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Matcrials with tailor-made radiative properties are uscful for hanessing the

enegy, for creating a now encrgy-efficient archiecture, etc. The materials

mization must be done with consideration of the radistion that prevails natu-

in our surroundings. This paper discusses this "natural” radiarion, and uses

ristic properties 1o devise coatings for various types encrgy-cfficient

ons. Emphasis is put on lirgearea chromogenics, which enables “smurt

" 1o be realized. A particularly interesting alternarive uses: electrochro-

t of radiant energy 50 that a desirable
temperature and @ desirable level of illumination can be maintained,

Section 11 introduces spectra for thermal and solar radiation, for atmospheric

e, and for visible and photosynihesis-sctive light, This information leads

ly to a serics of majerisls — ofien used a5 coatings — for some encrgy ofi-

spplications. We then focus on elecsrochromics, and Section 111 reporss an

The I:-d: principles of materials for energy efficiency and solar enctyy con-
srasped only f one has s clar idea of the radiarion that prevals
troduced i Fig. 1, where

increment. The spectea are confined m the 2 < 2 < 100 um wavelength Tange. At
| 100m temperature the peak lies at about 10 yn. Therwaal radiacion from 4 real
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muterial s obained by muliplying the blackbody spectrum by & wavelengh.
dependent factor — the emittunce — which is less than uni

Figure 1 (b} reproduces a solar spectrum for sadiation ousside the eaiths
atmosphece. The curve is defined by the Sun’s surfice temperaure (= 6000°C),
The solar spectrum is limited 1o the 025 <A< 3 um intervil, %o that theee is
almose no overlap with the spectra for thermal radiation. Henee one can have
materials whose properties are entirely different with regard o thermal and solar
radiation. The integrated area under the eurve gives the solar constant (1353 = 21
W), this is the largest possible power density on a surface orienied perpen-
dicular to the sun in the absence of amaspheric extinction.
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bocly radiation pertsning. to fous temperatuses, {b] solar madia

otiide the carhs mmosphere, (o) typical abserpance acrvss the fill samospheric cave.

lope, (d relaive senstiviy of the buman ey and relaive photcn dficiency of grom. alpse
{Fiorm Ref. 2)
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solid curve shows the relative speciral sensitivity of the human eyc in ity
lapted (photopic) stare. The bell-shaped curve extends across the 04 <
jum interval and has its peakc ar 0.555 ym. Clearly a large parc of the solar
7 comes as infrared radiation, Photosynthesis in plants operates with wave-
in approximately the same ronge as those for the buman cye. which is
for greenhouses

. Survey of Coatings for Energy Emcient Glazings
- Coatings can he used on glazings for obtaining several different goals, Table
summarizes these goals, gives the principle solutions, and lists the different

s of materials used in the costings 131, In & warm climate, the plazings nor-

s
‘tance. However such 4 filim is two absorbing for many applications, and instead
the metal film could be put between two dielectric (D) layers which, in effect,
antirelect the metal. A D/MerD coating with Me = Ag can have ~ $0% visible
. imnsmittance.

Another way to diminish the solar inflow ¥ to exploir angular-selective
‘window coarings [4, 51 The underlying idea is that windows are devices for
 creating visual contser with the ouside world along an approximately horizon-
' tal line.of-sight, whereas solar radistion normally enters from lpnmmud:
higher up en the vault of heaven. It follows that one can obtiin encrgy effi-
diency by having coarings with high iransmittance borizontally and a much lower
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Table T — General properties of coatings for energy-efficient glazings.

Principal soluion Comting matcrial*
Rellectance at 07 <4< 3 Me o1 DMeD
Argular dependant trans- /MDD
mittance Obliie. calumase metal
Beflecunce a3 <50 5m

DMeD,
$00,F 100,50,
Za0AL.

Absorptance o reflectance. LiWO,, NiOH,....
i dectrochromic material e
with wrinspareat bon condicto
Reflecuance at 07 <A< 3y VO, based
in thermachsomic material

Awirellectance at 5. 0.5 pm AOFc

* Me is Ag, Cu. Au for Al D s BiO,. In,0,, 500, THO,. ZoO or ZnS.

transmitance at other angles. A propedy tailored D/Me/D/Me/D coating can be
useful for ordinary vertical windows, Angular selectivity can be created also for
sloping glazings; in this case the coatings can be comprised of inclined columns
produced by oblique angle vecuum deposition. For the latter case, one has 2
higher transmittance along the columns than across thew, s ane expects fron:
effective medium theory.

T & cold dimate, one normally wants to have glarings that combine a high
solar transmittance at 03 <2-<3 m with a bigh reflectance (ic., @ low emit
tance) for thermal rudiation at 3 <3 < 30 . DAMe/DD coatings can be optimi-
2ed for these wavelength intervals, bur it may be more cost-cffective to invoke
flims of cortain heavily doped widebundgap oxide semiconductors such s
100,50, $n0,F. $50,:Sh and ZaO:AL When the doping level is high cnough.
the semiconductors become strongly m-doped and can be reflecting ar wave-
lenghts longer than a plasma wavelength that can lie between 1| and 3 pm
depending on the doping level and the degree of cystallinity [6, 7]

A dynamic control of the optical properties is possible in smart. windows
with chromogenic coatings. The presently. most visble alternatives are electroch-
romic films in multilayer devices, a5 discussed in the following section, and ther-
mochromic filims. Among the themmochromic fims, the most important ones are

based on VO, This matcrial undergoes a monoclnic -+ retragonal transforma
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 from & semiconducting and rather ransparent state 10 a metallic ind. less
suate when a temperarurc of ~ 68°C is exceeded. This phase change
can be diminished (o room temperarure by alloying with rungsten
| and the transmittance can be hoosted by fuosine incorporation [9].

ELBCTROCHEOMIES AND SharT WiNDows

Blecerochromic devices ace able to change their optical properties in a

ble and persistent manner under the action of a voltage pulse. The opti-

‘modulation is related to the amount of mobile fons in an clectrochcomic

which here is takén to be u metal oxide. The devices comprise several

ormally plate) or layers positioned in

2 two substrates in 3 lamimate configuration [10, 1], The substrate has

« conducting film and a film of the dectrochromic ovide [111. Then

 Fist fon condustor or clectrolyte, a layer serving as fon swrge — which

be another electrochromic material — and a second (transparcn) conduc-

When a voliage is spplied between the [transparent) conductors, fons arc

nto or extracted from the clectrochromic film, whose optics] properties

by ar changed. The design is oudined in Fig. 2. The inscrtion/extraction
<an be reprosented, high schemarically, by

McO, + xI° + xe” > LMcO,, m

1 is a singly chasged small ion such as H' oc Li
ds on the pamticular type of oxide. For exumple, y ie 3 for defect perov-
and 2 for rutiles:
Electrochromic devices have several important applications that presently
i the scientific and technical development. Foremmost among these are smact
windows capable of regulating the inflow of radiant energy through glarings =0
that an optimum indoor dlimate is maiotsined at a minimum demand on paid

‘g:‘ﬂeamdnwm'm;‘q W Oxide: A Case Stady (Ref. 10)
Electrochromism was discovered in Wm‘deﬁh&mdlﬁkmw




Fig 2 - Baskc design of an clesrochromic device, indicsing rmspon of postive ions under
the action of an electric feld.

50%. Raman scattering and X-ray extinction, in particular, have been used to
formulate microstructural modch [12) showing that the films ae built from cho-
sters of comer-sharing oct

Ww;d:fdmhmhcnmnduddmwdymlmddmmlﬂubymcul
e curieeational mdlnlqu:n of d«1m¢h¢mm Coulometric titration, chro

deflectome.
i i techniques 101 have been applied. The diffusion con
sunts for intercalasion/deintescalation of H' and Li* lie in the ranges 107 1o
25x107 and 15x 10 to 5 x 107 em2/s, respectively,

Xeray photoelectron spectroscapy in the energy range pertinent to W elec-
trons shows peaks that allow the amount of W atoms in different valence states
 be caleulated. For HWO), with x = 0.09 it was possible to represent the spec-
um with 1wo sets”of peaks assigned to W' and W, and ot x =042 there
was clear evidence also for W** [13]. Electron paramagnetic resonance is capa-
ble of providing additional information on the vakence state of the W jon since
W (5t m..fymlm) sives  signl me to its unpaired spin whereas W (5

howed

that a sigal
asigned 1o W developed upan H' mlm..:m
Tigute 3 shows the modulation of the spectral trunsmittance upon intetca-
lation 1o the shown charge densities in a H'-conducting electrolyte [15]. The W-
onxidebased film eun ehange reversibly and gradiualy from  victually transpacent
state 1o a state characterized by a low transmittance of blue light
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W inlarcaiated amW oxide —]

1
Wavalongth (um]

for an “smorphous” fam.) W oxide il with 1T ingercalation
(From Ref. 15).

 The small polaron concept offers  possibilty 1o formulate » quantitarive
optieal_ absorption. Small polarons are creared when clectrons

u..,{m)nZU-‘w[m:U_';:iE], @

re 1, is the polaron binding energy and kg, is @ typical phonon encriy.
= 0275 ¢V and bin,, = 0,096 ¢V were able to bring theory and experiment

M#EWWMMMM 10, 11, 17)

Practical electrochromic deviees have an electrolyte at their center as seen
Liquid

relevance, and devices with a TayOH,O film in between layers of i
mw:wmmmd:«m:an&mmdynﬂd
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Fig. 4 - Speciral transmittance in coloured and blesched states for an clectrochromic device
with a Lit-conducting elecirolyte. The design 8 sketched in the insct. (From Ref, 20)

Dle for small devices, ane may question its usefulness in large smart windows o
be used for energy-efficient glarings. It appears that polymer clectrolyres are
more promising for smart windows,

Extensive work has been carried out with proton conducting polymers sich
us polysulfonic acids. These polymers tend to corrode W oxide films, though,
and therefore the interest has shifted more towards Li' condueting pelymers.
Tnitial work was reporeed for devices with pobyethylene oxide (PEO) incarpora-
ting LiCO, (181, These *windows" exhibit temperature dependent electrochrs
mism, but operation at room temperature requires more conducting electrolytes
One interesting possibility is PEO-LIN(SO,CF,),, which was uscd in some recent
studies [19]. Devices with *amorphous™ W oxide and fon siorage layers of V,0,
showed wransmittance modulation berween - 41 and - 13% at &= 0.633 um
Device operation at room temperanure is possible also with mulsilayer structures
based on W oxide, V.0, and an intervening adhesive electralyte of poly propy-
lene glycol (PPG) and poly methyl methacrylate (PMMA) [20]. Figure 4 illu-
strutes the latter design and shows spectral transmitance in coloured and blea-
ched states. At & = 0.633 um, for example, the transmittance can be modulated
between 45 much us ~ 72 and ~ 20%. Results are available also with lithiated Ni
oxide used as ion storage layer.

TV Conciunmg Remanes
A large number of novel materials can be used for solar energy applications

and for creating coergy efficiency in many different contexts, Some of these
materials are. pow reaching maturation, such as scloctively solar-absorbing flms
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