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Abstract. Nanocomposites consisting of noble metal nanoparticles in a transparent matrix
exhibit plasmonic absorption in the visible wavelength range, and conducting oxide
nanoparticles display a localized plasma absorption in the near infrared. The optical properties
of nanocomposites are commonly modelled by effective medium theories, which describe the
effective dielectric function of the composite using as input the dielectric functions of the
constituents and their respective volume fractions. Plasmonic effects can be exploited in the
design of energy-efficient windows in order to obtain improved performance. Electrochromic
coatings that switch in the near infrared make use of the modulation of the plasma absorption
of oxide nanoparticles due to charge density modulation induced by an external voltage.
Plasmonic thermochromic switching in the near infrared has the potential to be significantly
larger than in the case of a thin film. Very thin noble metal films are an interesting alternative
to conducting oxides as transparent contacts to electrochromic devices. However, in this latter
case plasmonic effects are to be avoided rather than exploited.

1. Introduction

The optical properties of nanoparticles, in particular effects related to the localized plasma resonance
of metallic particles, have recently attracted major interest. Applications include sensors and
biosensors [1,2], as well as plasmonic enhancement of photocatalysis [3-5]. In the field of renewable
energy, applications to solar cells [6-8] and highly absorptive films for solar harvesting [9] have been
proposed. The scientific study of plasmonic effects has a long pre-history, at least dating back to
theoretical and experimental studies of the optical properties of noble metal nanoparticles in the early
twentieth century [10,11].

Many studies have concerned noble metal nanoparticles and the dependence of the localized
plasma absorption peak on particle shape and surroundings [12], substrate effects [13] and non-locality
of the dielectric response [14] has been elucidated. Recently there has emerged a rising interest in
alternative plasmonic materials such as TiN [15], other metal oxides and nitrides [16], alloys and
intermetallics [17]. In particular oxide-based plasmonic materials exhibit their localized plasma
absorption in the near-infrared (NIR) spectral range, thereby opening up a number of new applications.

In this paper we review recent work on coatings for energy-efficient windows, which take
advantage of plasmonic effects. Section 2 below gives a basic theoretical background of the subject.
Section 3 reviews the optical properties of ultrathin gold films and their application as transparent
conductor coatings. Section 4 reviews the subject of plasmonic electrochromism, wherein the plasma
resonance of highly doped oxide semiconductor nanoparticles can be tuned by an electrical signal.
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Finally, section 5 demonstrates that plasmonic effects play an essential role for the enhanced
thermochromism in VO, nanoparticle composites.

2. Localized plasma resonance

In this section we give an introduction to the theory of plamonic absorption, but first we recall briefly
some basic facts about the optical properties of metals. The optical properties of metallic materials can
be approximately described by a dielectric function of the Drude form, namely [18]

gf(a))zl—a)§ lo(w+il7)), (1)

where @, is the plasma frequency of the free electrons and z is the relaxation time that describes
electron scattering by phonons, defects, impurities and, in the case of nanoparticles, most importantly
scattering against the particle surface. This expression only accounts for the optical properties due to
the conduction electrons and, in the case of real metals, terms describing interband absorption have to
be added [18]. For metal oxide based plasmonic materials, the picture becomes more complicated and
the relaxation time becomes in general frequency dependent [19]. The reason is that these materials
are heavily doped oxide semiconductors and scattering of conduction electrons from charged
impurities, i.e., the dopant ions, is very important. In this case eg. (1) has to be replaced by a Lindhard
dielectric function [20] with further refinements, as described in detail by Hamberg and Grangvist
[21].

The measurable optical properties are reflectance (R) and transmittance (T), from which absorption,
A =1-T-R, can be obtained. The transmittance and reflectance can be computed from the dielectric
function by thin film optics [22]. The absorption is related to the imaginary part of the dielectric
function. A maximum in that quantity implies an absorption peak, which is visible as a dip in the
transmittance of a thin film.

2.1. Effective medium theory

The optical properties of nanoparticles in an embedding matrix are described by the effective dielectric
function, £, of the composite. The relation between this function and the dielectric functions of the
constituents is provided by effective medium theories. Here we use to the Maxwell Garnett theory
[10], which is appropriate for a topology with spherical nanoparticles dispersed in a continuous matrix.
Specifically,

e (w)=¢, (gp +2¢, +2f (gp -&, ))/(5p +2¢, — f (8p -&, )) )
where ¢, is the dielectric function for the matrix material and f is the volume fraction occupied by the
particles. The dielectric function of the particles, &, is obtained from & by modifying the relaxation
time to account for scattering of electrons from the surfaces of the particles. It must be understood that
the dielectric functions in general are frequency dependent, although it is not written explicitly in the

case of g and &,. We now insert eq. (1) into eq. (2) and obtain the Lorentz oscillator form of the
effective dielectric permittivity [23],

™ (w)= (a)f —(a)(a)+i/r))/(a)T2 —(a)(a)+i/r)), (3)
where the effective longitudinal and transverse resonance frequencies are given by [23]
ol =0l (1+2F)/0+2f +2¢,(1- 1)) 4)

and
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a)TZ:a)i(l—f)/(l—f+8m(2+f)). (5)

The maximum of the optical absorption occurs at the transverse resonance frequency, and in the limit
of low volume fraction and &, = 1, we obtain the well-known result a>p/\/3. Hence Drude metallic
particles dispersed in a matrix gives rise to localized plasma absorption at the transverse resonance
frequency given by eq. (5) above. For noble metal particles, this frequency falls in the visible
wavelength range, while for highly doped semiconductors and VO,, which exhibit a much lower
plasma frequency, the resonance frequency falls in the NIR.

2.2. Ellipsoidal particles

In the case of ellipsoidal particles the expressions above have to be generalized and it is convenient to
rewrite the MG effective dielectric function in the form [24]

eff _ g _1
e (w) = gm(l—i- 3 faj/(l 2 faj . (6)

For oriented ellipsoids with the incident electric field along the j-axis one obtains

£, —&n
o= , @)
En + Lj(gp —&,)

where L; is the appropriate depolarization factor. Spheres are characterized by L = }4, and in this case
eg. (2) is obtained again. A random distribution of ellipsoidal particles can be described by [24]

13 & —¢&

I p m
a=,2 , 8)

i1 €p t I_i (gp _gm)

where the L;is are a triplet of depolarization factors. A spheroid exhibits two localized plasma
resonances, while a general ellipsoid exhibits three, one for each value of the depolarization factor L;.

2.3. Spectral density function

We have seen that non-spherical shapes introduce more than one localized plasma resonance. More
complex shapes than the ellipsoidal, together with dipolar and multipolar interactions between the
electromagnetic fields scattered by particles close to one another, leads to a spectrum of resonances.
By introducing a spectral density function (SDF), g(x), we can write the effective dielectric function in
a completely general way, which is valid for all conceivable distributions of particle shapes, local
densities as well as for separated and touching particles [25,26]:

eff _ i g(X)
P _gm(1+£«8p/8m)_l)_l+de). 9)

The Maxwell-Garnett theory for spheres, eq. (2), corresponds to g(x) being a &-function positioned at
(1 - f)/3. It is a very complex problem to determine the SDF by inverting experimental optical
measurements. However, recent advances have made it manageable and hence it is possible to analyze
the spectrum of localized plasma resonances for samples with a very complex nanostructure [27,28].
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3. Ultrathin gold films as transparent contacts

Transparent conducting coatings are needed in a variety of applications including displays, solar cells,
low-emittance window coatings and electrochromic devices [29]. Highly doped semiconductors, for
example doped indium, tin or zinc oxides, are currently used in most of these applications [29]. Thin
silver films are used in dielectric/metal/dielectric (D/M/D) stacks as low-emittance coatings. However,
Ag films exhibit durability problems when used in displays and electrochromics, and here gold is a
more rugged alternative.

Thin films of Au and TiO, were prepared by DC magnetron sputtering onto unheated glass
substrates from metallic targets. The Au deposits had mass thicknesses (equivalent thicknesses in the
absence of porosity) in the 1.4-9.8 nm range, as inferred from deposition rate. Spectral normal
transmittance, T(1), was measured in the wavelength range 0.3-2.5 um using a Perkin-Elmer Lambda
900 double-beam spectrophotometer. Figure 1 shows data for Au films with nine different thicknesses
[30]. There is a consistent pattern at NIR wavelengths, namely T(1) decreases monotonically with
increasing film thickness. The localized plasma absorption is visible as a dip in the transmittance for
the two thinnest films at A ~ 0.6-0.7 um. The flat NIR transmittance for films of thicknesses being 4-5
nm indicates a transition from a dielectric nanoparticle film to a metallic network film and coincides
with a transition to a high electrical conductivity. Au films are almost completely continuous at a
thickness of 10 nm.

The effective dielectric function of the Au films was obtained from ellipsometry, as described
elsewhere [31], and subsequently the SDF was obtained by advanced computational methods devised
by Tuncer [27,28,31]. Figure 2 shows the SDF for three gold films. A nanoparticle film with mass
thickness 1.4 nm shows a well-defined resonance that is somewhat broadened by interaction effects
towards lower x. On the other hand network films exhibit a SDF extending all the way from the MG
resonance to x = 0 [31]. Hence part of the absorption strength is for these films displaced towards long
wavelengths, as evident also from figure 1. The third sample in figure 2 is an almost continuous film;
g(x) displays very low values, probably as a result of nano-holes in the film.

100
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10g4109(x)

05 1.0 15 20 25 -25 -2 -15 -1 -05 0
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Figure 1. Spectral transmittance of gold  Figure 2. Spectral density function for
films with the shown thicknesses d, made by yjtrathin gold films with mass thicknesses ()
sputtering onto glass. From [30]. 1.4 nm, (b) 3.8 nm and (c) 9.2 nm. From [31].

The requirements for a transparent conductor are high transmittance and good electrical
conductivity. In applications demanding high solar transmittance, metallic network films are
advantageous but a trade-off has to be made with requirements of conductivity and durability. The
visible transmittance in figure 1 is somewhat low for window applications, especially in the case of an
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electrochromic *“smart” window which must include two transparent conductors. However, the
transmittance can be increased by incorporating the Au film in a D/M/D stack. Figure 3 shows that the
transmittance of a thin Au film can be considerably enhanced by having it between two TiO, coatings.
It is seen that the transmittance reaches 80% in the mid-visible range.
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Figure 3. Spectral transmittance for an 8.0-nm-thick
Au film and a TiO,/Au/TiO, stack with 8 nm Au and
55-nm-thick TiO; films. From [30].

In order to evaluate D/M/D stacks for electrochromic applications, electrochemical cycling tests
were performed with the optimized TiO,/Au/TiO, film, backed by glass, immersed in an electrolyte of
0.5M LiCIOy in propylene carbonate and sweeping the voltage between 3 and 5 V with regard to a Li
reference electrode at a rate of 1 mV/s [30]. The Au-based film was found to remain unaffected for at
least 20 cycles. For comparison, we performed an identical test with a commercial Ag-based D/M/D
type transparent conductor, which revealed a prominent oxidation peak already during the first
electrochemical cycle; this oxidation degrades this film severely and turns it into a non-conductor.
Hence gold-based films are sufficiently stable so that they can be used as transparent conductors in
demanding environments. The dielectric layers in the D/M/D stack must have a not too high
resistance, although the requirements are not as strict as for an all-oxide-based transparent conductor.
In real applications, doped oxide layers with moderately high conductivity would have to be used.

4. Plasmonic electrochromism
A new approach to electrochromism was developed by Milliron et al. [32] who demonstrated that

transmittance modulation in the NIR can be achieved electrochemically in layers with nanoparticles
consisting of a transparent and electrically conducting material such as In,05:Sn (ITO). This opens up
possibilities to use plasmonic effects, rather than polaron effects as in many electrochromic transition
metal oxides [33,34], in order to produce a significant modulation of the solar energy transmittance.
Furthermore, inclusion of ITO nanocrystals into a film of niobium oxide glass allowed independent
modulation of the visible and near-infrared transmittance by changing the applied electrochemical
potential [35].

The effect responsible for plasmonic electrochromism in transparent conducting oxide particles is
that the localized plasmon frequency of, for example, ITO nanoparticles can be persistently and
reversibly tuned electrochemically. The application of different potentials to a nanoparticle film
modulates the charge carrier density, and hence the plasma frequency, most probably by the creation
of dynamic accumulation and depletion layers at the nanoparticle surfaces [32]. Thus the localized
plasma resonance absorption can be swept through the NIR so that a variable part of the solar radiation
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is absorbed, while the luminous absorption remains high. ITO films can display electron densities as
high as ~2.5 x 10** cm™ [29], and similar values have been reported for ZnO-based films [36]. The
corresponding localized plasma absorption lies in the NIR or in the red end of the visible spectrum.

We now present a method to calculate approximate performance limits for the luminous and solar
transmittance (T\u, and T, respectively) [37]. Our starting point is the dielectric function due to the
free electrons in the transparent conductor. Charged impurity scattering is inevitable in a highly doped
oxide and is taken into account by the theoretical framework summarized in section 2 [19-21]. The
optical properties of ITO nanoparticles in a dielectric medium can be calculated by effective medium
theory, eq. (2), in combination with thin film optics, and the upper panel of figure 4 shows spectral
absorptance for a 5-um-thick layer of ITO nanoparticles in a medium with ¢,=2.25; this value is
characteristic for typical polymers and glasses. It is obvious that the localized plasmon peak moves
from long wavelengths to ~1.3 zm when the charge carrier concentration, n., is increased to 2 x 10%
cm™. The lower panel of figure 4 shows absorptance for n, = 1 x 10?* cm™ and layer thicknesses in the
1 <d <100 pum range and demonstrates that high absorptance extends over a large part of the NIR for
the largest values of d while the visible absorptance is still low. An electrochromic device of this type
would then switch from NIR-transparent state to a NIR absorbing one as the applied potential is
varied.

1
0.8
g
g 0.6
2 04
<
0.2
0
0.8 .
" Figure 4. Spectral absorptance for a 5-
E 0.6 um-thick layer with electron densities
g of 0.1 x 10* <n, <2 x 10%cm™ (a) as
2 04 well as for layers with thicknesses of
< 10 <d <100 um and ne = 1 x 10* cm™
0.2 ® (b). The layer contains 1 vol.% of
dispersed spherical ITO nanocrystals.

From [37].
0.5 1 15 2 25

Wavelength (um)

Quantitative model calculations using a large number of values of d and n. were carried out and the
resulting data are shown as Ty,(d,ne) vs. Teo(d,ne) in figure 5. It is observed that for each Ty, there is a
well-defined minimum solar transmittance, denoted T min. This can be fitted to a purely empirical
expression [37], given by the curve in figure 4, by

N 2 3
Tsol,min ~ra+ ﬂTIum + 7Tlum +0T,

lum (10)
where o = =1.03, # = 5.94, y = -9.26 and ¢ = 5.27. This relation gives an approximate performance
limit for a smart window embodying plasmonic NIR electrochromism, based on transparent
conducting nanocrystals. It should be noted that eq. (10) represents the optimum solar transmittance in
the colored state of an electrochromic device switching from a high Ty, to the value in figure 5. The
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equation also represents data pertaining to varying electron densities; for example T, being 0.6, 0.7
and 0.8 corresponds to nes of 1.52, 1.28 and 0.98 x 10** cm™, respectively, in the case d = 100 um.
The performance limits are quite impressive; for example a luminous transmittance of 0.6 and 0.8 can
be combined with a solar transmittance of 0.35 and 0.5, respectively.

T T T

1 ' ' data’
0.9 | performance limit ——

0.8

0.7
0.6

TSOI

0.4

0.3

0.2

03 04 05 06 07 08 09 1
Tlum

Figure 5. Luminous and solar transmittance (Tym and Teq,
respectively) as obtained from model calculations of ITO
nanocrystals in a matrix. The curve indicates an approximate
performance limit for plasmonic electrochromism. From [35].

5. Thermochromic nanoparticles

Thermochromic (TC) coatings for smart windows as well as the use of TC VO, nanoparticles to
significantly improve luminous and solar performance of TC films was reviewed in considerable
detail by us at the previous INERA Conference in 2014 [38], and this material will not be repeated
here. Instead we will describe the basis for, and illustrate the importance of, plasmonic effects for the
optical properties of VO, nanoparticles. The TC switching in VO, occurs between a low temperature
phase with semiconducting properties and a high-temperature metallic phase. In the metallic phase, the
partly filled conduction band has d-character and a description of the dielectric function in terms of the
Drude theory (eqg. (1)) or extensions thereof appears not to be possible. Nevertheless the dielectric
function of VO, is sufficiently metallic-like so that a well-defined localized plasma absorption peak
appears in the NIR for nanoparticles and nanoparticle composites. Figure 5 shows model calculations
[39] of transmittance in the semiconducting and metallic phases for randomly distributed spheroidal
VO, nanoparticles with various aspect ratios, m. The experimental dielectric function of VO, in the
low and high temperature phases [40,41] was used as input data. The volume fraction of particles was
taken to be 1% and the thickness was put to 5 um. The localized plasma resonance is clearly seen as a
dip in the transmittance in figure 5b at a wavelength of about 1200 nm for spherical particles, which
shifts to longer wavelengths for oblate spheroids. In comparison, no such transmittance dip is seen for
the semiconducting low temperature phase in figure 5a. This contrast leads to a large temperature-
dependent modulation of NIR transmittance and a significant TC modulation of solar transmittance
[39,41]. For example, large values of Ty, between 0.6 and 0.8, can be combined with a significant
thermochromic modulation of Ty, up to 0.25 [41].

(@) (b)
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thickness 5 pgm and a volume fraction of 0.01, dispersed in a dielectric medium. The spheroids are

randomly oriented. Parts (a) and (b) refer to VO, in semiconducting and metallic states, respectively.
From [39].

6. Conclusion

In this paper we have showed that plasmonic effects are important in a number of applications related
to coatings for energy-efficient windows. An elementary treatment of the localized plasma resonance
was given and it was shown that nanoparticles of a Drude metal exhibit a Lorentzian absorption peak
centered at the resonance frequency. This basic concept was applied to three examples of energy-
efficient window coatings. First we showed that very thin gold films with a network structure exhibit a
higher solar transmittance than continuous films. When sandwiched between doped oxide layers, thin
Au films can be used as transparent contacts for electrochromic devices. Secondly, the field of
plasmonic electrochromism takes advantage of the NIR absorption in highly doped conducting oxide
nanoparticles. The electron density in the particles comprising a particulate film can be modulated by
an external applied potential thereby shifting the localized plasma absorption and giving a pronounced
NIR electrochromic effect. By model computations we derived the performance limits of this concept.
Thirdly, we showed that VO, nanoparticles in the high-temperature metallic phase exhibit a
pronounced localized plasma absorption and that this effect leads to nanocomposite thermochromic
coatings exhibiting an improved performance.
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