vertical red line indicates the 
785 nm wavelength corresponding to the one used for the excitation of 
the laser used for SERS measurements; the yellow band indicates the 
NIR II window which is of interest for the photothermal characterization.
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Figures S1 and S2, Supporting Information). We experimen-
tally optimized a sample HMP to maximize the optical scat-
tering at 785 nm and absorption at 1064 nm, by tuning metal 
layer thickness and particle dimension.[27] Detailed dimen-
sion and layer information are listed in Table S1, Supporting 
Information. Figure 1a shows the SEM image of HMP after a 
short KOH treatment, which can slightly remove the edge of 
Al2O3 to improve the image contrast between gold and Al2O3 
layers and better reveal the stacking layer structure than the 
un-treated HMP (Figure S3, Supporting Information). No 
samples used for thermoplasmonic and SERS assessment 
were treated by KOH. The SEM image of HMPs distribution 
on the substrate is shown in Figure  1b. Our method allows 
large-area fabrication and an optimal homogeneous distribu-
tion of the HMPs on the glass substrate. Ti adhesion layer 
was added between the bottommost gold layer and Al2O3 
layers to improve the wetting and adhesion of gold film on 
the oxide surface and maintain the structure’s mechanical 
robustness. For the following layers, the Ti thickness was kept 
less than 1 nm and reduced gradually to zero, to minimize 
the potential damping effect of Ti on the optical behaviour of 
HMP.[28] (detailed Ti thickness information listed in Table S1, 
Supporting Information). In the HMP system, optical proper-
ties of gold, alumina, and Ti layers interplay together to pro-
vide the overall hyperbolic optical performance. The resulted 
HMP structures were strong enough to maintain their shape 
even after sonication. The tuning of sample dimension could 
be achieved by adjusting the template hole size or depositing 
a certain thickness of Al2O3 at the hole bottom before metal 
layers deposition. As control samples for a performance com-
parison, we also fabricated gold nanodisk (Figure S4, Sup-
porting Information) as control samples. The dimensions of 
control samples were tuned to shift the resonance peak posi-
tion to 785 and 1064 nm; we tried to maintain its amount of 
gold as similar as those in the stacking layer particle sam-
ples. The density of gold disks per unit area was controlled 
to be similar to the HMPs. The resonate peak position was 
tuned by changing the dimension of the disks. More detailed  
information of control samples are listed and discussed in 
Figure S2, Supporting Information. The cone shape of the 
HMP was due to the shrinking of the hole template opening 
during deposition.

To characterize the optical properties, the extinction, absorp-
tion, and scattering spectra of the HMP particles and gold nan-
odisks on the glass substrates were measured with a UV–vis–
NIR spectrophotometer with an integrating sphere as shown 
in Figure 1c. The absorption resonance peak locates at 1100 nm 
while the scattering resonance is at 785 nm, whereas for gold 
nanodisks, the expected overlapped bands of absorption and 
scattering are observed as reported in Figures S5 and S6, Sup-
porting Information.

2.2. Thermoplasmonics

Due to the high absorption and low scattering in the NIR 
II window, the HMP is suitable for thermoplasmonic 
applications. The absorption efficiency is defined as: 
QAbs = A/(A  + S) = A/E, where A indicates the absorption, S 

indicates the scattering, and E indicates the total extinction.[14] 
Since QAbs is proportional to the heat conversion efficiency, the 
latter variable is widely used to evaluate the heat generating 
ability of nanoparticles.[16a,17a,29] As shown in Figure 2a,b, both 
the experimental absorption and absorption efficiency of the 
HMPs are more than twice the ones of the pure gold nano-
disks in the NIR II window.

The high absorption of the HMPs is due to the fact that 
the electric field is confined inside the particle, especially in 
Al2O3 (Figure 2d), while the one of the gold nanodisk is on the 
surface (Figure  2e). Enabling a high confinement of the elec-
tric field within the nanostructures is one of the feature due 
to their hyperbolic nature.[26] Their strong anisotropy as well 
as staking metal/dielectric layer created large effective refrac-
tive indices; waves having large wavenumbers were supported 
inside the particles.[26,30] The coupling of plasmon mode hold 
between gold disks could be explained by the optical modes in 
the MIM configuration as well. With the proper matching con-
dition, the gap mode of MIM could be excited resulting in the 
confinement of the electric field inside the dielectric layer.[20] 
The HMP multi-stacking layer structures could be regarded as 
the vertical extension of MIM, coupling between the gold disks 
would possibly result in the electric field confined inside the 
dielectric. Due to the complexity of HMP, instead of analyzing 
the coupling behavior of gold nanodisks pairs, we consider the 
stacking layers as a whole system and use numerical simula-
tion tools to investigate the electric field distribution. Mean-
while, Figure 2f shows the power density loss inside each metal 
layer can better explain the decay venue of energy confined 
in the HMP. At the absorption resonance wavelength, almost 
every metal layer exhibits higher power loss than in the case of 
a gold disk (Figure 2g).

The light-induced temperature increase of nanoparticles 
is proportional to the light absorption.[31] Based on the high 
absorption of the HMPs, we expected a large temperature 
increase for the HMPs at the NIR II windows. To evaluate 
the thermal response of the system, a temperature increase 
test was performed in the atmosphere under laser illumina-
tion (λ  = 1064  nm, power = 200  mW, spot diameter 5  mm, 
power density ≈1 W cm−2). As shown in Figure 2c, after 4 min 
of irradiation, the HMPs reached a temperature increase by 
20 °C against an increase by only 3 °C observed on the gold 
nanodisks control sample. Hence, the HMP system provides a 
temperature increase significantly higher (≈7 times) than that 
of the gold disk systems under the same laser illumination 
conditions. The simulated near-field maps of the temperature 
increase show a 12-fold enhancement of the HMP (Figure 2h) 
over the gold nanodisk (Figure 2i). The simulations agree quali-
tatively with the results obtained in the experiments. The dis-
crepancy from the experiment might come from the far-field 
measurement setup used for the photothermal measurements 
(see Experimental Section), as well as the dissipation and con-
vection in the measurements. The separation of the absorp-
tion and scattering bands in the NIR II window overcomes the 
inherently high scattering of conventional plasmonic nano-
structures in this wavelength range, highly improving the effi-
ciency of light heat conversion, therefore leading this dual func-
tion platform to an excellent candidate for thermoplasmonic 
manipulation and cellular analysis operated at NIR II window.

Adv. Optical Mater. 2021, 9, 2100888
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2.3. SERS Performance

In addition to the absorption resonance at 1064 nm, the HMP 
substrate has a scattering resonance at 785 nm. We then use a 
785  nm laser to illuminate the substrate to test its SERS per-
formance. As a reference, the gold disks (diameter 160  nm) 
with plasmonic resonance at ≈785  nm were used as a control 
sample. The SERS spectra of a 4-ATP monolayer on HMPs and 
gold disk are shown in Figure  3a. With similar particle den-
sity and gold surface area, and therefore a similar amount of 
4-ATP molecules adsorbed on the surface as a monolayer, the 
HMP shows a significantly enhanced SERS signal, due to the 
hyperbolic nature[26] and the ability to support a highly confined 
electric field on the nanostructures. As shown in Figure  3b,c, 
the electric field intensity distribution is enhanced and local-
ized over the entire surface of the HMP while the one in prox-
imity of the gold disk is not significantly enhanced. As a result, 
the SERS signal from the HMPs substrate is more than one 
order of magnitude higher than the one measured from the Au 
nanodisks. The enhancement of the electromagnetic field out-
side HMP serves as an open surface hot spot, which thereby 
overcomes the non-uniformity problems of gap-based SERS 
systems.[32] As shown in Figure 3b,c insert, each gold layer sup-
ports enhanced electromagnetic fields; the HMP surface also 
supports more hot spots and wider enhancement field on the 
sidewall than the gold nanodisk, this structure is ideal for large 

biomolecules and cells. Even though the random distribution of 
HMPs on the glass may contribute to non-uniformity in SERS 
signal across the substrate, relative standard deviation (RSD) of 
the SERS signal intensity of 1078 cm−1 peak is 13% among 400 
SERS spectra.

Since the SERS sensitivity depends on the signal-to-baseline 
intensity of the SERS peaks, the separation of the absorption 
resonance peak also contributes to improve the SERS sensi-
tivity by lowering the baseline that is ascribed to the absorp-
tion resonance. For comparison, we fabricated unoptimized 
HMP with a smaller diameter (named as HMP-S) to tune the 
absorption peak to be overlapped with the scattering peak at 
785nm. The peak position can be manipulated by tuning par-
ticle diameter, metal thickness, or increasing the ratio between 
the top and bottom diameters of the disks.[25] Optical proper-
ties of gold, alumina, and Ti layers interplay together to provide  
the hyperbolic optical performance of the HMP and HMP-S 
samples. The detailed layer thickness information is listed in  
Table S2, Supporting Information. We observed that the signal-
to-baseline intensity of the 1078cm−1 SERS peak of the HMP-S 
was lower than that of the HMP sample with well-separated 
bands (in Figure S7, Supporting Information). The absorption 
and scattering spectra of the gold disk, HMP-S and HMP are 
shown in Figure  4a. The absorption of gold nanodisk is rela-
tively small at 785 nm, while the HMP-S shows absorption more 
than twice higher at the same wavelength. In Figure  4b, the 
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Figure 2. Experimental a) absorption and b) absorption efficiency spectra of large gold disks (in black) and the HMPs on the glass substrate (in red). 
c) Experimental temperature increase and decrease with time on the substrate of gold nanodisks and HMPs under 1064 nm laser illumination that 
was turned off at 240 s. Simulation of corresponding near-field distribution of the electric field enhancement for d) a HMP on the glass substrate and 
e) for a gold disk upon the same laser (λ = 1064 nm) illumination conditions. Simulation of the corresponding near-field distribution of the power 
density loss (W m−3) in f) a HMP on the glass substrate and g) in a gold disk on glass, both upon laser (λ = 1064 nm) illumination. Simulation of the 
temperature (°C) distribution of h) a HMP on the glass substrate and i) a gold disk, after one laser pulse (pulse length 8 ps, repetition rate 80 MHz). 
The scale bars are 100 nm.
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Figure 3. a) The SERS spectra of 4-ATP monolayer on HMP and gold disk. b,c) Simulated near-field distributions of electric field intensity enhancement 
in the HMP at the 785 nm wavelength. The insert in (b,c) shows the magnified near-field distributions of electric field intensity enhancement in the 
black square marked in (b) and (c), respectively. The scale bars are 100 nm.

Figure 4. a) The absorption (red line) and scattering (blue line) spectra of gold disk (top), HMP-S (middle), and HMP (bottom). The vertical red line 
indicates the 785 nm laser excitation wavelength. b) The absolute peak intensity and baseline intensity of the 1078 cm−1 peak obtained by averaging 400 
SERS spectra collected by mapping the gold disks, HMP-Ss and HMPs, respectively. The error bars indicate the standard deviation of signal intensity.
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absolute peak intensity and baseline intensity of the 1078cm−1 
peak are shown. Comparing with the gold disk, HMP-S exhibits 
increased absolute peak intensity, yet due to the high baseline, 
the signal-to-baseline intensity is still quite small. Notably, 
when the HMP is optimized so that the absorption peak is 
separated from the scattering peak, highest signal-to-noise ratio 
in SERS spectra is obtained when the absorption resonance is 
shifted away from the illumination wavelength.

The increased signal-to-baseline intensity of SERS spectra 
may be attributed to the origin of the SERS background that 
can be ascribed to several adsorption-based contributions, for 
example, intraband emission from the metal,[8a] photolumines-
cence of metals,[8b,c] and image molecules formed inside the 
metal which coupled to the real molecule.[33] It was demon-
strated experimentally and theoretically that inelastic light scat-
tering of metals would dominate the SERS background. There-
fore, reducing the electric field inside the metal could improve 
the signal-to-noise intensity and thus, the SERS detection sen-
sitivity.[7] At the scattering resonance in the optimized HMP, 
a significant ratio of the electric field was shifted outside of 
the metallic layers, which could lead to a reduction of the ine-
lastic scattering of gold and thus improve the signal-to-noise 
intensity. The ratio of scattering to absorption does not have 
a direct relation to the signal-to-noise ratio of SERS spectra. 
It is well-known that the plasmonic resonance of scattering 
leads to the SERS signals. The contribution of the absorp-
tion resonance is still under debate. It may increase the SERS 
baseline by electronic inelastic light scattering. The position, 
rather than the intensity, of the absorption peak matters. When 
the laser excites the scattering resonance but not the absorp-
tion resonance, the plasmons may decay through the resonant 
scattering channel much more than through the non-resonant 
absorption channel, leading to the highest SERS signal-to-
noise ratio. Although exploration of the mechanism of SERS 
background is beyond the range of this paper, our HMP sub-
strate can serve as a novel platform to investigate such topic 
due to the flexibility to tune positions of the absorption and 
scattering resonances.

3. Conclusion

In summary, we showed that the HMP made by multi-lay-
ered nanomaterials can provide a straightforward approach to 
realize a dual-functional platform for detection and light-heat 
conversion at different wavelengths. We fabricated and char-
acterized HMPs nanostructures with scattering resonance 
centred at ≈λ = 785 nm and absorption resonance centered at 
≈λ = 1064 nm, which corresponds to the excitation wavelength 
for SERS and light-to-heat conversion, respectively. In NIR II 
spectral range, the light-to-heat conversion efficiency of the 
HMPs is enhanced by a factor 7 with respect to that of a con-
ventional gold nanodisk. On the other hand, at the scattering 
resonance, the HMP substrate exhibits multiple and strong 
hot spots along the side walls of the nanostructures, which 
are suitable for SERS detection of large biomolecules. In addi-
tion, by shifting the absorption peak at longer wavelengths 
with respect to the scattering resonance wavelength, the SERS 
detection sensitivity can be improved by reducing the baseline 

portion and avoiding undesired effects caused by absorption 
resonance.

Furthermore, the HMP optical properties can be widely 
manipulated in order to achieve the desired performance, and 
even tuned to the NIR III. In prospective, the dual function of 
the HMP enables in situ light controlled thermal excitation, 
thermal manipulation, and SERS measurement, for example, 
combining thermophoresis trapping[12,34] with SERS. We 
remark on the importance of introducing this novel optical plat-
form consisting of biocompatible materials. It would be inter-
esting to investigate biological interactions with such multi-
layered structures, such as the thermal modulation of neuron 
cells,[10] thermal manipulation of cells,[35] SERS detection, and 
real-time monitoring of the activity of cells. Hence, we think 
that this work can pave the way for the exploitation of hyper-
bolic metamaterials in biological and medical contexts.

4. Experimental Section
Simulations: COMSOL Multiphysics software was used to perform the 

optical and heating modeling.[36] 3D models were constructed to calculate 
the electric field enhancement, power loss density (the loss absorbed 
by a structure), and temperature distribution following the authors’ 
previous work.[27] The power loss density (Qloss) was calculated first in the 
electromagnetic module and then used as a heat source in the heat transfer 
module to evaluate the temperature distribution. The refractive indices of 
gold, silica, and alumina were taken from the COMSOL library, and their 
thermal conductivity, density, and heat capacity were taken from ref. [37].

HMM Nanoparticle Fabrication and Characterization: HMPs were 
prepared via depositing of gold/alumina multilayers inside photoresist 
wells previously fabricated by hole mask colloidal lithography.[38] 
The flow chart of the fabrication process is shown in Figures S1 
and S2, Supporting Information. First, the microscope glass slides 
were cleaned by sonicating in acetone and 2-propanol for 2 min 
each, and then washed with deionized water (DI water) and finally 
dried under a N2 flow. A photoresist (950 PMMA A8, Micro Chem) 
was spin coated on the glass slides at 6000  rpm and soft baked at 
180 °C for 1  min. After O2 plasma treatment (2  min, 100 W, Plasma 
cleaner, Gambetti), a poly(diallyldimethylammonium chloride) 
solution (PDDA, Mw 200  000–350  000, 20  wt% in H2O, Sigma, three 
times diluted) was drop coated and incubated for 5  min to create a 
positively charged polymer layer. The extra PDDA solution was washed 
away under flowing deionized (DI) water. Then, negatively charged 
polystyrene (PS) beads (diameter 418  nm, 5 wt% water suspension, 
Micro Particle GmbH) were drop-coated on the as-prepared glass 
slides, washed under flowing DI water, and dried with an N2 flow. 
Therefore, randomly distributed PS beads were attached on the top of 
photoresist. The density of beads could be controlled by the deposition 
time and beads concentration. The beads size could be reduced by 
O2 plasma etching[39] in the inductively coupled plasma-reactive ion 
etching system (ICP-RIE, SENTECH SI500). ICP–RIE etching was 
conducted with an O2 gas flow of 50 sccm, a radio frequency (RF) 
power of 80 W, an ICP power of 60 W, a temperature of 5 °C, and a 
pressure of 1 Pa. Then, the samples were loaded into an electron beam 
deposition chamber (Ebeam, PVD75 Kurt J. Lesker company) in order 
to deposit a layer of Al2O3(90  nm) to serve as an etching mask and 
protect the photoresist underneath. After removal of the PS beads by 
a polydimethylsiloxane (PDMS) film, the samples were treated again 
by O2 plasma in an ICP–RIE system to remove the photoresist which 
was left unprotected after the removal of the PS beads. The diameter 
of the holes was controlled by adjusting the size of the PS beads by 
adjusting the time of the first O2 plasma treatment. The substrate with 
the realized hole mask was loaded in the electron-beam evaporator 
chamber to deposit the stacking layers of 11 nm Au and 20 nm Al2O3 
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at a vertical target angle. Thin Ti layers were added between Au and 
alumina layers as adhesion layers (the thickness information of each 
layer is listed in Tables S1 and S2, Supporting Information). After the 
photoresist lift-off in acetone, randomly distributed stacking multilayer 
HMP were obtained. The sample morphology was characterized by 
scanning electron microscopy (SEM).

To fabricate a control sample of the gold nanodisks, hole masks with 
the same hole density and diameter as the HMPs were fabricated directly 
on the glass substrate. Through the mask, 50 nm of Au was deposited 
with 2 nm Ti as an adhesion layer at the bottom. For smaller gold disks, 
70 nm of Al2O3 and 2 nm Ti were first deposited at the bottom of the 
photoresist well to shrink the disk diameter, then 2 nm Ti and 50 nm 
of Au was stacked on. After lift-off in acetone, the gold nanodisk array 
supported by a glass substrate was obtained.

Scanning electron microscopy (SEM) was used to characterize the 
surface morphology of fabricated nanostructures. To better show the 
contrast between multilayers of HMP and reveal the morphology of 
metal layers, the HMP was soaked in 2.5 m KOH solution for 1.5  min 
to dissolve the edge of Al2O3 layer. All the samples were coated with  
15 nm of gold by sputter coater to improve the sample conductivity 
before SEM imaging.

Optical Characterization: A UV–vis–NIR spectrophotometer (Cary 5000, 
US) with an integrating sphere detector was used to detect the independent 
contributions of the scattering and absorption to the extinction spectra 
according to the literature.[40] The absorption signal (A) was collected by 
hanging the sample on a holder at the center of the integrating sphere 
with a tilted angle of 8° respective to the incident light direction. The 
extinction (E) signals containing the absorption and scattering(S) were 
collected from the transmission spectra (E = 1 – T). The scattering signal 
could be obtained by S = E − A. A blank glass slide was used to collect the 
baselines for the transmission and absorption measurements.

Deposition of Analyte: To deposit 4-ABT(4-Aminothiophenol) monolayer, 
the substrate was immersed into 10−4 m ethanol solution of 4-ABT for 8 
h to allow the molecules to form a self-assembly monolayer on the Au 
surface. Then, the substrate was rinsed with ethanol to remove excessive 
molecules and dried with a nitrogen gun for Raman measurements.

Raman Measurements: Raman measurements were conducted by 
a Renishaw inVia Raman spectrometer with a 20× objective, a 785-nm 
laser, and an exposure time of 1 s. The laser beam was focused to the 
substrate with a power 1.2  mW. For the Raman mapping, 5-µm step 
length was used to collect 400 spectra on each sample.

Evaluation of the Photothermal Response: The temperature increase of 
the HMP substrate was measured by illuminating a 1064 nm laser (pulse 
length 8  ps, repetition rate 80  MHz) onto the samples with 200  mW 
power and a 5  mm laser spot. A thermal camera (Fluke Ti200) was 
used to monitor the temperature increase of the substrate. The starting 
temperature was room temperature.
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