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We consider very simple structures — only one |layea substrate — that present saturated
colours although they are constituted by achronmatiterials: a dielectric (by instance E)O
or/and a metal (for instance Ag). A transparent,Qjlass sheet is taken for the substrate in
order to simulate both reflection and transmissip@actra. Since we focus on colour, the
spectral range is limited to the visible range FF80] nm. We present the colorimetric
variations in the CIELab space (cf. Appendix) whitre colour can be described by its
lightness L*, its chroma C* and its hue h*. Whee tthroma is less than a few units, the
colour is achromatic. When the chroma is greatan tt0 or 20 units, the colour is saturated.

We limit our presentation to non-scattering mateyiae suppose that the heterogeneities in
volume (particle dimensions) or in surface (rougis)ere strongly smaller than the light
wavelength. Hence, light beams are straight andetfd and reflected in the specular
directions (given by Snell's laws) at plane effeetinterfaces. We further assume that the
layer is isotropic. Therefore, the optical behavidifiference between both light polarisations
is only due to the partial polarisation by refleatiat each interface.

Nonetheless, such simple optical structures preseptising colorimetric behaviours in
particular the colour inversion at grazing incidangles for the polarisation parallel to the
incident plane as detailed below.

A. Achromatic bulk optical properties

In optics, materials are characterized by their glemrefractive index ()+ik(A) depending

on the wavelength. We recall that air has a real refractive indemstant and equal to 1. We
can distinguish two very different classes of agitlmehaviours: the dielectric and the metallic
ones.

1. Achromatic dielectric materials

The dielectric material complex refractive indiegs described by Lorentz model that takes
into account the oscillations of electrons reldtethe atom core. In the visible range for most
of dielectric materials, the indices can be apprated by Cauchy law:

”(/‘)=no+/1—/§
k(4)=0

where 3>1 and A>O are constants. A dielectric materighen non absorbent (k=0) in the
visible range and its real part weakly decreas#s the wavelength as observed in figure 1.
This is sufficient to explain the dispersion of vehiight by an interface between air and a
dielectric material. The light dispersion by a pris used in some spectrophotometers and
the light dispersion by a water droplet can expthaformation of rainbows. But it does not
occur in our case for a dielectric layer becausdigit dispersion at an interface is
recomposed at the second interface parallel tidteone. Finally the small decrease of the
refractive index has no real influence in the codbion phenomena presented in the following
parts of this paper.
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The bulk dielectric material reflectance is thdeetiance by an interface between air and the
dielectric material. Practically, as the dielectriaterial is transparent, it would be easier to
measure the reflectance of a dielectric layer sumdang by air downwards and upwards. As
the material is non absorbent, this reflectandkasretically independent of its thickness.
However, the layer has to be thick enough in otdeonsider the multiple incoherent
emerging rays and therefore not to take into acctheninterferences. In this way, we can
calculate the reflectance of a Sifyer by using the Fresnel relations at eachfexter
whatever the polarisation state. Figure 2 showsdfiection spectra §and R at 45° for the
polarisation respectively perpendicular and parédl¢he incidence plane. These reflectances
are almost wavelength independent (as observedkny-elay life with glass window for
instance). Consequently, the chroma calculated fraspectrum is very small (C*<1
whatever the incident angle): the colour is effegir achromatic. The pertinent colorimetric
parameter is then the lightness L*. Figure 3 shth@sangular variation of L*. At 0°, the
lightness of both polarisations are equal and rathmall (L*=31). They reach unity for
grazing angles. For perpendicular polarisatigntifie lightness increases monotonously. On
the contrary, for parallel polarisationy,Rhe lightness passes through a minimum, almost
equal to zero, at the Brewster an@ie

g, =tan™*(n)
g, =55° for ng, =1.45

2. Achromatic metallic materials

The metallic materials indices are described bydenmmnodel where the electrons are no more
bound to the atomic core but free to move intontietallic crystal. In the visible range, the
complex refractive index can be approximated by:

{n()\)zl—oo\2
k(M) =BA?

wherea andf>0 are constants. A metallic material is very abent, the imaginary part
increasing with the wavelength. The real partisrior to 1 and weakly decreases with the



wavelength. These properties can be seen in fwigh the silver complex refractive index
in the visible range. For noble metals (Ag, Au, Ghbg electronic interband transitions has to
be added to Drude model. The interband transitasan impact for wavelengths inferior to a
wavelength threshold. This threshold is in theblesrange for gold and copper: this effect
explains the coloured reflections of these metads.silver, the wavelength threshold is
located in the UV range (see figure 4) and thisainstachromatic.
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Figure 3: Angular variation of the lightness L*

of a SiG; thick layer in reflection (the chroma Figure 4: Spectral variations of the Ag
C* is less than 1 unit). Parallel (R) and refractive index. Real partn and imaginary
perpendicular (Rg) polarisations part k.

The bulk metallic material reflectance can be daked from the complex refractive index.

As the material is strongly absorbent, the reflectais rather high. As seen in figure 5, the
silver reflectance is almost wavelength independéahsequently the chroma calculated
from the spectrum is rather small (the chroma Q&ss than 4 units): the colour is effectively
achromatic. The pertinent colorimetric parameteéhén the lightness L*. Figure 6 shows the
angular variation of L*. Contrary to the dielectnaterials, the lightness is high whatever the
incident angle. Even if we can define a Brewst@lafaround 80°), the difference between
both polarisations is weak.
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B. Interferential dielectric layer

A first solution to obtain colouration with achrotitamaterials is to create interferences with
a thin dielectric layer. This phenomenon is achiewéen the successive emerging rays due
to the multiple reflections into the layer are tmape.

We choose the example of a Bi@electric Iayer(nTi02 = 3)on a SiQ substratt{nso2 = 1.45).
Air
Dielectric layer (TiQ) h=140 nm
Dielectric substrate (SKp

Figure 7: Thin TiO, dielectric layer on a SiG substrate
The maxima in transmission are obtained for wawgtlesi. that verify:

kA =2n;, hcosd

wherek is an integer the layer thickness arttithe propagating angle inside the layer.

To obtain only one extremum in the visible range, thickness has to be around 100 to
200 nm. If the layer is thinner, respectively tlackno extremum, respectively several
extrema, are located in the visible range and th bases, the chroma C* will not be very
high.

However, another condition has to be fulfilled: théremum amplitude has to be important
enough. It is possible if the successive emergiyg have similar amplitudes. There has to be
a large contrast between the refractive indicésetayer/substrate interface. The chroma is
higher with a TiQ layer (nTio2 = 3) on a SiQ substratt{:nso2 = 1.45) than with a SiNy4 layer

(nS3N4 = 2) on the same substrate.

The reflection and transmission sped&fl) and T(A)can be calculated using the Fresnel

relations at each interfaces and the phase relbgbmeen the emerging rays (for more details
concerning these calculations, see AzJarks the dielectric materials are non absorbét, t

flux balance can be written a&{A)+ T(A) =1. Therefore, a minimum in the transmission

spectrum is a maximum in the reflection spectrisae (figure 8 for both polarisations with a
45° (left) and 80° (right) incident angle). Thioperty implies that the colours obtained in
reflection (green (a*<0) / yellow (b*>0)) are alntdlse complementary colours of those
obtained in transmission (red (a*>0) / blue (b*<@®igure 9 presents the colorimetric
variations in terms of the incident angle in refilea (figure 9(a)) and in transmission (figure
9(b)) for (chroma C* / lightness L*) plane (lefth@for the chromatic (a* / b*) plane (right).
It is obvious that high chroma colours (C* gredtean 20) are obtained for a large range of
incident angles.

The optical behaviour is different between bothapshtions in particular for grazing angles.
The most surprising phenomenon is the radical ecatbhange for the polarisation parallel to
the incident plane (see figure 9) after passingubh a roughly achromatic colour for a 72°
incident angle. The spectral reflectance maximunRfoat 45° (near 520 nm) becomes a
minimum at 80° (see figure 8). If the Brewster aniglalmost wavelength independent for
bulk achromatic material (part A), the Brewsterlari@nnulation of B is strongly
wavelength dependent for an interferential laytes the reason for this striking effect.
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Figure 8: Spectral variation in reflection (R,, Rs) and in transmission (T,, Ts).

Incident angle: 45° (left) and 80° (right).
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Figure 9: Colorimetric variation in terms of the incident angle (angular step: 2°)

(a) in reflection (R,, Ry (b) in transmission (Tp, Ts)
- for (chroma C* / lightness L*) plane (left)
- for the chromatic (a* / b*) plane (right)




C. Thin layer of metallic aggregates dispersed into a
dielectric matrix

It is not possible to have interferential layershwnetals because of their absorption. A 60 nm
thickness is enough to obtain a layer of silverqugato visible radiations. The optical
behaviour of such layer is then similar to theesillbulk behaviour described in part A.2.

If smaller amount of silver is deposited on a stdtetby physical process (ion-beam
sputtering, magnetron cathodic sputtering, eleebream evaporation), a continuous layer
does not grow, instead isolated islands do (Voldveber growth mode). The metallic dots
are called nanoclusters.

Noble metal nanoclusters exhibit a surface plasresanance which induces absorption of
light at wavelength generally located in the vigitdnge. The metallic nanoclusters can be
incorporated within a dielectric matrix in orderfadm composite materials called
nanocermets. The absorption band depends on thgleonefractive indices of both the
metallic nanoclusters and the dielectric matrix o concentration, sizes, forms and
arrangements of the nanoparticles (see refer&fhegth practical examples of silver
nanoparticles embedded in different dielectric natrand deposited on different substrates).

This absorption property of nanocermets can be tesetitain colouration with only
achromatic bulk materials. We use here the mod®lafwell-Garnell to simulate the
complex refractive index of identical, sphericdvasi nanoparticles randomly distributed in a
dielectric S§N, matrix. The volume concentration of metallic naaigles is assumed to be
10%. Figure 10 shows andk obtained with these assumptions.

5 -
4 4
n
3 4
2 4
1 4
Kk
0 T T T 1
380 480 580 680 780
wavelength (nm)

Figure 10: Spectral variations of the effective m#ium Ag/Si3N4 refractive index obtained by Maxwell-
Garnett. Silver volume concentration: 10%. Real pat n and imaginary part k.

Next, we consider a 12 nm layer of such nanocerasetgesented in figure 11. As the
particle sizes are strongly smaller than the wangtle there is equivalence with a
homogeneous effective medium layer which refraatiaex is shown in figure 10. Moreover,
as we assume spherical particles and random madigbersion, this effective medium can be
considered as isotropic.
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Figure 11: Silver nanopatrticles dispersed in a §N, matrix on a SiO, substrate. Equivalence with an
effective medium layer.

The absorption band of these nanocermets is loeat®d0 nm, the maximum of the
refractive index imaginary part (figure 10). Consently, the transmission (respectively
reflection) presents a minimum (respectively maxmpmear this wavelength (at 520 nm
figure 12 on the left for a 45° incident angle).

Figure 13 presents the colorimetric variationseimts of the incident angle in reflection
(figure 13(a)) and in transmission (figure 13(lw) chroma C* / lightness L*) plane (left)
and for the chromatic (a* / b*) plane (right). $tebvious that high chroma colours (C*
greater than 20) are obtained for a large rangectdent angles.

We can compare the optical behaviour of an interfal dielectric layer (part B) and of a
nanocermet layer (part C). This last one is an disg layer, therefore:

- The flux balance can be written 8{A) + T(A) <1 contrary to an interferential layer.

Nevertheless the colours obtained in transmisswghimreflection are relatively
complementary colours (see figure 13 (a) and (b)).

- The extremum wavelength is almost independent ernitident angle. Therefore, the hue
angle is less dependent on the incident angleftiraam interferential layer, especially for
the polarisation perpendicular to the incident pléadompare Rcolour in figure 9(a) and
13(a) on the right)

- For comparable chroma, the effective medium layeniich thinner than the interferential
layer (12 nm compared to 140 nm in the presentadples).

The two last points are crucial advantages in fawb@a nanocermet layer for coloured optical
filter applications.

A common point between both layers is the colouersion observed at grazing angles for
the polarisation parallel to the incident plane Brewster angle in both cases is strongly
dependent on the wavelength. For instance, thdrapeeflectance maximum forpRat 45°
(near 520 nm) becomes a minimum at 80° (see figurBut contrary to an interferential
layer, the spectral transmittance minimum fgaT45° (near 520 nm) is always a minimum
for a 80° incident angle and a second minimum azp&ad60 nm (see figure 8). This
phenomenon is also due to the Brewster angle. &=k for 460 nm where the module of
the refractive index is minimal, the Brewster aniglenuch larger (80°) for 520 nm where the
module of the refractive index is maximal (see feg0).
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Figure 12: Spectral variation in reflection (R,, Rs) and in transmission (T,, Ts).
Incident angle: 45° (left) and 80° (right).
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Figure 13: Colorimetric variation in terms of the incident angle (angular step: 2°)
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- for (chroma C* / lightness L*) plane (left)
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Then, it is possible to obtain saturated colouts wchromatic bulk materials with structures
at two different scales:

- asubmicrometric (around 100 to 200 nm) dieledayer creating saturated
colours by interferences;

- alayer (around severals nm) of nanometric metgpditicles creating saturated
colours because of surface plasmon resonance imglaai absorption band (in the
visible range for noble metals).

We presented simple examples: only one isotropierlan a transparent substrate. A lot of
more complex systems can be proposed to tailocdlwr: dielectric multilayer or 2D or 3D
nanoparticle organisations with different partictezes and forms.

In spite of some differences presented above,terfémential layer and an effective medium
layer exhibit the same following colorimetric propes:

- ahigh chroma obtained for a large range of indideigles;

- adissociation between the reflected and transdnatbdours which are almost
complementary;

- aclear colour inversion at grazing incident an@begshe polarisation parallel to
the incident plane.

Appendix: CIELab colourimetric co-ordinates

For more details on colorimetric calculations, ¥égszeckr. Photometry and colorimetric are
normalized by the CIE, Commission international’éelairage.

The CIEXYZ components to define the colour of angeobare calculated by taking into
account the luminance of a standardised illumintuet three colorimetric functions related to
the retinal cone sensibility and the reflection ff@nsmission) spectrum of this object. Here,
the illuminant D65, which simulates the daylightdathe standard observer defined by the
CIE in 1931 are chosen.

The CIELab co-ordinates defined by the CIE in 1@4® be deduced from tpe previous
CIEXYZ components. The three CIELab co-ordinatesthe achromatic lightness and two
chromatic components:

- a (green/red axis) and Kblue/yellow axis) for the Cartesian co-ordinates;

*

- chromaC* =+/a** +b*? and hue angld* :atar{b—*j for the polar co-ordinates.
a

For specular materials, like in this paper, thedent light is used as reference by convention.
The CIELab coordinates for the incident light dre=100, a*=0, b*=0.



Figure Al: CIELab colorimetric space

References

1.

4.

10

R.M. Azzam, N.M.Bashar&]lipsometry and Polarized Light, North-Holland personal
library (1977)

J. Toudert, D. Babonneau, L. Simonot, S. Canaid T. GirardeawQuantitative
modelling of the surface plasmon resonances of metal nanoclusters sandwiched between
dielectric layers: Influence of the nanoclusters size, shape and organization
Nanotechnology 19 (2008) 125709 1-10.

S. Camelio, D. Babonneau, D. Lantiat, L. Sintp8ef-organized growth and optical
properties of silver-nanoparticle chains and stripes, Europhysics Letterg9 (2007) 47002
1-6.

S. Camelio, D. Babonneau, T. Girardeau, J. €du#. Lignou, M.F. Denanot, N. Maitre,
A. Barranco, P. GuérirQptical and structural properties of Ag-S3N, nanocermets
prepared by means of ion-beam sputtering in alternate and codeposition modes, Applied
Optics42 (2003), 674-681.

G. Wyszecki, WS. Stile§olour science: Concepts and methods, quantitative Data and
Formulae. 2nd ed. Wiley Interscience Publication, New Y (R82)



