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ABSTRACT circuiting, brings back the original properties. The coloration

. . .can be stopped at any intermediate level, and the device
We review a number of recently discussed electrochromic_, . oo

. ) . : . exhibits open-circuit memory.
devices for modulating optical transmittance and emittance.

Data are given on all-solid-state devices as well as on polym . S
9 POYMEectrochromism can lead to numerous applications. A few of

laminated devices, with and without self-powering by inte- . W . . .
o . these — such as architectural “smart windows”, rear-view
grated solar cells. We then turn to a specific, flexible polyes-

S : : ; irrors for cars, and some display devices — are presently
ter-based device incorporating electrochromic W oxide an . .
. ; . ... _(early 2003) available on the market. More products are likely
Ni oxide and discuss, among other things, some critic ; . .
. . 0 appear in the future, especially when practical manufactur-
manufacturing aspects. They include gas treatments for )
. L e : ing techniques and more durable products become better
precharging of the individual electrochromic films in order to . S :
. established. Among the many possibilities, one can mention
make them ready for easy device assembly, and enhancg-

ments of the bleached-state transmittance through addition 8§mart Iabels_, vanabl_e-transmlttance sunroofs for automo-
C Iles, and variable-emittance surfaces for temperature control
Al or Mg to the Ni oxide.

of spacecratft.

INTRODUCTION SURVEY OF SOME RECENT ELECTROCHROMIC

Electrochromic materials are able to change their opticdDEVICES

Below we present data for a selection of electrochromic

0§- - . .
sible to regulate the transmittantereflectancer, absorp- devices concerning the modulation rangeTioR, andE.

tanceA, and emittanc& between widely separated extremesWOrk on a number of devices backed by a single glass or

[1-3]. A standard electrochromic design embodies five Sul:)er'olyester substrate has been supported by industries in differ-

imposed Ia;_/ers on one substrgte or_posmoned between ent parts of the world [4-7]. Optical modulation has been
substrates in a laminate configuration. Normally the sub- . :
- . effected by Htransport as well as tiransport. High values

strates are made of glass or flexible polyester foil. The central ; . .
Of luminous and solar transmittance, and a large modulation

part of the five-layer construction is a pure ion conductor S : .

. : . range, are noteworthy for devices incorporating NiO ang IrO
(electrolyte) that can be inorganic (often based on an oxi . . : .
: . . . ese materials exhibit anodic electrochromism (color under
film) or organic (an adhesive polymer). The ions should bG<}:har e extraction) and are complementary to,\W@ich has
small in order to be mobile; protons*{tr lithium ions (LF) g P Y10,

o cathodic electrochromism (colors under charge insertion).
are preferred. Thision conductor bounds on an electrochromic

film (WO, being a t_yplcal example) ca_pable of .CondUCtlngLaminated devices represent another option [8-10]. Among
electrons as well asions. On the other side of the ion conductgr ) ;
.Those operating with Hransport, the electrolytes have been

is afilm_serving as anion storage, ideallyw_ith electrochroml_%ased on polyethylene oxide (PEO), a copolymer of sodium
propertl_es complementary to those of t.heﬂrs.t?IeCtrOChrom'\?inylsulfonic acid and 1-viny|-2-pyrr'olidinone and poly-2-
film. This central three-layer structure is positioned betwee.?icrylamido-2-methyl-propane sulfonic acid. The counter elec-

elecraly conducting tansparent s e beStmate i o wero 1 K Fe(CN) (known as “Prussian e,
P prop £n polyaniline, or a mixture of the latter two. The modulation

ﬁsltrlldgjr:g 22 d?XIg\Zli:;-t?l)e, (\)Ar/]hllzlier ﬂelrgfe(;fsi%grztrgsle\/s\/she range forvisible light can be large. Laminated devices with Li
y y 9 i r{ransport and inorganic counter electrodes have been subject

voltage of the orgler of one volt IS applied between th 0 many detailed investigations [11-17]. The electrolytes were
transparent electrical conductors, ions can be shuttled be-

tween the ion storage film and the electrochromic film. The ased on poly methyl methacrylate copolymerized with pro-

electrons injected from the transparent conductors then alt ayrignel i?&bfor;(ater(?r ?S:quer&%{:egﬁagleyggl’oﬁ)ogsr}i/z"eﬂ?,&i;:-
the optical properties. A reversal of the voltage, or short- - giycidyloxypropy y poly
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tetraethylene glycol, ormolyte (inorganic-organic hybrid electron sputtering. Carbon substrates were used for composi-
trolyte), polyethylene glycol methacrylate copolymerized withtional determinations using Rutherford Backscattering Spec-
PEO, or polyvinylidene fluoride; the polymers were made iortrometry (RBS). Sputtering took place in Ar/Qr Ar/O,/H,
conducting by the addition of an appropriate Li salt. Thewith optimized mixing ratios. The target-substrate distance
counter electrodes were based g@YV TiO, with or without  lay between 13 cm for the small deposition unit and 20 to 25
additions of ZrQor CeQ, SnQ, doped with Mo and Sb, CoO cm for the large unit, and the total gas pressure was in the 30
deposited with Li, and NiO deposited with or without Li. A to 40 mTorr range. Typical deposition rates and film thick-
large range of optical modulation, together with durability anchesses were 0.4 nm/s and 200 to 300 nm, respectively. Specif-
reasonable color/bleach response times, were observedias on the depositions can be found elsewhere [22,24-26].
several cases.

With regard to manufacturing, it is preferable to be able to
Modulation of the optical properties requires the applicatiordeposit the films under conditions that make them ready for
of a DC voltage of a magnitude that is conveniently obtainedevice lamination, or to have convenient processes for mak-
from solar cells. These cells can be external to théng the as-deposited films prepared for this. In the case of W
electrochromic device. Alternatively, if semitransparent celloxide, one can carry out the deposition in AflQ according
are used, they can be integrated in a multilayer design corte principles described in the literature [27]. The hydrogen
prising a superimposed solar cell and electrochromic tandeproduces a blue color for the as-deposited films, and the key
configuration. A number of such designs have been discussétsue with regard to optimizing the gas mixture is to incorpo-
[18]. The solar cells investigated thus far have been of twoate hydrogen into the film without creating oxygen defi-
types: dye sensitized nanocrystalline ones and doped amaiency. In practice, the optimization of the \\{ims can be
phous SiC:H. All of the solar-cell-powered tandem devicesnade by measuring their color in the as-deposited state. Color
exhibit a small range of optical modulation, and most of thenproperties are conveniently specified by use of chromaticity
have a low transmittance in the bleached state, which givescaordinates — corresponding to red, blue and green primaries,
limitation for several uses. respectively — using the CIE Colorimetric System [28]. Color

neutrality is represented by =y = z = 0.333. Figure 1
Electrochromic devices for modulating the thermal emittancdlustrates the spectral transmittance for a film made in an
have been studied recently [19-21]. Most of the devicesptimized mixture of Ar/QH,.
exploit the fact that crystalline tungsten oxide is able to
modify its infrared reflectance upon charge insertion/extrac- 100
tion. This surface must be exposed to the ambience either
directly or via an infrared-transparent substrate such ag CaF 80+ .
Si, or ZnSe. Charge is introduced via a grid electrode, norsg

mally of Al or Au, with a large open fraction. The counter <
“ n H q’ 60_ B
electrode can be normal “amorphous” W®IO, or a poly- 0
mer electrolyte. b
e 404
AN ELECTROCHROMIC FOIL: SPECIFIC DESIGN s
FEATURES AND PROPERTIES E 204

This section discusses in some detail the preparation of a
flexible electrochromic device. Particular attention is given to
practical manufacturing technology and to optimization of the 300 400 500 600 700 800
bleached-state transmittance. More details on this novel
electrochromic device can be found elsewhere [3,22].

Wavelength (nm)

Figure 1: Spectral transmittance of a 300-nm-thick W oxide

Deposition of thin films film produced by sputtering in Ar/¢H, under conditions
Electrochromic films of WQand NiO were made by DC making it ready for device lamination.

magnetron sputtering onto 0.175-mm-thick polyester foil,
precoated with an ITO layer having a resistance/square of 40

to 602, using a large box-type coater with 50x12.5targets  Transmittance enhancement of Ni oxide films

[23]. For research purposes we also employed a smaller coafgmumber of recent electrochromic device designs include
with 5-cm-targets [24] and prepared films on glass plates witNiO films operating in conjunction with WQas mentioned
ITO layers having a resistance/square o€15The targets pefore. This combination of materials is favorable with regard
were plates of W, Ni, M\iV , and NiA| .  with purities  to electrochemical potentials and the option for achieving
between 99.95 and 99.99%. The additions to the Ni targghemical compatibility to the electrolyte [29]. A long-stand-
rendered it non-magnetic and hence convenient for magngrg problem with NiO, however, has been the residual optical
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absorption in the 400x< 500 nm wavelength interval, which and (0.337,0.336,0.327), respectively. It is thus clear that the
has precluded a fully transparent state and therefore has begddition of Al or Mg alters the visual appearance toward a

detrimental to architectural applications. As shown next, thenore color-neutral state primarily by increasing the contribu-

absorption in Ni oxide and Ni-V oxide can be significantlytion from the blue part of the spectrum.

lowered by an addition of Al or Mg. 100

The study on the electrochemical and optical properties used
cyclic voltammetry in a KOH electrolyte. Typical data were 80
obtained with a lower (bleaching) potential of —0.5 V and an
upper (coloring) potential, denoted , of 0.6 V. Specifically,
normal T and near-normaR were measured, and spectral
absorptance was evaluated fréi) = 1 —T(\) —R(\). Figure

2 compares bleached-state dataA@x) in the 300 <\ < 800
nmwavelength range for films of Ni&leoq(part a),NiMg O, ,
(part b), and Niy Mg, .O,, (part c). Absorptance is also 204
shown for analogous films lacking Al or Mg, i.e., l\éi@]d - _-.NiV.. O
NiVOAOSOq’ whereq signifies that the oxygen content has not 14 —Ni 0;)026 1'25:6
been determined. With the films in their states of maximum 1 — —
transmittance, the absorptance is found to be significantly 300 400 500 600 700 800
smaller for the films containing Al or Mg across the full Wavelength (nm)

spectral range. The difference is particularly large<a600 . )
nm. The strong absorptance at< 350 nm is due to the Figure 3: Spectral cploreq-st_ate and blez_iched-state transmit-
semiconductor band-gap, which appears to be widened ad@ice for 200-nm-thick Ni-oxide-based films made by sput-
consequence of the addition of Al or Mg. Similar beneficialt®"n9 from NiA}, ;. and NiVj, ;targets. Coloration and bleach-
effects were found for Mg addition to electrochromic IrO 'N9 Were accomplished in 1 M KOH at 0.6 and -0.5 V vs. Ag/

(9]
(=]
1

40-

Transmittance (%)

[29]. AgCl, respectively. The coloration charges were 15 and 12

mC/cnt for the two films; this difference accounts for part of
Y __--NiO ----NWV__0, the difference in the optical performance.
1001 ___ NiAIqo.ssoz.zs 1 — NingMOz 4 —NIV, Mg, 0, ]

= 81l The charge capacity — and hence the electrochromism — is

13' 60, '- influenced by the potentiodynamic range, particularly the

s \ magnitude ofU_,. This effect was studied with regard to

S a0 NivV, Mg, O, ,and NiVO.OBOq, i.e., the films reported on in

5 ‘ Figure 2, for 0.45 ¥_ < 0.65 V vs. Ag/AgCI. It was found

that similar charge capacities could be obtained provided that
U_, was set at a potential that was 0.05 to 0.1 V higher when

Mg is present. This shift is insignificant for electrochromic
device applications.

N
i

400 600 800 400 600 800 400 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2: Spectral absorptance for 200-nm-thick Ni-oxidePrgaﬁsemblyghargi bglarllc!ng ar;d dev_lce Iim(;n?)tlon ft
based films of the shown compositions. The films Wereintheiyv 5 ['MS can be mace dar (ie., charge Inserte ) by sputter-
states of maximum transmittanag.denotes an unknown ing in the presence of hydragen [27], as mentioned above. If
amount of oxygen these films are to operate in conjunction with NiO films, the
' latter, ideally, should be made so that they are prepared for
charge insertion prior to device assembly. Such discharged
Corresponding data dif\) are shown in Figure 3 for the films films are dark. However, the NiO films normally are transpar-

of NiAl__O and NiV Oq. The transmittance-enhancing entin their as-deposited state and hence require pre-treatment

056~q 0.08 : 3 ; inAati i i i _
effect of the Al is apparent once again. The latter film has Qefore device lamination. Charge insertion via an electro

luminous transmittance (T) of 82% and chromaticity coor- chemical procedure is possible, in principle, but obviously

dinates equal to (0.347,0.347,0.306), whereas the AI-contaiH—nWieldy and not suited for practical fabrication. An alterna-
ing film is characterized bif,, '~ 85% and chromaticity tive method for discharging was developed in earlier work of

coordinates being (0.334,0.339,0.328). An analogous anal?—urs [31]. Essentially, this new method employs exposure to
: .- I il ' , : 0zone obtained by ultraviolet irradiation of the film in the

S|_sforthe datain Figure _2(_b) ylelde_d that the films oqulﬁlj resence of oxygen.

NiMg, O, ,have chromaticity coordinates (0.339,0.342,0.319’3
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Figure 4 displays the decreasélpf as a function time when contacts were attached, and the electrochromic device was
a conventional ozone photo-reactor was used to illuminateraady for testing and use.

220-nm-thick NiV, ., oxide film. The transmittance drops by

some 50% during a few minutes, and a further decrease takiésvice tests

place for extended exposure times. Figure 5 illustrates Bevices of the type described above were cycled between

typical spectral transmittance plot for this film prior to devicecolored and bleached states using trapezoidal voltage pulses
lamination. between -1.6 and +1.5 V, respectively. Figure 6 shows trans-

mittance at three different wavelengths for cycling with one

100_ ] full color-bleach cycle each 200 s. The optical modulation is

- 90 y pronounced, especially for mid-luminous and red light. Most
< g0 ] of the changes take place within a few tens of seconds after
o 70_‘ * ] application of the pulse, but the coloration has not reached
E saturation even after several minutes. Figure 7 reports on the
£ 601 ] transmittance in fully colored and bleached states after cy-
E 50+ . cling in the same way as in Figure 6. The foils are seen to
E 40- ] change between a high level of about 70% and a low level of
- 30 ] 35 to 40% at a wavelength of 550 nm, which is in agreement
3 ] * ; with the data in Figure 6. The span between the colored and
£ 20‘_ ’\0\, T bleached states remains practically unaltered for at least 5000
E 10- - cycles. Lower transmittance levels, down to 25% or less in the
- 0 o 1. colored state, could be reached for longer coloration times. It

0 10 20 30 40 should be noted that the possibility of increasifg by
Ozone exposure time (min.) adding Al or Mg to the Ni oxide has not yet been implemented

for the investigations reported on in this section; however,
Figure 4: Luminous transmittance vs. post-deposition ozonsuch work is currently under way.
exposure time for 220-nm-thick Ni-V oxide films produced

by sputtering in Ar/QH,, 100 ]

901

100 oo

& 70

_ ] = 601

g = 50l

s 60- - £

c E 40'

£ 2 301. ) )
.E 40_ 1 E 1 ‘. ,' “ ' ‘. :' ]
@ - 20-_ - - 1
(1] . o
= 20- ] 13. ]
0 100 200 300 400 500 600

O T T T T T T T T T R -
300 400 500 600 700 800 Time ()
Wavelength (nm) Figure 6: Transmittance at three wavelengths vs. time for

. ) . .. electrochromic switching of a laminated device described in
Figure 5: Spectral transmittance of a 220-nm-thick Ni-V, ¢

7 . JT the main text.
oxide film produced by sputtering in Ar/®i, and post-
treated in ozone under conditions making it ready for device

lamination. The devices have open circuit memory, which is an asset

because electrical power must be drawn only to effect changes
in the optical properties. For example, it was found that the
o ) transmittance at a wavelength of 550 nm for a device colored
sputtermg_ln the_pre_sence of hydrogen (cf. F|_g_ure 1) ané) a transmittance equal to 20% increased only up to about
another with a NiO film colored by post-deposition 0ZON€3no, ttar a time as long as 160 h. Keeping the device in the

exposure (cf. Figure 5) —were laminated tOgetherbyaP'\/”VIA(:oIored state for an extended time influenced the bleaching

based electrolyte using roII-pr_essmg atatemperatureot 8(_) tilme, and a device with an initial bleaching time of about one
The edges of the double foil were then sealed, electrica

Polyester-based foils — one with a \W@m colored by
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minute attained a bleaching time of some 20 minutes aftavithout self-powering by integrated solar cells. A number of

being maintained in the colored state for 160 h.

100

80+ .

O © <&
OQOQ o C O o000 © o
60 8

40 * S * 7
...‘ *°* * % : *

20+ .

designs were found capable of large optical modulation, as
well as dynamics and durability sufficient for applications. It
should be realized that no listing of this kind can be expected
to be complete. For example device-like constructions incor-
porating hydride-based switchable mirrors [33,34] and vari-
able-electroplating-based systems were not included. The
second part of the paper considered a specific, flexible poly-
ester-based device incorporating electrochromic W oxide and
Ni oxide and discussed, among other things, gas treatments
for precharging of the individual electrochromic films in order
to make them ready for facile device assembly, and enhance-
ments of the bleached-state transmittance through additions

Transmittance at 550 nm (%)

0 1000 2000 3000 4000 5000 6000
Number of cycles 1.

Figure 7: Transmittance at a wavelength of 550 nm vs.
number of color/bleach cycles for a laminated electrochromig.
foil device in colored and bleached states.

The work reported above has demonstrated techniques %o
make flexible electrochromic foils with sufficient optical
modulation range, dynamics, and durability for making them
interesting for a range of applications. Easy manufacturing
was found to be possible by a combination of differen#.
technologies, and the potentially cumbersome pre-lamination
treatments of the films were avoided by sputtering the, WO
film in the presence of hydrogen and by post-deposition
treatment of the NiO film in ozone for a few minutes. New
materials were developed for enhancing the bleached-stdbe
transmittance, specifically employing additions of Al or Mg
to Ni oxide. The electrochromic foils can be used to achieve
smart windows with large energy efficiency, provided that
their control strategy is adequate. In particular, the window i®.
a room should be set for minimum/maximum transmittance,
when this room is unoccupied, if the building is dominated by
space cooling/heating [32].

7.
Another application concerns electrochromic foils in vari-
able-transmittance visors for motorcycle helmets. Driving or
riding safety requires different transmittance levels for vary-
ing lighting conditions, and properties such as those illus-
trated in Figures 6 and 7 are excellent for these application8.

CONCLUSION

In the first part of this paper we briefly reviewed a large,

number of electrochromic devices for modulating transmit-"
tance and emittance. Some data were given on all-solid-state
devices as well as on polymer laminated devices, with and

of Al or Mg to the Ni oxide.
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