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PREFACE

In keeping with the national energy policy goal of fostering an adequate
supply of energy at a reasonable cost, the U.S. Department of Energy (DOE)
supports a variety of programs to promote a balanced and mixed energy resource
system. The mission of the DOE Solar Buildings Research and Development
Program is' to support this goal by providing for the development of solar
technology alternatives for the buildings sector. It is the goal of the pro-
gram to establish a proven technology base to allow industry to develop solar
products -and designs for buildings that are economically competitive and can
contribute significantly to building energy supplies nationally. Toward this
end, the program sponsors research activities related to increasing the effi-
ciency, reducing the cost, and improving the long-term durability of passive
and active solar systems for building water and space heating, cooling, and
daylighting applications. These activities are conducted in four major
areas: (1) Advanced Passive Solar Materials Research, (2) Collector Tech-
nology Research, (3) Cooling Systems Research, and (4) Systems Analysis and
Applications Research. Area Q) s perhnent 4o this reporh

Advanced Passive Solar Materials Research. This activity area includes work
on new aperture materials and devices for controlling solar heat gains and
enhancing the use of daylight for building interior lighting purposes. It
also encompasses work on low-cost thermal storage materials that have high
thermal storage capacity and can be integrated with conventional building
elements and work on materials and methods to transport thermal energy effi-
ciently between any building exterior surface and the building interior by
nonmechanical means.

Collector Technology Research. This activity area encompasses work on
advanced low- to medium-temperature (as high as 180°F useful operating temper-
ature) flat-plate collectors for water and space heating applications, and
medium- to high-temperature (as high as 400°F useful operating temperature)
evacuated-tube concentrating collectors for space heating and cooling applica-
tions. The focus is on design innovations using new materials and fabrication
techniques.

Cooling Systems Research. This activity area involves research on high-
performance dehumidifiers and chillers that can operate efficiently with the
variable thermal output and delivery temperatures associated with solar col-
lectors. It also includes work on advanced passive cooling techniques.

Systems Analysis and Applications Research. This activity area encompasses
experimental testing, analysis, and evaluation for solar heating, cooling, and
daylighting systems for residential and nonresidential buildings. This
involves system integration studies; the development of design and analysis
tools; and the establishment of overall cost, performance, and durability tar-
gets for various technology or system options.

This work relates to Advanced Passive Solar Materials Research on the dura-
bility of electrochromic (EC) windows for controlling solar heat gains and
enhancing the use of daylight for building interior lighting purposes. By
discussing the test methods for evaluating EC windows and summarizing what is
known about their performance degradation, a set of recommendations is given
for advancing durability testing of EC windows. Representative literature
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citations are provided as a means for -reaching the conclusions about
durability testing, and to provide guidance for those who seek more depth
about the complexity of EC windows.

The work was performed at the Lawrence Berkeley Laboratory in the Applied
Science Division, and the Photovoltaic Measurements and Performance Branch at
the Solar Energy Research Institute. The authors appreciate the financial
support by the Assistant Secretary for Conservation and Renewable Energy,
Office of Solar Heat Technologies, Solar Buildings Division, United States
Department of Energy under contracts DE-AC02-83CH10093 and DE-AC03-76SF00098.
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SUMMARY

The primary purposes of this report are to summarize the test methods used for
evaluating electrochromic (EC) windows, to summarize what 1s known about
degradation of their performance, and to recommend methods and procedures for
advancing EC windows for buildings applications.

A brief overview is provided for the applications of EC devices in various
technologies with a focus on buildings. The parameters used for testing EC
windows are organized into evaluation criteria; performance criteriaj; and
testing methods for laboratory (research), prototype, and durability evalua-
cion. Key technical issues that have emerged are organized into the cate-
gories of practical windows, durability testing, and fundamental mechanisms.
A brief background summarizes the interest, potential, physical configuration,
and operation of an EC window. Evaluation criteria for ranking candidate EC
device materials and for complete candidate EC windows are discussed briefly.

The performance criteria for EC windows are then organized into two major sec-
tions. In the first section, performance parameters used in research investi-
gations are summarized. The parameters are grouped into optical properties,
injected charge or ions, open circuit memory, cycle energy, response time, and
substrate effects. A list of questions to be resolved for the laboratory per-
formance evaluation is presented. The most important parameters needed to
evaluate an EC window are summarized, i.e., optical properties of T(A), R(}A),
A()); injected charge/unit volume correlated with the optical properties; I-V
curves again correlated with the optical properties, and the time-temperature
dependence of the response time.

The second major discussion section deals with test methods for evaluating the
durability of complete EC windows. Performance losses result from imposed
degradation stresses and are summarized under the categories of degradation
effects, degradation modes, and degradation mechanisms. Degradation stresses
include UV, humidity, temperature, air, pollutants, thermal shock, cyclic
temperature, cyclic charge injection, and bleaching. Degradation modes can
result from thermal shock, prolonged non-use, constant elevated temperatures,
and various cyclic changes. Degradation effects include gas generation in.
some devices, humidity effects, internal water formation, secondary reactions,
photoreactions, quenching (fading of color), volume changes, and temperature
(dependent) effects. Established degradation mechanisms include film dissolu-
tion, corrosion, transparent conductor etching, and hydrogen embrittlement.

Performance measurements for real-time and accelerated life testing are then
discussed. These include measuring the transmittance and reflectance (wave-
length dependence) of an EC window in the colored and bleached states, the
atomic percent of injected charge, and the time dependence of the change in
percent transmittance during coloring and bleaching. The proposed methods and
procedures are summarized for real-time and accelerated life testing.

As a conclusion, a set of recommendations is made for advancing EC window
technology, especially for durability testing. These recommendations are pre-
liminary but provide a suitable foundation for further refinement.
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1.0 INTRODUCTION

This report serves two primary purposes. The first 1s to summarize the cur-
rent state-of-the-art test methods used to evaluate electrochromic (EC)
-windows. The second, purpose is to recommend methods and procedures to test
EC windows for buildings applications. Material presented here is also pri-
marily directed toward those who are active in EC window research and develop-
ment. For the benefit of those who are interested in more depth, represen-
tative references are cited as a guide for gaining insight 1into the
considerable complexity of EC window technology. EC device use in buildings,
as well as suggestions for low-volume and high-cost applications, will also be
.presented.

1.1 Objectives

The objectives of this report are to present adequate background about EC
window applications, to identify general evaluation criteria, to list expected
performance criteria, to identify and discuss methods needed for testing pro-
totype EC windows in laboratory research including their durability, to rank
and recommend methods for evaluating laboratory and prototype EC windows, and
to make recommendations for advancing the state of the art beyond the labora-
tory stages through the prototype and commercial product stages.

1.2 Applications of EC Windows in Technologies

A number of technology areas have been identified in which EC windows have
clear potential for applications. From a U.S. Department of Energy (DOE)
perspective, the goal 1is to conserve energy 1in buildings by wusing EC
glazings. Other applications include use in eyeglasses, information displays,
aerospace, and vehicles. Initially, the 1likely market penetration will
involve specialty products with high cost and low volume, with subsequent pen-
etration into the high-volume and low-cost buildings applications.

Window glass production in the United States is about four billion square feet
per year for buildings, with about 700 million square feet used in sealed
insulating windows (Cunningham, 1986). Although no definitive analysis of
energy savings potential has been made for switchable windows, some anslyses
(Bartovics, 19843 Bryan et al., 1984) have shown that several kWh/ft“-year
could be saved by use of a well-programmed, automatically-controlled, switch-
able window in commercial and residential buildings. The energy savings
potential is more than 100 billion kWh/yr (current total U.S. energy consump-
tion is about 24 trillion kWh/yr). Details about the energy savings potential
are available (Selkowitz and Lampert, 1990). A reduction will also occur 1in
the peak power demand for air conditioning including HVAC sizing.

EC windows are highly desirable for providing both a net energy benefit and
design options for commercial builders. However, industry may perceive EC
windows as a high technology approach for buildings applications, and some
manufacturers are slow to innovate. Currently, technological development of
an EC window is a high-risk project for industry but they are strongly sup-
portive of DOE-funded research. The umost likely productive collaborations
will result from interactions with a selected group of manufacturers who
recognize the scope of the problems and potential market. Ultimate acceptance
will depend on a clear demonstration of economic and technical feasibility.
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A recent communication (Wolsky et al., 1988) stated,

"The building industry will most likely not be attracted to using
EC window until research and development results 'in a practical
demonstration of an EC window of about 1 ft< that is. functional,
aesthetically pleasing, and has .the potential for economic scale-
up and long-term durability. The device must demonstrate that
high production rates and an economical installed cost can be ' -
achieved with industrial production, at about twice the cost of
present low E coated windows. Economic issues for scale-up must
be kept in excellent perspective, both for materials and processes
under study. Any EC window project that is using materials with
unacceptable aesthetics to building architects or low-potential
for scale-up of the process will not have any reasonable chance
for adoption and production by 1ndustry.

The likely scenario for market penetration will be for specialty glass
products or where there are less stringent requirements for mass use. These
may include use for automobile sun roofs (high cost), 'status" buildings
applications. (less stringent requirements), and other custom building applica-
tions. Near-term specialty and custom applications will not, only help general
consumer acceptance but provide valuable data about unforeseen technical
1ssues, durablllty, and manufacturlng problems.

1.3 Relationship Among Evaluation Criteria, Performance Crlterla, and Testing
Methodologies for EC Windows

A large number of parameters are currently used by various research groups.
These parameters are organized in this report  according to evaluation cri-
teria, performance criteria, and testing methods. Evaluation criteria include
those parameters primarily influencing commercial feasibility. These criteria
include the parameters for ranking the materials used in each component layer,
as well as for a complete EC window. Performance criteria deal specifically
with the physical properties of EC windows that must be met as one component
of meeting commercial feasibility requirements. These criteria also deal with
the ranges through which measuremerits are made for laboratory evaluation.
Testing methods use the essential performance criteria to evaluate the dur-
ability for a prototype window. Performance losses can result from imposed
durability stresses and can be categorized as degradation effects, modes, and
mechanisms. Testing methods also include the conditions required for real-
time and accelerated testing of EC windows. The parameters and measurements
can be .-categorized as laboratory research, prototype evaluation, durability
evaluation, and commercial feasibility. These categories are outlined 1in
Section 6.0.

We especially emphasize that the evaluation and performance criteria i1n this
report are developed for buildings applications. Different criteria will
likely be required when using EC devices and/or windows for other applica-
tions, e.g., automotive sunroofs, aerospace windows, and rear-view mirrors
(Lampert and Granqvist, 1990). Since the other applications may require using
the same methodologies and test procedures summarized in this report, this
report may also serve as a suitable foundation for applications other than for
buildings.
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l.4 Key Technical Issues for Evaluation Criteria and Test Methods for EC
- Windows

Technical 1issues that have surfaced while preparing this report have been
organized into those dealing with practical windows, durability, and funda-
mental mechanisms. The following list of issues is not intended to be com-
plete for a comprehensive research program on EC windows. Those listed for
durability testlng and some of those for practical windows provide a focus for
discussion in this document.

l.4.1 Practical Windows
"+ What common criteria are being (or should be) used to compare EC window per-
formance7

+ What methods should be used to model EC window performance?

* How does an EC window perform? - How does performance depend on device size,
.sheet resistivity, and the applied voltage?

What aesthetics are required?

e What economics are required?
1.4.2 Durability Testing

~* What performance parameters could be measured which ones are redundant, and
which ones are essential for durability studies?

e What are the maximum ‘and minimum testing temperatures for various
applications?

What methodologies need to be employed for real -time and accelerated life
testing. : - .

.

At what stage of EC window research and development should durablllty issues
be addressed? :

1.4.3 Fundamental Mechanisms

e What is the mechanism of ion injection? The details are not understood even
though a transport model has been developed.

* How does an ion cross an interface? This process is not understood.

* What causes residual coloration and does it limit durability?

e Is there a loss in dynamic range. of injected charge, percent transmittance,
and stability on cyclic switchingj; are these losses related to durability or
merely a loss in performance?
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2.0 BACKGROUND

There is considerable interest in the research and development of materials
and devices that can be used for optical switching of large scale glazings.
Several potential switching technologies are available for glazings, including
those based on electrochromism, thermochromism, photochromism, liquid
crystals, and physio-optic phenomena. One of the most promising technologies
for optical switching is electrochromism. First, EC windows exhibit a memory
and require power only to change their coloration and minimal power to main-
tain a colored (or bleached) state; this technology is in contrast to liquid
crystals. Second, EC windows may have their optical properties changed at-
will, in contrast to devices based on thermochromism and photochromism.
Furthermore, these glazings are subject to automation because of their oper-
ating mechanisms.- Finally, they consume low amounts of power for switching
and minimal amounts of power to maintain them in a given optical state.

Although EC windows have great potential, they also have a generous share of
technical uncertainties and problems. A few prominent degradative effects
have been observed for many different devices, e.g., residual coloration, loss
of dynamic range, and loss of stability of the device during long-term cyclic
switching. The origins of the effects are only partially understood at this
time. Also, it is very important to note that these effects depend upon the
conditions of testing and in some cases are not permanent. While it is too
early to discuss why these effects occur, it is important to discuss these
observations as the research on devices moves forward. With this report we
hope to better understand stability in these devices and to comment on test
methods used, lifetime, and criteria for evaluating EC windows.

EC devices function by the reversible injection/ejection of both electrons and
ions in/out of an EC material. A typical EC reaction for a cathodic coloring
material is: a-WO, + xH' + xe” » a-M W0, where M = Li+, H+, Na+, etc., WO, is
transparent, and M_WO, is blue colored. A typical anodic coloration reaction
is: Ni(OH)2 -~ NiOOH + HY + &7, where Ni(OH)2 is transparent, and NiOOH 1is
bronze colored. Devices are designed to store ions and permit them to be
transported back and forth into the EC layer when a potential is applied.

To understand how devices perform, degrade, and fail, we must discuss the
structure and materials of different devices. The EC device is generally com-
posed of 4 or 5 layers. There are five general structural types, designated
as Types A, B, C, D, or E in Figure 2-1.

The structures of all five types begin and end with a transparent electronic
conductor layer on a glass substrate. Typically, this conductor is indium tin
oxide, In,03:5n (ITO) or tin oxide doped with antimony or fluorine, Sn0,:Sb or
SnO,:F. Since the liquid and electrolyte devices (A and B, respectively in
Figure 2-1) are unlikely candidates for buildings applications, the remainder
of our generalized description is for types C, D, and E. The second layer is
the EC layer. It has both ionic and electronic conduction. The typical EC
layer can be amorphous or crystalline tungsten oxide, a-WO, or c-WO,3 iridium
hydroxide, Ir(OH),; or nickel hydroxide, Ni(OH),. The most-used material is
a-W0,. The third layer is an ion conductor (IC). In many EC devices prepared
for laboratory studies, liquid electrolytes have been used, but this layer
should be a solid electrolyte for buildings. The fourth layer is the counter
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Figure 2-1. Schematic cross section depicting generalized EC window designs

electrode (CE) material and may be another EC material or an ion-storage mate-
rial. In the combined ion storage and conductor designs, the fourth layer is
a combined electronic conductor and ionic storage medium, thus eliminating the
fifth layer. The ion storage layer device (Type E) is the most commonly
fabricated device. In the complementary device design (type D), the counter
electrode and working electrode are both EC materials, where one colors
anodically and the other cathodically; in this way they color together and
bleach together. By using two electrochromic materials one can increase the
optical density of the device over that of the. single material. In the Nissan
device (Kase et al., 1986) for example, cathodic a-Wo, and anodic -Prussian
Blue, (Fe,(Fe(CN)) )3 are coupled. But by doing so, they introduce an elec-
trochemical imbalance. To make a practical device, another electrode must be
added to periodically adjust for the charge imbalance in the device. Probably
the most successful complementary device is based on anodic IrO, or Ir(OH)2
and cathodic a-WO,. An example of this device has been made by EIC Labora-
tories. The high cost and limited supply of iridium preclude its considera-
tion for practical EC windows, but it may be used for specialized applications
such as in aircraft windows.

A maJor problem with current EC window technology is with the electrolyte.
Both inorganic and polymeric solid electrolytes can be considered, but the
electrolytes must not compromise the economics of manufacturing and potential
durability of the units. Inorganic electrolytes may require special-
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deposition. processes for successful preparation (e.g., high lithium 1ion
mobility in a material may preclude successful ion sputtering of that
material). The mechanisms of ion transport are incompletely understood in the
electrode materials and need further study, especially as detailed below.
More details about the ion conducting layer are available (Lampert and
Granqvist, 1990). '

Some researchers believe llthlum ions are preferable to HY for ion transport
because of the difficulty w1th controlling the H* ion concentration. Other
ions (e.g., Na+, K+, and Ag ) have also been used successfully. Battery
researchers have a wealth of experience with L1+—conduct1ng electrolytes and
this resource should be tapped when additional research on solid polymeric
_electrolytes for EC windows is undertaken. ' Other researchers favor using H

and research is underway with devices us1ng either Li* or H+ As described in
Section 5, one of the key issues with H¥-based devices may be the presence of
water. In either (or any other) case, ion transport data need to be known for
establishing the solid IC layer thickness, which can be calculated using the
optical properties of candidate IC materials and thicknesses. These computer
calculations, which can be performed using established multilayer analysis
modeling of the optical transmittance and reflectance, will be helpful for
choosing the thicknesses of the various layers, and serve as a useful guide
for preparing EC device test specimens with optimum layer thicknesses. (If,
for example, vacuum dep051t10n processes are adopted, these thicknesses are
required for economic projections because of the capital investment of deposi-
tion units, throughput, and process—-dependent properties of films).

EC windows will experience the greatest temperature fluctuations when used in
a configuration for preventing solar gain (i.e., absorbing and reflecting
photons with the EC layer). Research materials should retain their perfor-
mance and have adequate lifetimes for the temperature extremes planned for
this configuration. Furthermore, the temperature dependence of the ion
transport in both the electrolyte and electrode materials must be studied and
reported. These data are needed to address the crucial issue of how tempera-
ture will change the performance of real-world devices. Except for early
work, (e.g., Faughnan and Crandall, 1980), the ion transport data in EC window
materials have all been reported at room temperature. Recently, some tempera-
ture-dependent results have been obtained for battery applications (Weppner
and Schultz, 1987).
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3.0 EVALUATION CRITERIA FOR EC WINDOWS

The criteria for evaluating EC windows are treated in two broad categories.
The first includes the criteria. for ranking candidate materials used in the
various layers, i.e., the ionic-conducting layer, the electrode and counter-
electrode materials, and the transparent conducting layers (Section 3.1). An
excellent summary of the candidate layer materials was made in 1984 (Lampert,
1984), and an update of electrochromic displays was made 2 years later (Oi,
1986) In the second category (Section 3.2), criteria for complete windows
have been summarized-by a number of investigators, e.g., Benson et al., 1984.

3.1 Criteria for Ranking Candidate Materials

The candidate material chosen for each layer defines the entire device, i.e.,
Cover//TC/EC/IC/CE/TC//Substrate. However, the "best" material for each layer
may not necessarily be chosen because of other factors. These include the
potential for mechanical strains from thermal expansion mismatches, interface
reactions, and the influence of the deposition processes; the latter will be
discussed further below. Once each layer material is chosen, further require-
ments include the device size (area and thickness); the optimized layer thick-
ness to yield the required optical properties; the density of the EC, CE, and
IC materials; and the number of injected ions per unit volume. The latter
should lead to the change in transmittance required for the application.

The process used to deposit the layers of materials is important. First, the
deposition of multilayers should be done in the laboratory using processes
that have potential for economical, large-scale production. Alternatively, a
good device could be produced by several consecutive processes and then an
economic, scaled-up method would be a development objective. This is because
deposition techniques influence the coating structure, morphology, composi-
tion, and properties.

Several deposition techniques have been used to form the layers in EC

devices. These include chemical vapor deposition (CVD), plasma enhanced CVD

(PECVD), vacuum evaporation, RF and dc sputtering, sol gel processes, solution

coating, and electrochemical deposition. Each of these techniques have advan-

tages and disadvantages related to capital investment, process cost, deposi-

tion rate and conditions, materials compatibility, and film properties. A

recent report (Wolsky et al., 1988) states, ''There are no technical problems

associated with using a vacuum coater with mixed deposition procedures, e.g.,

use PECVD for rapid deposition of thick coatings and some other deposition

process where PECVD may be difficult to use. For example, PECVD for forming"
the IC layer may be difficult, but using PECVD for all of the other layer(s)

may be feasible, as has been discussed (Benson et al., 1987). Magnetron sput-

tering and PECVD have been combined in existing vacuum deposition practice

when .the pressures are not different by more than 30%-40%." As our solar

experience using the latter technology has shown, the mass production of large

area arrays of a-Si:H photovoltaic cells (Carlson and Wronski, 19763 Luft and

Tsuo, 1988) has resulted in an order-of-magnitude reduction in the cost of

-producing solar cells (Madan, 1986). It now may be appropriate to critically
review the film preparation processes for EC windows, and to identify the
"best" deposition process(es).
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3.1.1 Ionic Conducting Layer: Solid State Inorganic or Polymeric

This layer serves as the vehicle for ion transport between the electrode and
counter electrode. It should be colorless in the visible spectrum, thermally
stable, and UV stable. For device design, the transport rate and its tempera-
ture dependence must be known so a layer thickness can be chosen. Knowledge
of the transport mechanism may help avoid choosing materials that will have
"designed-in'" durability problems. More detail about the need for this layer
is given in Section 2.0. :

3.1.2 Electrode and Counter Electrode Layer Materials

The EC and CE materials must provide the appropriate absorption centers when
an applied voltage results in an injected charge. For this case, electro-
chemical "battery" criteria apply, i.e., an EC window is simply a solid state
battery that can have its transparency changed. The other "important criteria
for ranking EC and CE materials include the counter ions preferred, choosing
materials in crystalline or amorphous states, coloring/bleaching of both EC
and CE, the influence of cyclic switching, stability (i.e., not oxidizable),
and reversibility. Some devices studied have acknowledged prohibitive mate-—
rials costs (Cogan and Rauh, 1990). There are a number of well documented
weaknesses in the WO; system (Faughnan and Crandall, 1980). Many researchers
have. said the presence of water in dev1ces should be minimized. Prototype
devices are being made using Li* and HY, with research on Li*-based devices
increasing (Goldner et al., 1989; Cogan and Rauh, 1989).

3.1.3 Transparent Conducting (TC) Layers

The primary criteria for the TC layers are sufficient conductivity (or low
sheet resistance) for the device size anticipated and impermeability to the
ionic charge (or injected charge) in the EC and CE layers. - ITO meets the
first criterion, but recent research with Li* ions indicates degradation of
the ITO because of Li* ion insertion (Cogan and Rauh, 1989).

3.2 Criteria for Ranking Complete Candidate EC Windows

A number of criteria must be considered when ranking a complete EC window to
identify the most promising candidate(s). These are listed below in an order
that serves as a reasonable sequence for consideration.

Designed Function. Does the designed function serve the performance needs of
an EC window for the particular application. For example, does it function in
a variable reflection, variable absorption, or mixed reflection/absorption
mode? Does it offer the optical properties desired for both the visible and
near-infrared (IR).

Aesthetically Acceptable. The window should have a neutral color (e.g.,
bronze, grey, tan) with minimal change in color upon switching. Glass com-
panies and architectural firms can make valuable input here. The device
should also be uniform in optical density over areas of greater than 1 m
during switching; e.g., blotchiness must be avoided.

Economic. The EC window should prov1de payback in less than 5 years based on
energy savings plus additional '"amenity" wvalues (e.g., replacement for
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draperies, etc.). This goal many translate into production costs of up to
several dollars per square foot for the coating. ' '

Minimum Performance Expectations. Is the EC window effective and is the
anticipated energy benefit derived? The transmittance should range between
70%2 to 80% (bleached) to below 10% to 20% in the visible transmittance
spectrum (for the added value of privacy).. For solar transmittance, the range
should be from about 70% (bleached) to below 10% (colored), but this depends
on the application. The operating temperature range should be 0° to 70°C or
broader. A switching time < 60 s for the change in solar transmittance 1is

acceptable.

Minimum Test Specimen Size. The laboratory-studied prototypes need to be
large enough to assure scaleability to a production size. Prototypes for dur-
ability testing may range from 0.1 m“ to 5 x 5 cm depending on the stage of
testing prior to developing the larger prototypes.

Weaknesses from Design/Constructional/Preparation Methods. Are there inherent
limitations in the overall design and preparation that will limit obtaining
10° to 10 cycles, result in mechanical damage, cause corrosion, or preclude
scaleability? ' '

Durability. Does a non-replaceable EC window have a projected lifetime of 15
to 25 years (or 5 years for retrofitted '"polymeric" EC devices) based on
accelerated testing? How many color/bleach cycles can be anticipated for the
required transmittance changes? What degradation in performance is allowable
versus years of use? Does diagnostic evaluation made during real time and
accelerated testing confirm that the same degradation mechanisms are occurring
in each testing mode? If not, on what basis are the lifetime predictions

being made?

Systems Analysis. Has a systems analysis methodology been applied to each
candidate EC device to substantiate the ranking for potential success? If
not, what research is needed to permit systems analysis ranking to be carried
out? ' ‘

The performance criteria listed in -Table 3-1 were obtained from data collected
from several researchers for the International Energy Agency Task 10,
Subtask C, and by best estimates of the necessary requirements for a building
window glazing (Lampert, 1990c). The actual application of the switching
device may vary from these idealized values. For example, in automotive
applications an EC device is expected to operate at higher temperatures than
for a building application. The upper-use temperature might be in excess of
90°C, but the required lifetime might be only 7 years. For a sunroof applica-
tion the amount of UV radiation is higher than for a vertical glazing. The
optical values of these data reflect the performance of the entire device.
The bleached transmission properties are limited by the optical properties of
the transparent conductor and substrate material. Two transparent conductors
on glass without the EC layers can lower the maximum solar transmittance to
between 72% .and 567 depending on the material. Because of this, improvements
in transparent conductors are also important to the performance of electro-
‘chromic devices. Furthermore, for large-scale application, transparent con-
ductors must have very low sheet resistances to overcome resistive power loss
and slow switching time.
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Table 3-1. Performance Criteria for EC Windows.

(Lampert, 1990c)

TP-3537

SPECTRAL RESPONSE
Visible Control

Solar Control
(when desired)

Near—-IR Control
(reflective device)

SWITCHING VOLTAGE

SWITCHING TIME
MEMORY

CYCLIC LIFETIME
LIFETIME

OPERATING TEMPERATURE

ﬂﬁ (bleached) = 50%-70%
Tp (colored) = <10%-20%
T, (bleached) = 50%-70%
T, (colored) = 10%-20%
Roip (bleached) = 10%-20%
Roir (colored) = >70%

1-3 V (small device)
10-24 V (large device)

1-60 s

1-12 h
>10K-1M Cycles
5-20 Years

-30 to 70°C
0-70°C, If Protected

10
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4.0 PERFORMANCE CRITERIA FOR EC WINDOWS

As indicated 1in Section 1.3, we have divided the test methods used 1in EC
window research and development into two categories. In this section, we
provide a brief summary of the test methods used for laboratory research.
These methods may be used to characterize component film materials, partial
assemblies, or a complete window as well as to understand the fundamental
physical and chemical processes. This seztion is summarized with those
methods that -appear crucial for repeated use to establish the practical suit-
ability and durability of developmental or prototype EC windows.

A common EC device structure is shown in Figure 4-1. To color the EC film, a
voltage source~ is connected between the transparent conductive electrodes
(hereafter referred to as ITO for indium tin oxide which is commonly used for
this purpose). With a negative voltage on one ITO electrode, electrons are
injected from the ITO electrode and protons from the IC layer into the EC
film. This continues until the EC layer is converted to the desired color.
The coloration process can-be stopped at lower color values than the maximum
r normal change. Under open-circuit conditions the color remains in the film
for some time. Thus, one has a long-term memory device. To bleach the film,
the polarity is reversed so that electrons return to the ITO from the EC layer
and protons return to the ion storage CE, i.e., electrons and protons leave
the same electrode from which they entered the film. Current flows until the

o
Glass/plastic substrate S
=~ - ' S
Transparent conductor e O
A 1
: 1
Electrochromic - +
Low —_— e At ¥ A
' on conductor. : :
voltage electrolyte Bleaching | Coloring
source . .
lon storage ‘ At
n Transparent conductor
Glass/plastic substrate

Figure 4-1. Schematic structure of a cathodic EC device

11
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entire film is restored to its original state of color. It is convenient to
think of the color and bleach process as the charging and discharging of a
battery. These general physical principles of electrochromism give a rough
idea of how thé device works but only hint at the complexity of its operation,
"which requires concepts of solid-state physics, chemistry, and electrochem-
istry. Each aspect of the device operation has been discussed in detail to
show how it affects the overall performance and operation (Faughnan and
Crandall, 1980).

4.1 Parameters Measured/Used to Establish EC Window Performance

A number of different measurements or presentations of data are used to eval-
uate the performance of EC windows. We have listed those that appear most
frequently in the literature in Table 4-1. The parameters measured/used are
organized in the table in broad categories of optical properties or response,
ion insertion or injected charge, open circuit memory, cycle energy, response
time, and substrate effects. A review, comparison, and contrast of these
"measurements' has recently been made (Lampert, 1990a). As indicated .in this
review, T(A), R(A), and A()) versus injected charge are desired rather than
the more ambiguous optical density or coloration efficiency.

4.2 Performance Criteria Expected for EC Windows for Buildings Applications

The importance of the parameters listed in Table 4-1 for defining the expected
performance of an EC window are summarized in this section. More detail is
available (Lampert and Grangvist, 1990).

4.2.1 Optical Properties

In many EC materials, the optical properties are due to the presence of a
trapped or localized center following ion insertion. - In this case, the
various optical properties can be interrelated through Smakula's equation
(Smakula, 1930), which he introduced for color centers in alkali halides:

Nf = 8.7 x 10® {n/[(n2 + 2)2]}omaxW1 /2 | (1)

where N is the number of color centers formed per square centimeter, n the
index of refraction of the film, Anax the absorption coefficient at the band
peak in reciprocal centimeters, Wl/%lghe full width at half maximum in eV, and
f the oscillator strength. Thus, the optical properties can be determined by
measuring the absorption spectrum.

For example, amorphous WO, films made by different techniques do not differ
qualitatively in their colors or optical absorption spectra. Similarly, the
optical properties do not vary significantly for different metal ions elec-
trically inserted. The characteristic blue color of electrochromic WO, cor-
responds to an absorption band centered at an energy (wavelengt%) of
~1 eV (1242 nm) with a full width at half maximum of ~1.5 eV (828 nm).

Many different models have been proposed for the nature of the optical transi-
tion in electrochromic WO3. Of these, the two models currently most widely
held are (1) intervalence charge transitions (Faughnan et al., 1975) and
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Table 4-1. Parameters Related to Performance Criteria Expected for
EC Windows—-Buildings Applications

OPTICAL PROPERTIES
o Spectral T(A), R(X), and A(A).
o Angular and hemispherical optical measurements
o Integrated solar and photopic transmittance
o Daylighting selectivity
o Fraction of solar transmitted
ION INSERTION, COLOR CENTERS, OR INJECTED CHARGE
o Ion insertion and absorption centers

o Injected charge measurements during coloration and bleaching#
(number of ions or ionic concentration) #

o Charge capacity measurements, mC/ cm?
o Determination of upper and lower coloration levels
o Coloration efficiency (nCE) measurement, assumes Beer's Law-cm?/C
o Optical density (OD)
o I-V curves
o Q versus OD
o DPotential used to cycle devices and wave form
o Internal emf vs. injected charge (q). An e(q) isotherm is a fundamental
physical property where e€(q) = -e u(q); e is the electron charge and u(q)
is the chemical potential of the ion insertion material.
OTHZR PROPERTIES
o Ionic Conductivity in EC, CE, and IC.
o Response time measurement (EA < 0.5 eV for slowest 1on transport)

o Open circuit memory

o Substrate effects eliminated

13
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(2) free-electron type absorption (Shirmer et al., 1977). 1In either case, the
electrochromism results from the ion-insertion reaction

W03 + xe” + xM*Y 7 M WO3 : (2)

where M* is an inserted metal ion or a proton. The right side of reaction (2)
représents the blue compound formed upon ion insertion. According to the
intervalence transition model, electrons injected during. coloration are
trapped at tungsten sites, whereas MY ions are injected 1into interstitial
positions and retain their charged state. The net result is that durigg light
absorption, an electron on a W’¥ site is transferred to an adjacent W site,
as in an intervalence transition. This model explains qualitatively the main
features of the observed absorption spectrum.

The blue color of electrochromic WO, observed in both crystalline and amor-
phous films is due to a broad absorption band that peaks between 0.90 eV
(1380 nm) and 1.46 eV (851 nm) depending on film properties. Also, its full
width at half maximum (FWHM) varies between 1.1 eV (1129 nm) and
2.0 eV (621 nm). Figure 4-2 shows typical optical-absorption curves.

The optical absorption in amorphous W03 peaks at approximately 1.46 eV
(851 nm) and the width of the absorption broadens as the density of coloration
increases to its maximum, corresponding to x ~0.5. The amorphous W03 curve
shown in Figure 4-2 is for a thin film (~0.1 um) colored to a high optical
density and is, therefore, broad. ' '

When amorphous WOj is crystallized by heating in air, or deposited in a poly-
crystalline form, its absorption peak shifts to lower energy. This is shown
in Figure 4-2 for a film that has been crystallized by heating in air at 500°C
for 2 min. This shifts its absorption peak to 0.95 eV (1307 nm). The colora-
tion density 1is not as great for this film as for the amorphous film and so
its absorption is not as broad; e.g., 1.2 eV (1035 nm) instead of 2.0 eV
(621 nm) for FWHM. '

In the same figure, we show the optical absorption arising from a single-
crystal platelet. This crystal was colored by immersing in heated HCl in the
presence of Zn pellets. Analysis by 'secondary ion mass spectroscopy shows
that it was colored to a density corresponding to x = 0.5 in a surface layer
0.27 um deep. The depth of this surface layer increases with increased time
of immersion in the HCl:Zn. Interestingly, the properties of the single-
crystal absorption are very similar to the crystallized film and to the amor-
phous film except for the shift in the peak by approximately 0.5 eV
(2484 nm). The optical properties described above are consistent with equa-
tion (1).

Thus, Spectral T, R, and A must be taken over the appropriate wavelength spec-
trum. For daylighting, this 1is 390-770 nm; for solar relevance, this 1is
285-2600 nm. Figure 4-2 illustrates the reason for requiring T(XA), R(A), and
A(A). T(A) has maxima at different wavelengths for different extents of ion
insertion. The fraction of solar radiation transmitted is helpful when
assessing the energy input to the structure, but is a subset of T(A), R(}),
and A(A). The angular and hemispherical optical measurements are only needed
where specularity of the EC window is important. The integrated and photopic
transmittance is retrievable from T(A).

14
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Figure 4-2. Optical absorption in amorphous and crystalline WO,.

The 0.25 mm-thick single crystal was colored to a thickness of 0.27 um
in HCl:Zn for 5 min at 45°C to yield an OD of 3.0. The 0.5 um-thick
evaporated film (short dashes) was heat treated in air for 1-2 min at
500°C and colored electrolytically to an OD of 1.45. The 0.1 um-thick
evaporate film (long dashes) was colored in HCl:Zn for 5 min at 45°C
to an OD of 0.85. (After Faughnan and Crandall, 1980)

Optical measurements are necessary to determine the effectiveness of the elec-
trochromism of component films and can be used to.calculate color changes. The
wavelength-dependent T, R, and A also depend on film thickness(es). A com-
plete multilayer EC window is not a simple result of the optical character-
istics of its component layers because of multiple reflection and interference
effects, thus, making the calculation of the optical response of a complete
device somewhat difficult. Therefore, the wavelength dependence of T, R, and
A are also necessary for an EC device. As summarized elsewhere (Lampert,
1990a), reference standards are required for solar and visible weightings and
color coordinate calculations. The recommendations made for reporting film
thicknesses, substrate used, specular and diffuse measurements, etc. are
needed for comparisons of work from different research groups (Lampert,
1990a).

The following discussion on reflectivity modulation and measurements 1s based
on a recent communication and results (Goldner et al., 1990).

"Ideally, to avoid unnecessary absorption, which can lead to long
term degradation as well as thermal radiation transfer 'ineffi-
ciencies, the EC layer in an electrochromic window should have a
spectral reflectivity which is a step-function. Below a critical
wavelength, A the reflectance should be zero (100% trans-

b
missivity), akd above xp the reflectance should be 100% (zero

15
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transmissivity) and A_ should be controllable. An ideal free-
electron (Drude) solid with no damping (no electron scattering)
would exhibit the desired reflectivity step function, with A
corresponding to the plasma wavelength. That is, A. = (2nc/w_),
(¢ = vacuum velocity of light w 2 - ([ne]qzlm*so), (n,] = density
of free electrons, q = electronic charge, m* = electron effective
mass, €n = vacuum dielectric constant). Therefore, for the ideal
Drude solid, a step-like spectrally selective reflectance modula-
tion can be accomplished by modulating the free electron density.
In any real film, however, there is some free electron scattering.
This is introduced into the Drude model by the use of the damping
or energy loss parameter, E., which largely determines the shape
and height of the reflectivity step. Also, for films, as E. is
reduced, the required film thickness to attain a desired refiec—
tance step is likewise reduced. This can strongly affect the eco-
nomics as well as the physical properties of electrochromic win-
dows. ‘In particular, reduced thickness translates into dimimished
materials and fabrication costs, and shorter switching time; and
finally, redcued E, and thickness -translate together into signi-
ficantly reduced heating from optical absorption (recall that opt-
ical absorption is a function of the product of the thickness and
absorption coefficient). Therefore, being able to .identify the
causes of E., and removing them, is both an interesting scientific
challenge as well as of technological importance."

“MRecent research [Goldner et al., 1990] indicates that the poten=-
tially achievable reflectance for LixWO films can approximate
that found for Na WO5 bulk crystals (in which E; < 0.25 eV, when
x > 0.5; and which has infrared reflectivities > 90%). Thus, the
spectral reflectivity, R(A), is an important measurement. In par-
ticular, one can fit the R(A) data with a Drude model to obtain E
which, in turn, will provide the investigator with the  feedback
needed to fine-tune the deposition process to minimize Ep [or
maximize R(A)]." :

4.2.2 Ton Insertion, Color Centers, or Injected Charge

A number of parameters or terms, some fundamental and some derived, are all
related to the optical absorption that causes the decrease in transmittance in
the visible spectrum when a voltage is applied to an EC window. Charge neu-
trality is conserved by transport of ions and electrons. The interrelation-
ships of the absorption and transmittance have been discussed (Beni and Shay,
19823 Lampert, 1990c).

The voltage required to drive an EC device is typical of that for a galvanic
cell (~1 V) and the optical density (OD) (log10 of induced absorption) is pro-
portional to the injected ion concentration and to the oscillator strength of
the optical transition. It is easy to show that if the ion with changed
valency in an electrochromic material has the same or nearly the same sur-
roundings as the unperturbed ion, then strong optical charge transfer absorp-
tion bands necessarily exist (Robin and Day, 1967). Thus, in solids in which
a valency change 1is easy to perform, a strong absorption is almost always
present.

16
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An important property of an ion-insertion material is its internal electro-
motive force (emf). To define it, the capacity of the ion-insertion material
must be considered first. This is the maximum number Nnax of ions that can be
inserted in a unit volume. When N ions per unit volume are inserted in the
material, the relative ion-occupancy q = N/N ax determines the chemical poten-
tial u(q) of an ion in the ion-insertion materlal. In turn, the chemical
potential is related to the internal emf e(q), which varies with the tempera-
ture; at a given temperature the function e(q) is usually referred to as an
isotherm of the ion-insertion material. Isotherms of electrochromics are mea-
surable and have been studied extensively (Crandall et al., 19763 Crandall and
Faughnan, 19773 Hitchman, 1977; Beni and Shay, 1980; Beni et al., 1980). The
e(q) isotherm is the most fundamental property for characterizing the ion-
insertion material (see, for example, Crandall and Faughnan, 1976).

The symmetric cell shown in Figure 2-1 depicts electronic conductors in shaded
layers 1 and 53 layers 2 and 4 are ion-insertion mixed conductors, and layer 3
is the electrolyte. For simplicity, let layers 1 and 5 and layers 2 and 4 be
identical. Let us assume also that the relative ion occupancies q, of layer 4
and q, of layer 2 are such that q, + q, = 1. The potential difference between
layers 1 and 5 1s Ae = e[u(q4 - u(qz)] Thus, 1if layers 1 and 5 are
externally connected and if q, # q4s 10DS will be transferred between layers 4
and 2 across the electrolyte % unt11 qQy = q4 = 1/2 and 8¢ = 0. Such a cell is
in thermodynamic equilibrium and can be displaced from equilibrium by applying
an external voltage between layers 1 and 5. If, by application of the appro-
priate voltage, a configuration g » Qg (q2 +tq, = 1) is obtained, this config-
uration persists after opening ¢t e external circuit since charge cannot be
transferred unless layers 1 and 5 are connected. This property of the cell is
referred to as open-circuit memory (OCM), which is time dependent because some
EC devices are self-discharging.

4.2.3 Open Circuit Memory and Calculation of Cycle Energy

The time dependence of the OCM can be used as a measure of the cycle energy
consumed in the use of EC windows. In practice, a short OCM will be indic-
ative of increased power consumption of the device. In laboratory studies,
the cyclic energy input into an EC window makes such a minor contribution to
the life cycle cost that it need not be determined unless the OCM becomes
extremely short for some unusual reasons.

4.2.4 Response Time

The EC response times, i.e, the times required for coloration and bleaching,
are determined primarily by the mobility of the injected ions at the film-
electrolyte interface (and in the film itself), and the internal emf due to
ion insertion. There is a trade-off between OCM and response time, where a
long OCM (low power consumption) also means a long response time (slow
switching speed) (Benson, 1989). For WO, it has been established (Faughnan
et al., 1975) that the coloring and bleaching speeds are governed by different
effects. Coloration 1is controlled by the kinetics of ion_ injection at the
WOj-electrolyte interface, whereas the speed is determined by space-charge
limited transport.. The asymmetry between the processes of charge injection
and extraction 1is due to the internal emf associated with the presence of the
injected ions. During coloration, the internal emf builds up to oppose the
applied cathodic potential that drives cations into WO5. However, during
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bleaching the internal emf decreases and thus facilitates the extraction of
positively charged ions from the electrochromic film. . Crandall and Faughnan
(1975, 1976) and Faughnan et.al (1975) have ‘developed ‘a theory for the
dynamics of coloration and bleaching in WO5. ‘They also conclude that for good
electrochromic performance in a solid at room temperature, the activation
energy for the slowest carrier must be low, 0.4 eV or less. Since the slowest
carrier is usually the ionic carrier, this places the search for good EC mate-
rials within the class of fast-ion (or superionic) conductors.

Amorphous films of tungsten or molybdenum trioxide are good EC device mate-
rials for two reasons. Injection properties of ions and electrons and high
ion mobilities result in a strong optical absorption in the visible. A high
ion mobility  is required because coloration' entails injection of positive
1ons, and bleachlng entails extraction of p051t1ve ions. Ions such as L1 ’
_Na , and Ag have been used in WO, EC devices in place of u* » however, with
some sacrifice in response time ang coloration efficiency. ’

There are a number of variables involved that cause the response time to
depend on the device size. - Thus, the response time varies with device size,
sheet resistivity, applied voltage, I-V characteristics, and thickness. When
ITO is used, electron transport and resistive losses limit the response time
for sizes exceeding 10 to 100 cm“ (Lampert and Granqvist, 1990).

A number of test methods are used for studying electrochromic devices, and all
of the methods known are not standardized. The type of methods used include
cyclic voltammetry and square wave cycling. Cyclic voltammetry is a measure
of the cyclic current and 'voltage response of the device. A triangle poten-
‘tial is used as the driving potential (usually under +/-2V) and a reference
electrode is used to correlate potentials to known electrochemical processes.
Cyclic voltammetry is very good for determining chemical changes in the elec-
trode as it cycles. In general, a dc voltage is used to drive actual devices.
Square wave cycling is used to simulate an accelerated cyclic dc potential
response. However, because electrochromism is a current-controlled phenomenon,
current sources with controlled voltage have also been used for testing.

Examples of idealized responses for cathodic . and anodic type electrochromic
deyices are shown in Figure 4-3. A measure of performance is CE expressed as
cm“/C. To obtain this value, the change in OD with the total injected/ejected
charge as a function of unit area must be known. This measurement does not
yield the injected charge/unit volume. Film density and thickness measure-
ments would allow th% needed quantity to be calculated from the usually pre-
sented values of C/cm However, even charge/unit volume does not address the
issue of possible concentration gradients in injected charge in-depth from the
electrode/electrolyte interface. The latter information can be obtained by
integration of voltammetry data or by the use of a coulomb meter. ‘Information
on the amount of charge required for coloration compared to bleaching will
also give the efficiency of each half cycle. The change in surface density of
charge, mC/cm?, (many authors also refer to this quantity as charge, charge
capacity, or charge per unit area) is monitored during cyclic testing. In
some cases the coloration and the bleaching cycle require different amounts of
charge to give the same change in optical density. The rates at which-a device
colors and bleaches are usually different, as described earlier. Coloration
efficiency should be used with reservation on single component films, but it
is good for comparison purposes. It does not necessarily predict the response
of a complete device unless measured for a complete device.
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Figure 4-3. Response of an idealized electrochromic tungsten oxide
switching device. The driving potential and current
with resulting transmittance response are shown (after
Lampert, 1990c)

The change in optical density (AOD(A)) can be obtained from the relationship
between injected charge (Q) and the coloration efficiency: AOD(A) = Q/n E(x).
Also, optical density can be obtained by AOD(A) = log(T (x)/T ), where
Ty (1) is the bleached transmittance and T, (1) is"the colore transmittance.

For transparent devices, the absolute values of OD must be given, defined
as: OD = log(T (k)/T (1), where T, (A) is the incident or reference trans-

mittance and T ) is the measured transmlttance value of the device.

Because we are interested in the modification of the photopic and solar
spectra, both spectral and integrated data should be reported.
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In summary, the electrochemical measurements on component films and/or com-
plete EC windows are used: .

e to establish reversibility of the ion.insertion reactions
+ to measure the kinetics of ion insertion (diffusivity)
e to establish the voltage range over which films are stable

* to establish the voltage range over which component films are compatible
(free of irreversible reactions) with each other

¢ to detect incipient signs of degradation and thus serve as an abbreviated
lifetime predictor.

The electrochemical measurements on component films and/or complete EC windows
should be measured over the application temperature range (e.g., 0 to 70°C for
an indoor EC window).

4.2.5 Substrate'and Other Effects

It is well known that the structure/morphology/properties relationships of
deposited films/coatings may be altered because of substrate effects or influ-
ences. For the purposes of this report, we assume that any adverse influences
at the TC/substrate interface are eliminated by the choice of the normally
used ITO and substrate material, as well as for possible problems arising from
deposition of the other layers in the device. Substrate effects -are not
restricted to the obvious structure/morphology/properties relationships at the
TC/substrate interfaces shown in Figure 4-1. The ITO in turn serves as a
"substrate" for the next layer, etc. The optical properties of the device;
ion transport in the EC, IC, and CE materials; and stability of the interfaces
from interdiffusion may all be affected in a multilayer stack. Again, we
assume these potential problems are.eliminated by the choices of the layer
materials and deposition processes following laboratory research
investigations. :

4.3 Laboratory Performance Evaluation

A number of questions must be answered about measurements and standardized
procedures made for laboratory performance evaluation.

(a) How do large-area versus small-area devices affect evaluation?

(b) How are solar and visible transmittance measured? Are integrated values
used?

(c) How is the amount of injected charge measured during coloration and
bleaching? Is it given by C/cm®, C/um-cm®, or some other unit? Does it
involve integration of the current and control of the voltage with a
reference electrode when possible, and .what is the power dependence
(limitation of current and voltage)? Finally, is the amount of injected
charge reversible during cycling?

(d) What type of potential is applied (form and- magnitude)? At what rate?
During what period? Are rest periods used? How many current-voltage
(I-V) cycles should be used?

(e) What is the effect of using different types of potentials?
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(f) How is_charge'capacity'(mC/cmz) measured?’

(g) How is coloration efficiency (cm?/C) measured? = Should it be an inte-
grated value? Is energy/unit area divided by the optical density a
suitable expression? What wavelength is used?

(h) How should ionic conductivity be measured?
(i) What is the crystalline and/or amorphous content of the material(s)?

(j) # How is device response time measured, and under what conditions? Is the
coloration time adequate for reducing the initial transmittance T,
(where T, > 50% for an EC window) to 0.3 T.? Is a bleaching time for
increasing the transmittance up to 0.9 T, adequate? Are both needed?

(k) How is cycle energy calculated? (use open circuit)
(1) Should IR spectra be measured if water incorporation occurs?

(m) What is the depth distribution of injected charge? How does this vary
~with cycle time and applied voltage?

(n) ‘What is the morphology of the EC and CE films? This information 1is
essential to consider the paths the injected charge will most likely
follow. =~ ‘

Efforts to answer some of the above questions - are being' made (Lampert,
1990). These answers are very important for use in durability testing.

4.4 Ranking of the Most Important Parameters from Table 4-1.

As a summary of Section 4, the most important parameters/measurements listed
in Table 4-1 and data needed to evaluate the performance of EC windows are as
follows:.

(a) T(x), and R(1), and A(A) even when an EC window is primarily reflective
or absorptive

(b) The ihjected'charge/ﬁnit volume or charge capacity, and correlated with
optical changes in (a)

(c) I-V curves where V is cycled between the voltages required to provide
the colored -and bleached states. Degradation of performance will be
monitored from the optical measurements in (a). The detailed I-V curves
vary for devices of different types, but should be reproducible for a

. given device type.

(d). The temperature dependence of a response time, where definitions of the
color/bleach limits are established.

All of the above measurements should be done simultaneously.

Measurements that are of limited usefulness include coloration efficiency,
optical density, and cycle energy consumption. Many of these depend on the
application. Isotherms of e(q) are fundamental but may not be required to
evaluate device performance.
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5.0 - TEST METHODS AND PROCEDURES FOR EVALUATING EC WINDOW
STABILITY AND/OR DURABILITY

5.1 Introduction to Degradation

This section deals with test methods and procedures for evaluating the dur-
ability of  complete EC windows. For the potential of EC windows to be
realized, a number of problems must be resolved that deal with degradation in
their performance. Some of these effects include residual coloration, loss of
dynamic range, and stability of the device during prolonged cyclic use. Per-
formance losses result from imposed degradation parameters and we have chosen
to discuss them under the categories of degradation stresses, effects, modes,
and mechanisms. Degradation stresses refer to conditions, imposed or natural,
that influence or cause a degradation mechanism, effect, or mode. Degradation
stresses include UV, humidity, temperature, air, pollutants, thermal shock,
cyclic temperature, and cyclic charge injection and bleaching. Degradation
effects refer to observed changes that occur during EC window use and that
adversely influence the_performanée of the device, but where the causes (at a
molecular level) are not clearly established. Degradation effects include gas
generation in some devices, humidity effects, internal water formation,
secondary reactions, photoreactions, quenching (fading of color), volume
changes, and temperature (dependent) effects. Degradation modes refer to per-
formance losses that result from imposed parametric variations on an EC window
and that may be related to a degradation mechanism or an effect. Degradation
modes can result from thermal shock, prolonged non-use, constant elevated
temperatures, and various cyclic changes. Degradation mechanisms deal spe-
cifically with not only an established cause for the loss in performance, but
also where the cause can be related to some physical or chemical process at a
molecular level. Established degradation mechanisms include film dissolution,
corrosion, transparent conductor etching, and hydrogen embrittlement. Some
performance losses from degradation are specific to particular EC window mate-—
rials, as will be evident below. )

Performance measurements for real-time and accelerated life testing are then
discussed. These include measuring the transmittance and reflectance (wave-
length dependence) of an EC window in the colored and bleached states, the
atomic percent of injected charge, and the time dependence of the change in
percent transmittance during coloring and bleaching. The proposed methods and
procedures are summarized for real-time and accelerated life testing.

5.1.1 Degradation Stresses

Degradation stresses that can be imposed on EC windows or are part of real-
time use 1include exposure to UV, humidity, air, pollutants, temperature,
cyclic temperature, thermal shock (cloud cover), cyclic charge injection and
bleaching (cyclic I-V input), dust, sand, and dirt. We shall eliminate the
latter three for the remainder of this report, but they may be important in
actual applications. Sand can cause abrasion of windows, altering its specu-
larity. Dirt and dust may adhere to the glass surfaces, causing scattering
and a general reduction in available solar transmittance. The stresses may be
imposed during real-time testing, by using accelerated test procedures such as
exposure in Weather-Ometer or.QUV test facilities (see Section 5.4), or under
static conditions (shelf storage).
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Furthermore, the range of values for the stresses imposed must be chosen to
correspond to the variation expected at various use locations. For example,
identical silvered polymers being studied for solar reflector applications
have been found to degrade in the climates of Arizona (hot, dry) and Florida
(hot, wet) but do not degrade in Colorado and Minnesota climates, where the
extremes in humidity and temperature are not as great (Jorgensen and Schissel,

1989).
5.1.2 Degradation Modes

Degradation modes can result from thermal shock (abrupt AT because of cloud
cover), prolonged shut down (storage or nonuse), an elevated stagnation tem-
perature, cyclic temperature during wuse, and cyclic changes in charge
capacity, electrochemical instability, and ‘optical properties.#

The cyclic degradation mode can be illustrated by work done at RCA on a-WOj
display devices. The device lifetime 1{is shortened as larger coloration
changes are imposed, as shown in Figure 5-1. Furthermore, the degree of
degradation is very dependent on the electrolyte type and operating condi-
tions. If a device is to last 10° cycles (from the RCA work), then its con-
trast ratio must be within the range of 2:1 to 4:1. The contrast ratio is
defined in the RCA study as the ratio of reflectances compared to a white
background as: CR(w) = R, (w)/R_(w), where R,(w) is the reflectance in the
bleached state and Rc(w) 1s the reflectance 1n the colored state. Work on
liquid electrolyte devices containing large amounts of water has suggested
that cyclic degradation is an extension of the dissolution.process or voltage
enhanced corrosion. In protonic devices that have been cycled for many
thousands of cycles and disassembled, the a-WO, film has been found to be
granular and is less adherent to the substrate. %t is suspected that the film
has suffered mechanically from hydrogen embrittlement. The most obvious 'change
during cycling is the gradual reduction of charge per unit area  during
bleaching and coloration of the film. This results in a decline of the change
in the optical density of the film.
In so-called aprotic systems, a-W03 corrosion is slowed by the processes of
low ionizability of large organic molecules and inhibited tungsten ion forma-
tion. After 10,000 cycles of coloration and bleaching a-WO; electrodes
cycled in LiClO4-propylene carbonate (PC), a decrease in injected charge
density_1is noted. The charge density began at 10 mC/cm® and dropped to
6 mC/cm® after 1 M cycles. An example of this is shown in ,Figure 5-2. Only an
electrochemical emf change was noted in the film. After cycling, lithium ions
were found bound into the film structure and were judged responsible for the
emf shift but not active in coloration. After cycling, the film in the
bleached state becomes more ion conductive as the result of lithium incorpora-
tion (Nagai et al., 1984, 1986a, 1986b; Kamimori et al., 1987). There appear
to be two active sites for lithium ions; one for coloration: a-WO, + xLi  +
xe <-->a-Li W03 and another for ion exchange according to: W-O=H+Li* <--
> W-0-Li + H'.” The O/W ratio also increased during cycling. This result may
mean that the a-W0, may form a metatungstate structure "(M+6(W12039)" where
M =H, Li, etc., which can serve as an 1ion exchange site. ‘A charge decay
factor of two has been noted after 100 h of cycling (9 x 107 cycles) of a
a-W0,/LiC20,-PC/Li WO device. It was found that by irradiating the cell with
UV light ‘while apﬁiying a bleaching voltage, the decline in the charge injec-
tion level was reduced (Knowles, 1977).
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tungsten oxide electrochromic device (ITO/a-WO,/electrolyte/

metal). Two device responses are shown: (A) standard vacuum
evaporated film and (B) films produced by an improved process
(Faughnan and Crandall, 1980). '
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Long term cycling of tungsten oxide devices (ITO/a-WO3/LiC10, +
Redox/ITO). The decline in charge capacity (charge per unit
area) and hence optical density can be seen after long cycling.
This effect is seen in many device types. (Nagai et al., 1984,
1986a, 1986b, Kamimori et al., 1987). '
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Preliminary work on the cycling of sputtered electrochromic Ni(OH), has shown
only a small change in the transmittance after 10~ cycles (Svensson and
Granqvist, 1987). Work on cathodic electrochemically deposited -Ni(OH), has
shown early residual coloration after cycling (Carpenter et al., 1987). But
work on anodically deposited Ni(OH), films and devices has shown good sta-
bility (Lampert, 1990b; Yu et al., 1987; Pennisi and Lampert, 1988). 1In the
near future, commercial studies on Ni(OH)Z or NiO will be published that show
a stability has been obtained for > 10° cycles for NiO solid state devices.

Electrochromic displays using a sputtered iridium ox1de/Sn0 /glass anode in a
0.5 M H,S0, solution have been subjected to cyclic llfetlme testing at 22 and
73°C (Dautremont-Smith et al., 1980). At 22°C, 2 x- 10/ coloring bleaching
cycles were obtained without "a perceived change in contrast. The fully
colored .or bleached state was reached during about half of the cycles. A
decrease in the injected charge (AQ) and AOD of about 3% was recorded at 22°C
whlle a 5% decrease in these quantities occurred during 2 x 10~ cycles.

5.1.3 Degradation Effects

Degradation effects include gas generation in some devices, humidity effects,
internal water formation, secondary reactions, photoreactions, ‘quenching, vol-
ume changes (density changes), structural changes, diffusion of '"fixed" atoms
(e.g.3 W, 0), trapping of mobile ions, and temperature dependence. All of
these effects may reduce the performance of EC devices. As explained below,
most of these effects are device-specific except perh%ps the temperature

dependence.

At elevated temperatures, it is well known that chemical reactions are accel-
erated, or become fast enough to result in measurable effects. The accelera-’
tion factor can be calculated from the Arrhenius relationship if both the pre-
exponential and activation energy are known. “Use of this relationship
requires it to be valid (for the same mechanism) over the temperature range of
interest. For the favorable reactions, prolonged exposure to high tempera-
tures will accelerate the degradative effects on the materials. Intuitively,
prolonged exposures of the materials to 80°C in an all-solid state EC windows
should not result in degradative reactions, even for solid polymeric electro-
lytes if they are properly chosen (e.g., UV and T stable). However, the
synergism of elevated T, humidity, UV, and pollutants may result in undesired
reactions that limit the lifetime of an EC window. The strongest-synergism
noted for existing devices is between UV and T.. Thus, elevated temperatures,
separately '‘and as a combination of imposed parameters, must be used in a
testing program for EC windows. A :

Gas Generation. Internal gas generation is a very serious device degradation
and failure effect. For a-W0, devices injected with H+, there is a danger of
generating H, gas if the voltage across the ‘device is too high. Also, if the
a—WO3 film is colored to H <W03 beyond x=0.28, then an electrode-electrolyte
interface reaction can occur causing dlssolutlon of H WO3 and formation of H
gas (Faughnan and Crandall, 1980). Gas is also generated in the LiC20, + PC
devices (Kase et al., 1986) which fits a pattern of problems encountered in
liquid-based devices.

In ITO/a—w03/IC/Au-devices, water in the device apparently dissociates at the
Au interface during coloration. During bleaching, gas bubbles are observed at
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the Au interface during application of a -1V potential (Yoshimura et al.,
1982). For electrochromic TiO2 the coloration peak occurs after the oxygen
evolution potential. This makes TiO2 impractical for use with water-based
electrolytes because of gas generation. ‘ '

Water and Humidity Dependence. Another important effect occurs in ITO/
a=WOj /IC/Au devices. These devices have been reported to be very dependent
upon ambient humidity. The mass changes that occur during coloration and
bleaching correspond to adsorption and desorption of water in the cell and its
surroundings. Mass spectrometer measurements have shown' that oxygen leaves
the cell during coloration and hydrogen leaves the cell during bleaching.
Coloration does not occur until ‘a threshold voltage, which corresponds to the
electrolysis of water, is reached across the insulating layer. This electric
charge disassoclates the water in the insulating layer thereby providing the
necessary protons for coloration (Hughes and Lloyd, 1977; Hajimoto et al.,
1979; Stocker et al., 1978).

The coloration and bleaching process was studied in an ITO/a-WO;/a-5i0,/Au
device (Lusis et al., 1982, 1984). According to these authors, the gold
interface serves as a surface for catalytic dissociation of water. - When the
device voltage exceeds 1.3 V, a hydroxide layer is formed on the gold surface
following: Au + 30H --> Au(OH), + 3e”. At this stage coloration takes place
in the a=W0, layer. Above f.6 V the threshold for oxygen discharge 1is
reached. On the negative current cycle, the reduction of gold hydroxide
occurs at 0.8 V and bleaching begins; water is reformed at -0.1 V. Final
bleaching of the a-Wo, film is observed at =-0.4 V. At -3 V oxygen evolution
occurs. The presence of water in this device is important to its operation
and the gold layer serves as the catalytic surface.

Secondary Reactions. The organic viologen system has always been attractive
for switching devices because its absorption spectrum can be adjusted at any
visible wavelength, it has high charge efficiency (2.5 times better than WO ),
and switches fast. The problem with the viologens is that they show unex-
pected secondary irreversible reactions with wuse (Masumi et al., 1982).

Because these reactions are seen 1in conjunction with liquid electrolytes,
there is a p0551b111ty of suppression with solid electrolytes (Hari and Tani,
1983).

Photoreactions. It 1is known that a-WO, is photochromic when exposed to UV
radiation (Gissler and. Memming, 1977; Fleisch and Mains, 1982). The photo-
current rises dramatically for wavelengths below 400 nm. For annealed films
thg'photocurrent rises between 400 and 480 nm. In a-Wog,, w*® is converted to

under irradiation of UV light at 253 nm in vacuum at 22°C. An electro-
chromic device based on a-W0, will have its bleachlng and coloration kinetics
retarded by the effect of photochromlc transitions to W *3. This may be a rea-
son why indoor and outdoor tests give different rate klnetics (Nagai et al.,
1986b). After 100 h of UV irradiation in_a Weather-Ometer at 63°C, the
injected charge dropped from 13 to 8 mC/cm“. Since the measured outdoor
UV-flux is negligible below 285 nm (Webb et al., 1984), other influences may
cause the observed kinetic differences, i.e., 253 nm is imposing an energy
that is greater than encountered in reality.

Photochromism can aiso be used to regenerate aged a—WO3 devices. After long
cycling the EC layer or electrolyte contains trapped charge, which causes the
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charge injection levels to fall, and an emf shift is noted of -170 mV. A con-
trast ratio of 4:1 was seen before cycling. The peak current density was
4 mA/cm? bleached and -5 mA/cm? colored. After 100 h (9x10% cycles), the peak
current was 1 mA/cm® bleached and -4 mA/cm® colored. After UV regeneration
the bleaching currents became 2 mA/cm? and -5 mA/cm? colored. By irradiation
and biasing the device in the bleached state, the energy of incident UV 1is
thought- to free trapped charge and partially restore the dynamics of the
uncycled device (Knowles, 1977).

Qﬁenching. Once an EC device has been colored, it will remain colored if it
has the ability to store charge. In practice all devices have leakage cur-
rents and will quench after some period of time. OCM is based on the ability
of the device to store charge. The parameters to determine OCM are not
generally well defined. Both proton- and lithium-based devices (Mohaptra,
1978) in inorganic solid systems can show good OCM, lasting several hours.
The properties of quenching in devices are very much related to the materials
and construction of the device. :

Volume Changes. Volume changes have been reported for sputtered iridium oxide
anodes (Hackwood et al., 1981). Iridium oxide thicknesses on 'quartz sub-
strates were measured. as deposited, after immersion in 0.5 M sto4, after
successive coloring and bleaching, and on further immersion after two
coloring-bleaching cycles. The experiments showed the anodes expand on incor-
poration of water; the -kinetics of water uptake is greatly increased by the
coloring and bleaching cycles. Hydration increases the response time. The
.anode volume expands on coloring and contracts on bleaching, but. there is a
net volume increase during each complete cycle for the first few cycles until
a steady state thickness is reached. The volume changes are attributed to the
porous nature of the films.

Temperature Dependence and Decomposition. The . temperature dependence of
cycfic switching is important to the lifetime of the electrochromic device. A
device consisting of Glass/ITO/a-WO,/LiC20, + Redox/ITO/glass has been studied
for thermal aging (Nagai et al., 1986b, Kamimori et al., 1987). As shown in
Figure 5-3, color/bleaching cycles were performed using a dc potential of
1.0 V or -1.0 V at 60 s intervals for more than 10° cycles. Cells were cycled
for more than 30 days at different temperatures of 22, 50, 60, and 90°C. At
higher temperatures, the response time of the device became slower and there
was a decline in charge injection levels. After a few days a constant charge
injection level was achieved. =~ As shown, the injected charge per unit area
drops to 14 mC/cm“ from about 16 mC/cm“ at 22°C. However, the injected charge
drops and becomes constant at 6 mC/cm2 at 90°cC.

As suggested by studies that have been performed on LiC204 + PC (Kase et al.,
1986), thermal stability may also be imporgant for devices with polymer elec-
trolytes. Decomposition was noted at 10° h at 60°C, 300 h at 70°C, 200 h
at 80°C, and 15 h at 90°C. Gas bubbles usually formed in the device during
decomposition.

5.1.4 Degradation Mechanisms
Several mechanisms for specific EC devices have been established. These

include film dissolution, corrosion, transparent conductor (ITO) etching, and
hydrogen embrittlement.
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Figure 5-3. The decline in charge capacity (charge per unit area) with
S time and temperature for a tungsten oxide electrochromic device
(1TO/a-WO0 /LiC104 + Redox/ITO). This device was cycled at
+/-1 V potential at 60 s intervals over the period of testing
(Nagai et al., 1984, 1986a, 1986b; Kamimori et al., 1987).

Film Dissolution. Many authors have noted the dissolution of a-WO, films in
water and in acidic environments, following the reaction: a-Wo, + 6H"
===>W%*(solution) + 3/20,. The dissolution of c-WO, is considerably slower.
The dissolution rate of a-WO, in water has been” estimated as 2.5 um/day
(Randin, 1978). The dissolution rate (R) is a function of the electrolyte pH,
e.g., 1l um/yr at pH=0 and 103 um/yr at pH = 6, following the equation R =
k 106' PR At higher pH values the rate increases. For a pH = 9 the rate is
104 um/yr, following the equation R = k 100-66pH These values (shown in
Figure 5-4) were obtained for a flowing electrolyte (Faughnan and Crandall,
1980). For a static sealed electrolyte these rates decreased by an order of
magnitude to 2 to 2.5 nm/day at 50°C in a glycerin-H,S0, solution (Randin,
1978). This effect can pose a shelflife problem for these devices.

It is thought that a-W0, films are in the form of trimeric clusters that are
weakly bound to each otier with -water bridge bonds. This results in a very
open microstructure and high proton mobilities, giving -higher switching
speeds. This structure has been identified as the xerogel structure, con-
sisting of a highly-porous, low-density oxide (Schlotter and Pickelmann,
1982). Unfortunately this structure is subject to dissolution and cyclic ero-

~sion. When the film dissolves, it forms metatungstate or polytungstate ions
(Arnoldussen, 1978). To reduce this problem, alkali salts in aprotic (non-
aqueous) electrolytes have been used, but this decreases device response.

Although the dissolution mechanism is established and understood, it is spe-
cific to WO, and aqueous electrolytes. This information might be useful where
solid electrolytes are used for the IC when considering degradative interface
reactions.
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Figure 5-4. Etch rate (R) vs pH for WO, films immersed in different buf-
fered electrolyte solutions. (After Faughnan and Crandall,
1980).
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Transparent Conductor Etching. Two different mechanisms of degradation of ITO
conductor layers have been identified. As suggested earlier, the transparent
conductor ITO has some of the best optical and conduction properties but 1is
sensitive to etching in acids. ITO has a reduction potential of -1.0 V to
-2.5 V (SCE) depending on the pH of the electrolyte (Kamimori et al., 1987).
ITO- can be reduced by dissolution in acid, In,04 + 6HY » 2In°* + 3 HZO,,3 by
electrochemical dissolution, In,04 + 6H' + 6e- > 2In + 3H,0, and In > In s
3e-. Doped Sno, has a much better etch resistance, but ITO has better optical
and electrical properties. However, in strong acids, doped SnO, can be reduced
electrochemically by Sn02—->Sn+4 + 0, + 4e” (Randin, 1978). In the SnOz/a-w03/
P-AMPS/C device, the reduction of Sn0, is seen at potentials above 1.0 V. To
solve this problem, a protective cover has been used for areas in direct con-
tact with the acidic electrolyte (Cogan et al., 1987). However, knowing this
mechanism, again, may be of limited usefulness in an all-solid-state EC

window.

Ion Trapping. More recently, lithium ions have passed through electrode mate-
rials and are reducing the performance of ITO layers (Cogan and Rauh, 1989).
These are recent results and further research should be conducted to determine
the magiiitude and seriousness of the problem.

5.1.5 Other Degradation Problems

Other forms of. performance losses may result when used in buildings. These
losses, which may result from reliability and/or durability problems not
addressed in Sections 5.1.1 through 5.1.4, include scratches and their concom-
mitant influence on mechanical stability, delamination at interfaces, building
vibrations, rapid thermal expansion or contraction, electrical 1isolation
(safety), and continuity of the electrical connections (e.g., rupture or cor-
rosion of the conductors). The latter should not present difficulties because
of past successful experience with electrically heated windows and with photo-
voltaic modules. Other problems such as the development of blotchiness, fail-
ure during use below 0°C, and hot spots in the electrical connections are
quality assurance issues. These other reliability, durability, and quality
assurance problems will need to be addressed at Some future date, but are pre-
mature for the purpose of this document.

5.1.6 Summary of Degradation Stresses, Modes, Effects, and Mechanisms

Various EC windows have been subjected to the following degradative stresses
or conditions: cyclic voltage and current, temperature, humidity, UV radia-
tion, internal water, outdoor exposure, static conditions, or Weather-Ometer.
These have produced the degradative modes, effects, or stresses listed 1in
Table 5-1 as summarized from various articles. The stresses or conditions
have been imposed on the different device types as summarized in Table 5-2.
As seen in Table 5-1, most of the types of degradation have been triggered
using cyclic voltage and current, several have been caused by temperature and
internal water, and only one type of degradation has resulted from the other
stresses. The stresses or conditions most frequently applied to different
device types have been cyclic voltage and current (in nearly all cases), tem-
perature, UV radiation, and internal water. The number of investigations that
have studied the degradative influence of humidity, static conditions, ele-
vated (stagnation) temperatures, outdoor exposure (real-time testing), and
Weather-Ometer environments (accelerated) testing is minimal. The four latter
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Table 5-1. Matrix of Various Studies* in which a Degradation Mechanism, Effect, or Mode has Resulted from Various
Degradative Stresses or Conditions Imposed (Adapted from Lampert, 1990c).

Stress or Condition

Degradation Mode Cyclic Voltage uv Outdoor Static Internal
Effect, or Mechanism and Current Temperature Humidity Radiation Exposure WOM* Conditions Water
A. Film Dissolution 1,4,17,22% 4,22 1,22 4,22
B, Cyclic Changes (Charge Capacity
and Optical) 1-4,12,17,23 10,20 18
C. Cyclic Changes (emf and Ion
Trapping) 10,17-20
D. Mechanical (Hydrogen
Embrittlement) 22
E. Transparent Conductor Etching 6,10 22
F. Gas Generation 4,26 11
G. Humidity Dependence 8,9,14,15,24 8,9,24 8,9,14,
15,24
H. Secondary Chemical Reactions 16 10,12,17,20
I. UV Photochromism 12 10,20

J. Thermal Dependence and
Decomposition 11

+Weather-Ometer.

*Numbered references above correspond to bibliographic references as follows:

1. Arnoldussen, 1978 10.  Kamimori, et al., 1987 19. Nagai, et al., 1986a

2. Carpenter, et al., 1987 11. Kase, et al., 1986 20. Nagai, et al., 1986b

3. Cogan, et al., 1987 12, Knowles, 1977 21. Pennisi, Lampert, 1988

4. Faughnan, Crandall, 1980 13. Lampert, 1990b 22. Randin, 1978

5. Fleisch, Mains, 1982 14. Lusis, et al., 1982 23. Schlotter, Pickelmann, 1982
6. Giglia, Haacke, 1982 15. Lusis, et al., 1984 24, Stocker, et al., 1978

7. Gissler, Memming, 1977 16. Masumi, et al., 1982 25. Svensson, Granqvist, 1987
8. Hajimoto, et al., 1979 17. Morita, Washida, 1982 26. Yoshimura, et al., 1982

9. Hughes, Lloyd, 1977 p 18. Nagai, et al., 1984. 27. Yu, et al., 1987
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Table 5-2.

Matrix of Various Studies* in which a Specific Device has had Various Degradative Stresses
or Conditions Imposed (Adapted from Lampert, 1990c).

Stress or Condition

Cyclic
Voltage .
and Static . Internal
Device Studied Current Temperature Humidity Radiation Conditions ‘Water

A. 1T0/a-W03/LiC20, + Redox/ITO,Metal 10,18-20 10,18-20 10,10,20 19,20 18
B. Sn0,/aW04/LiCL0, .+ PC/LiWO03/Sn0, 12 12 12
C. 1T0/aW03/LiC20, + PC/Metal 17 12 12
D. Sn0,/aW0,/LiCR0,+PC/Prussian BlueSn0, 11 11 11 11
E. ITO/a-WO4/Poly-AMPS/a-Ir0,/ITO 3
F. Sn0,/a-W04/Poly-AMPS/Carbon 6 6 ) 6
G. SﬁOz/a—w03/Electrolyte/Metal 1,22,23 22 1,12 1,22,23
H. 1TO, SnO,/a-WO;/MgF,,LiF/Au 24,26 24,26 24 9,26
I. 1T0/a-W03/a-5i0,/Au 9,14,15 14,15
J. 170, SnO,/Ni(OH),/KOH/Pt 2,13,21,25,27
K. a-W0;, a-MoO4 5,7 5,17
L. ITO/Viologen/Metal 16

*See numbered references in Table 5-1 for
*Weather-Ometer

key to bibliographic references in this Table.
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stresses clearly represent choice opportunities for testing the stability/
durability of EC windows in future work.

5.2 Performance Measurements for Real-Time and Accelerated Life Testiqg

In principle, a complete characterization of an EC window by all the measure-
ments mentioned in Section 4.2.1 might be necessary to establish all aspects
of performance losses by the device. In practice, scientists must find ways
to secure adequate information about EC window durability at a minimum cost.
For example, in a silver-glass mirror testing program (Masterson et al.,
1983), a complete test matrix of six different mirrors and the measurement of
all the mirror characterization parameters over the testing period would have
required obtaining more than 77,600 separate data inputs. Statistical
procedures were applied, and after a 2-year effort, it was determined that the
constancy of one measurement was adequate for concluding the mirror had no
loss in the primary performance requirement. (The latter was the specular
reflectance of all solar energy, which included radiation from 200 to 2600 nm,
that could be used in a mirror field for central receiver applications.) The
simplified approach found for silver-glass mirrors may not be technically
available for EC windows, but it is a goal worth pursuing. Several crucially
important measurements required during the testing of prototype EC windows are
discussed below.

5.2.1 Wavelength Dependence of Transmittance and Reflectance 1in
Colored/Bleached States

Transmittance is clearly the most important performance parameter for a func-
tioning EC window. The ambiguity or risk for misinterpretation of monitoring
only a single wavelength is evident by inspecting the data in Figure 4-2 at a
particular wavelength. Although the data in Figure 4-2 are for three dif-
ferent WO, films, it is possible similar wavelength differences will result in
a single film as it degrades. However, it may be possible to select certain
wavelengths for real-time monitoring as guides for estimating when a perfor-
mance loss occurs. This can be seen from Figure 5-5, where %T is strongly
temperature dependent below 500 nm. It may even be possible for an absorption
maximum to shift in wavelength for a device that is still performing properly.

Reflectance as a function of wavelength is also an important performance
parameter. There is insufficient history on R()A) measurements because not all
research groups measure it, nor is there a history of correlating R(\) with
performance degradation.

5.2.2 Atomic Percent of Injected Charge

The measure of injected charge is not quantified 1n absolute terms as dis-
cussed 1in Section 4.2.1. To correlate the transmittance change with the
number of color centers requires knowing the number of ions injected ‘into a
lattice of a known amount. For a given device, Q in C/cm“ is used by most
groups and it may even be a standard. However, the ambiguity of this quantity
if thickness, density, or compositional changes occur is obvious. Some better
measure of injected charge is needed; in the meantime, the scientific com-
munity must agree on some measurement of injected charge that provides the
least risk for misinterpretation.
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Figure 5-5.

5.2.3 Time Dependent Change in the Transmittance and Reflectance During

Coloring/Bleaching

Performance degradation at the chosen end-points of an applied potential that
yields the colored/bleached state may be monitored by tracking the rate at
which coloring or bleaching occurs. This might be accomplished from response
time measurements, but would be best accomplished by monitoring A%ZT(t) or
0%A(t). A set of curves is shown in Figure 5-6 to illustrate the concept.
These data are for an a-W0,/Ir0, EC device using H* counter ions that was
switched to 1.2V and held at that voltage. For each of the 8000 cycles, the
voltage was switched to provide the maximum and minimum optical limits (Cogan,
1990). The changes in transmittance and reflectance have been reported for an
ITO/WO,/ LiNb03/In203/ITO device before and after 3000 cycles for coloring and
bleaching at 3.0 V (Seward et al., 1987). Kinetic data as the approach to the
final state often indicate changes in- the rate of approach, even though the
same final state is reached in less than 2 min. Thus, these data may be early
indicators that a degradation in performances can be anticipated. As has been
shown, response time measurements are temperature dependent (Hackwood et al.,
1981) for sputtered iridium oxide films (Figure 5-7). Their report states,
"the response times, being electrolyte independent, are representative of a
process taking place within the electrochromic material.'" For all conditions
studied in t%ﬁ%r work, the initial charge injection or extraction varies with
times as ~t suggesting a diffusion-limited process. They found an
activation energy of ~0.5 eV, which is a low value for an ion diffusion
process, lying in the range of typical fast-ion conductors. This value 1is
also at the low end of activation energies for grain boundary diffusion, which
typically range from 0.5 to 1.25 eV (Poate et'al., 1978). The data 1in
Figure 5-7 extrapolate to a response time that 1is four orders of magnitude
different between 80°C and -30°C. Measuring the kinetics of the response
times at these two extremes might be a fruitful area for laboratory studies,
especially at the lower temperatures where the kinetic processes are much
slower.
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5.3 Methods/Procedures for Real-Time Testing

As far as we can determine, there are no uniformly accepted procedures or
methods for the real-time testing of an EC window. However, we can suggest
what procedures might be used for comparing the relative durability of dif-
ferent EC windows or similar EC windows made by different laboratories. The
aspects in need of standardization include the size of the device and the
sheet resistivity of the TC. The layer thicknesses of the entire multilayer
stack also need to be the same when comparing EC windows made from the same
materials but by different laboratories or under different processing
conditions.

5.3.1. Cyclic Tests Emphasizing Electrical Properties of EC Windows

Electrical properties must be emphasized for cyclic tests. Voltammetry curves
produced by potentiostats that simulate use conditions are needed, but how
they will be standardized is a problem. Variables include the voltammetry
cycle time, cycles/unit time (are there relaxation effects?), the magnitude of
the extremes of cyclic potential, and the wave form of the driving potential.
As indicated in Section 4.2.1, these important questions require answers for
standardization. The potential extremes corresponding to those needed to
provide the designed (or chosen) colored and bleached states should be
strictly used, because simulated real time use would be compremised.

The transmittance response during cyclic tests using voltammetry must be mea-
sured. Assuming the entire I-V dynamics and range are standardized, the same
T(A) should be reproduced at each point during the cycle. The obvious need is
to take T(A) at the extremes in applied potential. When a large number of
cycles are employed T at a A might be a suitable probe, perhaps, with a laser,
detector, and fiber optic for in-situ monitoring. Complete T(X) data would
then be required after a large number of cycles, e.g., for a device to be
cycled 100,000 times, T(A) after 100, 300, 1000, 3000, 10,000, 18,000, 30,000,
56,000 and 100,000 cycles could narrow the time domain in which performance
degradation occurs.

Finally, structural or morphological changes may occur in the EC, CE, and IC
films during real-time use. These can have a profound effect on the diffusion
rates of injected charge, as has been known for decades for thin films (e.g.,
Poate et al., 1978). Thus, a non-destructive monitor to probe the structure
and morphology of the thin films in an EC device would be needed to avoid mis-
interpretation of response time data.

5.3.2 Cyclic Tests Under Use or Storage Conditions

The standardized cyclic tests outlined in the previous section must be used
under at least two simulated real-time conditions. The first 1is simulating
use in a building application. Here, the variables are cyclic UV, cyclic T
corresponding to diurnal cycles, and 'catastrophic AT excursions'" corre-
sponding to cloud cover and sudden exposure of the sun. Temperature extremes
must be identified, the rate of AT excursions must be simulated, and the UV
intensity matched to solar incidence. As work by Webb et al (1984) has shown,
special care must be taken with solar simulators that produce UV wavelengths
to well below 285 nm. Considerable damage can be done by shorter wavelength
UV that does not simulate reality, and can lead to a misinterpretation of the
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true device lifetime. The second real-time condition 1is to simulate
shelflife. The variables here are probably a constant T (~ 22°C), no UV, but
may include high relative humidity (RH) concentrations of pollutant gases.

5.4 Methods and Procedures for Accelerated Testing

The introductory paragraph in Section 5.3 also applies here, as does the dis-
cussion in Section 5.3.1. However, a voltammetry cyclic accelerated test pre-
sents a most intriguing experimental problem. If an EC window is cycled once
every 10 h and stored for 14 h, what effect does using cyclic voltammetry once
every 6 min (acceleration factor of at least 100) do to the physical processes
occurring in the materials in the EC window? Are the mechanisms that result
in performance degradation .perturbed? Do the cyclic tests provide a proper
basis for lifetime projections or do they yield a valid indication of relative
durability of different EC windows?

Accelerated testing can also be accomplished using elevated temperature, RH,
and exposure to UV. Two widely used techniques are Weather-Ometers and QUV
testing devices. Weather-Ometer and QUV are registered trademarks of the
Atlas Electric Devices Co. and the Q-Panel Co., respectively. Each device has
a chamber for mounting specimens that can be subjected to elevated tempera-
ture, controlled RH or a water condensate, and UV radiation. In a Weather-
Ometer used for silver/polymer mirror testing (Schissel and Neidlinger, 1987),
specimens are typically subjected to UV (or no UV), 60°C, and 80% RH. A xenon
arc lamp with a filter cutoff to match the terrestrial solar spectrum supplies
the UV light. The QUV test cyclically uses 4 h of UV exposure (from fluores-
cent lamps) at 60°C and 4 h of condensed water exposure at 40°C (ASTM,
G53-77). The accelerated weathering devices are used for comparison only; it
is not possible to state which device provides the harsher test for any par-
ticular mirror material or how the accelerated tests compare with outdoor
(real-time) weathering. The spectral distribution for the irradiation used in
the two devices is compared with solar radiation (air mass 1.5) in Figure 5-8.

For Weather-Ometer and QUV accelerated testing, we ask questions about
mechanisms similar to those in the first paragraph in this section. What is
the potential of an accelerated test for causing a change in molecular mecha-
nisms that departs from reality? These questions apply when one is tempted to
choose an elevated T of 120°C when real-time use is between 0 and 80°C, and to
use temperature cycle times of 1 h or even 6 min when real-time use 1s once
every 10 h. For UV exposure tests (at a properly matched UV intensity versus
wavelength), how many "equivalent suns'" can be used? 10? 100? 1000? If RH
is a factor, what meaning does a dew-point QUV cycle have on a device that
will normally be exposed to water vapor at RHs of 407 to 90%? For wurban
environments, what '"enhanced'" concentrations of pollutants (SOz, No_, cO, Og,
etc.) can be used to accelerate a performance loss, and not change a
mechanism. Finally, the synergism of combined tests of T, cyclic T, UV, RH,
pollutants, and possibly even freeze/thaw treatments must be considered. It
must be evident at this stage that the calculation of acceleration factors can
only be technically feasible when adequate research and testing has been
carried out to support lifetime projections under real-time use from the
accelerated life testing of the device(s). We can only raise these i1ssues as
questions for resolution for durability testing of EC windows.
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6.0 RECOMMENDATIONS

Preliminary recommendations. are made in this section. These recommendations
provide a foundaticn for further discussion of the issues of the required
parameters and test methods for studies that are (1) primarily for laboratory
research and evaluation, (2) for prototype evaluation, and (3) for durability
evaluation under real-time and accelerated testing conditions. The natural
progress of (1) through (3) is shown schematically in Figure 6-1. A large
number of different EC windows, components, and materials are represented for
laboratory research; of these, some systems will be chosen for prototype eval-
uation. The latter will be complete EC windows with a defined size of 1 ft
(30 x 30 cm), defined materials, and defined layer thicknesses. Prototypes
may simply be larger versions of smaller devices studied in (1). During
prototype evaluation, additional research issues will be generated, and addi-
tional laboratory research may be necessary to improve the prototype. Some of
the prototypes will successfully pass the performance criteria required of an
EC window, and these will be subjected to durability/stability/lifetime
testing (3). During durability testing, additional research issues will most
likely result from analysis of the results, and additional laboratory research
may he necessary to 1improve the device before proceeding with further
testing. Successful prototypes from the durability testing (3) will become
candidates for commercialization. For this purpose, the parameters and mea-
surements from Table 4-1 are listed in Table 6-1.

The parameters and measurements listed in Table 6-1 have been reduced to those
deemed essential to EC window research and development for the progression
shown in Figure 6-1. Our recommendations fer these are categorized as most
important (1), important (2), and helpful (3) for a given device. Those that
are a property of a material, part of a device design, or a parameter from
reduction of other data are labeled NA. We have also added surface analysis
(Czanderna, 1975) as important for diagnostic evaluation of compositional
changes and related phenomena, ranging from deducing mechanisms to estab-
lishing causes in performance losses. A recommended test matrix is given in
Table 6-2 for stages (1), (2), and (3) of Figure 6-1.
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evaluation, to (2) prototype testing, to (3) durability
testing, and finally to (4) commercialization
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Table 6-1. Categorization of Parameters and Measurements for Different Stages of EC Window R and D
1 = highest priority to 3 = lowest priority, D = derivable from other -measurements,
E = established from earlier laboratory research, and NA = not applicable¥*)

Optical Measurements Testing Laboratory Research Prototypes Durability
Spectral T(x), (280 to 2600 nm)* 1 1 1
Spectral R(A), (280 to 2600 nm)+ 1 1 1
Spectral A(A), (280 to 2600 nm)* 1 1 3
Layer Thicknesses 1 NA NA
Solar Qeighted Spectral Data
(280 to 2600 nm)* . 1/NA 1/NA 1/NA
Photopic Weighted Spectral Data : 4
(390 to: 770 nm) 1/NA 1/NA 1/NA

Hemispherical and Angulan<Dépenden¢e : 3 NA 7 NA
Daylighting Selectivity : ~ NA ~ NA : NA
Optical Uniformity over Device Area 1 ' 1 1
Electrochemical Measurements Testing Laboratory Research 'Prototypes ) Durability
Voltammograms 1 1 N 1

Q-V Cycles 1 - -

I-V Cycles R 1 i 1

V Limits, Cycle Frequency, 1 NA NA

I, Driving Potential Type or -

Wave Form*#* ' 1 E E
Q (C/cm?) or Injected Charge ' i- 1 1
oD, Q vs OD, Coloration Efficiency D D D
Ionic Conductivity of IC (T) 1 NA ' NA
Response Time (t. and tp) 1 1 1
Open Circuit Memory 1 1 2
Substrate Effects«Eliminated 1

NA NA

**These parameters are essential, and when determined from laboratory research, must be used without
variation for prototype and durability testing.
*NA is because the quantity may be for a previously established materidl or device design or may be
derlved by reducing data from some other measurement.
*In the ideal case for a reflective film, A(A) can be derived from T(A) and R(A), but it is best to
.measure A(A) experimentally to assure non-ideal loss mechanisms are not present. Measurements made
from 350 to 2200 nm will result in losses of 1% and 3% of the available solar energy, resp.
(Hulstrom, et al., 1985).
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Table 6-2. Recommended Test Matrix at Various Stages of EC Window Research and Development

Measurement or

Stability/Durability Testing

Degradative R&D Laboratory

Stress v Stage Research Prototype Real-Time* Weather-Ometer Quv
T(x), R(A), A(X) 280-2600 nm 280-2600 nm 280-2600 nm* 280-2600 nm* 280-2600 nm*
Optical Uniformity Spectral Spectral Visual Visual Visual

Layer thicknesses
Surface Analysis

Voltammograms

I-V Cycles

V Limits

I Used

Driving Potential Form

Cycle Frequency Variable
Injected Charge (c/cm?)
Response time (t_,tp)
Open Circuit Memory
Temperature
uv

Humidity

Pollutants

-- compare layer thickness vs 25°C after exposure to 100°C

Use diagnostically and for depth profiling at/through interfaces

Yes Yes Yes Yes Yes
Variable
Variable Values are fixed from laboratory research and evaluation and are not
Variable changed arbitrarily
Variable )
0.1,1,10/h 0.1,1,10/h 0.1,1,10/h 0.1,1,10/h 0.1,1,10/h
integrate time and current same same same
Variable Use 84 to 16%*" changes from 100% of the possible percent change in T
Measure Note Note Note Note
0,27,60,100°C  0,27,60,100°C Variable 60,100°C 40,60°C
17 suns, xenon simulation, 285 - 700 nm, except for real-time and QUV
Normal 80% Variable 80% Condensation
Cycle
NA NA Variable s0,, NO, None
Site Specific Chloride, other

*Real-time testing includes outdoor exposure, with and without shutters, constant elevated stagnant T, and under

simulated storage conditions

*T()) only may.be monitored periodically at variable A. An on-line continuous monitor at a fixed A may be

successful

++ -
These correspond to two standard deviations
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