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Enhanced and Spectrally Selective Near Infrared
Photothermal Conversion in Plasmonic Nanohelices

Juan A. Delgado-Notario, David Lopez-Diaz, David McCloskey, and José M. Caridad*

The photothermal conversion in plasmonic nanohelices is studied, unveiling
how helical nanostructures made from metals with a notable interband
activity -such as cobalt (Co) and nickel (Ni)- exhibit a remarkable temperature
rise AT up to ~#1000 K under illumination. Such outstanding AT values
exclusively occur at wavelengths close to their localized plasmon resonances
(AT is significantly lower off resonance), and therefore the photothermal
conversion of these nanoparticles is spectrally selective. The exceptional and
spectrally selective temperature rise is demonstrated at near infrared (NIR)
wavelengths, which prompts the use of Co and Ni helical nanopatticles in a
wide range of photothermal applications including solar energy conversion,

seawater desalination, catalysis, or nanomedicine.

1. Introduction

In recent years, plasmonic photothermal conversion has
emerged as an attractive energy transformation technique
with potential use in a wide range of applications.'* The effect
takes advantage of localized surface plasmon resonances (LSPRs)
occurring in different nanostructured substrates across the ultra-
violet (UV), visible (Vis) and NIR regions of the electromagnetic
spectrum. Such resonances allow the effective absorption of
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electromagnetic energy in the nanomate-
rials, which is ultimately converted into
heat via nonradiative plasmon decay.>™!

Despite being a well-understood effect,
the realization of functional plasmonic
nanostructures with efficient photothermal
conversion is not a straightforward task, es-
pecially when operating at NIR frequen-
cies. In particular, an effective transforma-
tion of electromagnetic energy into heat is
commonly achieved in nanoparticles with
small sizes (tens of nm in all spatial
directions).*>] Nonetheless, these nanos-
tructures commonly exhibit LSPRs at UV
and Vis frequencies, and thus their opti-
mal photothermal conversion is limited to
such energy ranges. Larger nanoparticles (exceeding hundreds
of nm in a spatial direction) do present LSPR at NIR frequencies,
however, they predominantly exhibit a radiative plasmon decay
rather than an efficient light-to-heat conversion.[*] Strategies to
design plasmonic nanoparticles with a large photothermal con-
version at NIR frequencies should therefore not only consider
the particle morphology (size or shape), but also additional and
relevant parameters such as the material composition.[®]

In this study, we show outstanding photothermal conversion
efficiencies at NIR frequencies in weakly coupled nanohelical
particles made from transition metals such as cobalt (Co) and
nickel (Ni). Such enhanced photothermal response can be as-
cribed to the joint contribution of three distinct factors. First,
the unique (helical) shape of the nanoparticles allows to easily
position LSPRs of the nanostructured substrates at the desired
frequencies (NIR in this study).”®! Second, the weak interpar-
ticle plasmon coupling existing in arrays of nanohelices, sepa-
rated at distances 6 comparable to the diameter of the wire form-
ing the nanohelix d, (§~d,,), is able to increase the overall light-
harvesting efficiency of the nanoparticles.[*1% Third, we demon-
strate that, by using metals with relevant interband transitions
up to IR frequencies (Co and Ni),['"!2] the photothermal conver-
sion efficiency of metal nanohelices is notably enhanced and an
outstanding temperature rise AT is achieved in these nanostruc-
tures. Indeed, AT reached when illuminating Co and Ni nanohe-
lices at 785 nm (wavelength close to the position of the LSPRs of
these nanoparticles) is estimated to be up to ~1000 and ~650 K,
respectively. This is in clear contrast with the notably lower val-
ues of AT measured in metal nanohelices with a similar shape
but made of more conventional plasmonic materials free of in-
terband transitions at IR frequencies such as silver (Ag). More-
over, we demonstrate that the photothermal conversion in Co
and Ni nanohelices is spectrally selective. This is reflected in the
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considerably smaller temperature rise measured when illuminat-
ing these samples at wavelengths away from the LSPR (AT values
for Co and Ni nanohelices measured at 633 nm are only ~20 and
~60 K, respectively).

Overall, the temperature rise attained by these nanostruc-
tured substrates is substantially larger than those reported in
other nanomaterials, including plasmonic nanoparticles con-
sisting of diverse combinations of morphology and constitut-
ing materials,[121%] as well as other nanostructures exhibiting
state-of-the-art photothermal efficiency based on different (non-
plasmonic) light-to-heat conversion mechanisms."*) As such,
our work reveals nanohelices made from metals with large inter-
band activity as promising nanostructures to be used in a wide
range of applications including biomedicine, catalysis or areas
related to solar energy harvesting.!'

2. Results

2.1. Photothermal Conversion in Co and Ni Nanohelices

We estimate the temperature of arrays of Co and Ni nanohe-
lices upon illumination by measuring the surface-enhanced Ra-
man scattering (SERS) spectra of graphene as a common probing
molecule placed on top of metal nanoparticles (methods).[*151]
In nanomaterials without or with a small SERS enhancement fac-
tor EF (~1, case of Co and Ni nanohelices)!*®] the Stokes/anti-
Stokes intensity ratio (II—S) of the Raman spectrum of probing

molecules depends primarily on the population of the vibrational
levels involved in the inelastic scattering processes, which is a
function of the local temperature of the sample T:[1:17:18]

I ho
S = T 1)

where kj is the Boltzmann constant and A is the energy of the
Raman mode in consideration.

The two most prominent features of the Raman spectra of
graphene are the so-called G and 2D modes which lie #1580 and
~2650 cm™!, respectively.['] We use the G mode (energy hw, ~
195 meV) to estimate the local temperature of the graphene sam-
ple T and therefore record both Stokes and anti-Stokes Raman
lines at #1580 and ~—1580 cm™, respectively.

Prior to study the spectra of graphene placed on the fabri-
cated nanohelices, we measure (methods) the Raman spectrum
of graphene flakes on two reference substrates:['>1¢1°] a Si sub-
strate with 300 nm SiO, on top and polydimethylsiloxane, PDMS.
The measured ratio of the Raman peaks of graphene on both
Si/SiO, and PDMS (see measurements in Note S1, Supporting
Information) is == ~45-47, which corresponds to a sample tem-

perature T~600 K (value which is consistent with those mea-
sured in literature for graphene-based materials under similar
measurement conditions).['l Moreover, we have also measured
the Stokes to anti-Stokes intensity ratio of the Raman G band of
graphene on a 50 nm Co thin film (see measurements in Note S1,
Supporting Information), obtaining smnlar - between 40-50.

The fact that the estimated local temperature Values are T~600 K
for graphene on all these non-structured substrates (Si/SiO,,
PDMS and Co film, three materials with different thermal con-
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Figure 1. a) Left panel: schematic showing the main parameters of the he-
lical array including the helical diameter D, pitch p, wire diameter d,, and
separation between helices 5. Middle and right panels show scanning elec-
tron micrograph images of arrays of Co and Ni nanohelices, respectively.
Scale bars in both insets are 150 nm. b) anti-Stokes and Stokes Raman G-
line of graphene on Co nanohelices and for 633 (red) and 785 nm (black)
laser wavelengths. c) anti-Stokes and Stokes Raman G-line of graphene on
Ni nanohelices and for 633 (red) and 785 nm (black) laser wavelengths.

ductivities) indicates that, regardless of the substrate, in-plane
heat transfer predominantly occurs in graphene flakes. Such be-
havior is a consequence of the high thermal conductivity of this
2D material.

Figure 1a shows a schematic of the helical arrays used in the
study (left panel), together with scanning electron microscopy
images of the fabricated Co and Ni nanohelices (middle and right
panels, respectively). The nanohelices exhibit a relatively uniform
pitch p and diameter D (p ~140 nm and D ~95 nm, respectively)
and have a similar number of turns N &2.5. The plasmonic be-
havior of metallic nanohelices is dominated by a longitudinal
LSPR approximately placed at a wavelength 4, equal to the total
length of the wire composing the nanohelix, "]

4, ~ Ny/(zD)* + p? )

and thus the longitudinal LSPR in the samples presented in
Figure 1b,c is located at NIR frequencies (~824 nm). Reflectance
measurements have been additionally carried out in our samples
to experimentally verify the position of their longitudinal LSPR
(see Note S2, Supporting Information).
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As reported in the literature,”21%16] at wavelengths close to
their longitudinal LSPR, the near-field distribution of multiple-
turn nanohelices consists of periodic dipoles (with an effective
length of half a pitch, p/2) along the length of the nanostructures.
The interaction between these dipoles induces a notable light ab-
sorption in the individual nanohelices at wavelengths close to the
LSPR.[7°1 Moreover, the nanohelices presented in this study are
weakly coupled since they are arranged in an array configura-
tion with a separation distance between nanoparticles (6x75 nm)
which is comparable with the diameter of the wire forming the
nanohelices d,. Metal nanohelices with these aspect ratios 6/d,
~1 provide an increased light-harvesting efficiency w.r.t. the indi-
vidual nanoparticle.*l Such absorbed electromagnetic energy
can be ultimately re-radiated or converted into heat depending
on, for instance, the interband activity of the metals constituting
the nanostructures.l”%1¢]

Figures 1b,c depicts the measured Stokes and anti-Stokes G
mode Raman lines of graphene placed on arrays of Co and Ni
nanohelices, respectively, at two different laser wavelengths (785
and 633 nm). At a first glance both arrays of Co and Ni nanohe-
lices show much smaller - ratios at 785 nm than at 633 nm laser

wavelengths. This fact stems from an enhanced light-harvesting
occurring in arrays of nanohelices at wavelengths close to the po-
sition of their LSPR,!”] (824 nm) and it makes evident the spec-
trally selective photothermal conversion provided by these nanos-
tructures. In particular, the estimated temperatures of graphene
on nanohelices at 633 nm wavelengths (i.e., away from the po-
sition of the LSPR) are T620 K (== ~38) and T~660 K (=

~30) for Co and Ni nanohelices, respectlvely Therefore, hehcal
nanostructures induce a minimal temperature rise AT of 20 (Co
nanohelices) and 60 K (Ni nanohelices) at 633 nm. Instead, the
estimated temperatures for graphene on Co and Ni nanohelices
at 785 nm wavelength are notably larger, T~1600 K (= L ~4) and

T~1250K (—5 ~6), respectively. The temperature rise A T1nduced

by Co and Ni nanohelices at 785 nm is then 1000 and 650 K, re-
spectively. These values are notably larger than those obtained
at 633 nm, despite the fact that the laser irradiance I at 785 nm
(0.12mW um~2) is an order of magnitude smaller than the one at
633 nm (6.6 mW pm~2), see methods for further measurement
details. We remark at this point that the estimated AT values for
Ni and Co nanohelices are accurate: the temperature rise of the
nanoparticles is the primary factor contributing to a decrease in
the measured S ratio in plasmonic nanostructures with SERS

EF ~1,17:18] whlch is the case of Ni and Co nanohelices.['®) More-
over, we highlight that i) the temperature rise AT increases ap-
proximately linearly with the irradiance of the laser I (see Note S3,
Supporting Information) and ii) the temperature rise obtained
for both Co and Ni nanohelices at 785 nm and an irradiance
0.12 mW pm~2 is large, roughly half of the melting point tem-
peratures of the bulk materials (1768 and 1726 K for Co and Ni,
respectively). In fact, following these two observations, one can
also understand that disintegration of these nanohelices occurs
below the laser spot when increasing the irradiance of the 785 nm
laser to 0.3 mW um~2 (see Note S4, Supporting Information).
Next, we show that the combined effect of helical nanostruc-
tures made from metals with relevant interband transitions are
the primary cause of the efficient light-to-heat conversion in Ni
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Figure 2. Anti-Stokes and Stokes Raman G-line of graphene on Ag
nanohelices for 633 (red) and 785 nm (black) laser wavelengths. Inset
shows a scanning electron micrograph image of the array of Ag nanohe-
lices. The scale bar in the inset is 150 nm.

and Co nanohelices. To do so, we estimate the temperature rise
of an array of nanohelices made from a different metal, Ag. Con-
trary to Co and Ni, Ag is a conventional plasmonic material with
no major interband activity at wavelengths above ~ 400 nm,!*’!
and the plasmonic decay in Ag nanohelices is predominantly ra-
diative through scattering.[”*1¢] In this sense, it is expected that
the local temperature reached in arrays of Ag nanohelices is no-
tably lower than the one attained in arrays of Co and Ni nanohe-
lices. Figure 2 shows the measured Stokes and anti-Stokes Ra-
man lines of graphene placed on the array of Ag nanohelices.
~15 at 785 nm wave-

Ratlos ~30 at 633 nm wavelength and =

length are extracted for these samples, WhlSCh correspond to esti-
mated temperatures ~#660 and ~#830 K and AT of 60 and 230 K, re-
spectively. We further highlight that these estimated temperature
values are an upper limit for the case of Ag nanohelices: factors
other than a temperature rise of the nanohelices contribute to a
decrease in the measured II—S ratiol!”!8] in plasmonic nanostruc-

tures with SERS EF >>1 such as Ag nanohelices!*!® (see further
information in Note S5, Supporting information).

2.2. Performance of Co and Ni Nanohelices as Efficient
Photothermal Conversion Devices for Applications

The remarkable temperature rise AT achieved in Co and Ni
nanohelices at 785 nm (x1000 and ~650 K at a laser irradiance
0.12 mW um~2, respectively) promotes these nanostructured sub-
strates as effective photothermal conversion devices at NIR fre-
quencies. These nanomaterials are particularly interesting for
high temperature photothermal applications, systems where typ-
ical working temperatures >500 K are required.>>! In fact, AT
values reached in Co and Ni helical nanoparticles are larger than
state-of-the-art nanostructures reported in literature.l'*]

A detailed benchmarking between the here-reported Co and
Ni nanohelices and other photothermal nanomaterials is pro-
vided in Figure 3. For a proper comparison, we only consider
here substrates measured in similar conditions than our nanohe-
lices (i.e., using monochromatic radiation and atmospheric con-
ditions), excluding thus nanomaterials measured in solution or
studies where polychromatic radiation was used.[?"??] In partic-
ular, Figure 3 depicts the temperature rise achieved in the differ-
ent photothermal nanosystems normalized w.r.t. the irradiance
I of the incident Vis or NIR radiation AT = AT/I (raw data
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Figure 3. Temperature rise normalized w.r.t. the irradiance of the incident
radiation for different photothermal systems: nanohelices reported in this
work (black letters) and in literature (grey letters). The graph is separated
in three regions, depending on the melting point of the constituting bulk
materials: below 750 K (green part of the panel, left-hand side), between
750 and 1500 K (orange part of the panel, in the middle) and above 1500 K
(red part of the panel on the right-hand side).

for composing this image is shown in Note S6, Supporting In-
formation). The figure itself is separated into three regions de-
pending on the melting point of the bulk materials constituting
the nanostructures T,,: below 750 K (left-hand side of the panel,
green region), between 750 and 1500 K (middle part of the panel,
orange region) and above 1500 K (right-hand side of the panel,
red region). In turn, these three regions classify photothermal
conversion devices/substrates according to their ability to oper-
ate at low, medium or high working temperatures, respectively.

Intriguingly, Co and Ni nanohelices at 785 nm show the largest
reported AT of the substrates able to work at high temperatures
(red region), surpassing state-of-the art substrates such as sili-
con nanospheres by an order of magnitude.l'l Nanostructured
substrates based on polymers show the largest AT among all
substrates,[2*25] however, they can only be utilized at much lower
temperatures due to their low melting point (i.e., the temperature
rise AT reached in these substates is also low). Figure 3 also il-
lustrates the fact that arrays of weakly coupled Co and Ni nanohe-
lices excel at spectrally selective photothermal conversion, i.e., at
efficiently converting electromagnetic radiation into heat only at
specific wavelengths: the normalized temperature rise exhibited
by the nanostructures at 633 nm is three orders of magnitude
smaller than the temperature rise at 785 nm (close to the longi-
tudinal LSPR).

Furthermore, we note that metals such as Ni and Co have lower
surface diffusion than more conventional plasmonic materials
such as Ag, aluminum (Al) or gold (Au).l?6?] This fact minimizes
the reshaping of Ni and Co nanohelices at temperatures close
to their melting threshold and thus aids in the stability of these
novel photothermal substrates.

In terms of applications, not only the fact of reach-
ing a large temperature rise AT at specific wavelengths
in the here reported Co and Ni nanohelices is important.
We also remark the possibility of controlling such temper-
ature rise in the surroundings of these nanostructured ma-
terials depending on the irradiance of the incoming light
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(see Note S3, Supporting Information). Finally, we accen-
tuate the fact that the plasmonic nanohelices disintegrate
even at modest laser irradiances (above 0.30 mW pm=2,
see Note S4, Supporting Information), which makes these
nanomaterials readily to be used in laser-induced explosion
applications.[?®]

3. Conclusion

In conclusion, by using micro-Raman spectroscopy, we have
demonstrated Co and Ni nanohelices to be efficient photothermal
conversion devices at IR wavelengths. The measured tempera-
ture rise in these nanostructures when using a relatively low laser
irradiance (0.12 mW um™2) reaches 1000 K, value which is larger
than the one reported in state-of-the-art photothermal nanomate-
rials able to operate at high temperatures.['*] Such efficient light-
to-heat conversion is achieved at specific wavelengths close to the
LSPR of the nanostructures and thus spectrally selective. The
simple tuning of the LSPR of metallic nanohelices,/”! and the
scalable fabrication of these nanomaterials,[?*) prompt the use
of these novel photothermal substrates in a wide range of ap-
plications including solar energy conversion, photothermal sig-
nal generation in radiometry and nanomedicine or laser-induced
explosion.['>28] Moreover, being chiral systems, nanohelices ex-
hibit a different absorption of right-handed and left-handed cir-
cularly polarized light,*"! behavior which can be potentially ex-
ploited to design unique and novel devices with chiral photother-
mal properties.

4. Experimental Section

Fabrication of Nanohelices: Periodic arrays of helical nanostructures
made from Ni, Co, and Ag were engineered by oblique angle deposition,
OAD.[72%] The OAD set-up for this study was implemented in a general-
purpose evaporator by means of an in-house built retrofittable system that
provides controlled substrate rotation. The OAD method was used on
seeded substrates (150 nm separation) with a 50 nm Ag film on top to
produce the three regular nanohelical arrays made from Co, Ni, and Ag.[?°]
The oblique angle and rotation speed were fixed at #88° and 0.3 rpm, re-
spectively for all the samples and the deposition rate was 1.5 nm s~'. Scan-
ning electron microscopy (SEM) was utilized to examine the structure and
morphology of the grown metallic nanohelices.

Graphene Transfer on Nanohelices:  Polymethyl methacrylate (PMMA)
was spun on top of Monolayer CVD graphene on Cu foil (from Graphenea).
The Cu was etched in a 1 M ammonium persulfate solution. Graphene
supported with PMMA was then transferred on the helical nano-arrays.
Finally, the PMMA layer was dissolved in acetone, and samples were rinsed
in isopropanol and dried with N, gas.

Raman Measurements: Raman spectra were measured with a micro-
Raman set-up (Horiba Jobin-Ybon Labram HR) with ~2 cm~" spectral res-
olution, using a 100X objective with numerical aperture N.A. 1.25. The ex-
citation wavelengths were 633 (laser spot ~1 um?) and 785 nm (laser spot
~12 pm X 6 um). Unless otherwise stated, by using a filter that transmits
10% of the incoming light, the laser power on the samples was set in the
measurements to 6.6 mW for both laser lines and thus their irradiance
was ~6.6 and ~0.12 mW um~2 for 633 and 785 nm wavelength, respec-
tively. The acquisition time for each spectrum was 2 min and, to ensure
reproducibility and stability, five Raman spectra were measured for each
array of nanohelices. When needed (i.e., to undertake measurements at
different laser powers), additional filters transmitting 1%, 5% or 25% of
the incoming light were used in the Raman spectrometer.
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