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We introduce a deterministic procedure, named TSUNA for Jemature Shaping Using Nanoparticle Assemblies, aimed =t
generating arbitrary temperature distributions on theosicale. The strategy consists in (i) using an inversioarétym to de-
termine the exact heat source density necessary to creatgraditemperature distribution and (ii) reproducing expentally

this calculated heat source density using smart assendflidhographic metal nanoparticles under illuminatiortfeir plas-
monic resonance wavelength. The feasibility of this appinagas demonstrated experimentally by thermal microscapgth on
wavefront sensing.

1 Introduction the basis of numerous developments especially in micrgscop
are unfortunately prohibited in thermodynamics mainly be-
The ability to shape any desired temperature field at theamicr cause the law governing a temperature field is not a propa-
and nanoscales is a challenge that is not only of fundamentagjation (Helmholtz) equation, but a diffusion (Poisson) &qu
interest. Since many areas of science feature thermat@uwu tion. Even getting ainiformtemperature confined over a mi-
processes, such an achievement would open a wide realm ofoscale area is not straightforward. This can be probliemat
possibilities in emerging areas of nanotechnologies ssch &or applications where a precise control of the temperagire
phononics!=3 nanochemistry;® thermal biology at the single critical, like in nanochemistry or biology-related exprents.
cell level 8, light control” or microfluidic2 More funda- In this article, we introduce a simple and efficient proce-
mentally, many thermal-induced processes are known to bgure aimed at shaping two-dimensional desired temperaturz
scale-dependent, such as hydrodynamic procssephase distributions at reduced scales. First, we introduce the
transitions'*-16The ability to control a temperature profile at deterministic algorithm used to determine the distributis
small scales would enable the study of possibly new physicsheat source density leading to an arbitrary desired terhyrera
Another benefit from heating a nano- or microscale area is thgistribution. Then, we explain how this heat source densit
ability to achieve fast dynamics due to a reduced heated vokan be implemented experimentally using distributions of
ume and associated thermal inertfaor instance, in a watery closed-packed e-beam lithographied nanoparticles (NPs;
environment, temperature variations occurring over a féew m This procedure is named TSUNA for Temperature Shapiriy
crons can be as fast as a few microseconds. Using NP Assemblies. Finally, we illustrate the TSUNA
However, spatially shaping a temperature field is not asnethod by experimental measurements of heat source densi®’
straightforward as manipulating, for instance, an opticaland temperature distributions using a wavefront sensing
field.18-21indeed, light propagates (even in vacuum), and canechnique??
giverise to reflection, focusing, interference, diffractjtime-
reversality, etc. All these handful phenomena, which are at

1 Electronic Supplementary Information (ESI) available:etfls of any 2 Results and discussion

supplementary information available should be includetehe See DOI:

10.1039/b000000X/ 2.1 Determination of NP distribution
& Institut Fresnel, CNRS, Aix Marseille Université, CetgrMarseille, UMR ) ) ) )
7249, 13013 Marseille, France Let us consider a planar interface separating a solid satbstr

b ICFO-InStitlll.lg1 (2(3" C(iénciels Fo)tbniques, Mediterranearchflogy Park, and a surrounding medium (typically a liquid). This inteda
08860 Castelldefels (Barcelona), Spain : ;

¢ ICREA-Institucid Catalana de Recerca i Estudis Avana8§1® Barcelona, features a h.ea.t source dgnsny .(HSD’ ppwer per lfmlt surface)
Spain q(r) over a limited domairZ. This HSD is responsible for a

+ guilaume.baffou@fresnel.fr. temperature increase distributi®rir) everywhere in the sys-
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tem. Heat source density Temperature
In this paragraph, we explain how one can numerically - -
solve the inverse problem that consists in computing thé hea
source densityg(r) required to produce a desired temperature
field T(r) at the interface. Note that this procedure is not re- | A
stricted to a 2D distribution. In principle, it could be aigpol : -
to 3D temperature shaping, although a 3D heat source density
would be difficult to realize experimentally. For this prebt,
let us mesh the domai# in N identical square unit cells of

a b

areas’. For each unit cell, the temperature is namagand ¢ " d -
the delivered heat pow€; = £ . T, can be simply expressed A o l
as a function of th€; components: < Y ‘
In(1++/2 N o1
T Mo Y O
JJ;l " Fig. 1lllustration of the theoretical procedure. (a) Uniform hea

source density over the domaincomposed oN unit cells N = 27
wherer;j = Iri— rj| andr; is the coordinate vector of the NP in thi_s example)._(b_) A;socia_lted calculated t_emperatw‘eiUUtion
i. K is the thermal conductivity of the surrounding medium. @Ptained by multiplication with thél x N matrix A. (c) Calculated
The first term of the right-hand side of equation (1) is thé sel heat source dens't.y using the inversion ‘?'gqr'thm aimed at

wribution to the i . b dat it establishing a desired temperature distribution over timeain of
g??hrel suqlli’;]reouniet (?enlql,pieera:[]enli?grﬁisf282322 h?)t platee interestZ, here a uniform temperature, represented in (d).
delivering a powes? ¢;.22 The second term is the contribution
to the temperature increase at the positipdue to the heat
delivered by the unit cel]. Equation (1) can be recast into a
matrix formulation if one defines the temperature vedtes
(Ti)iere,n) @nd the HSD vecto® = (Qi)iciny:

For the sake of clarity, a reduced number of cells (27) was
used. Figs.1a,billustrate that a uniform HSD is far fromirgiv
a uniform temperature distribution. On the contrary, Figsd

_ show how the inversion of the matrik can lead to the de-
T=AQ (2) L ; .
termination of the heat source density required to produce 1
whereA is anN x N matrix such that uniform temperature profile over.

1 In order to illustrate the capabilities of the TSUNA tech-
Aij = KT if i (3) nique, various examples of higher-resolution maps are pre-

" sented in Fig.2. Fig.2a presents the temperature distibut
A — In(1++/2) @) obtained when uniformly heating a circular area. Note tha:
! TTKS the temperature is clearly non-uniform over the heated. area

Figs.2b presents a calculated HSD that was designed tecreac
a uniform temperature distribution. The HSD naturally fea-
r%8res higher values at its boundaries. Comparing Fig.2a anr
Fig.2b gives an idea of the benefit of using structured HSD
Q=A1T (5) distributions to shape a temperature profile. Note thatgusin
the TSUNA technique, the temperature is supposed to be coi -
Hence, finding the appropriate heat source density only retrolled only withinZ (i.e. the area that delivers heat). Indeed,
quires the inversion of the x N matrix A. As an example, if outsideZ the temperature is no longer controlled and decays
a uniform temperature increa$gis desired oveZ, each unit in 1/r (r being the radial coordinate). Figs.2c-e represent
celli has to deliver a heat power: other geometries featuring a uniform temperature distidu
It can be shown that the TSNUA approach can lead to uniform
temperature distributions of any geometries. Shaping a uni
form temperature distribution is not the only capabilitytioé
TSUNA technique, Fig.2f presents an HSD that was designed
This theoretical approach is illustrated in Fig.1, whichto create a linear temperature gradient over a rectangugar a
presents numerical simulations of arbitrarily shaped heaMore sophisticated temperature profiles can be achieved, su
source densities and the associated temperature digiribut as a parabolic profile (Fig.2g) or temperature profiles oiger d

Conversely, if a desired temperature distributiomns set, the
associated heat source density can be obtained by inverti
equation (2):

N

Q=To ) (A™Y)j (6)

=1
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Fig. 2 Numerical simulations of various HSD, and the associategh&zature distributions. An horizontal cross cut in thedtédf the
image is represented for each map. No scale bars are dig@ayee the simulations are not scale dependenttfie same profiles would be
observed regardless of the size of the system). (a) The ¢aseniform heat source density. (b, ¢, d, ) Heat source tlesisif various
shapes aimed at creating uniform temperature distribsitifinHSD that creates a linear temperature gradient. (d) H@t creates a
parabolic temperature distribution. (h) HSD that createsiform temperature profile over a disconnected area. () tfat creates an
asymmetric two-temperature dimer. (j) Two-temperatureatistructure where the HSD features some negative values.
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connected domains, as represented in Figs.2h,i.

Finally, Fig.2j addresses a limitation of the TSUNA
technique that is worth discussing. Of course, any temper-
ature distribution cannot be designed using realistic HSDs
Temperature is before all governed by the Poisson equation,
which imposes some constraints. The inversion algorithm a_Calculated HSD
always gives a HSD distribution f@amytemperature map, but
if some inappropriate temperature distributions are ewdter
in the algorithm, the direct consequence will be a computed
HSD image featuring someegativevalues in some pixels.
Such an issue is visible in the HSD cross cut in Fig.2j.
The temperature gradient imposed between the two discs
is stronger that the natural/d decay of the temperature
profile. The consequence is the presence of a negative HSD
at the dimer gap location, which means the presence of a
heatsink (not a heasourcg, unfeasible experimentally using
the TSUNA technique. Another typical prohibitive case is
a temperature distribution featuring a zero value somesvher
over 2. This is understandable since as soon as at least
one HSD pixel is not zero, heat is delivered in the system
and the temperature is no longer zero at any place in the
system. Hence, one needs to keep some physical insight when
designing desired temperature distributions.

b Smoothed HSD

N

0.42

¢ Weight map

e SEM image of the NP distribution

2.2 Sample design

Experimentally, the challenge consists in fabricatingsirdi
bution of absorbing NPs faithfully reproducing (when illism
nated) the calculated HSDs, such as the ones represented in
Figs.2. Under illumination, a metal NP absorbs part of the
incoming light, which contributes to heat the NP and turn

it into an ideal nanosource of heat remotely controllable by
light.2425 The use of metal NPs as nanosources of heat is a
promising approach to investigate temperature triggered p
cesses on the nanoscale in recent areas of research such a
nanochemistry, thermal biology or microfluidics. For thisp
pose, metal NPs made of gold are usually preferred since they
feature enhanced optical absorption in the visible-imftar
range due to plasmonic resonanéés.

The str_ategy we propose herein consists in fabncatmg_b*ig. 3 Successive steps of the procedure aimed at reproducing
e-beam lithography a_m assembly_ of clos_,e-packed _'dem'caéxperimentally the calculated heat source density. (@utated heat
NPs with a NP density that spatially varies accordingly togq rce density. (b) Smoothed heat source density. (c) Geale
the calculated HSD map. The procedure to produce a prop&moothed heat source density using a 25-level scale. (dychged
NP position list is detailed in Fig.3. The first step consistSNP position map. () SEM image of the fabricated sample af gol
in smoothing the HSD map to avoid sharp spatial variationa\NPs.
from one pixel to another, especially around the boundaries
(Fig.3b). Smoothing is not necessary, but recommended. If
the meshing is fine enough, smoothing the HSD does not
affect the overall shape of the desired temperature. It just
smoothes the final temperature profile around the edges of the
domainZ. Then, the basic idea is to replace each pjxelN
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Page 5 of 7 Nanoscale

Heat source density

EICIE]
* O o

Temperature

50
°C
20

50

of the smoothed HSD map by a set mf NPs proportional

to the HSD valueQ;. The HSD map has thus to be re-coded
over a scale of integers ranging from O M,ax (Fig.3c),
representing the number of NPs, wh&kgax is the maximum
number of NPs that can fit within a unit cell area of the sample
(UCAS). There is some freedom regarding the choidsgi.

A low value of Nmax permits the design of smaller structures,
but the HSD will be more poorly coded, and reciprocally
for a large value oMNmax. Nmax =16 or 25 seems a good
compromise. In the particular case of Fig.8ax = 25. In
order to evenly fill each UCAS witim; NPs, a set oNmax
patterns has to be previously tidily designed, represgritia

NP positions in a UCAS for each possible valuenpf Two

sets of patterns correspondingNgax = 16 andNmax = 25

are provided in Supplementary Information. Tm®)jc(1n|
maps, along with th&lmax patterns, are finally used to build a
full NP position list as represented in Fig.3d. The positish

can be finally used to design the associated NP distribution
using e-beam lithography. The simplest approach consists
in fabricating nanodots that can be as small as 40 nm using
a standard e-beam lithography device. Figure 3e presents a ]
Scanning Electron Microscope (SEM) image of a gold NP i
distribution designed using the position list represerited ] [20
Fig.3d. In this example, the NP smaller interdistance was
set to 60 nm. In order to achieve smooth and continuous
temperature distributions, despite of the discrete naifitee
heat source density, a sufficient number of NPs along with a
small NP interdistance have to be ensuféd.
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2.3 Experiments
20

. 400 400 40
In order to illustrate the TSUNA procedure, we performed b b b

thermal measurements on gold nanoparticle samples obtaingig. 4 Thermal measurements on various gold NPs patterns. (a-f)
using the procedure described above. NP position lists suchiQSI measurement of the heat source density delivered loly go

as the one presented in Fig.3e were generated using Matlatanoparticle assemblies. (g-) TIQSI measurement of thecisted
from the inversion algorithm as gray scale bmp files. Thesdemperature distributions, along with horizontal crogscu

files were then directly used in the e-beam lithography soft-

ware (Elphy) to set the NPs locations. The sample was baked

at 200C in order to make the gold NPs spherical and to cen-

ter the plasmonic resonance around 530 nm. This way, w8M) is three times larger than the nanoparticle radius (2) nm
obtained nanoparticle 40 nm in diameter. The HSD imagedvhich ensures no coupling effect.

were coded ovaXmax = 25 values with a minimal NP interdis- Optical heating of the NPs was performed using a wide field
tance of 100 nm. Some freedom exists regarding the choice déser illumination al = 532 nm (see Ref? for a detailed

the nanopatrticle interdistance. However, in order to kéep t description of the experimental setup). The thermal measur
heat delivery proportional to the density of nanopartictgs ~ ments were performed using a microscopy technique we re-
tical coupling has to be avoided. Numerical simulations oncently developed and that we named TIQSI for Thermal Imag-
a gold dimer using the Boundary Element MetRbdhow  ing using Quadriwave Shearing Interferometfysee Meth-
that as far as the gap between two spherical nanoparticles &ds section). This techniques enables both mapping of the
not smaller than the nanoparticle radius, no coupling accurtemperature and the heat sources density (power per uajt are
(see Supplementary Information). In the experiments tegor on the substrate surface, where the NPs are located. Briefly,
herein, the smaller gap between neighboring nanopartiées using this technique, a plane optical wavefront crossessthe

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-7 |5
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gion of interest and undergoes a distortion due to the thermaThis expression is close to-1z/R for small values ofz/R,
induced variation of the refractive index of the medium ¢gly which allows for a simple estimation of the temperature de-
erol in our case). This wavefront distortion is imaged quan-crease irz. For instanceT (z) will remain abovea = 90% of
titatively using a QS| wavefront analyzer. The source was ahe desired value i < R/10. Shaping a temperature field in
collimated light emitted diode whose emitting spectrunmspa three dimensions would require a heat source distribution i
from 600 nm to 650 nm (Thorlabs, M625L2-C1). The QSI three dimensions, which is not easily feasible, espeaigiiyn
wavefront analyzer was purchased from Bfeasics SAom-  working in liquid. However, most of the envisioned applica-
pany (Sid4Bio camera). Each image presented in this work isions will not suffer from this decrease mIndeed, observing
the result of the average of 50 wavefront images, correspongrocesses at the microscale (especially using our optizal a
ing to a whole acquisition time of around 5 seconds. proach) usually involves a microscope objective, whosétdep

Fig.4 presents the results obtained on a set of six differof field will not exceed one micrometer anyway. Hence, the
ent NP distributions. SEM images of the sample are providedemperature higher in the liquid will be related to a volume
in Supplementary Information. Figs.4a,b represent measur out of the domain of interest in the sample. Moreover, if we
HSDs arising from NP distributions aimed at creating a uni-think about applications in biology, a living cell in cultuis
form temperature profile. The associated measured tempe&n object that is much wider than thick: around 15 microme-
ature profiles are represented in Figs.4g,h and feature-as efers in diameter and around 1 micrometer thick, except at thc
pected a uniform temperature over a square area. Figuregicleus location. Hence, the temperature will be the one dic
4a,g have to be compared with Figs.4d,j, which correspondtated by our technique within the cell volume, according to
to auniformNP distribution of the same geometry. While the Eq.8. The same reasoning would apply for nanochemistry ex-
temperature represented in Fig.4g equald 460.5°C on the  periments were chemical reactions would be monitored at the
heated area, it equals 5%3.3°C in Fig.4j. Note that 3°C  focus plane of the objective.
is precisely the uncertainty of our temperature measurgmen Interestingly, two other strategies to shape a HSD at smal!
which suggests the that actual temperature distributioidco scales may be considered. First, instead of varying the NP
be even more uniform than what we measure. Then, the weadensity, one could vary the NP morphology from one pixel to
standard deviation of the temperature increase achieviéitbon another of the HSD map. Indeed, the absorption cross section
heated area in Fig.4a compared to Figs.4d illustrates time gaof a NP depends on all these parameters. Such an approa.n
of our approach. Figures 4c,i illustrate the possibiliygen- ~ would lead to temperature profiles controlled over much re-
erate a linear temperature gradient over a rectangularidoma duced spatial scales since only one nanostructure will $@ as
Figures 4ek illustrate the possibility to generate a paliab ciated to each HSD pixel. However, a calibration relating th
temperature profile and Figs.4f,| an asymmetric tempegaturNP morphology and the absorption cross section would have
distribution. to be priorly determined. Another approach could consigt in

A feature of the temperature profile that is worth discussinguminating auniformNP distribution with astructuredaser il-
in the context of this work is the actual three-dimensioeait  lumination reproducing the HSD. The benefit of this approach
perature distribution further from the glass/liquid iriéee ob- ~ Would be the possibility to dynamically modify the HSD from
tained with our approach. Since no heat delivery is perfarme the far field and it would not required a e-beam lithography
out of thez= 0 plane, a natural /z decrease of the tempera- Process. However, the HSD spatial resolution will be ddfra
ture is expected along ttralirection far from the heat sources. tion limited, which will lead to much larger heated areas anu
More precisely, we can have a good estimation ofzlpeo- @ poorer spatial resolution. The approach we propose in this
file for any nanoparticle distribution by considering a onif work, based on the use of contrasted NP distributions, cumc.-
and circular heat source density, of radRisIn this case, the lates the advantages of high resolution and simplicity.
temperature profile along ttzadirection from the centre of the

distribution reads: 3 Conclusion

T(2= 2—2 (\/ Re+ 22— Z) (7)  In summary, we propose a numerical algorithm, along with an
experimental procedure, intended to shape at will tempegat
The derivation of this equation is provided in Supplementar distributions at the microscale. The numerical algorittume
Information. From this equation, we can express the tempergputes the heat sources density required to produce a desired
ture decrease as a percentage compared to the maximum tet@mperature distribution and e-beam lithography is useito

perature at the centre of the distribution: sign non-uniform gold nanopatrticle distributions that ridm
the heat source density. We illustrate the experimentaifea
Z\2 7 bility of the procedure by carrying out measurements of the
a(z) =4/1+ (ﬁ) R (8)  heat source density and the temperature over various NP dis-
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tributions. 12
Achieving controlled temperature distributions on the
nanoscales appears valuable for various applicationsarn p *
ticular, we envision promising applications in cellulaobi  ;,
ogy or nanochemistry. Indeed, some recent works evidenced
the significance of gold nanoparticle as nanosource of heat i15
these areas of research. As explained above, illuminating a
assembly of gold NPs is not supposed to yield a uniform tem*
perature distribution, which could be problematic sinceep -
cise temperature control is often required in biology omahe g
istry. For instance, one could think of studying single €ell 19
on gold NP patterns aimed at creating a uniform temperature
increase, such as in Fig.4h. This would ensure the cell to ur?®

dergo a uniform, albeit localized, temperature increaseatc

ing asymmetric temperature profiles such as the one presente
in Fig.4l could even lead to different temperature incredse 22
different compartments of a cell. Creating a uniform teraper
ture gradient could be also handy to evidence at a glance whagé
the temperature threshold is for a given chemical transderm ,
tion on the microscale. More generally, since any area ef sciyg
ence features thermal induced effects, the ability to afati 26
control a temperature distribution on the microscale sthoul
enable the study thermal induced microscale effects in & wid2?
variety of areas of research.
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