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1 Introduction

Les métamatériaux sont dé�nis comme étant des matériaux arti�ciels présentant des pro-
priétés exotiques qui modi�ent la propagation des ondes électromagnétiques. À la �n des
années 90, Pendry et al. démontrèrent théoriquement qu'il est possible de générer de tels
métamatériaux, grâce à des structures particulières au sein du matériau (le fameux "split-
ring resonator"). Les métamatériaux sont donc structurés à une échelle inférieure à la
longueur d'onde incidente, et décrits par une permittivité et une perméabilité e�ective. En
2000, Smith et al. fabriquèrent le premier métamatériau mais dans la gamme micro-onde.
Les perspectives dans le domaine de l'optique (300�800 nm) sont très prometteuses, mais
le transfert des technologies utilisées en micro-ondes rencontre des obstacles.

Un des dé�s dans le domaine émergent des métamatériaux est d'assembler à grande
échelle des nanoparticules NPs (10-50 nm) en des super-réseaux présentant des propriétés
collectives. Des nanostructures tridimensionnelles de matériaux nobles, ayant de fortes
réponses plasmoniques, peuvent en e�et générer des matériaux aux nouvelles propriétés
optiques.

Cette thèse fait partie du projet européen METACHEM, dont le but est de fabriquer des
métamatériaux dans le domaine de l'infrarouge et du visible, en se basant sur l'utilisation
de la nanochimie et de l'assemblage de matériaux. Plus précisément, ce travail de thèse
se situe à l'interface entre les groupes de chimie qui synthétisent des nanoparticules en
dispersion, et les groupes de caractérisation optique des matériaux. Dans ce travail de
thèse, nous utilisons une technique originale la microévaporation [1] basée sur les outils
micro�uidiques, a�n de générer de façon contrôlée des assemblées 3D de nanoparticules
(dimensions typiques 1 mm×10 µm× 50 µm).
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2 Chapitre 1: microévaporation

Dans ce chapitre, nous présentons en détail la technique de microévaporation, ainsi que
les travaux précédents e�ectués au laboratoire. Brièvement, cette technique est basée sur
l'évaporation du solvant d'une suspension/solution contenue dans un canal micro�uidique.
L'évaporation concentre ainsi les solutés non-volatils, qui peuvent ainsi former des états
denses con�nés dans le canal micro�uidique. La microévaporation est un outil puissant
permettant de former des états denses dans des canaux de géométries bien dé�nies. Dans
ce chapitre, je décris en détail le principe de fonctionnement de ces microévaporateurs, en
mettant particulièrement en évidence comment les paramètres géométriques du dispositif
(longueur, largeur et hauteur des canaux) permettent de contrôler le taux de concentration
d'un soluté non-volatil dans ces canaux. Je présente ensuite en détail un modèle simple
1D permettant de calculer le champ de concentration d'un soluté dans le canal, et j'illustre
les résolutions numériques de ce modèle par des approximations analytiques précédemment
publiées [2]. Le cas de la transition vers un état dense est ensuité illustré à travers di�érents
travaux précédemment e�ectués au LOF (électrolytes, polymères,. . . ).

Le cas des suspensions colloïdales précédemment étudié [3] est particulièrement dis-
cuté, notamment les bilans de masse qui permettent de modéliser la croissance de cristaux
colloïdaux dans les canaux d'évaporation.

3 Chapitre 2: micro-spectroscopie sur puce micro�u-

idique

Dans ce chapitre est présenté une technique expérimentale permettant de mesurer directe-
ment sur une puce micro�uidique des spectres d'absorbance A(λ). Ce montage est basé
sur l'utilisation d'un microscope inversé et d'un spectromètre �bré. Nous discutons dans
ce chapitre de la résolution temporelle et spatiale du montage.

Sans faire de modi�cations au microscope (c'est-à-dire en utilisant le condenseur du
microscope, correctement réglé), il est possible de faire des mesures très focalisées (taille
du spot 6 µm) mais sur des échantillons peu absorbants (A < 0.8). En e�et, des mesures
spatiales résolues sur des mires calibrées permettent de montrer que le volume sondé par
le spectromètre �bré est constitué à 95% d'un microspot, mais aussi à 5% d'un champ
plus large (≈ 140 µm). Dans le cas de matériaux absorbants (A > 0.8) localisés dans
des canaux micro�uidiques de largeurs w < 140 µm, la fraction de lumière non focalisée
(i.e. provenant du champ large de 140 µm) n'intersecte pas le canal et est collectée par le
spectromètre. Il en résulte une absorbance e�ective plus faible que celle du matériau réel.

Nous montrons aussi qu'à l'aide de masques découpés précisément ou en modi�ant le
champ d'illumination grâce à un trou calibré de petite taille, il est possible de limiter le
champ d'illumination et ainsi de pouvoir réellement e�ectuer des mesures microfocalisées.
Nous montrons aussi que ce dispositif, couplé à une caméra et à la platine motorisée du mi-
croscope, permet de scanner en temps et en espace, les spectres d'absorption dans un canal
micro�uidique. Nous utilisons ce dispositif a�n de sonder le processus de concentration de
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NPs plasmoniques dans un micro-évaporateur.

4 Chapitre 3: rôle de la stabilité colloïdale lors de la

croissance de matériaux

Dans ce chapitre sont présentés les résultats de concentration/croissance de matériaux en
microévaporateurs à partir de dispersions diluées de particules core-shell Ag@SiO2 (di-
amètre total 100 nm, diamètre du c÷ur d'argent 20 nm). Ces particules présentent en
dispersion diluée des propriétés plasmoniques (résonance plasmon à environ 400 nm) con-
férant une couleur jaune à la dispersion.

Nous montrons qu'en fonction de la concentration de la dispersion, nous sommes capa-
bles ou non de faire croître un état dense de ces nanoparticules dans le canal de microé-
vaporation. A haute concentration (fraction volumique > 0.2%), un état dense nuclée et
croît le long du microévaporateur. Pour de très faibles concentrations (< 0.005%), nous
n'observons pas d'état dense, et les NPs semblent précipiter et s'accumuler à une distance
�nie (≈ 1 mm) du bout du microévaporateur. Dans les gammes de concentration intermé-
diaire, nous observons le scénario suivant: croissance d'un état dense à partir du bout du
canal, puis arrêt de la croissance suivie de l'accumulation à ≈ 1 mm de NPs qui précipitent.

Ces mêmes résultats sont corroborés grâce aux montage précédemment décrit, par des
mesures locales d'absorbance. Ce même montage permet par ailleurs de mesurer les champs
de concentration dans le canal micro�uidique (tout du moins pour les faibles absorbances),
ce qui nous a permis de valider expérimentalement les modèles de croissance colloïdales en
microévaporation [3]. Nous proposons aussi par ce même dispositif une façon originale de
véri�er la loi de Beer-Lambert, en mesurant l'absorbance le long du canal micro�uidique,
dans la zone où la convection domine le transport des particules (rampe hyperbolique).

Les observations de précipitation vs. croissance sont expliquées par la présence d'impuretés
ioniques dans la solution initiale qui se concentrent dans le canal, tout comme les NPs.
En fonction du ratio de concentration NPs sur impuretés, la concentration locale en im-
puretés peut franchir un seuil de stabilité colloïdale avant la nucléation et la croissance du
matériau dense de NPs, ce qui explique nos observations. Nous présentons aussi un modèle
ultra-simpli�é basé sur des équations non-couplées de concentration par micro-évaporation
des NPs et des impuretés, pour prédire théoriquement des critères permettant de conclure
si il est possible de fabriquer un micro-matériaux par cette technique. Brièvement, nous
montrons que notre technique permet à coup sûr de faire croître une assemblée 3D de NPs,
dès lors que la dispersion diluée est su�sament concentrée, su�sament stable, et contient
peu d'impuretés.
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5 Chapitre 4: mise en forme de réseaux 3D de nanopar-

ticules

Dans ce chapitre, nous utilisons l'outil microévaporateur pour mettre en forme di�érents
matériaux à partir de diverses dispersions de nanoparticules. Nous avons ainsi réalisé
avec succès des matériaux à partir de dispersions de nanoparticules d'or (c÷ur - couronne
Au@PEG, nano-bâtonnets), de mélange de NPs SiO2 et core-shell Au@SiO2, et même à
partir de particules framboises SiO2@Ag@SiO2. Ces dernières sont très prometteuses en
terme de propriétés optiques nouvelles, car des travaux récents montrent qu'elles peuvent
induire un magnétisme arti�ciel dans le domaine du visible [4]. Dans ce chapitre, nous
montrons aussi une technique simple pour s'a�ranchir des problèmes de stabilité colloïdale
discutés dans le chapitre précédent. Brièvement, on fait croître dans le microévaporateur
sur plusieurs millimètres, un état dense à partir d'une dispersion concentrée connue (par
exemple des latex). On concentre ensuite dans le même canal les NPs diluées d'intérêt.
L'état dense au bout du canal agit alors comme un �ltre, dans lequel les impuretés molécu-
laires se concentrent, mais qui retient les NPs d'intérêt qui peuvent alors se concentrer
jusqu'à former un état dense sans précipiter.

6 Chapitre 5: mesures ellipsométriques d'assemblée 3D

mises en forme par microévaporation

Dans ce dernier chapitre, j'illustre une collaboration au sein du groupe METACHEM qui
nous a permis d'e�ectuer des mesures optiques sur les matériaux assemblés par notre
technique. En e�et, nous avons montré par microscopie électronique à haute résolution que
les états denses concentrés dans les canaux micro�uidiques présentent des facettes lisses à
l'échelle optique. De tels matériaux sont donc très adaptés à des mesures d'ellipsométrie �ne
permettant de remonter aux valeurs de permittivité et perméabilité e�ectives du matériau.
Nous avons e�ectué di�erentes mesures sur des matériaux divers: cubes d'argent (30 nm),
core-shell Ag@SiO2 (diamètre du c÷ur 50 nm, écorce de silice 25 nm), c÷ur-couronne
Au@PEG (15 nm), core-shell Ag@SiO2 (diamètre du c÷ur 15 nm, écorce de silice 8 nm).
Les matériaux les plus prometteurs sont ceux qui contiennent le plus de métal (en fraction
volumique). Les analyses éllipsométriques montrent en e�et qu'il y a un red-shift de la
résonance plasmon par rapport à la dispersion diluée, et un indice de réfraction grand dans
le proche infrarouge.
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C
lusters, crystals, or extended arrays of
nanoparticles (NPs) display promis-
ing properties which, upon integra-

tion into devices, will promote the develop-
ment of new technologies1 and already
pave the way to new paradigms.2,3 Among
many possible structures, crystals of nano-
crystals (superlattices, SLs) are currently at-
tracting an ever increasing research effort.
SLs can be solution-processed, which is a
key point for industrial up-scaling. They
display crystalline structures which over-
come by far their atomic analogues with,
for instance, lattices that have no equivalent
in nature.4 Their existing or emerging prop-
erties range from magnetism, electronics,
optics, energy conversion, catalysis, sen-
sing, etc.1,5!11 Eventually, they offer an
important extension to the fundamental
knowledge of colloidal science with new
interactions between nano-objects, more

morphologies, tunability, higher versati-
lity, etc.
Themain routes for SL fabrication fall into

two categories: equilibrium and out-of-equi-

librium processes, which are sometimes in-
terwoven. The equilibrium route takes full
advantage of thermodynamics applied to
colloidal physical chemistry to nucleate SLs
from bulk6,12 or at an interface (liquid/solid
or liquid/gas).13,14 The classical interactions
between colloids (electrostatics, steric, de-
pletion, van der Waals) are enriched at
nanoscale by a set of specific interactions
such as facet-selective or reconfigurable li-
gands,15!18morphology-dependent forces,19,20

size-tunable dipolar interactions,21 and sol-
vent-mediated interactions.22 Astonishing
crystalline morphologies have been ob-
tained23!25with new structures and proper-
ties. In this fabrication route, the typical
coherence length of the resultant material

* Address correspondence to
jacques.leng-exterieur@solvay.com.
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and accepted July 31, 2013.

Published online
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ABSTRACT We use evaporation within a microfluidic device to extract the solvent of a (possibly very

dilute) dispersion of nanoparticles and concentrate the dispersion until a solid made of densely packed

nanoparticles grows and totally invades the microfluidic geometry. The growth process can be rationalized

as an interplay between evaporation-induced flow and kinetic and thermodynamic coefficients which are

system-dependent; this yields limitations to the growth process illustrated here on two main cases:

evaporation- and transport-limited growth. Importantly, we also quantify how colloidal stability may hinder the growth and show that care must be taken

as to the composition of the initial dispersion, especially regarding traces of ionic species that can destabilize the suspension upon concentration. We define

a stability chart, which, when fulfilled, permits us to grow and shape-up solids, including superlattices and extended and thick arrays of nanoparticles made

of unary and binary dispersions, composites, and heterojunctions between distinct types of nanoparticles. In all cases, the geometry of the final solid is

imparted by that of the microfluidic device.

KEYWORDS: densley packed nanoparticles . microfluidic-induced growth . extended arrays
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is rather modest;on the order of 1!100 μm;and
due to the fabrication process, neither shaping-up nor
integration seems straightforward.
The out-of-equilibrium routes nonexhaustively in-

clude sedimentation,26 dielectrophoresis,27 spin- or
dip-coating,28,29 and drying.30 The latter method is by
far themost often used for the fabrication of SLs6 and is
quite versatile, for example, drop casting, evaporation-
induced self-assembly (EISA), evaporative coating, etc.
Well known, quantified, and exploited at the micro-
scale to engineer deposits or functional materials
(sessile drop,31 jet printing,32 coatings,33,34 EISA35), it
basically relies on a local increase of the concentration
upon solvent extraction to generate colloidal crystals
and often takes advantage of capillary effects to guide
microparticles. Transport phenomena, crucial in this
matter, make the process rather complex: the flow
induced by evaporation (including free-surface effects)
transports the colloids, and both transport coefficients
as well as evaporation itself may be concentration-
dependent. The full process therefore results in an
interplay between kinetics and thermodynamics.
In the field of SLs, the drying-based driven assembly
seems so far based on empirical and educated
guesses36 which nevertheless turn out extremely suc-
cessful in terms of fabrication procedures.
Whatever their fabrication route, the integration of

SLs in functional devices offers a promising prospect:
the merging between microscaled top-down architec-
tures and nanoscaled bottom-up assemblies.37 Recent
examples include the use of microfluidics to char-
acterize38 or optimize39 the structure and growth of
SLs, micromolding for the deposition of large and thick
areas of SLs,40 localization of SLs upon drying into
patterned substrates,41 transfer and nanoengineering
of self-standing nanosheets,42,43 etc.
Here we use microevaporation,44!49 a microfluidic

technique based on evaporation, that permits us to
grow and shape-up extended, three-dimensional thick
lattices of densely packed NPs (typical size of the final
material 10 μm" 50 μm" 1 cm) with a fine control as
to the positioning and composition of the array. The
technique takes advantage of the selective permeabil-
ity of an integratedmembrane to extract the solvent of
a dispersion but not the NPs. The latter get accumu-
lated in a microchannel whose geometry is neatly
defined by lithographic techniques, and upon suffi-
cient accumulation, a dense state grows to eventually
totally fill the channel (Figure 1). Importantly, the
present microfluidic approach is fairly general and
does not rely on a specific type of NPs, as long as they
feature sufficient colloidal stability as we shall see
latter, and actually works for a large set of solutes, from
molecules to large colloids.
Microevaporation shares similarities with other eva-

poration-based techniques but has also its own spec-
trum of specificities. It takes from EISA35 the driving

force of evaporation but suppresses all capillary effects
and works for all solutes (i.e., from molecules to large
colloids). It takes from micromolding (MIMIC50) the
capability of casting a shape thanks to a PDMS mold;
however, unlike MIMIC, it works continuously with the
molding capillary connected to a reservoir and the
evaporation permanently driven across a membrane,
actually one wall of the capillary. Hence, the final
material is not just a concentrated lump of the initial
liquid present in the mold but can be continuously
grown with time. As detailed later in the text, this
continuous aspect of the process permitted us to
fabricate a microscaled heterojunction between dis-
tinct arrays of NPs, which appears relevant in terms of
device engineering.51 More importantly, the tool is
quite suitable to the quantification of the processes
at work during the build-up of a solid at microscale.
First, the evaporation is extremely well-controlled by
design and imparts a definite pace to the concentra-
tion process. Then, in situ techniques such as Raman
microimaging, on-chip small-angle X-ray scattering,
optical microscopy and microspectroscopy, etc. help
unveil the spatiotemporal features of the concentra-
tion dynamics and the coupled roles of concentration-
and system-dependent evaporation and transport
phenomena.
Here, we focus on aqueous dispersions of NPs and

show how it is possible to grow solids owing a set of
conditions regarding the stability of the dispersion;
the latter must be very stable against precipitation
in order to reach a compact state. Indeed, as disper-
sions of engineered NPs can be rather dilute to start

Figure 1. (a) Images of several resist-on-silicon patterns
used for the fabrication of microfluidic devices. (b) Evapora-
tion-based cell used for guided assembly of nanoparticles
(NPs); evaporation proceeds across the thin PDMS mem-
brane and induces a concentration mechanism that fills the
channelswith a solidmade of densely packedNPs (orders of
magnitude: hi≈ 5!20 μm,w≈ 20!100 μm, L0≈ 1!10mm;
PDMS membrane thickness e ≈ 10!30 μm).
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with (volume fraction ∼10!6 to 10!4, or about 1015

particles/L), any trace of pollutantmay act as a precipitant
upon concentration. On the basis of our specific pro-
cess, we work out some general conditions that ensure
the growth of a solid out of the dilute dispersion. In this
framework, we evidence that the growth dynamics of
the solid is chiefly governed by the physical chemistry
of the dispersion (e.g., the type of ligand on theNPs). All
these results are assessed with simple theoretical
arguments which yield a robust roadmap for growing
micromaterials made of NPs. We illustrate the procedure
with a series of solids;including SLs and composites;
grown out of a variety of NPs with different shapes,
chemistry, and functionality. Eventually, we take full
advantage of the open-access reservoir of the micro-
fluidic device to illustrate how to engineer heterojunc-
tions and how to grow solids out of dispersions which
are otherwise prone to precipitation.

RESULTS: CONTROL OF THE SOLID GROWTH

The device illustrated in Figure 1b works by extrac-
tion of the solvent from a channel in contact with a thin
PDMS membrane (≈10!30 μm). We focus here on the
linear and planar geometry of Figure 1b, but the very
same principle applies for all possible shapes of the
channel. The latter can be nonplanar (i.e., real 3D
geometries) due to multilevel photolithography
(Figure 1a). Due to the assumption of local thermo-

dynamic equilibrium,52 any concentration process can
be rationalized on the basis of two coefficients, one of
thermodynamic nature, the chemical activity a that
expresses how the evaporation is altered by the pre-
sence of a solute, and one of kinetic nature, the
collective diffusion coefficient D that describes the
transport properties of the dispersion/solution. Using
a basic scaling analysis of the concentration process
given below, we design microevaporators which are
capable of concentrating extremely dilute suspensions
and grow and shape-up a solid of NPs in a controlled
manner in a matter of hours.

Concentration Mechanism. Conservation Laws. For lin-
ear geometries, the evaporation flow rate Qe is a key
parameter and it is measured using an ad hoc calibra-
tion (Qe ¼ O (1!100 nL/h)48); for convenience, we
introduce the lineic evaporation rate qe = Qe/L0. The
extracted solvent is replaced by a compensation flux
coming from the reservoir, and this is the very basic
mechanism which drives the solute from the reservoir
toward the tip of the evaporation channel (as in suction
pumps in plants53,54), where it accumulates. Such an
evaporation-driven flux is induced by the difference of
water chemical activity (or potential) across the mem-
brane a(φ) ! he, where a(φ) is the concentration-
dependent activity of water in the dispersion at solute
volume fraction φ and he the humidity of the gas blown
on the other side of the membrane (Figure 1b). This
driving force induces permeation which translates into

a local velocity v(x) as expressed directly through the
following local conservation equation:

hwDxv ¼ !(a(φ) ! he)qe (1)

where h and w are the transverse dimensions of the
channel (Figure 1) and L0 is the evaporation length of
the channel exposed to the membrane. In the rest, we
make sure that he = 0 in all cases. In eq 1, v(x) is the
width- and height-averaged volume velocity in the
channel,52 x the long axis of the channel. Global mass
conservation ensures that all the solvent that evapo-
rates is replenished by a flux that comes in from the
reservoir at a flow rateQ0 = V0wh = qeL0. Therefore, the
natural scale for the velocity follows V0 = qeL0/wh,
where the evaporation time τe = wh/qe emerges. It is
the natural time scale of the process and corresponds
to the time needed to empty one volume of channel.
We notice here a benefit of miniaturization with the
factor L0/wh which amplifies the surface effect of
evaporation and makes V0 significant essentially be-
cause surface-to-volume effects are majored in these
micrometer-sized devices. When pure water evapo-
rates (a = 1), the evaporation-induced velocity pro-
file simply reads v(x) = !x/τe. Note that the above-
mentioned conservation arguments simplify consider-
ably in the geometrical limit of very flat channels
(h, w) in contact with an ultrathin membrane (e , w)
for which evaporation proceeds across the membrane

only; therefore, qe = wve, with ve the evaporation
velocity of water solubilized in the membrane well-
described using a Fickean approach.

The induced flow drives solutes toward the tip of
the microchannel and traps them only if the induced
velocity dominates diffusion over the length of the
channel L0, as expressed by the Péclet number: Pe =
L0V0/D. The solute;which does not evaporate;is
conserved in the channel, and the kinetics of the
concentration process φ(x,t) results from a convec-
tion!diffusion competition:

Dtφ ¼ !Dx [φv ! D(φ)Dxφ] (2)

where D(φ) is the collective diffusion coefficient, a tran-
sport coefficient that describes how the solution/
dispersion relaxes concentration gradients. In colloidal
science, D(φ) is generally expressed as an interplay
between osmotic compressibility and viscous drag in a
dispersion.55 Refs 48 and 49 give a detailed and pra-
ctical use of these quantities in the present case of
microfluidic evaporation.

Orders ofMagnitude and Scaling Analysis. It is worth
stressing again the benefits of the microfluidic format
in the context of dispersions of NPs. Due to the neat
control of the geometrical design and operation para-
meters, all physical scales of the process are precisely
known: the thickness of the PDMS membrane and the
dimensions of the channel altogether define the eva-
poration time τe (=10

2!103 s typically); the length L0 of
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the channel and the evaporation time τe define the
evaporation-induced velocity everywhere and, in par-
ticular, the entrance velocity V0 = L0/τe.

Additionally, the knowledge of two coefficients a(φ)
and D(φ) permits us to predict the exact spatiotempo-
ral kinetics of the concentration process. In the case of
ideal solutions [a $ 1 and D $ D0 = kT/6πηR from
Stokes!Einstein relation, D0 ¼ O (10!12!10!11 m2/s)
for NPs], the competition between convection and
diffusion defines a length p = (D0τe)

1/2, which delin-
eates the convection-dominated zone (x > p) and the
diffusion-dominated zone (x < p). The concentration
process is efficient only if p < L0, that is, for a Péclet
number Pe= L0V0/D0 = (L0/p)

2 > 1. For suspendednano-
objects, p ∼ 100 μm, which sets the minimal size of
evaporators to be efficient.

For Pe. 1, the scaling analysis of the transport eq 2
shows that the diffusion-dominated region is perma-
nently fed with NPs with an incoming flux φ0V0 with φ0
the volume fraction of NPs in the reservoir, leading to a
local (x < p) increase of the concentration: Δφ/Δt ∼
φ0L0/pτe. Working with extremely dilute suspensions
therefore imposes strong constraints as to the design
of our microevaporator; we indeed require the timeΔt
to concentrate a dilute suspension (φ0 = 10!6!10!4)
into a dense state (φd≈ 0.5) to be reasonable, that is, as
most of order of hours. AsΔt∼ (τe/φ0)(p/L0), we design
the device in order to maximize the length L0 (up to
centimeters) while scaling down the product τep∼ τe

3/2,
whichweachievebymakingvery thindevices (τe∼h/νe),
which evaporate very efficiently (high ve) due to very
thin membranes (νe∼ 1/e). Evaporation is further sped
up for small channel widthw and well-separated chan-
nels.53 Typical values are e ≈ 10 μm and h ≈ 5 μm
(these are the values we use for the rest of this work),
leading to τe≈ 50 s. The latter value is actually obtained
within % with a dedicated calibration method de-
scribed previously.48 It is worth mentioning that the
scaling analysis strictly holds for dilute suspensions
only, but in all cases we studied so far, it works well up
to fairly concentrated regimes and thus remains a
valuable tool for designing the evaporation devices.

Having designed, fabricated, and calibrated such
evaporators, we can concentrate in a reasonable amount
of time (order of hour) the initially dilute suspension
until the nucleation and growth of a dense state occurs.

Transport- or Evaporation-Limited Growth. For Pe. 1, the
NPs are trapped in the thin linear channel and get
accumulated at its tip over time while permanently fed
by a steady flux of solutes from the reservoir. Even-
tually, upon sufficient accumulation, nucleation of a
dense state at t = tN may occur, followed by a growth
kinetics. Figure 2a shows such a kinetics observed
under a microscope and characterized using the
(image-processed) position xd(t) of the front.

Wedisplay in Figure 2b,c twomain limiting cases for
the growth kinetics, which are actually fully tuned by

the physical chemistry of the suspensions: transport-
and evaporation-limited growth. Figure 2b shows the
case of sterically stabilized NPs (Au@PEG, after the
[core material]@[shell or corona material] nomencla-
ture) for which the trajectory of the dense front slows
down over time (whatever L0, Figure 2b left); scaling
the front with the respective lengths L0 of the
channels in which the fronts grow (Figure 2b right)
and the time from nucleation with the natural evap-
oration time τe shows a good collapse which is well-
described by a single exponential (solid black
line). Inversely, the case of charge-stabilized NPs
(Ag@SiO2) shows a linear growth kinetics which also
rescales well with the same dimensionless variables
(Figure 2c right).

We rationalize these results on the basis of a simple
conservation law which balances the volume growth
rate of the dense with the flux of incoming particles:
φd _xd ≈ φ0~V0, with ~V0 specifying that the incoming flux
is possibly altered by the presence of a dense state
within the channel. Note also that we neglect here the
concentration just before the front as it is very small in
our present studies but may be significant in other
cases.48 Making dimensionless all the variables [with
Xd = xd/L0, T = (t! tN)/τe, andΦ = φ/φ0], callingΦ* the
packing fraction of the growing solid, and introducing

Figure 2. (a) Typical series of images acquired during the
growth of a dense state made of NPs (here Ag@SiO2). The
temporal analysis of the growth kinetics leads to two limit-
ing cases: (b) limited by the chemical activity yielding
an exponential slowing down (Au@PEG in water with φ0 =
(3.3( 0.1)" 10!4 and τe = 56( 2 s, NPswith a core diameter
≈15 nm; one concentration φ0 only and different L0); (c)
limited by the transport coefficient yielding a linear growth
(Ag@SiO2 in water with φ0 = (2.3 ( 0.3) " 10!2 and τe =
480 ( 20 s; NPs with a silver core diameter of 20 nm and a
silica shell 35 nm thick; one length L0 only and different
concentration φ0).
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some specificity as to the physical chemistry of the
system under study, we obtain two limiting cases for
the growth rate:

•Transport-limited growth when the water evapo-
rates as pure water independently of the colloid con-
centration: Φ* _Xd ≈ 1; it holds whenever the water
activity is barely altered by the presence of colloids
such as, for instance, not-too-small silica-based colloids
(with no grafted polymer), requiring actually a modest
modification of the chemical potential of water with
colloids. This modification scales like Δμw ∼ kBTvs/vc,
with kBT the thermal energy, vs the volume of the
solvent molecules, and vc that of colloids;

48Δμw, kBT

even for small NPs. As a consequence, water evapo-
rates as if it were pure, colloids get concentrated and
pile-up into the dense state at a constant rate = 1/Φ*;
the growth actually stems from the diverging part of
the osmotic compressibility of the diffusion coefficient
D(φ) which prevents concentration gradients to be
sustained: a dense state grows simply because it
cannot be concentrated anymore. In such a case, there
is always evaporation below the packed bed, a flow
inside it, and a flux of water into the solid at the level
of the front. In turn, the constant growth rate 1/Φ* =
φ0/φd justifies our choice to also include the initial con-
centration for rescaling the front position (t f φ0t/τe):
in this choice of units (Figure 2c right), the growth rate
∼1/φd directly leads to the packing fraction of the
dense state. Here, we find φd = 0.6( 0.1, which gives a
first insight as to the structure of the dense state.

•Evaporation-limited growth, when, on the contrary,
concentrated colloids modify significantly the water
activity. It is the case of polymer-coated NPs where the
polymer, here a PEG (Figure 2b left), dominates at very
high concentration in lowering thewater activity down
to 0. In this case, we simply assume that water does not
evaporate at all anymore above the dense state [a = 0
for x < xd and a = 1 otherwise], and the evaporation-
induced velocity drops with the ever increasing dense
state ~V0(xd) = (L0 ! xd)/τe as a consequence of a di-
minished effective length of evaporation L0 f L0 ! xd.
This is the exponentially slowing-down mechanism of
growth. Indeed, the growth kinetics reads Φ* _Xd ≈
1 ! Xd, which admits an exponential solution Xd =
1! exp(!T/φ*), fitting well our data, Figure 1b right. In
this figure, φ0 stands for the volume fraction of gold
only (i.e., the cores of the NPs), and we find φd ≈ 0.10.
At this stage, the final composite is made of 10% gold
NPs, the rest being (probably hydrated) polymer.

The nature of the growth kinetics, that is, linear or
exponential, thus tells about the interplay between the
way water evaporates in the dense state and how
concentration gradients are sustained. We just saw
two limiting cases where the growth is driven by (i) a
diverging diffusion coefficient or (ii) stopped evapora-
tion, but there are of course intermediate regimes
between these two limiting cases. It is, for instance,

the case of NPs strongly interacting via electrostatics47

for which the basic conservation lawmust bemodified
to account for interaction-dependent transport coeffi-
cient or surfactant molecules49 for which both the
evaporation and the transport phenomena are meso-
phase-dependent. It remains that the knowledge of
basic kinetic and thermodynamic data (a and D)
permits us to predict the growth kinetics, and that its
image-processed inspection (Figure 2) yields an esti-
mate of the packing fraction in the dense phase.

Stability Issue. The previous scenarios hold only if no
“accident” such as precipitation or aggregation occurs
en route toward high concentration. The depiction of a
binary system with NPs in water only is actually some-
what utopistic; we cannot elude the presence of
pollutants solubilized in water which may play the role
of destabilizing agent. Indeed, our evaporation-based
device leads to an increase of the concentration of all
species;although at different rates;and the localized
increase of pollutant may well induce the aggregation
of the dispersion. As we are working with extremely
dilute dispersions of NPs, what matters is how much
pollutant is present in the initial dispersion because
even traces might play a significant role upon
concentration.

For the sake of illustration, we consider here a
specific case of traces of salt present in the dispersion
of silica NPs in water. It could also be the case of
solubilized PEG oligomers acting as depleting agents.
We model the stability of the dispersion at the lowest
level using a binary stability ratio W (the ratio of the
aggregation rate at a given salt concentration to the
one of an unstable dispersion55):Wf¥below a critical
salt concentration cs leading to a stable dispersion, and
W = 1 above with near immediate aggregation. Then,
assuming that in the dilute regime a$ 1 andD$ const.
(Dc for colloids and Ds for salt) in eqs 1 and 2, we solve
the dynamics of the concentration process for both the
colloids and the salt assuming they are independent,
which is reasonable in the dilute regime only. In
dimensionless variables, the control parameters are
the salt concentration C = c/c0 (c0 is the salt concentra-
tion in the reservoir), the volume fraction of colloids
Φ = φ/φ0 (φ0 is the volume fraction of NPs in the
reservoir), the Péclet number of salt Pe and that of
colloids Pec. We gave elsewhere analytical solutions46

for the full concentration process C(X,T) and Φ(X,T) in
the dilute regime, which we recall in the Supporting
Information, and we examine here the issue of the
coupled dynamics regarding the stability of the dis-
persion. We do not discriminate between heteroge-
neous (on the wall) or homogeneous aggregation
(betweenparticles) and just assume that the dispersion
may become unstable above Cs. We identify two limit-
ing cases for which there is either precipitation only or
growth only. In brief (all details in the Supporting
Information), if the concentration of salt in the reservoir
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is too high, the salt concentration at the tip of the
evaporator will overcome Cs before the NPs get suffi-
cient time to nucleate a dense state (precipitation
regime); conversely, when the concentration of salt is
low enough in the reservoir, nucleation may occur and
the growth will be fast enough to escape the region
where the salt gets accumulated (growth regime).

We summarize these calculations on a stability
chart (Figure 3) which delineates these two limiting
cases as a function of the volume fraction φ0 of the
dispersion and the concentration of salt c0 both taken
in the reservoir, that is, in the native dispersion. We also
evidence an intermediate regime (kinetic regime) in
which the two kinetics are so close that interwoven
events may occur such as precipitation followed by
growth or even re-entrant transition as growth/
precipitation/growth. All these states have been ob-
served experimentally and are illustrated in Figure 3
where we concentrated a dispersion of Ag@SiO2 NPs
with a controlled amount of added salt.

Importantly, we find that the growth-only upper
boundary does not depend on the Péclet number of
colloids and reads Φ* , Cs in dimensionless units, or
with dimensions simply

c0
cs

,
φ0

φd
(3)

where we recall that φd is the volume fraction of the
dense state (O (1)), φ0 and c0 the concentrations of NPs
and salt in the reservoir, respectively, and cs the

concentration at which the dispersion becomes un-
stable (cs ≈ 10!100 mM for typical charge-stabilized
systems). It thus permits us to rapidly estimate whether
a dispersion can be grown into a dense state or will
precipitate.

As a rule of thumb, we notice that charge-stabilized
NPs are prone to aggregation especially when working
at low concentration. For a typical sol!gel-processed
silica coating on the NPs (e.g., with a zeta-potential on
the order of !40 mV at pH 5!7), traces of salt on the
order of 1!10 μM are sufficient to prevent growth of a
suspension with φ0 ≈ 10!6!10!5. Increasing φ0 by a
factor of 10 to 100, by centrifugation for instance, is
sufficient to escape the stability trap, and silica then
becomes a very good stabilizer against aggregation for
moderately diluted dispersions. We will discuss in the
last section of this article another way of escaping the
stability trap by the use of a microfilter.

Alternatively, sterically stabilized NPs with a grafted
polymer are especially stable assuming there is no
depleting agent in the dispersion (such as nongrafted
polymers) that would be deleterious to the growth
process. Here, we used several polymers but present
mostly results concerning PEG-grafted NPs for which a
thorough wash of the dispersion is required to elim-
inate unattached polymers and prevent depletion
between NPs or between the particles and the wall
of the microfluidic cell.

DISCUSSION: SHAPING BULK MATERIALS MADE
OF NPS

Growing a material out of a dispersion of nano-
objects thus requires colloidal stability. Assuming this
or designing the NPs for this purpose, we demonstrate
below that all sorts of dispersions can be assembled
into dense, real 3D materials. A quantitative analysis of
the structure on a specific case (15 nm diameter
spherical Au@PEG NPs) using X-ray scattering shows
that the particles crystallize into SLs, yet with small-size
crystallites (≈μm). Experimentally, we also evidence
that the order of these superlattices could be drasti-
cally improved with more calibrated dispersions. Ani-
sotropic particles and mixtures of NPs can also readily
be assembled thanks to microevaporation. Eventually,
we show that heterostructures can be engineered by
growing side-by-sidematerials made of different types
of particles.

Structure. We start with Au@PEG and Au@SiO2 NPs
dispersed in water (same core, 15 nm diameter, sphe-
rical, and liganded with a 5 kDa PEG or capped with a
20 nm thick silica shell) which we concentrated until a
dense state grew over several millimeters (Figure 2 and
Figure 4a using an optimized chip with a thickness of 5
μm and a volume fraction of NPs larger than φ0 = 10!4

in order to prevent precipitation in the case of Au@SiO2

NPs). The growth kinetics of such a micromaterial is
best quantified in the linear geometry of Figure 2;

Figure 3. Top: stability chart giving the outcome of the
concentration process (growth of a solid, precipitation of
NPs, and mixed kinetic regime; see text) depending on the
volume fraction φ0 of NPs and the concentration c0 of an
electrolyte in the reservoir (or, equivalently, in the stock
dispersion). The present chart is calculated for charge-
stabilized NPs, which become unstable above a critical salt
concentration; Pe in the figure stands for the Péclet number
of the salt, the one of the NPs being considered nearly
infinite (all details of the calculation are given in the
Supporting Information). Bottom: examples of the three
states described in the stability chart (P: precipitation, K:
kinetic, G: growth), induced here with the amount of added
salt (NaCl) indicated on the figure (and φ0 = 2.3%); the width
of the channel is 40 μm and pictures taken about 3 h after
the beginning of the concentration process.
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however, other geometries can be designed using
soft lithography, including “device-oriented” shapes
in which the growth takes place in the very same
fashion (Figure 1 and Figure 4a).

We demonstrate that the micromaterial is made of
densely packedNPs bymonitoring its structure under a
high-resolution scanning electron microscope (SEM).
First, we peel off the membrane of the evaporation
microfluidic chip and stamp the micromaterials onto a
conductive tape previously stuck on a SEM substrate (a
metallic pin). This transfer process is very efficient but
somewhat brutal, and the structure sometimes breaks
at places (Figure 4b); in this figure, we recognize the
linear aspect of the micromaterial and we take advan-
tage of the alveolar structure of the conductive tape to
have some parts of micromaterial exposed to the
electron beam with a slanted view. Zooming in such
a zone (Figure 4c) evidences a brick-like edifice with
neat facets and edges that actually reflect how the
microfluidic channel promotes the shaping process. An
even higher magnification (Figure 4d) now shows that
thematerial is indeedmade of tightly packed NPs, with
here no obvious long-range order, and that the upper
facet of thematerial is extremely smooth with a rough-
ness basically set by the size of the NPs. The flatness of
the material thus lies well within optical quality (here
≈λ/20), thanks to the PDMS molding; it is a crucial
point for the optical characterization.

The volume fraction occupied by NPs in this com-
posite is on order of 25%, the rest consisting of
polymer, as consistently demonstrated using SEM im-
age analysis and in situ X-ray scattering. From a SEM
image acquired on the upper face of the material with
its normal parallel to the electron beam, we construct
the pair correlation function g(r). It is achieved by first
registering the position of all particles (about 3000 on a

typical image) and by then calculating the number
of particles at a distance r þ dr from a given one
(Figure 4e; the red circles and green crosses illustrate
the counting procedure). The calculation is repeated
for all distances and ensemble-averaged over all par-
ticles. The pair correlation function g(r) is normalized to
1 at high distances leading to the surface density of
particles σ = (1.37 ( 0.06) " 1015 particles/m2. The
correlation function exhibits an oscillating behavior
with amodest peak at rm≈ 28nm (red arrow, Figure 4f),
the mean distance between first neighbors. The shape
of g(r) along with the height of the peak suggests that
the planar organization of NPs is amorphous, with no
long-range order.56 The surface fraction occupied by
the gold cores is φ = 4πσrp

2 = 0.25 ( 0.06.
Alternatively, we used small-angle X-ray scattering

(SAXS) with a microfocused high brilliance beamline
(spot diameter ≈1.5 μm, ID13, ESRF, Grenoble, France)
to probe the structure of themicromaterial.47 The latter
was scanned pointwise directly into the chip, and
diffraction patterns (Figure 4g) vary significantly from
point to point but always exhibit Bragg spots super-
imposed to diffuse rings. From the measured form
factor of the Au@PEG particles, we calculate the angu-
lar-averaged structure factor S(q) of the assembly as
shown on Figure 4h for three different locations within
the material. A basic analysis suggests that the struc-
tures we observe are compatible with face-centered
cubic (fcc, indexing in Figure 4h) grains of a typical
coherence length ξ ∼ μm, seen under different orien-
tations, with a NP packing fraction ≈0.27 and a lattice
parameter of 28 nm, which compares well with the
SEM image analysis. A refined analysis is made quite
complex by the fact that the powder-averaging is
actually poor due to the small coherence of the crystal-
line lattice (ξ/rm≈ 30 where rm is the distance between

Figure 4. Images and structure of solids densely packedwithNPs: (a!d) Au@SiO2with a 15 nmdiameter core and a silica shell
20 nm thick, (e!h) Au@PEGwith a 15 nm diameter core and a coronamade of 5 kDa PEG grafted with thiols. (a) Tip of a tailor
evaporation-based cell seen under a microscope and where the NP suspension undergoes a nucleation/growth kinetics
(width of smallest channels 20 μm, height≈ 5 μm). (b!d) Dense state resulting from (a) after drying and stamping onto a SEM
substrate observedwith SEM at several degrees of magnification (scale bar is 50 μm in b, 5 μm in c, and 150 nm in d). (e,f) SEM
high magnification of the surface of the dense material (scale bar 100 nm) and pair correlation function g(r) calculated after
particle centers registration. (g,h) In situ microfocused small-angle X-ray pattern and angular averaging of various patterns
such as (g) yielding the structure factor S(q) vswave vector q indexed in (h) for a fcc structure with lattice parameter of 28 nm,
gold volume fraction of 0.27. The presence of Braggpeaks in the pattern of (g), also related to themarkedpeaks in the angular
averagings presented in (h), demonstrates the local crystalline order of the NPs.
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first neighbors) and few grains only in the thickness of
the cell (h/ξ ≈ 5).57,58 The presence of Bragg spots
(Figure 4g) is however a definite proof of SLs, but with a
limited spatial extent; it may be due either to the non-
negligible size dispersity of the native gold NPs or to
the rate at which the solid is built.59 We leave open this
question but nevertheless evidence below that, with
very monodisperse NPs, long-range crystallization is
obvious even from a SEM image.

Eventually, we notice that the volume fraction
obtained from structural analysis (≈0.3) is higher than
the one estimated directly by monitoring the growth
rate of the solid (≈0.1) (while for other cases, such as
large colloids, both analyses coincide48). We believe it
comes from the fact that samples were dehydrated or
left in a dry atmosphere before structural analysis.

From Simple Materials to Tailor Composites. We now turn
to a description of a few structures we could build
(Figure 5) and emphasize some of their features. First,
we notice that themicromaterials we fabricate are very
planar, basically self-standing thick films; depending
on their type, they can be brittle and fragile but it is
possible to extract millimeters of them out of the chip.
Au@PEG materials are especially easy to grow (we
achieved materials with 15 and 60 nm core diameter,
Figure 5a,b) and mixtures thereof (Figure 5e) but
exhibit little surface order, although we know from
above that the surface inspection may hide the bulk
organization. For comparison, commercial silica NPs
(80 ( 5 nm diameter, polydispersity assessed from
SAXS analysis) grow under obvious, hexagonal-like
crystalline habits (Figure 5c).

Anisotropic particles assemble as well into close-
packed assemblies, and we could grow dense materi-
als of nanorods (Figure 5d), nanocubes, and nanodisks

(not shown), all stabilized by polymers. In the present
case of Au@PEG nanorods (long axis 37 ( 7 nm, small
axis 11( 2 nm), it was somewhat expected12 that these
particles did not get oriented at all; it is indeed known
that aligning suchmodest aspect ratio rods (≈2!3) rather
requires a thermodynamic approachwith a fine-tuning of
the interaction parameters between the rods.60!62

Mixtures of small and large NPs readily assemble
(Figure 5e,f), but some care must be taken as to the
mutual interactions between small and large colloids.
For instance, mixtures of Au@PEG small particles with
larger SiO2 NPs are unstable at high concentration for
most of the mixture ratios we examined, probably due
to hydrogen bonding between the PEG and the silica
surfaces likely to generate aggregates en route toward
high concentrations. We illustrate in Figure 6 a robust
formulation for the fabrication of composite binary
solids made of large SiO2 NPs and small Au@SiO2 NPs,
here characterized by a ratio in number R (large-to-
small). The final materials are quite homogeneous at
the macroscopic level (Figure 6, top right) and absorb
light in relation to the amount of gold inclusions (up to
opaque samples for Rf¥, i.e., only small gold NPs) but
appear somewhat heterogeneous at the nanoscale.
Interestingly, for R = 1. the large silica NPs crystallize
at places but not everywhere (Figure 6, bottom left)
and the disorganized zones seem correlated to a larger
local amount of small inclusions. For higher ratios, it
becomes possible to decorate the large NPs with a
large number of small satellites (Figure 6, bottom right)
and to reach structures with a connected network of
plasmonic inclusions embedded in a dielectric sub-
strate. These structures resemble much the ones man-
ufactured with preassembled nanoclusters, such as in
Figure 7, bottom right. The “binary” route hence turns

Figure 5. Catalog of dense structures generated with microevaporation and observed with a SEM: (a) Au@PEG 15 nm
diameter (bar is 1 μm, inset is a TEMpicture of native particles); (b) Au@PEG60 nmdiameter (bar is 1 μm, inset is a SEMpicture
of the surface of thematerial); (c) 80 nmdiameter silicaNPs (bar is 500 nm); (d) Au@PEGnanorods (bar is 100 nm, inset is a TEM
picture of nanorods); (e) mixture of Au@PEG 15 and 60 nm (bar is 200 nm); (f) mixture of 15 nm Au@PEG and 80 nm silica NPs
(bar is 1 μm); (g) Ag@SiO2NPs in 3D channels (bar is 50μm); (h) same sample seen at highermagnification (bar is 10μm, inset is
a TEM view of native core!shell NPs).
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out useful to simplify the fabrication process of ad-
vanced assemblies.

Eventually, we grew dense materials of core!shell
Ag@SiO2 NPs into 3D cavities (Figure 5g,h, silver core
diameter 20 nm, silica shell thickness 35 nm) and the
bottom-up-assembled final material nicely replicates
the top-down-designed microfluidic chambers, with
details fixed by the soft lithography technique used
here (i.e., order of μm). Here again, the structure of the
colloidal assembly (detailed elsewhere63) is not or-
dered at long-range as probably limited by the size
dispersity of core!shell Ag@SiO2 NPs, and some facet-
ing of the NPs is observed in the final solid.63

Active Control of Growth: Heterostructures. Heterostruc-
tures based on NPs can be built by taking advantage of
a sequential-filling approach. Microevaporation chips
can be engineered with a 50 μL open-access reservoir
(Figure 7a) which permits us to tune in time the
solution to be concentrated. By sequentially filling
the reservoir with different dispersions, we accumulate
different NPs and grow dense states in a sequential
manner, which results in a layered material.

Figure 7a (right) also illustrates the corresponding
protocol during which the reservoir is initially filled
with pure water (W); at a given time, the water in the
reservoir is replaced with dispersion or solution S1 at
concentration φ0

1 which is left to concentrate for a lapse
of time Δt1; the dispersion is then replaced with pure
water again. In linear geometries, solute conservation
ensures that the particles driven inside the chip by
evaporation contribute to build a linear dense state
with a growth rate _L1 (system-dependent, Figure 2).
The total length of material L1 ≈ _L1Δt1 is thus con-
trollable by simply playing with the lapse of time Δt1

and the concentration in the reservoir φ0
1. Then, the

reservoir is flushed with pure water, and after a delay
time that permits the dense state to equilibrate, water
is replaced by the second solution S2 during Δt2 and
flushed again with water to build a second material of
length L2 next to the first one. The pipetting operation
can be iterated as often as required and even auto-
mated with a liquid-handling robot to build tailor
heterostructures.48

Figure 7b shows such a heterostructure obtained by
sequential filling with Ag@SiO2 followed by Au@PEG
nanorods and then CNT@PVA (surfactant-stabilized
carbon nanotubes mixed with a polymer, polyvinyl
alcohol, in water). The respective lengths of different
segments are on the order of millimeters, and we
observe that the junction between the successive
dense states extends on a length on the order of a
few micrometers (1!10 μm) and depends on the
nature of the materials that grew before. Beside the
SEM images of Figure 7b, we also used a higher-energy
electron beam to probe at the level of the junction the
depth of the material (not shown) and the spatial
extent of the composition gradient. It is quite obvious
in Figure 7b that the Ag@SiO2/Au@PEG nanorod junc-
tion is much neater (extent ∼1 μm) than the Au@PEG/
CNT@PVA one (∼10 μm). It stems from the nature of
the first material of the junction: for Ag@SiO2, evapora-
tion still proceeds above the packed bed (i.e., the
activity is not reduced by the presence of colloids)
which drains water but not colloids into the packed

Figure 6. Top left: TEM picture of a binary mixture of large
silica NPs (80 nm diameter) and small Au@SiO2 NPs (15 nm
core diameter, 10 nm thick silica shell). Top right: micro-
materials obtained from binary dispersions with different
ratio in number R of large-to-small particles. Bottom left:
SEMpictures in backscatteringmode for R=1. Bottom right:
SEM picture for R = 10, with the inset showing the same
structure in backscattering mode.

Figure 7. Protocol for building heterojunctions at the nano-
liter scale. (a) The chipweuse possesses a 50 μL open-access
reservoir in which we can pipet sequentially several disper-
sions or solutionsduring a known lapse of time (top right for
the pipetting workflow). It enables us to build a sequential
solid, here illustrated with (b) a double junction made of
Ag@SiO2 next to Au@PEG nanorods next to carbon nano-
tubes CTN@PVA or (c) a simple junction between large
latexes and engineered nanoraspberries SiO2@Ag@SiO2,
the bed of latexes acting as a filter for salt; see text.
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bed and forces a condition of nonvanishing flux of

water at the level of the edge of the firstmaterial; newly
coming particles of the second type will be dragged by
the flow toward the interstices of the first material,64,65

which blocks them and the second material builds
up; as such, it represents an interesting option for
studying the controlled hepitaxial growth of colloi-
dal heterostructures. On the contrary, when eva-
poration stops in the first material (as for Au@PEG
nanorods due to the presence of the polymer), the
interface of the junction is smooth and the boundary
condition is of no flux. Therefore, a composition
gradient may occur on a spatial extend of order of
p ∼ (Dτe)

1/2, with D the diffusion coefficient of the
colloids, which gives here p ∼ 10 μm for 50 nm
colloids and τe = 50 s.

Eventually, we also evidence here a way to grow
dispersion for which the stability chart suggests it
would not be possible directly in the microevaporator,
for instance, because the ratio of colloids over traces of
destabilizing agent is not favorable (Figure 3). This is
the case of engineered raspberry-like nanoclusters
(SiO2@Ag@SiO2, Figure 7c) which consist of a 86 nm
silica core with 30 nm cubes grafted on the periphery
and coated with a thin silica shell (≈5 nm). These
clusters are meant to exhibit a specific plasmonic
behavior66 and their assemblies to possess exciting
optical features. However, due to the high constraints
required for their synthesis, their volume fraction is
small, O (10!6), and they do not fulfill the growth
condition of stability chart (Figure 3). To bypass this
limitation, we construct a heterostructure based first
on a millimeter-long colloidal crystal of 200 nm dia-
meter polystyrene beads (tagged with fluorescein; see
Figure 7c, top left) which acts as a packed bed; upon
injection of the nanoraspberries, a dense state of the
latter can be grown because the packed bed (pore size
≈10 nm) is permeable to water but not to NPs. Water
along with traces of salt can flow inside the colloidal
filter which retains the NPs, forcing them to pack and
grow at a constant salinity, unlike the case of simple
microevaporation which leads here to precipitation as
both salt and NPs get concentrated. The resulting
heterostructure can be extracted and observed with
SEM, which effectively reveals that after the junction
(size∼μm)with the colloidal filter, the nanoraspberries
form a tightly packed state with extended dimensions
and an overall shape that reflects that of the micro-
fluidic channel. In particular, the relatively flat faces
of the material are quite appealing for the optical

characterization (such as microellipsometry) we intend
to carry on these 3D samples.

CONCLUSION

Evaporation has become a standard route for the
guided assembly of nano- to microparticles. Here, we
demonstrated that evaporation within dedicated mi-
crofluidic devices permits us to grow and shape-up
solids made of NPs. As the microfluidic tool gives both
a fine control over the kinetics of concentration and an
easy observation in a model geometry, we could
rationalize in which conditions the suspensions of
NPs are likely to be turned into a solid by solvent
extraction. The first criterion holds on the colloidal
stability of the dilute suspension: we need to prevent
precipitation before growth by carefully checking the
amount of precipitant present in the initial stock solu-
tion. There is then virtually no limit to the growth and
shape-up of all sorts of micromaterials made of NPs, as
illustrated here for unary and binary spherical NPs,
nanorods, etc.While we evidenced the presence of SLs,
the coherence length of the latter remains small (∼μm)
probably due either to a too-high polydispersity of the
NPs or to the rate at which the solid is grown (which
may overcome the natural rate of crystal growth). This
issue is quite promising in terms of crystallinity, espe-
cially because we can redesign the microevaporator in
order to slow the growth rate of the solid. Indeed, by
tuning the humidity outside the device and the thick-
ness of the channel, we can slow by a factor 102!103

the concentration kinetics and, hopefully, tune theway
the material grows.
We also evidenced that the growth rate has intrinsic

limits and illustrated two main limiting cases;evapo-
ration- or transport-limited growth;which ultimately
couple the physical chemistry of the dispersion to the
concentration process. In all cases, it is possible to tune in
time the dispersion to be concentrated in order to build
tailor solids: we constructed heterojunctions between
different types of NPs and colloidal filters that can
retain dispersions that would precipitate otherwise.
We believe that the good control and rationalization

of the growth process, along with the top-down/
bottom-up combination offered by microfluidic evap-
oration, is promising; it could be useful in terms of
fundamental understanding of the growth condition
of a solid made of NPs and could also be device-
oriented by controlling the placement of lumps or
arrays of NPs in order to create new and functional
microscale materials.

MATERIALS AND METHODS
Dispersions of NPs. Gold Spherical NPs. Tetrachloroauric

acid (HAuCl4 3 3H2O), tetraethylorthosilicate (TEOS), and NH4OH
(29%) were purchased from Aldrich, and sodium citrate

(C6H5O7Na3 3 2H2O) was from Sigma. Cetyltrimethylammonium
bromide (CTAB) and O-[2-(3-mercaptopropionylamino)ethyl]-
O0-methylpoly(ethylene glycol) (mPEG-SH, Mw 5000) were pro-
vided by Fluka. Pure-grade ethanol and Milli-Q-grade water
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were used in all preparations. Unless otherwise stated, all of the
chemicals were used without further purification.

Citrate-stabilized Au nanospheres (15 nm) were synthesized
as described elsewhere.67 mPEG-SH functionalization was car-
ried out bydropwise addition of 1mLof an aqueous solution 1.4"
10!4MmPEG-SH to10mLof as-synthesized15nmspheres ([Au] =
5" 10!4 M). Themixture was allowed to react for 30min andwas
cleaned by two centrifugation!redispersion cycles with ethanol.

Gold Nanorods. PEG-coated Au nanorods (NRs) were syn-
thesized in two steps by modifying reported procedures. Initi-
ally, CTAB-coated Au nanorods were synthesized by adapt-
ing the protocol reported by Jana.68 Subsequently, CTAB sur-
factants bound to the surface of Au nanorods were completely
replaced by 5 kg/mol PEG-SH units following the procedure
reported by Thierry et al.69 The PEG-functionalized nanorods
were characterized using TEM and UV!visible spectroscopy
before use in our experiments; for more details, see Supporting
Information.

Raspberry-like NPs. L-Arginine (99%), cyclohexane (=99.7%),
TEOS (99%), sodiumhydrosulfide (NaHS), poly(vinylpyrrolidone)
(PVP; Mw = 55 000 g/mol), N-[3-(trimethoxysilyl)propyl]ethyl-
enediamine (EDPS; 97%), and silver nitrate (AgNO3; 99.9%) were
purchased from Sigma-Aldrich. Ethylene glycol (EG) and am-
monium hydroxide solution (27!30 wt %) were obtained from
J.T. Baker. Absolute ethanol was purchased from Scharlau. All
reagents and solvents are used without further purification.

The silicaNPswere prepared using a seed-mediatedmethod.70

Initially, silica “preseeds”were obtained as follows: 345mL of an
aqueous solution containing 7.5 mM of L-arginine was intro-
duced in a 500mL rounded beaker; 22.5 mL of cyclohexane was
added, and the mixture was heated at 60 !C. When the mixture
reached 60 !C, 37.5mL of TEOSwas introduced. The stirring was
maintained for 24 h. Then, the mixture was passed to a
rotavapor at 50 !C under vacuum to eliminate the cyclohexane.
The concentration in silica seeds was determined by dry extract.
These seeds were then grown in hydroalcoholic medium con-
taining ammonia and wherein the TEOS was slowly and con-
tinuously introduced. Typically, 50 mL of ethanol, 5 mL of
ammonium hydroxide corresponding to [NH3] = 1 M, then
5 mL of silica seed aqueous suspension were mixed in a
150 mL round beaker. The concentration in silica beads was
determined by dry extract. A volume of 765 μL of EDPS aqueous
solution corresponding to an excess of 20 compared with the
grafting density of EDPS was quickly added into the previous
silica suspension under magnetic stirring. The reaction mixture
was stirred overnight. Then the mixture was washed by cen-
trifugation at 15 000g for 20 min. The supernatant containing
ethanol and oligomers of silanes was removed, and the bottom
containing the modified particles was redispersed in absolute
ethanol by sonication. This washing step was repeated five
times. After removal of the last supernatant, the bottom was
redispersed in 100 mL of deionized water and the pH of the
solution was adjusted to 5.

The AgNPswere synthesized by using a previously reported
method.63 First, a solution of NaHS (30 mM) and a solution of
PVP (30 mg/L) in EG were prepared separately. The two solu-
tionswere left to age for 4 h under stirring. A 60mL sample of EG
was then introduced in a rounded flask mounted with a reflux
condenser and heated at 150 !C for 2.5 h under stirring. Two
hours later, argon flow was introduced. After 30 min, 35 μL of
the aged NaHS solution and 15 mL of the PVP solution were
injected in the reactionmedium. Then, 5mL of a AgNO3 solution
(0.16 M) in EG was quickly introduced. The solution turned
yellow immediately. After 7 min, the reaction was quenched by
quickly cooling the reaction flask in an ice bath. Finally, the Ag
NPs were washed by centrifugation at 40 000g for 2 h and
redispersed in ethanol. This centrifugation cyclewas repeated twice.
The mass concentration of silver NPs was determined by ICP-OES.

Typically, 0.2 mL of a diluted suspension of silica beads was
dropwise introduced into 1 mL of the Ag nanoparticle solution.
The silica bead solution was diluted such that the ratio con-
centration [SiO2 beads]/[Ag] was about 1/100. The mixture was
stirred overnight. Then the solution was diluted in 30 mL of an
aqueous PVP solution (0.5 g/L). After 2 h, the mixture was
washed three times by centrifugation at 3000g for 20 min and

redispersed in water. The resulting SiO2@Ag nanostructures
were once again centrifuged at 3000g for 20 min and redis-
persed in ethanol. Typically, 60 μL of ammonia was added to
5 mL of the SiO2@Ag suspension. Under stirring, 100 μL of a
TEOS solution diluted in ethanol (1 vol%)was slowly addedwith
an automatic syringe pump. The addition rate was fixed at
0.5 mL/h. The reaction mixture was stirred for 12 h at ≈20 !C.
Upon completion of the growth of the silica shell, the particles
were washed twice by centrifugation with ethanol.

Ag@SiO2 Core!Shell NPs. The previously synthesized Ag
nanoparticles were coated with silica by using a previously
reported method.63 Typically 3.75 mL of the Ag nanoparticle
dispersion was mixed under continuous magnetic stirring with
a solution of deionized water and ammonia, at a volume ratio of
93.8/5/1.2 for absolute ethanol, water, and ammonia, respec-
tively. Then, 70 μL of TEOS was added, and the reaction mixture
was stirred for 12 h at 20 !C. Upon completion of the growth of
silica shell, the particles were washed by centrifugation with
ethanol and finally redispersed in water.

Microfluidic Evaporation Cell. All structures were created using
standard soft photolithography techniques. A master template
was made with a photocurable resist which was thenmolded in
PDMS and cured at high temperature. This elastomeric core was
peeled off the template and punched to create an opening for
the reservoir, either a polyethylene tubing or simply a large
opening of 4 mm diameter; the body of the chip was then
sealed with a thin PDMS membrane of thickness e≈ 1020 mm,
and either the gradient technique or plasma activation was
used to firmly bind the two elements. We used microscope
slides to cover specific areas of the membrane where we
wanted to suppress permeation and thus define the length L0.
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Abstract: We present high refractive index optical metamaterials assembled 
via a microfluidic evaporation technique. This technique enables fabrication 
of truly three-dimensional bulk samples from a suspension of nanoparticles 
with a number of layers well in excess of 600, surpassing rival techniques 
by at least an order of magnitude. In addition to their large dimensions, the 
assembled metamaterials show a high degree of homogeneity and warrant 
an easy and rapid optical characterization using spectroscopic ellipsometry. 
We believe that the suggested inexpensive method considerably reduces the 
complexity in assembling optical metamaterials and opens new avenues in 
engineering bulk optical devices by choice of nanoparticle composition and 
geometry. 
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1. Introduction  
The demand for specific and peculiar optical properties that do not necessarily exist in natural 
materials arises in various domains that involve advanced optoelectronics. Optical 
metamaterials (OMMs) provide an excellent opportunity to tackle this demand by addressing 
their design at two different scales. On the one hand, the microscopic response of 
metamaterials can be tailored by carefully selecting and arranging individual nanostructures at 
the sub-wavelength scale. On the other hand, by organizing the individual resonators into a 
specific patterned layer and by subsequently stacking these layers together, the metamaterials 
reach a macroscopic regime. In this regime, the assembled medium can unambiguously be 
considered as homogeneous and thus exhibits an effective index of refraction. It is worth 
noting that in order for the assembled structures to qualify as homogeneous optical materials, 
two important conditions have to be met. First, the typical size a of the elementary cell needs 
to be smaller than the operating wavelength O to justify homogenization. Second, the structure 
must have a thickness h that is large enough for it to be considered as bulk. Soukoulis et al. [1] 
provided an interesting discussion on how large a sample should be to reach the 3D-regime. It 
was argued that the bulk limit for a metamaterial is reached when the retrieved effective 
parameters extracted from optical measurements no longer depend on h. In 2008, OMMs 
made a firm transition from mere metasurfaces to actual bulk materials [2] and the ratios O/a, 
which characterizes homogeneity, and h/a, which characterizes bulkiness, may be regarded as 
two important figures of merit (FOM) that should be as large as possible to assess OMMs.  

The top-down fabrication platforms are well suited to precisely control the subwalength 
dimensions of the individual building blocks of the OMMs. However, they seem to be ill-
adapted to reach large h/a values. Up to now, most achievements rarely exceed h/a a 10 and 
O/a a 5 [2-5]. Moreover, most of these metamaterials operate in the near infrared with rare 
exceptions, such as Xu et al. [5] who built a device earlier this year, that demonstrates an all-
angle negative refraction of ultraviolet light with modest h/a a 3 and O/a a 2.3. Bottom-up 
fabrication, which combines chemical synthesis and self-assembly, offers an interesting 
alternative to build bulk OMMs [6,7]. In contrast to the top-down, bottom up procedures 
allow one to achieve a considerable improvement in the bulkiness ratio without compromising 
the elementary cell structure.  

Here we present bulk OMMs assembled by a recently developed microfluidic evaporation 
scheme [8] which improves the bulkiness FOM by at least one order of magnitude reaching 
h/a > 600. Moreover, the homogeneity FOM achieved with our best assembled material is O/a 
a 40. These OMMs are composed of gold or silver nanoparticles of cubic or spherical shapes 
as well as metal-dielectric core-shells. The localized surface plasmon resonance of these 
nanoobjects produces a strongly dispersive effective medium response when they are 
assembled. The geometry, size, metal-type and volume fraction of metal in the assembled 
medium all matter and constitute degrees of freedom to engineer the desired index of 
refraction. The fabricated OMMs demonstrate high refractive index values with low 



absorption at the red-end of the visible spectrum and in the near-infrared. This property could 
be of interest for several applications such as high light-extraction substrates and encapsulants 
for ultra-bright OLEDs [9,10], sensors, telecom devices, antireflective coatings for advanced 
optical applications [11] or even micro-lens components for CCD, CMOS and CIS devices 
[12]. Furthermore, an important feature of our fabrication technique is that the resulting 
OMMs are conveniently contained in microfluidic channels and are ready to be used for 
fabrication of bulk optical devices. In addition, the high quality of the surfaces of the 
fabricated OMMs allows an easy optical characterization using spectroscopic ellipsometry.  

2. Synthesis and assembly  
We synthesize four types of nanoparticles: silver nanocubes (Ag-CU), Ag@SiO2 cores-shells 
(Ag-CS), gold nanospheres (Au-SP) and Au@SiO2 core-shells (Au-CS). For details on the 
synthesis of the nanoparticles, readers should refer to Ref. [13] for the Ag-CU particles and to 
Ref. [14] for the gold particles. The Ag-CS nanoparticles were purchased from 
NanoComposix and the size data are provided by the manufacturer. Figure 1(a-d) provides 
pictures of all the nanoparticles in solution. The Ag-CUs are 30 r 1 nm in size. The Ag-CSs 
have a 50 nm r 5 nm cored diameter with a silica shell thickness of 25 r 5 nm. The Au-SPs 
are 13.5 r 1 nm in diameter and are capped with a 5 kDa thiol-PEG ligand. The Au-CS have a 
15.2 r 2 nm core-diameter and a silica shell thickness of 8.5 r 1 nm. 

 
Fig. 1. Images of the nanoparticles and bulk optical metamaterials. TEM images of the 
individual metallic nanoresonators: (a) Ag cubes, (b) Ag core-shells (©Nanocomposix), (c) Au 
spheres and (d) Au core-shells. Typical SEM images of the metamaterials assembled via 
microfluidic evaporation: (e) slab of Ag core-shells and (f) close-up side-view of the edge of a 
slab of the assembled Au spheres. 

The assembly technique we use is based on microfluidic evaporation and is described in 
length elsewhere [13]. In brief, using standard soft lithography, we fabricate a 10 Pm u 100 
Pm u 10 mm rectangular microchannel. The channel is put in contact with a semi-permeable 
membrane and is connected to a reservoir (10-50 PL) containing the dilute dispersion. The 
solvent we use – in this work water – can evaporate across the membrane while the 
nanoparticles do not and therefore become trapped. As a result, the nanoparticles accumulate 



in the microchannel. Upon sufficient accumulation time, a dense state of nanoparticles 
nucleates and invades the channel as it is continuously fed with from the reservoir. 
Interestingly, the solid adopts the exact shape of the microchannel in which it grows and thus 
exhibits flat interfaces and at least one long dimension. Typical pictures of the assembled 
OMMs are shown on Fig. 1(e,d). They have channel dimensions: a width of 100 Pm, a depth 
h = 10 Pm and are several millimeters long. As can be seen, the fabricated OMMs show very 
little surface roughness. A structural analysis using micro-focused X-ray scattering (not 
shown) demonstrates a limited local order. Therefore, we assume that the assembly is 
randomly close-packed so that the inter-particle distance is very small compared to the 
wavelength. In addition, if we consider an operation wavelength of O = 600 nm which 
coincides (see section 4) with the localized plasmon resonances of the assembled Ag-CUs and 
Au-SPs, we find that the homogeneity FOM for our OMMs is equal to O/a a 20 in the case of 
Ag-CUs. The same ratio is equal to 10 for the Ag-CS sample and reaches an impressive value 
of 40 for the case of the Au-SP and Au-CS nanoparticles. Furthermore these OMMs have a 
high degree of bulkiness with the ratio h/a a 300 for the Ag-CUs, h/a a 200 for the Ag-CSs 
and h/a a 600 for the gold samples. The large dimensions of the OMMs make them easy to 
characterize with spectroscopic ellipsometry. 

3. Ellipsometric characterization 

The optical measurements for the silver nanonoparticle OMMs are made using a Horiba 
Scientific ellipsometer at two incident angles T = 60° and 70° in the 350-860 nm wavelength 
range. The incoming spot size is 80 Pm. For the gold nanoparticle OMMs, the measurements 
are made with a J.A. Woollam ellipsometer in the 240-1000 nm wavelength range with a spot 
size of 30 µm. Each time, we acquire the spectrum of the complex ellipsometric quantity U = 
rp/rs = tan(\)exp(�i') where rp and rs are the reflection coefficients for p- and s-polarized 
light, respectively, and (\, ') are the ellipsometric angles.  

For light reflected by a bulk semi-infinite homogeneous and isotropic material, rp and rs 
are simply given by the Fresnel coefficients and the optical index N = n + ik is expressed as a 
function of U. In this case the retrieval of N is immediate and the solution is unique. 
Therefore, when the incident medium is air, N is unambiguously given by:  

1/22
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where T is the angle of incidence [15].  
As was discussed in section 2, each sample is made of nanoparticles assembled in random 

close-packing order, so that the dimensions of the nanoresonators and their spacing are very 
small compared to the wavelength and the material is highly homogeneous. For each sample, 
we proceed in the same manner. The microchannels are 10 Pm deep and the underlying 
medium is a semi-infinite PDMS substrate for which the optical properties are measured 
independently. First, we perform a numerical inversion using a multi-layer model containing 
the 10 Pm OMM on top of the PDMS substrate and make sure that the retrieved N is identical 
to that found using Eq. (1). The fact that both indices of refraction coincide indicates that the 
OMM is indeed an optically semi-infinite medium. As a result, measuring U  and using Eq. (1) 
can be regarded as a direct measurement of n(O) and k(O). The measured spectra n(O) and k(O) 
are represented by blue and red dots respectively in Fig. 2. Second, to check that our measured 
N are physical, we fit the ellipsometric parameters (\, ') using two Lorentz-oscillators (LO) 
to describe the dielectric constant H  of our MM. The dispersion relation given by the LO 
model classically describes the collective electron oscillations of localized surface plasmon 
resonances that occur in metallic nanoparticles embedded in a dielectric host medium. Since 



the vicinity of each resonator is slightly different from one particle to another because of the 
randomness of the fabrication technique, so are the width and position of the individual 
responses. For this reason, a single LO may be insufficient to accurately fit the experimental 
data. For each medium the model used for the Z-frequency dependence of H is 
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where fj, Z0j and Jj are the oscillator strength, resonance frequency and damping constant. Hf is 
a constant. As the UV frequencies are approached, this classical model decreases in accuracy 
because of the interband transitions in the metal. For this reason, we append a Tauc-Lorentz 
oscillator (TLO) to Eq. (2), which was initially proposed by Jellison and Modine [16] and is 
accurate in describing the interband absorption. The Tauc-Lorentz model consists in 
multiplying the imaginary part of the dielectric function obtained from the Lorentz equation 
by the Tauc joint density of states [17]. Even though it was originally proposed to describe 
amorphous semiconductors, we observe empirically that it provides a reasonable fit to optical 
properties of metallic nanocomposites at the UV end of the visible spectrum. The data are 
fitted by using the F2-test. The fitted curves are represented by continuous lines in Fig 2. 

 
Fig. 2. Optical Properties of the bulk optical metamaterials. Each graph shows the spectral 
evolution of the measured real (blue) and imaginary (red) part of the optical index N = n + ik 
for assembled (a) Ag cubes, (b) Ag core-shells, (c) Au spheres and (d) Au core-shells. Dots 
represent the values obtained by measuring U(O). The continuous lines represent the fits using 
the Lorentz-oscillator models for the dielectric constant of the metamaterial. 

4. Results 
Figure 2 shows the typical optical properties of the fabricated OMMs and compares the 
optical index N retrieved from Eq.(1) (dots) with the fitted models (continuous line) for the 
four types of nanoparticles. We can see that the agreement between the model and the 
retrieval data is excellent for all types of nanoparticles. Table 1 summarizes the converged 
fitting parameters for each OMM. The TLO parameters are described using the notations 



given in Ref. [16]. From Table 1 we conclude that the main plasmon resonance of the 
assembled silver cubes and core-shells is observed at OAg-CU = 616 nm and OAg-CS = 450 nm 
with full-widths at half-maximum 'OAg-CU a 290 nm and 'OAg-CS a 160 nm respectively (see 
Fig. 2). It is interesting to note that the Ag-CU sample sees its resonance red-shifted and 
broadened by larger amounts compared to the resonance of unassembled Ag-CU nanoparticles 
when they are in solution (O’Ag-CU = 412 nm, 'O’Ag-CU a 'OAg-CU/2.5 = 116 nm). Such 
significant changes of the resonance properties come from the strong inter-particle coupling 
which is large due to the random close-packing of the nanocubes in the OMM. At the same 
time, the Ag-CS sample has its resonance at exactly the same position as that of individual 
nanoparticles and the broadening of the resonance induced by inter-particle interactions is 
relatively small (O’Ag-CU = OAg-CU, 'OAg-CU a 'OAg-CS/1.5 = 107 nm ). This can be explained by 
the fact that, contrary to the Ag-CU samples, the inter-particle coupling in core-shell OMMs 
is weak due to the presence of a sizable silica shell which has a thickness almost equal to the 
silver core radius and keeps the silver cores apart. The gold samples exhibit similar behavior. 
These observations suggest a relatively simple way in which, by controlling particle sizes and 
inter-particle separation, it is possible to engineer the dispersion of an OMM. The core-shell 
samples have a refractive index which rises rapidly from nAg-CS = 1.2 to nAg-CS = 1.6 in the 400-
500 nm band for Ag-CSs and from nAu-CS = 1.5 to nAu-CS = 1.66 in the 500-600 nm band for the 
Au-CSs. For higher wavelengths, the value of n a 1.6 is maintained across the rest of the 
visible spectrum and well toward infrared wavelengths, while the absorption slowly decreases 
reaching impressively low values (e.g. kAu-CS a 0.02). The Ag-CU and Au-SP samples present 
a similar evolution except that the refractive index n rises across the visible spectrum from 
low values (0.5 and 1.3 respectively) to very large values (3.7 and 3 respectively) at 700 nm 
with decreasing absorption above 650 nm well into the IR.  

Table 1. OMM Parameters fitted by the spectroscopic model. (Frequencies are given in eV) 

Param. Ag Cubes Ag Core-Shells Au Spheres Au Core-Shells 

H f 2.3 1.44 2.18 1.90 

N° of LOs 2 2 1 1 

(fj, Z0j, Jj) 
(5.5, 1.88, 0.56) 
(0.53, 2.89, 1.2) 

(0.36, 2.73, 0.49) 
(0.17, 2.0, 1.12) (0.23, 2.3, 0.51) (0.64, 6.19, 5.78) 

TLO No Yes Yes Yes 
(Eg, A, E, C) � (3.58, 300, 2.41, 0.9) (1.67, 11.24, 4, 6.23) (1.56, 4.24, 2.23, 0.43) 

5. Conclusion 

The combination of nanochemical engineering and microfluidic self-assembly enables us to 
obtain homogeneous optical metamaterials with a high degree of bulkiness exceeding the 
state-of-the-art realizations by at least one order of magnitude. Our fabrication technique 
enables a rapid and easy characterization using spectroscopic ellipsometry and allows one to 
make optical devices, such as lenses, filters, modulators using suitable thin plastic molds and 
filling them with nanoparticles. We obtain OMMs that reach high refractive index and low 
absorption in the deep red and the near-IR. We foresee that the combination of these two 
techniques will considerably reduce the complexity in the experimental investigations of bulk 
optical metamaterials, notably in the quest for optical magnetism. This leaves nanochemical 
synthesis and nanoparticle design at the heart of the study of three-dimensional OMMs. 
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1. Microevaporation (keywords:microfluidics, evaporation, lab on-chip)!
2. On-chip microspectroscopy (keywords:spectroscopy,microfluidics chip, experimental setup)!
3. Role of colloidal stability in the growth of micromaterials (keywords:micromaterials, colloidal 

stability,Nanoparticles)!
4. Microfluidic-induced growth and shape-up of three-dimensional extended arrays of densely 

packed nano particles(growth of material, experimental data,3d materials )!
5. Bulk metamaterials assembled by microfluidic evapration (keywords:ellipsometry, refraction 

index, metamaterials)!!!
1. La Microevaporation (mots clés:microlfluidique, evaporation, puce microfluidique)!
2. Microspectroscopie sur puce microfluidique (mot clés:spectroscopie, puce microfluidique, 

dispositif expérimental )!
3. Le rôle de la stabilité colloïdal dans le croissance de matériaux (mot clés:micromateriaux, 

stabilité colloïdal,Nanoparticules)!
4. Etude de la croissance de matériaux 3d constitue par nanoparticules grâce a la microfluidique 

(mot clés:croissance de materiaux,donne expérimental, matériaux 3d)!
5. Metamateriaux 3d assemblée par une technique microfluidique (mot clés: ellipsometrie, indice 

de réfraction, metamateriaux) !!!!!
1 Microevaporation!!
Microfluidics is the branch of fluid mechanics dedicated to the study  of flows in the channel with 
dimensions between 1 micron and 100 micron. The object  of this chapter is to illustrate the basic 
principles and possible applications of  microfluidic chip, called microevaporator.  In the first part of 
the chapter, we present  a detailed description of the physics of microevaporators using analytical 
arguments, and describe some applications. In the second part of the chapter, we present the  
experimental protocol of engineering of micro evaporator and different type of microfluidics device.!!
2 On-chip microspectroscopy!!
The object of this chapter is to illustrate a method to measure absorption spectra during the 
process of growth of our materials in our microfluidic tools. The aim is to make an optical 
characterization of our micro materials and to carry-out a spatio-temporal study of kinetic 
properties of our dispersion under study. This instrumental chapter presents the theoretical basis !
of the method we used.!!
3 Role of colloidal stability in the growth of micromaterials!!
We used combined microspectroscopy and videomicroscopy to follow the nucleation and growth of 
materials made of core-shell Ag@SiO2 NPs in micro evaporators.!
We evidence that the growth is actually not always possible, and instead precipitation may occur 
during the concentration process. This event is governed by the concentration of dispersion in the 
reservoir and we assume that its origin come from ionic species that are concentrated all together 
with the NPs and may alter the colloidal stability en route towards high concentration.   !!
4 Microfluidic-induced growth and shape-up of three-dimensional extended arrays of densely 
packed nano particles!!
In this chapter I present in details microfluidic evaporation experiments to engineer various densely 
packed 3D arrays of NPs.!!!
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!!!!!!
5 Bulk metamaterials assembled by microfluidic evaporation!!
In this chapter I introduced the technique we used (microspot ellipsometry) in close collaborations 
with V.Kravets and A.Grigorenko(University of Manchester) and with A.Aradian, P.Barois, A.Baron, 
K.Ehrhardt(CRPP, Pessac) to characterized the solids made of densely packed NPs. I describe the 
constraints that emerge from the coupling between the small size of our materials and the optical 
requirements, the analysis and interpretation of the ellipsometry experiments show that for the 
material with high volume fraction of metal exists the strong electrical coupling between the NPs 
and the materials display an extremely high refraction index in the near infra-red regime.!!!!!!
1 La Microevaporation!!
La microfluidique est la branche de la mécanique des fluides dédiés à l'étude des flux dans des 
canaux de dimensions comprises entre 1 micron et 100 microns. L'objet de ce chapitre est 
d'illustrer les principes de base et les applications possibles de une puce microfluidique, appelés 
microevaporator. Dans la première partie de ce chapitre, nous présentons une description détaillée 
de la physique des microevaporators en utilisant des arguments analytiques, et décrivons 
certaines applications. Dans la deuxième partie de ce chapitre, nous présentons le protocole 
expérimental de fabrication de un microévaporateur et différents design des dispositifs microfluidic.!!
2 Microspectroscopie sur puce microfluidique!!
L'objet de ce chapitre est d'illustrer une méthode pour mesurer les spectres d'absorption au cours 
du processus de croissance de nos matériaux dans nos outils microfluidiques. L'objectif est de 
faire une caractérisation optique de nos micro matériaux et de réaliser-une étude spatio-temporelle 
des propriétés cinétiques de notre dispersion. Ce chapitre présente la base théorique !
de la méthode expérimental utilisée.!!
3 Le role de la stabilité colloïdal dans le croissance de matériaux!!
Nous avons utilisé la microspectroscopie combinée avec la vidéomicroscopie pour suivre la 
nucléation et la croissance de matériaux à base de nanoparticules Ag@SiO2 dans les micro 
évaporateurs. !
Nous mettons en évidence que la croissance est en fait pas toujours possible, et la précipitations 
de notre dispersion peuvent se produire pendant le processus de concentration. Cet événement 
est régi par la concentration de la dispersion dans le réservoir et nous supposons que son origine 
provient des espèces ioniques qui sont concentrés tous ensemble avec les NPs et peuvent altérer 
la stabilité colloïdale pour la haute concentration.!!
4 Etude de la croissance de matériaux 3d constitue par nanoparticules grâce a la microfluidique!!
Dans ce chapitre, je présente en détail les expériences d'évaporation microfluidiques pour 
concevoir différents matériaux 3D denses a base de NPs.!!!!



!!!!!!
5 Characterization de metamateriaux 3d assemblée par une technique microfluidique  !!
Dans ce chapitre, j'ai présenté la technique que nous avons utilisé (microspot ellipsométrie) dans 
des collaborations étroites avec V.Kravets et A.Grigorenko (Université de Manchester) et 
A.Aradian, P.Barois, A.Baron, K.Ehrhardt (CRPP, Pessac ) pour caractériser les solides a base de 
NPs. Je décris les contraintes qui émergent du couplage entre la petite taille de nos matériaux et 
les exigences optiques, l'analyse et l'interprétation des expériences d'ellipsométrie montrent que 
pour le matériau avec une fraction volumique élevée de métal existe le couplage électrique forte 
entre les NPs et le matériaux présentent un indice de réfraction extrêmement élevé dans le régime 
de proche infrarouge.




