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ABSTRACT  15 

We quantitatively measure the local steady state temperature increase, heat source density and 16 

absorption in Ag, Au and Ni metallic nanowire networks under optical illumination. We 17 

demonstrate direct experimental confirmation of increased heat generation at the junction 18 

between two metallic nanowires, and stacking dependent absorption of polarized light. Due to 19 

co-operative thermal effects, the local temperature distribution in a network is shown to be 20 

completely delocalized on a micrometer scale, despite the nanoscale features in the heat source 21 

density. The steady state temperature rise is shown to scale linearly with the illumination 22 

diameter allowing calibration of the local temperature field. The total illumination area is thus 23 

identified as an important parameter controlling local temperature rise, often not considered in 24 

thermoplasmonic experiments. Comparison of the experimental temperature profile with 25 

numerical simulation allows an upper limit for the effective thermal conductivity of an Ag 26 

nanowire network to be established at 43 Wm-1K-1 (0.1  bulk).   27 

TEXT  28 

Photothermal properties of plasmonic nanoparticles have generated much interest over the 29 

last decade, resulting in the development of many novel techniques and technologies including  30 

photothermal cancer therapy1-3, photoacoustic tomography4,  local drug release5 , nanosurgery6-31 

7, microfluidics8, manipulation of cell adhesion9, local superheating10 and  heat assisted 32 

magnetic recording11. Many nanoparticles of various compositions, morphologies and sizes 33 

have been investigated in order to estimate and compare their capabilities as efficient nanoscale 34 

sources of heat under illumination. While spherical gold nanoparticles are best suited for 35 

applications under visible illumination (unless agglomerated)12, gold nanoshells13-14 and 36 

nanorods15 are excellent candidates for biomedical applications due to their tunable near 37 

infrared plasmonic resonance lying within a transparency window of biological tissue.   38 
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Despite studies of a wide variety of plasmonic nanoparticles, the photothermal properties of 39 

metallic nanowires has not been so widely investigated. Chemically synthetized nanowires can 40 

be mass produced and have an extremely large aspect ratio and surface to volume ratio, which 41 

is expected to yield singular thermal properties. Large quantities of these nanowires can be 42 

easily deposited on a surface using spray deposition or spin coating techniques16. The resulting 43 

nanowire networks exhibit specific electrical 17-19, optical20 and physical21  properties, which 44 

are in general controlled by the properties of the constituent junctions. Nanowire networks can 45 

be used to fabricate transparent flexible conductors , strain sensors 12 self-healing materials22, 46 

improved solar cells23, and artificial skin24-25. 47 

Nanowire networks can be considered as a random ensemble of individual nanoparticles or 48 

as an effective film with considerable reduced thermal conductivity.  Ensembles or networks 49 

of plasmonic structures lead to collective heating effects which result in two distinct regimes, 50 

where the temperature increase is either localized around each nanoparticle, or completely 51 

delocalized across the array26.  Indeed, thermoplasmonic related experiments very rarely 52 

concern single nanoparticle heating and  heating many nanoparticles at a time can lead to 53 

unexpected temperature profiles in the surrounding medium27. 54 

In this article, we present a comprehensive investigation of the photothermal properties of 55 

plasmonic nanowire networks. To fully understand heating in such systems we initially focus 56 

on the simple case of isolated metallic nanowires, made of gold, silver and nickel and detail 57 

their polarization dependent absorption. Subsequently, we investigate heat generation and 58 

temperature confinement at discrete nanowire junctions and their stacking dependent 59 

absorption. Finally, we investigate complex networks of randomly orientated connected 60 

nanowires and discuss delocalization and scaling of the local temperature distribution.  61 

Electromagnetically induced heating in metals is predominantly the result of Joule effect. 62 

This process is proportional to square of the electric field inside the metal and the intrinsic 63 
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material losses of the metal. In a general form, the volumetric heat source density q(r) [W/m3] 64 

generated inside the metal is given by 28 65 

22 )()Im()2/()( rEr nq   (1) 66 

where n is the refractive index of the surrounding medium, ω is the angular frequency of the 67 

incident light, ε is the frequency dependent permittivity of the metal, which determines the 68 

local response of the electrons to the external field and E is the electric field. All of the material 69 

loss mechanisms, including interband transitions, are contained within the imaginary 70 

component of the permittivity. The total power absorbed by a nanoparticle Pabs [W], is then 71 

given by the integral of the volumetric heat source density over the volume of the particle 72 

rr
NW

abs dqP )( . (2) 73 

Under optical illumination the metallic nanoparticle will thermally equilibrate internally on 74 

a fast timescale which depends on particle size, and reach a stable thermal equilibrium with the 75 

surrounding medium on a longer timescale determined by the thermal diffusivity of the 76 

surrounding media. Typical timescales for a nanoparticle in water are on the order of 77 

nanosecond for internal thermal equilibrium and microseconds for equilibrium with 78 

surrounding media29.  Under illumination and in the steady state, the inner nanoparticle 79 

temperature distribution T(r) is governed by the Poisson equation  80 

)()(2 rr qT  , (3) 81 

where  is the thermal conductivity of the metal, and q(r) is the volumetric heat source density 82 

in the nanowire. Outside the nanoparticle the temperature distribution is governed by the 83 

Laplace equation:  84 

0)(2  rT ,  (4) 85 
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If the heat source density q(r) is known, the steady state temperature rise )(rT  for an 86 

arbitrarily shaped heat source can then be described as a convolution of q(r) with the Green’s 87 

function GT for the Laplace equation as 88 

 iii rrrrr dGqT T ).,()()( , (5) 89 

where q(r) is the heat source density defined in eq.1 and 
i

i rr
rr


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1

4

1
),(

m
TG


 is the Green’s 90 

function for the Laplace equation30, and m is the thermal conductivity of the surrounding 91 

medium.  This Greens function approach is advantageous, as only the region of the heat source 92 

needs to be meshed, and more importantly, if the steady state temperature distribution is 93 

measured, the heat source density can be retrieved using a deconvolution algorithm.    94 

The experimental local steady state temperature measurements were performed using a 95 

recently developed technique named TIQSI for thermal imaging using quadriwave shearing 96 

interferometry31. In brief, the samples are immersed in glycerol, and a plane wave crosses the 97 

region of interest undergoing a distortion due to the thermally induced variation of the 98 

refractive index in the glycerol. This wavefront distortion is imaged using a QSI wavefront 99 

sensor and then processed using an inversion algorithm to retrieve both the local temperature 100 

increase (δT [K]) and the 2D heat source density (p [μW/μm2]) with sub-micrometric spatial 101 

resolution (~400 nm). The 2D heat source density p(x,y) measured with this technique is 102 

defined as the integral of the 3D heat source density q over the thickness of the wire.  103 

Interestingly, integration of the experimental maps of p(x,y) over x and y allows quantitative 104 

measurement of the total power absorbed (or equivalently delivered) by the composite 105 

nanoparticle32. Dividing this integral by the incident irradiance I0 gives an expression for 106 

absorption cross section ][ 2mabs , which is common metric to define the absorption strength 107 

of a nanoparticle  108 
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 dxdyyxp
Iabs ),(
1

0

 . (6) 109 

 TIQSI therefore provides a powerful non-invasive technique to recover the local steady state 110 

temperature increase, the heat source density, and the absorption cross sections of nanoscale 111 

particles with arbitrary geometry, like the complex nanowire system investigated herein.  112 

Experimental samples were formed by spray deposition of commercially available single 113 

crystalline gold (Sigma Aldrich), silver (Seashell Technology) and nickel (Nanomaterials.it) 114 

nanowires onto quartz substrates. The density of the nanowire distribution was controlled to 115 

either have a predominance of single nanowires, isolated nanowire junctions/crossings, or fully 116 

connected nanowire films. The Au nanowires have a passivation monolayer of 117 

cetyltrimethylammonium bromide (CTAB) to avoid aggregation in solution, whereas the Ag 118 

nanowires have a 3 nm thick dielectric surface coating of poly(vinylpyrrolidone) (PVP). The 119 

Ni wires have a 5 nm surface oxide layer. Statistical analysis of TEM and SEM imaging 120 

confirmed an average diameter D (length L) of 50 nm (8 μm) for the Au nanowires, 90 nm (7.3 121 

μm) for Ag, and 80 nm (9.4 μm) for Ni (see supplemental Fig.S1). 122 

Initially we investigated heating in single isolated Au, Ag and Ni nanowires. These 123 

nanowires show a strong frequency and polarization dependent absorption due to the excitation 124 

of localized surface plasmons (LSP) transverse to the wire axis (Fig.S2). Without loss of 125 

generality we can consider two cases, depicted in Fig.1a, of incident light linearly polarized 126 

along the nanowire axis, referred to as the transverse magnetic case (TM), and light polarized 127 

perpendicular to the axis, referred to as the transverse electric case (TE). The response for 128 

arbitrary incident polarization can be calculated as a linear combination of these two cases. The 129 

finite element method (FEM) is employed to numerically calculate the internal electric field in 130 

the nanowire under optical illumination, which is then converted to the heat source density 131 

using eq.1. Figure.1b shows the heat source density distribution for a 60 nm diameter Au 132 

nanowire illuminated with a free space wavelength of 532 nm. The effect of the LSP is to 133 
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increase the internal field penetration and therefore the heat generation at the resonant 134 

frequency for the TE polarized case and not for the TM case.  Experimental heating 135 

measurements were performed using a 532 nm diode pumped solid state laser (10 W Millenia, 136 

SpectraPhysics) as the thermal excitation source.  The laser was expanded onto a variable iris 137 

in the image plane of the objective to produce a top hat intensity distribution on the sample 138 

over a 10.2 μm diameter area. The laser power was then varied to control the incident 139 

irradiance. Figure 1c shows an optical image of a single Au nanowire 10 µm in length. The 140 

nanowire appears dark in transmission and is quite visible despite nanoscale lateral dimensions 141 

due to its large scattering and absorption cross section and blurring from the diffraction limit 142 

of the collection objective (NA=1.4). The excitation area is shown as a white dashed line. 143 

Figure 1d shows the measured steady state temperature distribution with incident irradiance I0 144 

= 2.82 mW/μm2 for TE incident polarization. This intensity is sufficient to induce significant 145 

heating in the nanowire leading to a temperature increase of 200 K. The 2D heat source density 146 

(p [μW/μm2]) distribution can be extracted (Fig.1e), showing as expected that the heat is 147 

delivered uniformly along the length of the nanowire. Integration of this heat source density in 148 

accordance with eq.6 gives an absorption cross section for the nanowire of 271.0 mTE
abs    for 149 

TE polarization compared to 235.0 mTM
abs   for TM polarization.  150 

To experimentally quantify the polarization dependent absorption in the nanowires the ratio of 151 

the steady state temperatures under fixed excitation intensity for TE and TM illumination was 152 

measured for a range of distinct nanowires. At an excitation wavelength of 532 nm the Au 153 

nanowires show the most anisotropy due to the frequency dependence of the LSP resonance, 154 

with a ratio TM
abs

TE
absR  /  of 3, Ag has R=1.5 and Ni has R=1. The wavelength dependence of 155 

this ratio calculated from Mie theory for an infinite cylinder is plotted in Fig. S3. Figure. 1f 156 

compares experimental values of R (columns) for three different Au, Ag and Ni nanowires with 157 

the calculated ratios from the Mie theory solution (solid lines). Single metallic nanowires can 158 
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also support propagating surface plasmon polariton (SPP) modes, which can be excited at a 159 

discontinuity such as the finite end of the nanowire, allowing their use as nanoscale waveguides 160 

33. To study the contribution of these SPP modes to the total absorption cross section we 161 

conducted 3D FEM simulations. The intensity enhancement Fig.S3a and heat source density 162 

Fig.S2c for a 30 nm radius infinite Ag wire, are compared with that of a semi-infinite wire with 163 

a 30 nm radius spherical capped Fig.S3c,d. The relative heat source density is normalized to 164 

Mie theory for an infinite wire shows that the launched SPP modes contribute to increased 165 

heating in only the first 250 nm of the wire. The wire is in a symmetric environment (glycerol 166 

and glass with similar refractive index), so it is difficult to efficiently match the momentum 167 

required to launch a bound SPP mode in the nanowire. This sharp 250 nm falloff can be 168 

attributed to launching of lossy modes in the wire. The total contribution of SPPs to the 169 

absorption cross section can be seen by plotting the cumulative difference of the heating in the 170 

finite wire to that in an infinite in Fig. S3f, and is less than 7% for a 1 µm long wire.  The 171 

agreement of the ratio of measured absorption cross sections with Mie theory, which is for an 172 

infinitely long nanowire, demonstrates that although it is possible to excite SPPs at the 173 

nanowire ends, they do not contribute significantly to the polarization response of heat 174 

generation.  175 

A cross section of the steady state temperature distribution through the center of an Au 176 

nanowire perpendicular to the nanowire axis is shown in Fig.1g for TE (green dots) and TM 177 

(red dots) illumination. For a wire with uniform volumetric heat source density, the temperature 178 

distribution shows an ln(r) dependence close to the nanowire as expected from an infinite wire, 179 

and a 1/r dependence at further distances due to its finite length. The solid line in Fig.1g shows 180 

the temperature profile is well fitted with logarithmic falloff in the first 5 μm with a 1/r 181 

dependence afterwards. This demonstrates that a single nanowire can create a temperature 182 

increase which is localized to a full width half maximum (FWHM) of 2.2 μm in the glycerol, 183 
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with a thermal gradient (which depends on incident power) of the order 95 K/μm. 184 

Measurements of temperature distributions and heat source densities were taken for multiple 185 

nanowires and junctions on each sample. For brevity only a few selected results were shown 186 

in the main text, however given the speed and simplicity of the technique a large number of 187 

nanowire samples were investigated. Experimental results over a larger sample set of single 188 

nanowires are displayed in the supplemental information (Fig. S4). 189 

 190 

Subsequently we investigated the more complex case of heating at the junction between two 191 

nanowires. Recent experimental studies have shown that optical illumination of nanowire 192 

networks can significantly increase the film conductivity by induced re-crystallization at 193 

nanowire junctions referred to as “nano-welding”34-35. This effect was postulated to be due to 194 

enhanced electric fields and heating at nanowire junctions, however only a numerical 195 

investigation of the detailed mechanism was possible28. In this work we quantitatively measure 196 

the heat source density at a junction between two nanowires and directly evidence enhanced 197 

heating. Single nanowire junctions of Au, Ag, and Ni were investigated for two orthogonal 198 

cases of incident polarization. An optical image of the junction and illuminated area and the 199 

2D heat source density maps for two orthogonal polarizations are displayed in Fig. 2a, b and 200 

c, for Au, Ag and Ni, respectively. The results clearly demonstrate a localized hot spot in the 201 

heat source density at the intersection for the nanowires for all three metals. The polarization 202 

dependence shows a distinct asymmetry in that one nanowire will contribute significantly more 203 

to the heating for a particular incident polarization, which is most evident in the case of the Au 204 

nanowires with excitation wavelength of 532 nm. The experimentally mapped 2D heat source 205 

density is numerically integrated to attain the total absorption cross-section of the nanowire 206 

junction. To accurately determine this value the integration is performed radially starting from 207 

the geometric center of the illuminated area. The cumulative integration is shown as a function 208 
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of radius in Fig. 2d. The total absorption cross section is then determined as the value at which 209 

the cumulative integration levels off.  In the case of the Au nanowire junction shown in Fig.2a 210 

integration of the experimentally mapped 2D heat source density p yields an absorption cross 211 

section of σabs= 1.15±0.02 μm2, which is only marginally larger than that of two isolated 212 

nanowires (σabs 
TE= 0.71±0.02 μm2, σabs 

TM=0.35±0.02 μm2  ) due to heat source density 213 

enhancement at the junction. The two intersecting nanowires can be thought of as a composite 214 

nanoparticle, which has increased absorption cross section from a single nanowire36. Fig.2e 215 

shows that the temperature rise of 120 K can be reached at a Ni nanowire junction with an 216 

irradiance of 1.32 mW/µm2. The spreading of the temperature distribution compared to the heat 217 

source density depends on the thermal conductivity of the surrounding medium. For completeness a 218 

wider selection of thermal maps related to various nanowire configurations are presented in 219 

supplementary information (Fig. S5). 220 

The polarization dependence of the heat source density of the nanowire junctions can be 221 

explained by considering the stacking of the nanowires. We can identify two cases as depicted 222 

in Fig.3; Case 1 where the incident polarization is perpendicular (TE) to the top nanowire and 223 

Case 2 where the incident polarization is along the axis (TM) of the top nanowire. We use three 224 

dimensional finite element method (FEM) simulation to examine the local electric field 225 

enhancement and the resistive heating profiles. Figure.3 shows the case of 532 nm light 226 

incident on 60 nm diameter Ni nanowires with a 4 nm gap between wires at the junction, to 227 

account for the surface oxide. For both cases there is an enhancement in the electric field at the 228 

gap between the two wires. This electric field enhancement leads to an increase of the electric 229 

field inside the nanowires at the junction, which in turn leads to enhanced localized heating. 230 

The maximum contrast is achieved for Case 1 where the incident polarization is perpendicular 231 

to the top nanowire axis. In this case a LSP is effectively excited in the top nanowire resulting 232 

in a field enhancement of 9.5 times at the junction (Fig.3b,c). For Case 2 the top nanowire 233 
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scatters the incident light which reduces the LSP effect in the bottom nanowire leading to a 234 

smaller field enhancement of 3.5 times and less contrast in the heating profile (Fig.3f,g).  235 

 The 2D heat source density profile is calculated from the FEM results by integrating the 3D 236 

heat source density over the z axis. The simulation domain for the FEM was limited to 1 um 237 

by 0.5 µm by 0.5 µm due to finite computational resources. It is not feasible to simulate the 238 

full 10.2 µm using this method, so periodic boundary conditions were used in the x-y directions, 239 

with perfectly matched layers in the z direction. The FEM determined 2D heat source density 240 

shows the expected enhanced heat generation at the nanowire junction, however the absolute 241 

value of the 2D heat source density cannot be directly compared with the longer experimentally 242 

measured nanowires of Fig.2. The experimental results are also convolved with the point 243 

spread function of the collection objective.  SPPs excited at this junction may provide an 244 

additional absorption mechanism to increase the absorption cross section of the composite 245 

particle, but this effect will be included in the experimentally measured cross sections and FEM 246 

simulations. In both excitation cases larger heating is observed in the TE illuminated nanowire 247 

consistent with previous predictions in silver nanowires18. The stacking dependence of the heat 248 

source density in the FEM simulations explains the polarization dependence observed in the 249 

experimental measurements.   250 

Finally we investigated heating in large scale fully connected nanowire networks which are 251 

physically relevant for applications such as transparent conductors, flexible electronics and 252 

memristive devices. Nanowire networks can be considered as an ensemble of individual 253 

nanowires, or as a thin film with considerably reduced effective thermal conductivity. Studies 254 

on heating in ensembles of nanoparticles reveal that the steady state temperature distribution 255 

can be strongly localized around each nanoparticle, or conversely, completely uniform 256 

throughout the system, depending on nanoparticle coverage37, 38 on the substrate. 257 
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To quantitatively investigate the local temperature increase in nanowire network systems we 258 

map the temperature distribution of an Ag nanowire network under different optical excitation 259 

conditions. A 40  objective and a variable aperture were employed to achieve illumination of 260 

the network over two distinct circular areas with diameters of D=50 μm and D=100 μm. 261 

Scattered light optical images are shown in Fig.4a,b, with the illumination area identified using 262 

a white circle. The laser power was controlled to maintain constant intensity on the sample 263 

2/127.0 mmWI   (Fig.4b,c). Profiles of the local temperature along a line through the center 264 

of the illumined area are shown in Fig. 4d. The experimental temperature maps (Fig.4 c,d) and 265 

profiles (Fig.4e) demonstrate that at nanowire density physically relevant for transparent 266 

conductors the temperature increase is fully delocalized on the micrometric scale throughout 267 

network despite a contrasted heat source density on the nanoscale. The total power absorbed in 268 

the network can be found by integrating the heat source density. We find that the silver 269 

nanowire network absorbs only a small fraction, 0.4% of the incident power, at this network 270 

density and wavelength. This is 10% of the power that would be absorbed by a 60 nm thick 271 

continuous Ag film. Note that TIQSI allows a quantitative measurement of absorbed power, 272 

not an approximate absorption measurement by transmission measurement.  273 

In contrast to the steady state temperature surrounding a finite collection of nanoparticles, 274 

the local temperature reached of a thin film depends on the thermal conductivity of the film. A 275 

high thermal conductivity will spread the energy resulting in a lower steady state temperature 276 

increase in the center of the illumination area and a smaller temperature gradient (Fig.S6).   277 

Using the experimentally measured absorbed power as a source term for a 3D FEM thermal 278 

simulation we find that in order to match experimental results, we must use a thin film thermal 279 

conductivity less than 43 Wm-1K-1, which is 10% that of a bulk silver film (429 Wm-1K-1). This 280 

is defined as an upper limit for the thermal conductivity of the effective film, as the dependence 281 

of the steady state temperature distribution ceases when the thermal conductivity of the film is 282 
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less than the surrounding media (Fig.S6). The dashed lines in Fig.5e show the FEM results 283 

with the effective thin film thermal conductivity.  Deviations from the ideal case are due to 284 

density variations in the network which correlate well with the images in Fig.4a,b.  285 

The delocalization of temperature across the nanowire network has important implications 286 

for controlling the local steady state temperature rise under optical illumination. Experimental 287 

measurements were performed at different incident powers and illumination areas (Fig. S6). 288 

The maximum temperature increase T0 is shown to scale linearly with the diameter of the 289 

illuminated D area according to DIT 0  or equivalently DPT / . This is what would be 290 

expected for a 2D circular heat source26. This important fact means that to appropriately scale 291 

the incident power to maintain a constant temperature at the interface, the illuminated area 292 

needs to be considered. To illustrate this fact the isotherms of local temperature are plotted 293 

over the incident power and illumination area parameter space in Fig.4g. Using this 294 

experimental calibration we can now know the local steady state temperature for any incident 295 

power and illumination area (accounting for density variations in the network). This is an 296 

important calibration as the local temperature rise is needed in order to make quantitative 297 

comparisons between the efficacy of thermally (hot-plate)37, electrically38 and optically35 298 

induced increase of conductivity in nanowire transparent conductors. We show that both the 299 

incident power and illumination area are required to determine the actual temperature at the 300 

sample. Specification of the size of the illuminated area is often omitted in reported 301 

experimental studies in thermoplasmonics. 302 

In conclusion, we directly measure the optically induced local temperature rise, heat source 303 

density and absorption cross sections in nanowire systems of varying complexity. We directly 304 

evidence enhanced heat generation at the junction between two single nanowires, an effect 305 

which previously has only been postulated numerically. We show that this temperature 306 

localization exists even for nickel nanowires, which have a strongly damped plasmonic 307 
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resonance. The polarization dependence of heating in single nanowire junction is explained as 308 

resulting from the stacking order.  The temperature distribution in an Ag nanowire network is 309 

shown to be delocalized and scale linearly with the diameter of the illuminated region. From 310 

this scaling we can calibrate the local temperature rise at the surface for different powers and 311 

illumination areas.  Due to collective heating of the nanowires we show that it is imperative to 312 

consider the illuminated area in order to accurately determine the local steady state temperature 313 

reached. An upper limit for the effective thermal conductivity of an Ag nanowire network is 314 

given as 43 Wm-1K-1 by comparison of the steady state temperature profile with numerical 315 

FEM simulations.  This work provides quantitative measurements to aid in interpretation of 316 

thermally induced effects in nanowire systems such as nano-welding for transparent conductors 317 

and nanowire networks, filament formation in nickel nanowire networks39 and film heaters40. 318 

Previous studies were unable to quantitatively measure optically induced local temperature 319 

increase, making comparison between optically induced heating and thermally induced heating 320 

(hotplate) qualitative. This work contributes to understanding heat generation and dissipation 321 

in nanoscale systems, which is of major importance for further scaling of electronic devices 322 

and development of new nanotechnologies. 323 

 324 

Supporting Information Available: Supplementary information contains TEM images and 325 
statistical analysis of diameter and length distributions of nanowires used. Further experimental 326 
results are provided. This material is available free of charge via the Internet at 327 
http://pubs.acs.org. 328 
  329 
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TOC figure 331 

 332 

 333 

Figure 1. (a) Schematic of Transverse Electric (TE) and Transverse Magnetic (TM) cases of 334 

incident excitation for a single nanowire. (b) Numerically calculated volumetric heat source 335 

density distribution q(r) for TE and TM cases on single Au nanowire of diameter 60 nm. (c) 336 

Optical image in transmission of a single Au nanowire. Dashed circle shows the illumination 337 

area. Scale bar 10 μm. (d) Experimentally measured steady state temperature distribution under 338 

illumination intensity of I0= 2.82 mW/μm2. (e) Experimentally measured 2D heat source 339 

density distribution p(r). (f) Ratio of heating TM
abs

TE
absR  /  for TE and TM cases. Columns 340 

represent experimental measurements on three distinct nanowires. The solid lines are the 341 

predicted ratios from Mie theory. (g) Cross section of experimentally measured temperature 342 

distribution for TE and TM incident polarization. The temperature distribution shows an ln(r) 343 
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dependence close to the nanowire as expected from an infinite wire, and a 1/r dependence at 344 

further distances due to its finite length.  345 

  346 

 347 

  348 



 17

 349 

   350 

 351 

Figure 2. Optical images and heat source density maps p for different incident polarizations 352 

on single nanowire junctions for (a) Au (b) Ag and (c) Ni nanowires. (d) Integrating the 2D 353 

heat source densities radially from the center point of the junction allows quantitative 354 

measurement of the absorption cross section. Plotted is the cumulative integral for the Au cross 355 

in (a) compared a single Au wire under TE and TM polarization. (e) Temperature map for the 356 

Ni nanowire junction from (c) with incident light polarized along x-axis. The spreading of the 357 

temperature profile is determined by the thermal conductivity of the surrounding media. 358 

Overlays show cross sections of temperature profile through center of junction.  359 

 360 

  361 
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 362 

 363 

Figure 3. (a) 3D map of resistive heating distribution in Ni nanowire junction calculated from 364 

FEM. Incident illumination is polarized perpendicular to the top nanowire; termed Case1. (b) 365 

Intensity enhancement in the z-x plane through center of junction. (c) Intensity enhancement 366 

in the z-y plane. (d) 2D heat source density map obtained from integrating 3D results along z 367 

axis. (e)-(h) Same as (a)-(d) but incident light is polarized along the axis of the top nanowire; 368 

termed Case 2.   369 
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 370 

Figure 4. Scattered light images of the excitation laser depicting the illuminated areas of 371 

diameter (a) D=50 μm and (b) D=100 μm. (c),(d) Experimental temperature maps taken at 372 

constant irradiance (e) Cross section of temperature map through center of illumination region. 373 

Dashed red lines show FEM simulation of the temperature distribution. (f) Out of plane 374 

temperature map calculated from 3D FEM. (g) Contour plot of isotherms in the incident power, 375 

illumination area parameter space. Results show careful consideration of both incident power 376 

and illumination area required to accurately determine the local temperature increase.    377 

  378 
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The average nanowire length and diameter for each sample was determined using statistical 

analysis of TEM images. Figure.S1 shows a representative image for (a) silver, (b) nickel and (c) 

gold. The silver nanowires have a 3 nm thick dielectric surface coating of poly(vinylpyrrolidone) 

(PVP) to avoid aggregation in solution, whereas the Ni wires  have a 5 nm surface oxide layer.    

 

Figure S1. (a) TEM of single silver nanowire showing PVP layer. (b) TEM of nickel nanowire 

showing oxide layer (c-f) statistical size distributions of Nickel and silver nanowires taking from 

SEM imaging. 

In this experiment the incident excitation was fixed at 532nm at the LSP resonance of the gold 

nanowires. It is clear however that the silver nanowires exhibited much lower absorption at this 

frequency. For applications using silver nanowires an excitation wavelength of 375 nm should be 

used. At this frequency the polarization contrast between absorption of TE and TM incident 

polarizations is maximum and larger than in gold or nickel nanowires. This shows that aligned 
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silver nanowires can be used as compact polarizers in the UV with an extinction of 16:1. This is 

shown in Fig. S2 where the ratio of TE to TM absorption is plotted as a function of incident 

wavelength for Au, Ag and Ni nanowires.  

 

Figure S2: a. Frequency dependence of absorption efficiency for TE case. B. Frequency 

dependence for TM case.   c. Ratio of heating TM
abs

TE
absR  /  for gold, silver and nickel nanowires. 

Experimental values at 532nm also shown as dots 

Propagating surface plasmon modes can be excited at the finite end of a single nanowire. To study 

the contribution of theses modes to the total absorption cross section we conducted 3D FEM 

simulations. The intensity enhancement Fig.S2a and heat source density Fig.S2c for an 30nm 

radius infinite Ag wire, are compared with that of a semi-infinite wire with a 30nm radius spherical 

capped Fig.S2c,d. The relative heat source density is normalized to Mie theory for an infinite wire 

shows that the launched SPP modes contribute to increased heating in only the first 250 nm of the 

wire. The wire is in a symmetric environment (glycerol and glass with similar refractive index, so 

it is difficult to efficiently match the momentum required to launch a bound SPP mode in the 

nanowire. This sharp 250 nm falloff can be attributed to launching of lossy modes in the wire. The 

total contribution of SPPs to the absorption cross section can be seen by plotting the cumulative 

difference of the heating in the finite wire to that in an infinite in Fig. S2f.  
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Figure S3: a Intensity enhancement for a single infinite 60nm diameter Ag wire excited at 532 

nm. b. Intensity enhancement for a semi-infinite wire with same cross section. c Heat source 

density q(r) for infinite wire. d q(r) for finite wire. e Relative resistive heating for finte (black 

circles) and infinite (red circles) cases. f. Fractional contribution of SPPs to total absorption cross 

section as a function of nanowire length.   

Measurements of temperature distributions and heat source densities were taken for multiple 

nanowires and junctions on each sample. For brevity only a few selected results were shown in the 

main text, however given the speed and simplicity of the technique a large number of nanowire 

samples were investigated. Figure. S4 displays some additionally single wire heating results. 
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Figure S4:  Experimental temperature distributions and heat source density maps for single 

nanowires. (a) Single Au nanowires with P0=230mW and 133mW respectively. (b) Single Ag 

nanowires with incident power 230mW (c) Single Ni nanowires with incident power 147 mW. 

Figure. S5 displays some additional experimental results for nanowire junctions  
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Figure.S5: Experimental temperature distributions and heat source density maps for crossed 

nanowires. (a) Au nanowire junctions with incident power P0= 53 mW (b) Ag nanowire junctions 

with incident power P0= 289 mW (c) Ni nanowire junctions with incident power P0= 135 mW. 

Electromagnetic and thermal finite element method simulations were performed using COMSOL 

MULTIPHYSICSTM , commercially available software. Steady state temperature profiles taken 

1nm above the layer surface are shown as a function of effective film thermal conductivity in Fig. 
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S6. The maximum temperature reached and slope of the falloff depend on the film thermal 

conductivity.  

 

Figure.S6: FEM simulated radial dependence of steady state temperature rise for a 50 µm diameter 

illumination area as a function of effective film thermal conductivity.   

 

 


