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ABSTRACT: Heating of irradiated metallic e-beam generated
nanostructures was quantiﬁed through direct measurements
paralleled by novel model-based numerical calculations. By
comparing discs, triangles, and stars we showed how particle
shape and composition determines the heating. Importantly,
our results revealed that substantial heat is generated in the
titanium adhesive layer between gold and glass. Even when the
Ti layer is as thin as 2 nm it absorbs as much as a 30 nm Au
layer and hence should not be ignored.
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U

E-beam lithography is one of the most commonly used
technologies to produce plasmonic structures such as nanotweezers20,21 or plasmonic absorbers.8,22 The metallic nanostructures used here were prepared on a glass substrate via a
standard e-beam lithography lift-oﬀ procedure (see Methods
and Supporting Information Figure S1). All composite
structures experimentally studied consisted of a 30 nm thick
gold layer on top of a 20 nm titanium adhesive layer deposited
on glass. The glass surface and deposited nanostructures were
coated by a gel-phase lipid bilayer (details given in Methods).
Phase sensitive lipophilic chromophores (DiOC18:2) upconcentrated in the melted regions around the irradiated
nanostructures as schematically shown in Figure 1a. The extent
of the melted region was quantiﬁed by confocal ﬂuorescence
imaging (Figure 1b), a rotational average of the intensity is
shown in Figure 1c. The radius of the melted area, rm, was
determined as shown in Supporting Information Figure S2. As
the phase transition is relatively sharp (Supporting Information
Figure S3), the temperature at the boundary, Tm, is well-known.
The temperature increase at rm, ΔT(rm) = Tm − Tb (where Tb
is the temperature before irradiation) is of particular
importance to deduce the temperature increase, ΔT(r), at a
distance, r, far away from the irradiated structure19
r
ΔT (r ) = m ΔT (rm) r ≫ rst
(1)
r

pon irradiation at the plasmon resonance of a metallic
nanostructure, electromagnetic energy is absorbed and
dissipated as heat into the surrounding media. Although
metallic nanostructures of diﬀerent compositions and sizes have
been numerically investigated with the goal of controlling and
understanding the heating, a gap still existed between
theoretical predictions and experiments. The temperature of
irradiated metallic nanostructures can easily reach hundreds of
degrees Celsius,1 thus enabling novel applications in chemical
catalysis,2 optoﬂuidics,3 drug delivery,4 photothermal therapies,5 or vapor generation.6 There has been signiﬁcant progress
in modeling the thermo-plasmonic eﬀect of nanostructures.7,8
The discrete dipole approximation (DDA)9 and the boundary
element method (BEM)10,11 have been extensively used to
calculate plasmonic properties.12 These methods are well suited
for colloidal particles, whose geometries are relatively simple
but still in need of further developments to analyze complex
plasmonic devices. Several experimental assays were designed
to measure the temperature increase on and around plasmonic
devices.13−18 However, most structures studied were relatively
simple, as, for example, massive gold spheres, located in a
uniform environment. This is in contrast to reality where much
more complex nanostructures in inhomogeneous environments
are often encountered. Here, we systematically quantify the
temperature proﬁles of irradiated metallic composite structures:
electron-beam printed discs, triangles, and stars of varying size.
Our approach is both experimental using a novel method based
on a lipid bilayer assay18,19 and theoretical using a ﬁnite
element numerical model (see Methods). We demonstrate that
the titanium adhesive layer routinely used to improve the
stability of gold structures fabricated on glass substrate has a
dramatic thermal impact that has been somewhat overlooked in
literature.
© 2014 American Chemical Society

where rst is the radius of the nanostructure.
Scanning electron microscope (SEM) images of the
structures are shown in Figure 1d and schematically drawn in
Figure 2a,b. The experimentally determined radii of their
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Figure 1. Experimental methodology. (a) Illustration of the setup (dimensions not to scale). A heating laser (λ = 1064 nm, red) is focused onto an
electron beam printed nanostructure. The metallic nanostructure absorbs light and dissipates heat into the surrounding lipid bilayer, where the lipid
switches from gel phase into ﬂuid phase. The lipid region is visualized by incorporating phase sensitive ﬂuorophores (DiOC18:2) into the bilayer. (b)
A typical image (denoted a melting ﬁngerprint) of an irradiated circular disc (d = 500 nm, thickness of lower titanium layer = 20 nm, thickness of
upper gold layer = 30 nm). The partitioning of DiOC18:2 into the ﬂuid phase leaves behind a darker circular region in the nearby gel phase where the
ﬂuorophores are partially depleted. (c) A rotational average of the intensity of melting ﬁngerprint shown in (b). rm (red arrow) is the radial distance
where the temperature rise ΔT is equal to the diﬀerence between Tb and Tm. The color bar gives the intensity scale. (d) SEM images of the studied
metallic discs and triangles, the surface area being constant in each column.

thermal ﬁngerprints as a function of laser power are shown in
Figure 2c,d. The laser power was kept below 4 mW to avoid
heat induced reshaping.19 For both triangles and discs, the
measured thermal ﬁngerprints increase linearly with the
irradiating laser power.
The temperature far away from an irradiated nanodisc can be
well predicted by eq 1; however, close to the surface eq 1 fails.
To ﬁnd the temperature proﬁle of complex composite
irradiated nanostructures we built a mathematical model and
solved it by the ﬁnite element method (FEM). The generated
heat per unit volume was described as22
ωε0
Q d(r ) =
Im{εr(r , ω)}|E(r , ω)|2
(2)
2

temperature distribution T(r) was described by the Poisson
equation. More model details are given in the Methods section.
The entire steady-state temperature proﬁle for a disc and
triangle under identical irradiation were calculated and plotted
as insets in Figure 2a,b, respectively. The slightly asymmetric
triangle temperature proﬁle relates to the shape of the triangle.
If the disc is treated as solid gold and the glass interface
ignored, the discrepancy between the values returned by the full
FEM and eq 1 is 15−30% (see also Supporting Information
Figure S4). We extracted rm from the simulations; these are
shown in Figure 2c,d (with hollow circles and triangles,
respectively). There is an excellent agreement between
experimental (solid symbols) and theoretical results. In contrast
to measurements on colloidal gold,19 the experimentally
obtained rm does not lead to the surface temperature of the
composite structures because the thermal conductivity of glass
and the presence of Ti need to be taken into account due to the
large contact areas. Furthermore, the interfacial thermoresistance23,24 at the diﬀerent interfaces dramatically inﬂuences the
internal thermal diﬀusion of this sandwiched geometry.
By including both the interfacial coeﬃcients for thermoresistance between the materials and the heat drain eﬀect of the
glass substrate, we deducted the surface temperature of the
nanostructures. Figure 2e,f shows the simulated surface
temperatures of discs and triangles as a function of laser

where εr(r,ω) is the space- and wavelength-dependent relative
permittivity, ε0 is the permittivity of vacuum, ω is the angular
frequency of the laser light, and E(r,ω) is the electric ﬁeld. To
obtain the electric ﬁeld of the nanostructure, we solved
⎛
jσ ⎞
∇ × μr −1(∇ × E(r , ω)) − K 2⎜εr(r , ω) −
⎟E(r , ω)
ωε0 ⎠
⎝
=0

(3)

Here, μr is the relative permeability, K is the free space
wavenumber, and σ the electrical conductivity. The static-state
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Figure 2. Steady-state temperature increase of irradiated discs and triangles composed of Ti and Au. (a,b) Temperature increase of a disc (a) with
diameter = 500 nm and a triangle (b) with identical volume and side length = 673 nm irradiated by a laser with Gaussian intensity proﬁle (σ = 0.7
μm, laser power P0 = 0.6 mW). Background temperature: 300 K. The insets show the temperature proﬁle along the white dashed lines in (a,b). (c,d)
Quantiﬁcation of the measured (solid symbols) and simulated (hollow symbols, dashed lines) radii of the melted ﬁngerprints for irradiated (c) discs
and (d) triangles as function of laser power. The cross sectional areas (and volumes) of discs and triangles denoted with the same number are
identical, these cross sectional areas are 1: π x 104 nm2, 2: 4π x 104 nm2, 3: 6.25π x 104 nm2, and 4: 9π x 104 nm2. The radii of discs 1, 2, 3, and 4 are
100, 200, 250, and 300 nm, respectively. The side lengths of triangles 1, 2, 3, and 4 are 269, 538, 673, and 808 nm, respectively. (e,f) Calculated
temperature increases on discs 1−4 (e) and triangles 1−4 (f) as a function of laser power.

To investigate the inﬂuence of the Ti adhesive layer on the
thermal properties of composite nanostructures, we calculated
the absorbed heat power in the Au layer and in the Ti layer of
composite Au/Ti discs and triangles irradiated by a laser
intensity of 1 mW/μm2. The thickness of the gold layer was
kept constant (30 nm), whereas the thickness of the Ti layer
was varied from 0 to 30 nm (0, 2, 5, 10, 20, and 30 nm). As the
thickness of the Ti layer increases, the absorbed power
increases in the Ti layer and decreases in the Au layer for
both shapes as shown in Figure 3. In the experiments (sketched
in Figure 1), an inverted microscope was used, hence the Ti
layer was irradiated prior to the Au layer and the Ti layer had a
“shielding eﬀect”. The plasmon resonance peak of the
composite structures gradually shifts to a longer wavelength
as the thickness of the Ti layer increases (as shown in
Supporting Information Figure S6) in accordance with the
observations from nanorods and split-ring resonators.26−28
Even when the Ti layer is as thin as 1 nm, plasmon damping
eﬀects can still be drastic.26 Apart from the plasmon damping
eﬀect induced by Ti or Cr adhesive layers,29 the absorptive
nature of Ti also results in a signiﬁcant thermal eﬀect. As shown
in Figure 3, the absorbed power in the Ti layer can reach a high
level in both discs and triangles, even a 2 nm thin Ti layer
underneath 30 nm Au absorbs 45.7% and 42.3% for the disc

power. For both shapes, the smallest nanostructures have the
highest surface temperature elevation. This is reasonable
because the surface plasmon resonance of the smallest
structures nearly coincides with the wavelength of the heating
laser, whereas the absorption of the larger structures are
signiﬁcantly lower and nearly identical (see Supporting
Information Figure S5). The heating rates for the smallest
discs and triangles are nearly identical (disc, 117.6 K/mW;
triangle, 117.5 K/mW), whereas the heating rates for the larger
structures are somewhat smaller (∼80−90 K/mW). Hence,
under NIR irradiation a rounded structure is equally photothermally eﬃcient as a triangle with sharp ends.7
In nanofabrication, titanium is widely used to improve the
adhesion of gold onto glass substrates. The thickness of the Ti
adhesive layer diﬀers greatly in nanostructures fabricated for
distinctive applications in diﬀerent research groups.25−28 The
change of plasmonic properties, for example, the broadening
and red shift of the plasmon resonance peak, induced by the Ti
adhesive layer has been thoroughly studied for split-ring
resonators27,28 and nanorods.28 However, the inﬂuence of the
thickness of the adhesive Ti layer on the overall thermal
properties of metallic nanostructures was not previously
reported.
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Figure 3. Comparison of the heat generation in the titanium adhesive layer (thickness varied from 0 to 30 nm) and in the gold layer (ﬁxed thickness
= 30 nm) in composite discs and triangles of identical volume. (a,b) Calculated absorbed heat power in the Ti layer (a) and the Au layer (b), as a
function of wavelength in a composite disc (diameter = 200 nm), when setting the Ti layer thickness to 0, 2, 5, 10, 20, and 30 nm, successively. (c,d)
Calculated absorbed heat power in the Ti layer (c) and the Au layer (d), as a function of wavelength in a composite triangle (side length = 269 nm)
of identical volume as the disc, when setting the Ti layer thickness to 0, 2, 5, 10, 20, and 30 nm, successively. The irradiation laser intensity is 1 mW/
μm2.

and triangle, respectively, of the total absorbed heat power at
1064 nm. If the Ti layer becomes 20 nm thick, the heat power
absorbed in the Ti slab is 92.4% (for the disc) and 90.7% (for
the triangle) of the total absorbed power. These results show
that the thermal contribution of the Ti layer cannot be
neglected even for thin Ti layers, when a composite structure is
irradiated from the side of the Ti layer. The calculated average
temperature rise on the composite discs and triangles as a
function of the Ti adhesive layer thickness is plotted in
Supporting Information Figure S7. The structures were
irradiated by a Gaussian intensity proﬁle with σ = 0.7 μm
and a total power of 0.6 mW. Without the Ti adhesive layer, the
average temperature increase on the Au disc and triangle is 16.5
°C and 27 °C, respectively (Supporting Information Figure
S7). By adding a 2 nm Ti adhesive layer, the average
temperature rises up to 29.2 °C for the disc and 38.8 °C for
the triangle, which is clearly non-negligible. Chromium is also
often used as an adhesive layer for Au structures, however, as
chromium absorbs even more than Ti,30 an adhesive chromium
layer will inﬂuence the thermo-plasmonic properties even more
than a Ti layer does.
To experimentally verify the inﬂuence of the adhesive Ti
layer on heat generation, we compare the theoretical ﬁndings to
experimentally measured heating properties of an Au/Ti
composite disc and a pure Ti disc (see sketches in Figure
4a). In Figure 4b, we show the calculated absorption cross
section of each structure as a function of the irradiation laser
wavelength. The overall absorption cross section of the pure
titanium disc is higher than that of the composite disc over the
whole spectrum, including at the wavelength of the heating

laser (λ = 1064 nm). Because the thermal conductivity of Ti is
∼46 times31,32 smaller than that of Au, the titanium disc is
indeed expected to cause a much greater temperature elevation.
We quantiﬁed the sizes of the melted ﬁngerprints at various
laser powers (circles in Figure 4c) obtained in experiments,
which agree well with the size obtained from the FEM
simulations (full lines in Figure 4c). The corresponding
temperature increases are plotted in the inset of Figure 4c.
Clearly, a pure titanium disc generates more heat than a
composite Ti/Au disc, regardless of the excitation power. These
observations verify the fact that Ti is an eﬃcient photothermal
converter in the NIR region. Together with the results
demonstrated in Figure 3, we believe that cautious steps have
to be taken before neglecting the thermal contribution of Ti
under heat sensitive conditions. Furthermore, alternative
adhesion materials26 should be considered to replace Ti (or
Cr) to minimize nondesirable thermal eﬀects.
In the nascent ﬁeld of nanoplasmonics, more exotic
nanostructures are often designed to achieve extreme and
local ﬁeld enhancements. Structures having sharp edges or gaps
are particularly eﬃcient in concentrating light at the nanoscale.
To show the robustness of our experimental and numerical
approaches when applied to such structures with more
complicated shapes we examined theoretically and experimentally a star and a dimer (i.e., a pair of aligned nanorods). The
sharp tips of stars and the gap between two rods are commonly
used for localized plasmon enhancement;33−35 however,
probably due to the complexity of the structures their
associated thermo-plasmonics properties were never quantiﬁed.
We created a six-branched star (d = 2880 nm) and two
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2e,f. Interestingly, despite their sharp tips the triangles do not
heat more than discs.
We also investigated the photothermal eﬀect of titanium,
which is routinely used as an adhesive layer in e-beam
generated gold nanostructures. Importantly, we ﬁnd that
titanium has a huge eﬀect (see Figure 3) and that pure
titanium discs generate an even larger temperature increase
around the structure than composite gold−titanium structures
of identical shape and volume. This ﬁnding can provide
guidance for future design of plasmonic devices, especially for
biorelated applications such as photothermal treatments where
titanium has the advantage of being biocompatible and cost
eﬃcient.
A comparison of all the structures investigated, discs,
triangles, stars, and dimers, shows that even though the local
isotherms resemble the shape of the irradiated nanostructure
(as shown in Figure 5c−f), the overall melted radii, rm, and the
surface temperatures are actually quite comparable. This is
visualized in Figure 6, which shows rm as function of the cross
sectional area for all investigated structures, the irradiating laser
power was kept constant during this experiment. The melted
radius around all sizes of discs, triangles, and stars follow the
same linear increase with cross sectional area of the irradiated
structure. The dimer falls below this linear increase, probably
because of experimental diﬃculties with centering the laser
beam exactly at the gap. Using the FEM we calculated the
corresponding temperature increases at the surface of the
particles; these are shown in the inset of Figure 6. The
temperature increase at the surface of all irradiated structures
appears to reach a constant value of 140−150 K, except for the
smallest disc and triangle, whose absorption is resonant with
the irradiating laser (see Supporting Information Figure S5). As
expected, the dimer falls below this trend.
In conclusion, our experimental and numerical methodologies allow for determination of temperature proﬁles around
irradiated nanostructures of any shape, size, and composition.
This is of crucial importance for development of several
applications, for example, eﬃcient nanoears35 or for thermophoresis.36 Our ﬁnding of signiﬁcant heating contribution by
the titanium slab, even when it is as thin as 2 nm, will impact
future design of plasmonic devices. Furthermore, since titanium
is extremely biocompatible, this discovery will optimize material
selection for photothermal therapies.
Methods. The metallic nanostructures studied in this work
were fabricated on a glass coverslip using the e-beam
lithography (EBL) lift-oﬀ process described in Supporting
Information Figure S1. Prior to fabrication, a 1 inch diameter
glass coverslip was sonicated in deionized water for 2 min and
submitted to an O2 plasma treatment (300 W, 10 min) to
remove particles and dirt from the surface. Polymethylmethacrylate (PMMA 950K A4) electron-sensitive resist was then
spun on the glass coverslip and a 12 nm thick layer of gold
evaporated on top to prevent charging eﬀects during EBL (cf.
Supporting Information Figure S1(i)). In the next step, the
areas of the future metallic nanostructures were exposed in an
EBL machine using a voltage of 20 kV. After the exposure, the
gold layer was removed in KI/I2 and the exposed PMMA
developed in a mixture of methyl isobutyl ketone (MIBK) and
isopropanol (IPA), as shown in Supporting Information Figure
S1(ii). An evaporator was then used to deposit titanium (50
nm) or titanium/gold (20 nm/30 nm) on the surface of the
sample (see Supporting Information Figure S1(iii)). Finally, the
sample was put in acetone for 30 min to dissolve the remaining

Figure 4. Comparison between the heat generation of a composite
disc (30 nm Au on top of 20 nm Ti, d = 400 nm) and a pure Ti disc
(thickness 50 nm) of identical volumes. (a) Sketches of the two
structures under comparison. (b) Calculated absorption cross section
of the pure Ti disc (blue) and the composite Ti/Au disc (red) as a
function of wavelength. The dashed line shows the wavelength of the
heating laser. (c) Experimentally measured radii of the melted
ﬁngerprints as a function of laser power for composite Au/Ti discs
(red circles) and pure Ti discs (blue circles), the full line shows the
calculated size of the melted ﬁngerprints. The inset shows the
corresponding temperature increase (Au/Ti, red; pure Ti, blue). In all
experiments, the structures were illuminated by a Gaussian intensity
proﬁle with σ = 0.7 μm.

nanorods (each 150 nm × 500 nm) aligned end-to-end with a
gap of 500 nm by e-beam lithography, SEM images of these
structures are shown as insets in Figure 5e,f. The modeled
structures used for the FEM analysis are shown in Figure 5a,b.
The isotherms of the simulated temperature proﬁles around a
star (Figure 5c) and a dimer (Figure 5d) are hexagonal and
elliptical, respectively; well matched, both qualitatively and
quantitatively, by the experimentally measured ﬁngerprints,
which are shown in Figure 5e,f.
On the basis of direct experimental measurements and our
novel numerical model, we quantiﬁed and compared the
thermal response of two types of nanostructures (discs and
triangles) with identical volume and under identical laser
irradiation. Both shapes generate a signiﬁcant temperature rise,
while the smallest structures that are resonant with the
irradiating laser achieve the highest temperatures, see Figure
616
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Figure 5. Comparison between the simulated and measured temperature proﬁles around exotic composite structures (with 30 nm Au on top of 20
nm Ti). The laser power on the star was 0.22 mW, on the dimer 1.9 mW, background temperature 300 K. (a,b) Finite element meshing scheme of
simulated six-branch star (a) and dimer (b) on glass substrates with the minimum element width equal to 10 nm, generated by COMSOL. (c,d)
Simulated temperature distributions around a star (c) and a dimer (d) under laser irradiation. The average surface temperature of the star reached
315 K, of the dimer 348 K. (e,f) Measured melting ﬁngerprints of a star (e) and a dimer (f). For the star, the measured radius of the melted region is
rm = 1.44 μm, the simulated one rm = 1.32 μm. For the dimer, the elliptical melted region is 1.584 μm × 1.08 μm, the simulated region 1.587 μm ×
1.33 μm. The insets of (e,f) show SEM images of the star and dimer before the beginning of the experiments.

nitrogen ﬂow to create a thin ﬁlm. The thin ﬁlm was dried in
vacuum for 2 h followed by hydration with PBS buﬀer (pH =
7.4, 150 mM NaCl) at 37 °C. To form small unilamellar
vesicles, we extruded the hydrated lipid mass through
polycarbonate ﬁlters with 50 nm pore size at T = 37 °C. The
glass substrate on which metallic nanostructures were printed
had undergone 5 min sonic bath to remove excessive particles
on the surface prior to 10 min thorough O2 plasma cleaning
(Harrick Plasma). The clean and highly hydrophilic glass
substrate was then used to support the lipid bilayer sensing
assay. Finally, 200 μL of extruded vesicles were ﬂushed into a
perfusion chamber and allowed to fuse to the glass substrate. It
was important that the incubation temperature was higher than
the gel-to-ﬂuid phase transition temperature of Tm = 33.8 °C.
Excess lipid vesicles were thoroughly washed out 15 times by
vigorous pipetting using deionized water with the surface and
ﬂuid held at T ∼ 40 °C. The ﬁnal experiments were conducted
at 26.6 °C in deionized water. The ﬂuorophores were excited at
488 nm (green scanning beam in Figure 1a) and imaged
through a high NA microscope objective in the spectral range
of 500−530 nm with a Leica SP5 confocal microscope. At the
same time, a heating laser (Spectra Physics J201-BL-106C, red
beam in Figure 1a) with a beam radius of 0.7 μm on the plane
of the lipid bilayer was used to irradiate the metallic
nanostructure and induce signiﬁcant temperature elevation
through photothermal conversion. During experiments, the
background temperature (Tb) of the sample was kept at 26.6
°C (below the phase transition temperature (Tm = 33.8 °C) of
the lipid bilayer, Supporting Information Figure S2), thus
keeping the lipid bilayer in an organized gel phase. Once the
heating laser was turned on and the nanostructure started to
dissipate heat into the surrounding media, the organization of
lipids contained in the area where the temperature exceeded the
phase transition temperature (T > Tm), switched to the more
disorganized ﬂuid phase. Subsequently, the ﬂuorescent marker,
DiOC18:2, which had unsaturated fatty acid tails and therefore
energetically preferred to mix with disordered phases, diﬀused
toward the melted bilayer region.

Figure 6. Comparison of the plasmonic properties of nanostars, discs,
triangles, and dimers. The irradiating laser power was kept constant at
1.9 mW during this entire experiment. rm is plotted versus the cross
sectional area for irradiated stars (blue), discs (green), triangles (red),
and dimers (pink). The dashed line shows a linear relation between rm
and cross sectional area, a relationship obeyed by all structures (apart
from the dimer). The inset shows the temperature increase at the
surface of the irradiated structures as a function of the cross sectional
area calculated by the FEM. The horizontal line shows the temperature
increase of the majority of the irradiated structures; only the smallest
discs and triangles (resonant with the laser) have temperature
increases signiﬁcantly above this line.

PMMA and lift-oﬀ the metal stack from the regions where it
was not needed (cf. Supporting Information Figure S1(iv)).
After rinsing the sample in IPA, the structures were ready for
use.
The lipid bilayer was composed of 1,2-dipentadecanoyl-snglycero-3-phosphocholine (DC15PC, Avanti Polar Lipids) and
0.75 mol % 3,3′-dilinoleyloxacarbocyanine perchlorate
(DiOC18:2) ﬂuorophores. This lipid mixture has a well-deﬁned
phase transition temperature (Supporting Information Figure
S2) Tm ∼ 33.8 °C above which the lipid molecules change from
an organized gel phase into a more disordered ﬂuid phase. The
mixture of lipids and ﬂuorophores was ﬁrst dissolved in
chloroform and then evaporated onto a glass vial under
617
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because of TBC at the interface of materials A and B.22 The
model was solved by the FEM taking into account the
geometry of the structure. Inﬁnite elements were utilized to
simulate the unbounded background. The number of iterations
used to solve the model was set to gain a relative tolerance
better than 10−6 in terms of the temperature. In order to verify
that our experiments were carried out in thermal equilibrium,
we calculated the dynamic temperature increase process using
the equation Cs(r)ρ(r)[(∂T(r))/∂t] + ▽ ·[κ(r)▽T(r)] =
−Qs(r), where t is time and Cs(r) and ρ(r) are the positiondependent speciﬁc heat capacity and the material density,
respectively.

The spot size of the focused laser beam in the bilayer plane
was measured by using the laser to bleach an area on an Alexa
ﬂuorophore labeled bovine serum albumin (BSA) layer.37 The
bleached proﬁle matched the Gaussian intensity proﬁle of the
laser and a standard deviation of σ = 0.7 μm was found using a
laser power of P0 = 0.6 mW.
The plasmonic model was solved using the FEM. The
negative permittivities of gold and titanium give rise to resistive
heat generation upon laser irradiation. The generated heat
power per unit volume Qd is described as Qd(r) = (ωε0)/
(2)Im{εr(r,ω)}|{E(r,ω)}|2, where εr(r,ω) is the space- and
wavelength-dependent relative permittivity; ε0 is the permittivity of vacuum; ω is the angular frequency of the laser; and
E(r,ω) is the electric ﬁeld. In order to obtain the electric ﬁeld of
the nanostructure, we numerically solved the equation ▽ ×
μr−1(▽ × E(r,ω)) − K2[εr(r,ω) − (jσ/ωε0)]E(r,ω) = 0 in
FEM Multiphysics (COMSOL), where μr is the relative
permeability, K is the free space wavenumber, and σ is the
electrical conductivity. Taking into account the Gaussian
intensity distribution of the incoming laser irradiation, we
deduct the average heat power density of a nanostructure with a
volume V and describe it as [(2P0)/(πω2z )][(∫ Qd(r)dr)/(IV)]
2
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e−2rz/ωz, where P0 is the laser power incident on the sample
chamber, ωz is the beam radius in the plane of the lipid bilayer,
I is the intensity of the incoming plane wave, and rz is the
distance from each point to the center of the nanostructure in
the lipid bilayer plane. In the simulation, the nanostructures are
conﬁned in the center of a spherical domain (with a radius of 2
μm) with an upper aqueous domain and a lower glass domain.
A 500 nm thick perfectly matched layer is also employed at the
boundary of this spherical domain to minimize undesirable
backscattering of the electromagnetic wave from the artiﬁcial
boundary. Finally, the optical constants of gold and titanium
were obtained from refs 38 and 39.
To solve the heat transfer model with the FEM, the steadystate temperature distribution T(r) was described by the
Poisson equation ▽·[κ(r)▽T(r)] = −Qs(r), where κ(r) is the
position-dependent thermal conductivity and Qs(r) is the heat
power density obtained by solving the plasmonic model. Two
pieces of information are essential to solve the model. First, as
the thickness of the nanoﬁlm approaches the mean free path of
the heat carrier, strong boundary scattering eﬀects arise,
consequently the thermal conductivity dramatically decreases.
The thermal conductivities of a 30 nm thick gold ﬁlm and a 20
nm thick titanium ﬁlm in our model are set to 91.6 W/(m·K)
and 1.3 W/(m·K), respectively.31,32 Second, for a multilayer
thin ﬁlm geometry the eﬀect of ﬁnite thermal boundary
conductance (TBC) caused by the discontinuity between
diﬀerent materials critically aﬀects the heat transport within the
nanostructure in the plane perpendicular to the material
interfaces.24 Such an eﬀect results in a dramatic temperature
gap between the interior boundaries (titanium−gold and
titanium−silica). Experiments have shed light on the TBC of
both metal−metal interface and metal−silica interface.23,40,41
Inspired by ref 22 we incorporated this eﬀect into our
numerical model by inserting a virtual thin layer to restore the
real temperature jump at the interface. The thermal
conductivity kc and thickness d of this virtual layer follow: f =
(kc/d)(TA − TB), where f and TA − TB are the vertical heat ﬂux
and temperature diﬀerence of the materials A and B at the
interface, respectively. Following this equation, the thin
ﬁctitious layer could mimic the discontinuous temperature
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