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ABSTRACT 

A broad set of phenomenological analysis tools, aimed at isolating generic characteristics 

of electro chromic (EC) device behavior from measured data with minimal reference to 

specific models, have been developed. The tools, which involve both directly-measured 

and derivative parameters, are applied in a demonstrative manner to specific EC devices; 

step-potential and step-current excitations are considered, along with variations in applied 

potential, imposed current, film thickness, insertion species, and series resistance. The 

step-current methods are extended and applied in appreciable detail to EC devices 

involving both H- and Li-electrolytes. In the H-based devices, a spontaneous (open

circuit) deintercalation process has been observed; this process is absent in the Li-based 

devices. In both types of devices, the present work exposes an inherent asymmetry 

between bleaching (deintercalation) and coloring (intercalation), most prominent at the 

onset of deintercalation. This asymmetry, and the resulting hysteresis, are explained in 

terms of a two-phase model. From a corresponding equivalent circuit, it is shown that the 

bleaching behavior may be well-predicted from the coloring behavior with essentially a 

single adjustable parameter. Behavior, in terms of measured and derived parameters, of 

devices using an aqueous H-electrolyte are compared with that of devices using a non

aqueous Li-electrolyte. The curves representing the various aspects of behavior for each 

device are generally similar in shape and may be made approximately to coincide through a 

linear scaling relation, suggesting that similar fundamental processes govern behavior in 

both types of devices. Preliminary work towards a model to predict the effect of the size 
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of the insertion species on the intercalationldeintercalation behavior is perfonned. 

Additionally, a phenomenological site-saturation model for the optical efficiency is 

proposed and shown to predict well the observed behavior with no adjustable parameters. 

The tungsten-oxide films used in the present study, prepared through a novel wet-chemical 

synthesi~ and processing procedure involving the use of a transient additive, have been 

characterized in terms of their resulting microstructures, stoichiometries, and EC behavior. 

Additionally, the effect of the additive on these properties has been assessed. Finally, 

identification of particularly fertile avenues for investigation of the means to construct 

made-to-order devices of the future is also attempted. 
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1. INTRODUCTION AND BACKGROUND 

1.1 INTRODUCTION TO ELECTROCHROMISM 

Electrochromism refers generally to a change in color brought about by the 

influence of an electric field~ in practice, one considers any variation in the passive spectral 

properties (in a range typically from the near-IR through the UV) of a combination of 

materials as a response to an applied electrical potential. It is generally presumed that the 

changes are reversible through the application of a field of opposite orientation. 

Generally, one may subdivide electrochromism into two types: intrinsic and 

extrinsic. Intrinsic electrochromism may be defined as that which occurs by direct 

interaction of electric field with the material. Examples include the Franz-Keldysh 

Effect1
•
2

, in which the electric field broadens band states at their edges, as well as a variety 

of ionization effects1
.2, in which the field produces or extends the lifetime offree carriers in 

a material. 

Extrinsic electrochromism may be defined as that which occurs through an 

interaction of a material (and its internal processes) with its surroundings (including other 

materials) as a result of an applied electric field~ the field may be seen in this case as 

catalyzing an interaction involving the material and its surroundings. It is seen that 

extrinsic electrochromism is not a property of a material, but of a particular device 

configuration. Examples include any of a variety of electrooptic modulators, which 

typically involve a material with field-dependent refractive properties (e.g., Pockels Effect, 

Kerr Effect) between two polarizers3
•
4
, and devices in which an applied field drives a 



chemical reaction which fundamentally changes the optical nature of one or more of the 

materials in the devices.6; this change may involve species in liquid and/or solid phases. 

Extrinsic electrochromism is generally associated with much larger changes in 

optical properties, at much lower field-strengths, than is intrinsic electrochromism. In 

addition, because intrinsic electrochromism generally requires high-field strengths 

throughout the material of interest, the materials must be (and remain) of relatively low 

electrical conductivity. For the reaction-type extrinsic devices, however, only a small 

region of appreciable field is needed (at an interface, e.g.), and the materials can be (and 

can become) highly conductive. 
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The devices considered in the present work are solely of the extrinsic-type and 

involve a field-driven reaction which alters a solid phase; an ion-rich electrolyte is bounded 

on both sides: on one by an electronic conductor, and on the other by a tungsten oxide 

film deposited on an electronic conductor. The configuration is shown schematically in 

Figure 1-1. 
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Figure 1-1. Schematic configuration of devices used in 
the present work. 

The tungsten-oxide film "colors" (develops a strong absorption in the near-IR, 

tailing appreciably into the visible) when its electronically conducting substrate is biased 

negative relative to another electrode in contact with the electrolyte~ opposite poiarity 
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induces a corresponding bleaching. The tungsten-oxide presumably acts as a host for the 

injection of electrons from its substrate and for injection of ions from the electrolyte~ one 

is effectively electro-doping and de-doping the tungsten oxide film with the atomic form of 

the cation in the electrolyte. 

The literature on tungsten oxide, as well as that of other inorganic electrochromic 

materials, has been recently reviewed in a comprehensive text by Granqvist6
; a more 
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general (but far less thorough) review, which includes many organic materials (in the from 

of solids, gels, or solution species) has been recently given by Monk, et aF. 

It should be noted that for effective coloring, ions must not be able to exit in 

appreciable quantities into the substrate; conversely, effective bleaching requires that a 

strong barrier exist for electron injection into the electrolyte. It should also be noted that 

the tungsten oxide films are typically expected to be quite porous, so the effective distance 

between an electrolyte phase and the substrate may be much smaller then the macroscopic 

thickness of the tungsten oxide-film; access of the electrolyte to the pores is mediated by 

the pore size a.,d the double-layer properties of the tungsten oxide/electrolyte interface. 

1.2 PURPOSE, FORM AND OUTLINE OF THE PRESENT DISSERTATION 

The broad aim of the present work is threefold. The first purpose is to develop a 

novel set of phenomenological analysis tools for describing electrochromic behavior. The 

second is to apply in detail some of these tools to specific electrochromic devices. The 

third is to use the results of the detailed phenomenological analysis to identify, explain, 

and propose models for a variety of observed effects, many of which have important 

implications regarding the behavior of practical devices. 

The phenomenological tools were developed for the study of electrochromic 

behavior in tungsten-oxide based devices, but they may be applied to many types of 

reversible intercalation systems. A broad set of such tools is presented in Chapter 2, 

which also presents a range of demonstrative examples. 
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Materials selection is considered in Chapter 3, where the synthesis, processing, and 

resulting microstructure of the tungsten oxide films are presented; preliminary device 

measurements demonstrate clearly the efficacy of a new type of processing additive. The 

results of this Chapter lead to the definition of a specific synthesis and processing schedule 

which is used for the remainder of the dissertation. 

The analysis tools for analyzing the device potential as a function of the passed 

charge, first presented in Chapter 2, are considerably refined in Chapter 4. The remainder 

of the Chapter uses these more precise tools to examine the electrical aspects of the 

intercalation and deintercalation (or coloring and bleaching) processes in an 

electro chromic device based on an aqueous, protonic electrolyte. There appears to be a 

fundamental difference between the mechanisms of intercalation and deintercalation, and 

this asymmetry results in a sizable hysteresis observed in the corresponding device 

potentials. Additionally, a spontaneous deintercalation (SDI) process is identified, and 

simple models to account for its effects are proposed. 

The results from Chapter 4, which relate to the electrical behavior of a protonic 

device, are combined in Chapter 5 with analysis of simultaneously-obtained optical 

behavior to further elucidate the nature of the intercalationldeintercalation (or 

coloringlbleaching) asymmetry. The results suggest strongly that multi-phase behavior is 

present, and that at least one of the phases possess an additional barrier to direct 

deintercalation. A specific two-phase model is proposed, and a corresponding equivalent 

circuit is given. With certain assumptions, the two-phase model predicts accurately the 



relation between the intercalation and deintercalation behavior with only one adjustable 

parameter. 
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Chapter 6 applies the methods of Chapters 4 and 5 to an electrochromic device 

based on a non-aqueous Li-electrolyte. The same type interca1ationldeintercalation 

asyrrllIletry is observed, and a sequence of experiments is used to substantiate further the 

proposed claim of multi-phase behavior. At any given state of the device, deintercalation 

consistently occurs from sites different in character from those to which intercalation 

occurs. As with the proton-based device, the two-phase model predicts accurately the 

relation between intercalation and deintercalation with only one adjustable parameter. 

Additionally, a phenomenological site-saturation model for the variation in optical 

efficiency with intercalation level is proposed~ it is shown to predict observed behavior 

surprisingly well (without the use of any adjustable parameters). 

The relation between the behavior of the Li- and the proton-based devices is 

considered in Chapter 7. Although intercalation into and deintercalation from the protonic 

electrolyte occur much more easily than with the Li-electrolyte, the optical properties 

appear to be comparably sensitive for both H and Li. Both of these observations are 

shown to follow qualitatively from elementary considerations. A linear scaling law is 

proposed which relates the behavior of the two types of devices, suggesting that the same 

fundamental processes are occurring in both. Some preliminary analysis is performed with 

the aim of laying the groundwork for a quantitative description of the dependence of the 

electro chromic behavior on the nature of the intercalate species. 
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Chapter 8 summarizes the results and attempts to describe them from a broader 

and more general perspective. 

Chapter 9 relates to the future; a paradigm for progress in terms of identified Key 

Variables and Key Issues is presented; it is proposed that the problem of obtaining a 

functional understanding of the electrochromic behavior of tungsten-oxide-based devices 

may be reduced to determining the effects of the Key Variables on each of the Key Issues. 

In addition, speculation is proffered toward the identification of particularly fertile avenues 

for the construction of devices with improved and made-to-order properties. 

To enhance the accessibility and ease with which one may utilize the results of this 

dissertation, an attempt has been made to have each chapter be relatively self-contained. 

When reference is made to relevant information from previous or subsequent chapters, a 

distilled description is typically given. Thus, at the cost of some modest redundancy, the 

reader may generally feel at liberty to go directly to a chapter of particular interest. 
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2. PHENOMENOLOGICAL ANALYSIS OF THE 

OPTOELECTROCBENUCAL BEHAVIOR OF ELECTROCHRONUC 

INTERCALA nON DEVICES 

2.1 INTRODUCTION 
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The object of the present Chapter is to present a phenomenological analysis of the 

behavior of electrochromic (EC) intercalation devices. The use of specific models is 

avoided as much as possible. This type of analysis can be very useful: based upon the 

behavior of the device under one set of conditions, behavior under another set of 

conditions can often be predicted with impressive accuracy. In addition, the results of 

phenomenological analysis provide important directions for th;;: development of specific 

mechanistic models. 

2.2 BASIC PHYSICAL PICTURE 

Although the present analysis is substantially independent of specific physical 

models, it is helpful to proceed with a general physical picture of the device being 

analyzed. Such a device is typically of the form: 

e--conductori intercalation hosti ion conductori intercalation reservoiri e--conductor 

where the ion conductoriintercalation reservoir pair often take the form of a single 

material structure. Application of a potential, Va' between the two e--conductors results in 

transport of the intercalate species from either the reservoir to the host or vice-versa. For 

an electro chromic device, this transport results in a change in the optical properties of at 

least one of the components of the device. The transport continues until either the device 
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is open-circuited or until a built-in potential, Vbi, sufficient to counteract Va is generated by 

the components between the e--conductors. This picture may be represented schematically 

as Figure 2-1. 

Intercalation 

Host 

Intercalation 
Conduit 

Intercalation 

Reservoir 

Figure 2-1. Schematic phenomenological model of intercalation 
system. 

Closing the circuit (imposing Va) induces intercalate transport between the 

reservoir and the host. As the host fills with intercalate, its optical properties change and 

Vbl increases. Transport continues until either the circuit is opened or until Vbi ::::: Va ; 

Va - Vbl (= ,,) may be seen as a driving force for the intercalation process. When the host 

empties (as by application of a reverse voltage), Vbl decreases and the optical properties 

change (in a sense opposite to that which takes place as the host fills). 

2.3 THE EXPERIMENT 
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In a typical experiment, a particular fonn of Va is imposed, and the time-evolution 

of selected device properties is measured as the device relaxes to a new state. A variety of 

fonns for Va are used; the most common are step potential (chronoamperometry), triangle 

wave (cyclic voltammetry), and step current (chronopotentiometry). In the latter, a 

feedback loop within the supply modifies Va in whatever manner is necessary to maintain a 

constant electrical current. 

Presently, we consider step-current and step-potential excitations. For the step-

current measurement, the current density through the device is raised (essentially 

instantaneously) fromj=O to a constant value, j=jo' and the time-dependent potential, 

Va(t), necessary to maintain that current is measured along with the optical transmission, 

T(t). VitJ is measured relative to a reference electrode in the ion conductor. For the 

step-potential measurement, the potential is changed (also essentially instantaneously and 

relative to a reference electrode in the ion conductor) from its initial value, Vo' to a new 

value, Va' and the time-dependent current,j(t), and the optical transmission, T(t), are 

measured. A reference electrode is used in these measurements so that processes 
..... 

involving the reservoir do not complicate the analysis, and so that results among different 

investigators may be directly compared. 

The device behavior may be affected by a number of variables. Those to be 

discussed in the present chapter are: 

a. Applied Potential, Va 

b. Imposed Current Density, jo 
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c. Film Thickness, L 

d. Series Resistor, M?. (in series with the Ee device) 

e. Insertion Species, M (presently, H or Li) 

2.4 THE ANALYSIS 

2.4.1 ANALYSIS OF STEP-CURREiVT EXPERIMENTS 

2.4.1.1 Total Passed Charge,!!Q 

For a constant current density,jo. the total charge passed, IlQ, is given by: 

(2-1) 

Ifleakage, side currents, and/or fluxes contribute only negligibly tojc, IlQ should be 

proportional to the change in the intercalation level of the host. In the present discussion, 

if this restriction is fulfilled, the current is said to be pure. In addition, if j 0 is sufficiently 

small relative to the rate of intercalate redistribution within the host, IlQ should determine 

the instantaneous change in state of the electrode; if this restriction is fulfiHed, the 

behavior is said to be quasi-static. It is often useful to consider device properties as 

functions of IlQ. 

The intercalation level is represented by the ratio of the number offilled 

intercalation sites to the total number of intercalation sites and is often designated in the 

literature as x. For a pure current, we may represent the change in intercalation level, /lx, 

as: 

(2-2) 
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where ~Qmar is the maximum attainable passed charge (not the maximum attained). 

Although an estimate of ~Qmax is not readily obtainable without using a specific model, its 

scaling properties are expected to be relatively straightforward. 

Ilx may be taken as the actual intercalation leve~ x, only if the change is large 

relative to the initiallevel(Ilx» xo). The experimental conditions can often be controlled 

to ensure that this condition is at least roughly satisfied. 

2.4.1.2 Transmission, T 

Electrochromic intercalation devices are of interest primarily because of the 

changes which can be made, reversibly and controllably, in their optical properties. In a 

typical experiment, the transmission, T, and/or the reflectance, R, are measured at a 

particular wavelength, it, or over some range of wavelengths. In dynamic studies, the 

transmission at a single wavelength, T;., is by far the most commonly measured property. 

A typical T;.(!l.Q) plot, obtained for severaljo-values, is shown in Figure 2-2. The fact that 

the curves coincide quite closely while the current is varied by nearly a factor of 4 

indicates that kinetic factors are not important over this range of conditions. 
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Figure 2-2 The logwscaled transmission, T;., vs. the passed charge, ~Q, for 
three values of the imposed current,jo (jo=11, 5.7,2.9 J..1.Alcm2). The device is 
based on a 1950A W03 film with aLi-electrolyte (O.OIM LiCI04 in dry 
propylene carbonate). 

2.4.1.2.1 Optical Efficiency, l;A 

The average optical efficiency is defined as the ratio of the change in optical 

density to the amount of charge passed to bring about that change, and represents the 

average slope of the 10gT;.-~Q plot. IflogT ... is linear in ~Q, the optical efficiency is 

constant, and the ratio calculation is clearly meaningful. It is more common, however, 

that logTl-~Q is nonlinear (as in Figure 2-2), and the average optical efficiency varies 
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continually with intercalation. In such cases, it is useful to define the optical efficiency, 

J!. = 8logr. 
':>... 8 IlQ 

(2-3) 

Quasi-static ; .. .(IlQ) curves, calculated from the logT;.-IlQ curves in Figure 2-2, are 

shown in Figure 2-3. 
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Figure 2-3. The optical efficiency, ;;., VS. passed charge, IlQ, based on the 
data shown in Figure 2-2. 



2.4.1.2.2 Analysis o/Optical Data 

Extraction of relevant parameters from T;.(ll.Q) is complicated primarily by four 

factors: (1) thin film interference effects, (2) lack of knowledge of the reflectance 

behavior, R;.(ll.Q), (3) impure currents, and (4) non-quasi-static conditions. Factors (3) 

and (4) are more likely to be important at higher currents, such as those often occurring 

under typical constant voltage conditions. 
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For typical film thicknesses and scales of homogeneity, thin film interference 

effects may be significant and variable at visible wavelengths. For sufficiently broadband 

optical measurements, these effects may "average out." Under monochromatic 

conditions, however, the measured T;.(ll.Q) may be specific to the precise film thicknesses 

and wavelength used; to extract parameters of general utility, therefore, it is necessary to 

consider directly the eff~cts of thin film interference. 

Methods for calculating the optical properties of thin-film stacks with known 

thicknesses, Li and complex indices, ii, (= ni + ik,), are widely known1
,2, but the inverse 

problem is not readily solvable in a unique way. It is therefore useful to use models for ii, 

representing the active layers; the parameters may be varied iteratively to approximate the 

measured data. The resulting modelled ii, may then be used (tentatively) to predict T and 

R for other device configurations. 

Preliminary calculations for device configurations and conditions used in the 

present dissertation indicate that interference effects are generally small relative to the 

intrinsic variation in optical properties. 
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The second issue (lack of knowledge of R;.(llQ)} can be addressed by measuring 

the reflectance during the experiment, but this is not commonly done (due primarily to the 

additional experimental requirements). If one performs the modelling mentioned above 

with regard to thin film interference effects, R;..(llQ) may be estimated. It should be noted, 

however, that in the optical range, the reflectance is typically expected to vary not nearly 

as much as the absorbance. Generally, therefore, variations in T;.. will be due primarily to 

changes in the absorbance, A;.., and not in R;... It should also be noted that, for many 

applications, one may want a phenomenological parameter which lumps together the 

reflection and absorption effects. 

In the Appendix of Chapter 6, a phenomenological site-saturation model is 

proposed to account for the observed variation in optical efficiency. It is shown that the 

general variation may be surprisingly well-predicted without using any adjustable 

parameters. 

2.4.1.3 Applied Potential, V. 

Before proceeding with methods of electrical potential analysis, it is important to 

identify the physical significance of the measured potential, Va' Va is the voltage necessary 

to maintain a fixed current,jo' In the general case, we may say that the current is an 

increasing, homogeneous function of the difference between the applied and some built-in 

device potential, Va-Vbi. It therefore follows that Va approximates Vb, as the magnitude of 

the current approaches zero. In practice, we may make stronger statements. It seems 

quite likely that at very small values, the current is roughly a linear function of Va-Vbi 
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(which corresponds to an ohmic process with proportionality constant, 1/ R, where R is a 

device resistance). We therefore have 

(2-4) 

i.e., Va is equal to Vbi plus a (small) ohmic drop (and the latter varies linearly with the 

imposed current). If R is independent of the intercalation leve~ Vbi is readily obtained; if R 

varies, one can attempt to describe it explicitly or one can choose i sufficiently small that 

JR is negligible. 

2.4.1.3.1 The Built-In Potential, Vb;(&Q) 

From the above section, it is seen that under appropriate conditions, one may 

estimate the time-dependence of Vbi from a basic step-current measurement. It is often 

useful to plot the estimated Vb; as a function of &Q. For a given film, one generally 

expects Vbi to be approximately a master function of &Q; thus, as long as the current is 

small enough in magnitude, Vbl should not depend uponJo (quasi-static conditions). An 

example, for several differentio-values is shown in Figure 2-4. 
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Figure 2-4. The estimated built-in device potential, Vb;' as a function of the passed 
charge, .1Q for three values of the imposed current,jo 00=0.11,0.22, 0.44mA1cm2). 

The device is based on a 2250A W03 film in an aqueous electrolyte (O.OlN H2S04); the 
potentials are vs. a Ag/ Agel reference electrode. 

It is seen that the three curves are effectively indistinguishable, indicating that for 

this range ofjo, the device is ohmic and polarization and/or intercalate redistribution 

processes are not important (or even noticeable). The device appears to be in the quasi-

static limit under the conditions indicated. 
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It is important to note that for a given form of site energy distribution, Vbi is 

expected to be a unique function of the intercalation level, x (phenomenologically 

represented as t!Q/ t!Qmax). Thus, if one changes only the number of sites (by changing 

the host thickness, e.g.), the curve should be proportionally scaled. In the case of 

variations in thickness, if t!QmaxocL (i.e., the general character of the intercalation sites 

does not change with the film thickness), a plot of Vbi vs. t!Q/ L should generate a master 

curve. 

It is also possible that, for a given film, cycling affects the number of available 

sites. If this is the case, and if the energy distribution of intercalation sites remains 

relatively unchanged, a set of Vbi curves should be scaleable to a master curve (Vbi VS. 

tlQ/ t!QmlX ) with a reasonable variation of t!Qmax. 

It is important to note the distinction between the number of sites and the form of 

the distribution. A given film can contain several different types of sites, and the measured 

distribution will be a composite of these. Changes to the system may affect differently the 

different components represented in the distribution, and simple scaling behavior may not 

be observed~ in such a case it is necessary to scale appropriately the affected component(s) 

of the distribution. It should also be noted that processes not directly contributing to 

intercalation (polarization charging, leakage, e.g.) can contribute to the measured 

distribution~ their influence is discussed in detail in Chapters 4 and 5. The form of the 

energy distribution can be investigated by considering the intercalation efficiency (below). 

2.4.1.3.2 Intercalation Efficiency, c: 
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Adopting an approach similar that used for obtaining the dynamic optical efficiency 

from the variation of transmission with intercalation, we can obtain an intercalation 

efficiency, S, from the variation of f:.Q with Vbi: 

(2-5) 

In a literal sense, t; represents the amount of charge which is passed for a given change in 

the built-in device potential (and is therefore like a differential capacitance). Under quasi-

static conditions, however, the passed charge should be directly proportional to the 

intercalation level, x, of the electrode, and sf f:.Qmax gives directly the change in x for a 

given potential variation, Ox/a~, . Given the elusiveness of f:.Qmar> however, and in 

keeping with the phenomenological spirit of the present analysis, we shall use S, alone, as 

a measure of the intercalation efficiency. 

If one plots s vs. Vb" a measure of the distribution of available site energies is 

obtained. If the curve is relatively featureless, there is likely a continuous distribution of 

site energies; if there is a fine structure (peaks, kinks, humps, etc.), then there are likely 

discrete types of sites separated significantly in energy. Figure 2-5. shows a typical s(Vb,) 

plot that displays a fine structure. 
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Figure 2-5. The intercalation efficiency, S, as a function of the built-in 
potential, Vb;. The device is based on a 2250A W03 film in an aqueous 
electrolyte (O.OlN H2S04); the potential is vs. a Ag/AgCI reference electrode; 
jo=O.11mAJcm2

. 

The hump (centered around O.2V) and the peak (centered around O.4SV) likely 

indicate the centers of two different site distributions, possibly present in two different 

phases (TEM micrographs of this tungsten oxide film indicate at least three distinct 

phases; see Chapter 3 or Ref 5). It appears that a third distribution may be probed at 

higher potentials. If one is willing to make assumptions regarding the form of the site 

distributions, decomposition into constituent distributions may be attempted. 

45 
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Regarding the spacing and scale of the distributions, it should be noted that the 

Vb,-axis may also be seen as an energy axis, where the voltage-values are numerically the 

same as the relative energy-values in units of e V. 

The presence of a distribution of site energies imposes another constraint on the 

definition of quasi-static conditions. The filling of sites of different energies may occur 

with different characteristic time constants. At sufficiently high intercalation rates, 

therefore, the evolution of the distribution may vary with the rate, and quasi-static 

conditions may not prevail. A particular embodiment of this idea, where the partitioning 

among sites is different between intercalation and deintercalation, is explored in detail and 

applied to H- and Li-based devices in Chapters 4,5, and 6. 

2.4.1.3.3 Transmission-Potential Plots 

It may also be useful to investigate the behavior of T;. (or 10gT;.) vs. the estimated 

Vbi. This circumvents many of the problems associated with estimating the intercalation 

level from the passed charge; under quasi-static conditions, T;. and Vb' should be functions 

, only of the intercalation level of the host (non-intercalation fluxes should have little effect 

on them). Additionally, the problem of the offset (replacing x with~) is no longer 

present. 

Because the filling of different types of sites may impact the optical properties 

differently, however, it may in some cases not be possible to avoid consideration of 

individual components of the distribution. A typical plot for severalio-values is given in 

Figure 2-6. It is seen that the three curves are virtually indistinguishable, indicating that 
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for currents in this range, there is a unique correspondence between built-in potential and 

transmission. 

~7Omn 
0.1 

0.0 -0.1 0.5 

Figure 2-6. 10glO-scaled transmission, T;., as a function of the built-in potential, 
VbI' based on the data shown in Figure 2-4. 

It may also be useful to investigate the behavior in T;.-Vbi space over full 

intercalation-deintercaiation cycles (allow j 0 <0) to see if any hysteresis is present. 

Hysteresis in such a plot likely indicates that there is another contribution to Vbr For the 
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devices investigated in subsequent chapters, such a hysteresis is present; it is explored and 

interpreted in tenns of two-phase behavior in Chapters 4, 5, and 6. 

2.4.2 ANALYSIS OF STEP POTENTIAL EXPERIMENTS 

Step potential analysis is generally more involved than step current analysis due 

primarily to the fact that a wide range of rates (indicated by the instantaneous current) are 

probed in a single experiment. Typically, the rate is greatest at the beginning of the 

experiment and decreases monotonically with time. 

As with step current experiments, it is often useful to analyze the measured 

parameters as functions of the passed charge, AQ; one thus obtains J(AQ) and T;..(AQ) 

plots. The latter are analyzed in essentially the same manner as for the step current 

measurements; in this case, however, the rate (which corresponds to)o in a step current 

measurement) is initially very large and decreases continually during the experiment. If 

quasi-static conditions prevail over the entire range of rates, the results should be quite 

similar to those obtained in slow step current measurements. If this is not the case, the 

results need to be interpreted in a dynamic context. 

Generally, the efficacy of analysis with AQ taken as the independent variable lies in 

the assumption that the processes of interest are state processes, and that they are 

therefore capable of being parameterized independently of time. 

2.4.2.1 Total Passed Charge, AQ 

In a step potential measurement, the current is a function of time. Calculation of 

AQ therefore involves an integration: 
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~Q = f.i(t')dt' (2-6) 

An advantage of this type of measurement is that leakage currents may be more 

easily subtracted from the data. The form of the leakage may be quite complicated, but as 

a first approximation, one can assume it is const,mt and equal to the steady-state current. 

This current can be subtracted from the measured current, resulting in better estimates of 

the intercalation current. If the steady state is never reached, one can estimate the 

corresponding leakage current level via extrapolation. 

If J contains other "impurities" (significant non-intercalation contributions such as 

polarization, or complicated leakage, for example), it may be necessary to make further 

corrections; if conditions are strongly non-quasi-static, it may be necessary to involve 

time-dependent considerations. 

It should be noted that constant-voltage experiments often sample a significantly 

different range of intercalation level than do constant-current experiments, and this may be 

a source of discrepancy between the two regarding device properties measured as a 

function of ~Q; if Qo differs significantly from zero, ~Q is only a relative measure of 

intercalation level. To compare properties, the measured curves may need to be shifted in 

~Q such that they begin in initially comparable states. This may be done with the 

assumption that, for a given type of system, devices are in comparable states when their 

potentials or transmissions are comparable. 

2.4.2.2 Analysis In J(~Q) Space 



50 

The capabilities of direct analysis ofj(t) curves for intercalation electrodes are 

quite limited. This is because the state of the electrode (indicated by the intercalation 

level) is changing with time, and the manner in which this occurs changes with essentially 

every controlling variable that may be varied. It is meaningful to investigate comparatively 

the effect of a controlling va...;able on the current only if one is comparing currents 

corresponding to similar electrode states; otherwise there is always an unknown variable 

present. It is therefore of great benefit to obtain a plot of the current as a function of a 

variable which indicates the state of the electrode. If the intercalation process is occurring 

quasi-statically, one can use the transmission, T;., or the passed charge, flQ. The latter has 

the advantage that it is expected to correspond more simply to an intercalation level and 

that its scaling behavior is more straightforward and universal (it is not yet clear how T;. 

may scale with L, for example). The former has the advantage that it is measured directly, 

and that it should be independent ofleakage, polarization, etc. Both have been used as 

static indicators of equivalent electrode states4,s. e.g.. In the present discussion, flQ will be 

used predominantly as the variable indicating the state of the intercalation electrode. It 

should be noted, however, that comparisons between J(flQ) and J(T;.) plots may help 

elucidate the influence of factors that affect flQ but not T;. (polarization and leakage 

currents, for example). 
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One can obtain a parametric J(IlQ) plot from the elimination oft from IlQ(t) and 

j(t). If two devices begin with comparable initial conditions, it is expected that they are in 

the same state if they have the same value of IlQ/ IlQmax' This allows one to investigate 

straightforwardly the effects of various controlling variables (Va> L, !1R, M, etc.) on the 

current. If the initial conditions differ, suitable shifting and/or scaling may be performed 

before comparison. Although IlQmax is not generally known. its scaling properties are 

often straightforward; an accurate indicator of the electrode state may therefore be 

obtained. 

A typical transformation £romj(t) to J(IlQ) space is shown in Figure 2-7. Much 

information may be gleaned from a J(IlQ) plot. The y-intercept (which is the same as that 

inj(t) space) gives the initial current, Jo, from which an initial ohmic resistance, Ro, may be 

calculated: 

R =~ 
° J a 

(2-7) 

where 17 a = Va - Va' If the current is controlled by a constant resistance (as is often 

believed to be the case4,s, then Ra is the device resistance. Less restrictively, Ro may be 

seen as a general kinetic parameter characterizing the dynamic electrical response of the 

device. 
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Figure 2-7. J{t) => J(~Q) transformation of the intercalation current for a W03-based 
device (190oA W03 film, Va=-O.6V vs. Ag/AgCI (Vo':::; O.OV), aqueous electrolyte (O.OIN 
H2S04)). 



The x-intercept gives the total passed charge, !::"Qf If !::,.Qfis normalized by an 

appropriate driving parameter (applied voltage, e.g.), it represents an intercalation 
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capacity (which is akin to an average intercalation efficiency, ~). For the data shown in 

Figure 2-7, ~300ncm2 and !::"Qf~19.7mC/cm2. Taking "0' as the driving parameter, the 

intercalation capacity is ~32.8mCN·cm2. 

2.4.2.2.1 Master Curves 

Another advantage of the J(!::"Q) representation is the facility with which master 

curves may be generated. Scaling/shifting with system parameters is usually relatively 

straightforward. 

2.4.2.2.1.1 Potential Scaling 

Collapsing of J(!::"Q) curves corresponding to different applied potentials will 

depend upon the nature of the controlling process. To effect the collapse empirically, one 

must ensure that the curves begin with the devices in comparable initial states. For 

intercalation of a given species, this is most easily accomplished by beginning the 

experiments at comparable initial potentials; for deintercalation, this often is not possible, 

and one must shift the data. 

In executing such collapses, it is useful to define a "standard state," i.e., the curve 

to which the others are to be collapsed. It is often convenient to choose one of the 

obtained J(!::"Q) curves as the standard, thereby defining the conditions under which it was 
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obtained as the standard state. Standard state parameters will be indicated with a 

superscripted "nought:" J O
, Tlo 0, R O

, etc. 

If the current density is controlled by a constant resistance (ohmic process), the 

potential drop differs from that of the standard state by the difference in initial applied 

overvoltage: RO JO = RJ + .1110, where .1110 = 11~ -110. A current, J, may thus be 

collapsed to the standard state by the operation 

(2-8) 

If the resistances are the same, the currents are shifted simply by an amount equal to the 

current corresponding to the difference in initial applied overvoltages. Figure 2-8 presents 

an example of a moderately successful collapse brought about by application of Equation 

(2-8). 
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Figure 2-8. Collapse of J(t1Q) curves obtained from intercalation experiments performed 
on a W03-based device with applied voltages of -O.8V, -O.6V, -O.4V, and -O.2V VS. 

AglAgCI in aqueous electrolyte (O.OIN H2S04); Vo,:::;O.Ov. The W03 film is I900A, and 
the resistances are obtained from the initial currents of each experiment. 
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As another example, if the controlling process is exponential in potential, 

J = aexp(b71) , and if b is independent of potential, the logarithm of the currents obtained 

at the two different applied overvoltages should be shifted by a linear function of the 

difference in the applied overvoltages: 

In(Jo) = In(J) + In( ~) +b~Tlo (2-9) 

Exponential scaling does not bring about a reasonable collapse of the curves in Figure 2-8. 

Insofar as quasi-static and pure conditions are maintained, dynamic T;.(t1Q) plots 

should need no potential scaling/shifting; the curves should simply proceed further at 

higher potentials. This appears generally to be observed (see Dynamic Optical EffiCiency, 

~,below). It should be noted, however, that deintercalation curves must often be shifted 

to make the initial states comparable. 

2.4.2.2.1.2 Series Resistor Scaling 

If one adds an external resistance, M, in series with the device, the scaling of the 

data depends, again, upon the limiting process. The effect of the series resistor is to lessen 

the average potential dropped across the device without changing the final device 

potential. Series resistor collapsing may therefore be treated in a manner similar to 

applied potential collapsing. Taking the current obtained with no series resistor, JR, as 

defining the standard state (JR ~ JO
), and assuming a resistance-controlled process, one 
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has RO J O = (Ro + M?)J. A current, J, may thus be collapsed to the standard state by the 

operation 

(2-10) 

where~ is the intrinsic ohmic device resista."J.ce (obtained from the standard-state curve). 

If control by a constant resistance prevails, one may take measurements with several 

different series resistors to detennine~. An example of moderately successful ohmic 

scaling is shown in Figure 2-9. 
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Figure 2-9. Ohmic scaling collapse of J(IlQ) curves obtained from intercalation 
experiments performed on a W03-based device with series resistors of value on, 481n, 
9250, and 13900 in aqueous electrolyte (O.DIN H2S04); Va=-D.6V vs. AglAgCl, 

V c?=O.OV. The W03 film thickness is 190oA. 
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If the controlling process is exponential, one must explicitly subtract the ohmic 

drop from the overvoltage; a straightforward analysis gives: 
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(2-11) 

and plotting In( ~) vs. Ml - RO [J o 
- J] should render a straight line with slope, b, 

and intercept In( ~) . 

As with potential scaling, so long as quasi-static and pure conditions are 

maintained, the dynamic T;.{ilQ) curve should not vary with the addition of series 

resistors. The nature ( or absence) of a variation with M may be used to probe a slow 

coloration reaction, such as that which has been observed in tungsten oxide films by some 

workers4
•
5

. 

2.4.2.2.1.3 Thickness Scaling 

If intercalation occurs equally through the thickness, L, of a given film, and if the 

intrinsic device resistance is independent of the film thickness, then J{ilQ) curves 

corresponding to films of different thicknesses should collapse to a single curve when 

plotted as a function of the passed charge volume denSity, il%. If the device resista.,ce 

varies with L, the variations may be treated as additional series resistors and accounted for 

as described above. Figure 2-10 displays an example of thickness scaling. 
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Figure 2-10. Collapse of J(IlQ) curves obtained from intercalation experiments 
performed on a W03-based devices with W03 film thicknesses of 3850A, 1900A, 980A, 
and 490A. Va=-0.6Vand V ~O.OV vs. AglAgCI in aqueous electrolyte (O.OlN H2S04); 

resistances are obtained from the initial currents for each curve. 
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It is seen that the thickness scaling, with thickness varied by nearly an order of 

magnitude, brings about a sharp collapse. This indicates that, in a macroscopic sense, 

intercalation occurs uniformly throughout the W03 film and that quasi-static conditions 

are maintained. 

If the actual collapse is dubious, L may be treated as an empirical parameter and 

varied to bring about the "best collapse;" L then indicates an effective film thickness or an 

intercalatable film thickness. 

The scaling of dynamic T;.(~Q) plots with thickness should depend upon the 

optical modulation mechanism(s) and upon the influence of thin-film interference effects. 

2.4.2.2.1.4 Grand Master Curves 

Using the methods described above, it may often be possible to construct a master 

curve upon which data obtained under a broad range of experimental conditions collapse. 

From the parameterization of this curve and a knowledge of the scaling/shifting laws, one 

then has a broadly applicable, simple mathematical expression which describes the system 

behavior. This should greatly facilitate device optimization and design. 

A 

2.4.2.2.2 Dynamic Optical Efficiency, ~j. 

The dynamic optical efficiency, ~j., is defined identically to that for the constant-

current experiments (Equation (2-3)). The dynamic measurement, however, samples a 

wide variety of rates and represents the conditions and rate distribution present in actual 

A 

device operation. Figure 2-11 shows the calculated ~ f. as a function of the passed charge 
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for four different applied voltages for a Li-intercalation system comparable to that used in 

the determination of~A. (Figure 2-3). It is seen that the curves coincide well with one 

another; application of an increasingly larger potential appears primarily to extend the 

curve. 

10fr---------.--------.---------r--------,--------. 
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Figure 2-11. The dynamic optical efficiency,~,., vs. the passed charge, flQ, for three 

values of the applied voltage (Va=-1.0, -1.2, -1.4 V VS. Ag/AgN03; Vo:::::-O.SV-+-O.6V). 
The device is based on a 1800A W03 film in aLi-electrolyte (O.OIM LiCI04 in dry 
propylene carbonate). 



For comparable ~Q-values, the data taken at higher potentials correspond to 

higher intercalation currents. The data therefore indicate that no significant optically

active processes occur with characteristic rates between those corresponding to the 

slowest and fastest-rate curves (i.e. the curves corresponding to the lowest and highest 

applied overvoltages, respectively). 
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In comparing dynamic (constant voltage) with quasi-static (constant current) 

measurements, one must restrict consideration to the potential range common to both. If, 

in this range,~,. is similar to ~,., the dynamic process may be said to be occurring quasi

statically. In the present case, the initial potential corresponding to the dynamic 

measurements is between 0.5 and 0.6V; relative to the quasi-static measurement, this 

corresponds to an initial ~Q in the range of about 4mC/cm2 (this is obtained from the 

Vbl{~Q) characteristic for this system; see Chapter 4). The meaningful comparison is then 

between ~,.(~Q+4mC/cm2) and €,., that is, one should compare Figure 2-3 beginning at 

~Q~mC/cm2 to Figure 2-11 beginning at ~Q z o. It can be seen that, adjusting for the 

difference in initial conditions, ~ .. and ~ .. are of comparable magnitude, but the former is 

consistently and noticeably smaller than the latter. 

2.4.2.2.3 Dynamic Intercalation Efficiency, ~ 

It may be useful to define a dynamic intercalation efficiency, ~, analogous to the 

quasi-static intercalation efficiency, (; (Equation (2-5)). This requires a specific model, 

however, relating the current to the built-in potential and is therefore less 
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phenomenological. For an ohmic current, the dynamic built-in potential is Vb; = Va - RJ , 

and S is therefore given by 

ollQ s= 
oRJ 

R=CDrISI ) 1 ollQ 
RaJ 

(2-12) 

A J A 

For an exponential current, one has Vb; = Va - b In - , and, for a and b constant, S is 
a 

given by 

(2-13) 

In a general, phenomenological sense, it seems appropriate to use tacitly an ohmic 

model by taking the form of e as determined by - o~Q. Multiplying by YR may then be 

performed to compare the scale to that obtained in quasi-static measurements. Figure 

2-12 compares the quasi-static s VS. Vb; with the ohmic-estimated dynamic e VS. Vb;; R 

was taken as 300Qcm2 for this calculation. It is seen that the scales match quite closely, 

but the forms are somewhat different. 
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Figure 2-12. Comparison of quasi-static and ohmic-estimated dynamic intercalation 
efficiencies for an aqueous system. 

2.5 CONCLUSIONS 

A set of phenomenological analysis tools, referring omy minimally to specific, 

mechanistic models, has been presented. These tools are intended for the characterization 

of optoelectrochemical behavior of electrochromic intercalation devices. Examples of 
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such application are given for devices based on H- and Li-intercalation into tungsten oxide 

thin films. 

The measured properties for a step-current experiment are the time-dependence of 

the applied voltage, Vo(t), and of the transmission, T(t); for a step-potential experiment, 

one measures the time-dependence of the electrical current,j(t), and of the transmission, 

T(t). 

It has been demonstrated that investigation can often be performed in a state-space 

representation by considering the measured properties as functions of the passed charge, 

LlQ, instead of the time, t. It has been shown that such a representation results in great 

simplification of scaling and shifting laws as well as providing a milieu for analysis which is 

far more intuitive and straightforward. 

Step-current measurements were shown often to give estimates of quasi-static 

properties. Quasi-static behavior often persists to unexpectedly high rates, including those 

associated with many step-potential experiments. 

Transmission curves (TA(LlQ» may be used to obtain optical efficiency curves, 

which give a measure of how the sensitivity of the transmission to the passed charge varies 

with intercalation. Comparison of step-current with step-potential measurements can be 

used to estimate the extent to which quasi-static optical behavior persists. 

Slow ( quasi-static) step-current measurements may be used to estimate the 

dependence of the built-in potential, Vb" on the passed charge, LlQ; knowledge of VblLlQ) 



is likely to form a cornerstone upon which specific, mechanistic models of the electrical 

behavior will be based. 

With the presumption of a limiting mechanism, one can also estimate a dynamic 

built-in potential, Vbi , from step-potential experiments. If the mechanism assumption is 

correct, comparison with Vb; gives the degree to which the step-potential electrical 

properties are behaving quasi-statically. 
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An intercalation efficiency, l;;, may be derived from a Vbl{~Q) curve. l;; is a measure 

of how the sensitivity of Vb; to intercalation varies with the intercalation level. Fine 

structure in l;; indicates the existence of distinct types of sites, separated significantly in 

energy; construction of a l;;(Vbi) plot gives explicitly the energy distribution. Similarly, a 

dynamic intercalation efficiency, e, may be constructed from Vbi(~Q). 

Scaling and shifting properties with respect to several controlling variables have 

been derived and demonstrated for typical systems. This allows for the generation of 

master curves upon which data obtained under a variety of controlling conditions may be 

expected to collapse. Controlling variables investigated in this manner are initial device 

resistance, applied voltage, imposed current, and film thickness. 

External modification of the overall device resistance may be brought about by 

placing resistors in series with the device. Study of J(~Q) curves obtained with a variety 

of series resistors may be used to investigate the controlling mechanism, since the 

mechanism determines the laws of collapse. This is also the case with variations in the 
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applied voltage, but the fonner is often preferable because a similar range of intercalation 

level is sampled in each experiment. 
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3. SYNTHESIS AND CHARACTERIZATION OF HYBRID 

ELECTROCHROMIC TUNGSTEN OXIDE FILMS 

3.1 INTRODUCTION 
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Tungsten oxide thin films are being extensively investigated due primarily to their 

electrochromic properties l
-4. These coatings can change their optical properties by the 

insertion of electrons and ions (usually W or Li+i; thin films ofW03 have sizable 

commercial applications. To date, tungsten oxide thin films have been deposited by a 

wide variety of techniques, including evaporation6
, sputtering', spray depositionS, 

anodization9 and sol-gel lO
• The sol-gel approach offers many advantages over the other 

techniques in that it does not require costly deposition equipment. Further, it is easy to 

dope the coatings; and by modification of the precursor chemistry and firing conditions, 

one can obtain films with well-defined microstructuresll . Through the sol-gel route, thin 

films have been made using precursors based on tungsten alkoxides12
, chloralkoxides13

, 

peroxopolytungstic acid14 and colloidal solutions oftungstic acid1s
• These methods give 

W03 coatings with a range of behaviors in terms of their coloration properties and 

cyclability. This variation is likely due largely to differences in the microstructures and 

water content, which are known to affect strongly the kinetics, durability, coioring 

efficiency and charge storage characteristics of the filmsl
6-19. 

3.2 EXPERIMENTAL 

3.2.1 PREPARATION OF SOL-GEL W03 COATINGS 



70 

The sol-gel precursor solutions were prepared by dissolving a peroxotungstic ester 

derivative20,21 in anhydrous ethanol (PTElEtOH=0.24gm/ml). A schematic diagram for 

the precursor synthesis is shown in Figure 3-1. The peroxotungstic ester (PTE) precursor 

was highly soluble in ethano~ forming solutions with shelf lives greater than two weeks. 

For the present work, two different precursor solutions were prepared: one contained no 

additive~ and the other contained 32 mol% oxalic acid dihydrate (the mol% value is 

referenced to the W-metal content in the PTE). Hereafter, the films obtained from these 

precursor solutions will be referred to as the O%film and 32%film, respectively. The 

oxalic acid dihydrate was added to the precursor solution to modifY the microstructure of 

the resulting coatings. The coatings were deposited by dipping indium tin oxide-coated 

(12Q/[]) glass into each solution under ambient atmosphere and withdrawing at a rate of 

27 em/min. The coatings were then given a two-step heat-treatment. The first step 

involved heating under a controlled relative humidity to 135°e and cooling to room 

temperature. In the second step the coatings were heated to 2500 e under ambient 

atmosphere for one hour and cooled to room temperature as shown in Figure 3-2. 

Thermogravimetric and infrared analysis of the precursor solution and coating indicated 

that the oxalic acid dihydrate is completely burned out by the end of the treatment process. 

Thicknesses were determined by etching a step into the coating with 1M NaOH and 

measuring the step height with a Tencor Alpha-Step profilometer. The thicknesses of the 

0% and 32% films were 235nm and 225nm, respectively. 
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Figure 3-1. Schematic diagram for the preparation of the peroxytungstic ester (PTE) 
dipping solution. 
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3.2.2 ELECTRON MICROSCOPY 

Cross sections of the films were investigated using transmission electron 

microscopy (TEM). For each sample, two films deposited on ITO-coated glass were 

sandwiched together with their coated sides facing each other. These were bonded 

together with epoxy and cured at 100°C for two hours. The sample was then cut into 

thin slices 300-400 J..I.m thick; 3 mm diameter discs were cut from these sections, ground 

flat and polished on one side. The other side was dimpled and polished to perforation. 

Final thinning was done at liquid nitrogen temperature by ion milling from both sides. All 

samples were analyzed using a Hitachi H81 00 transmission electron microscope at 200 

kV. 

Field emission scanning electron microscopy was also performed. To make the 

film surfaces conductive, lsA Cr coatings were deposited using an ion beam deposition 

system. 

3.2.3 SMALL-ANGLE X-RAY SCA 1TERING (SAXS) 

The X-ray scattering data were obtained using a Kratky small-angle camera, with 

CuKa radiation. The direct beam was filtered with a Ni filter; and the scattered radiation 

was detected with a scintillation counter coupled to a pulse-height analyzer. The entrance 

and measurement slits had widths of 60 J..I.m and 150J..l.m, respectively; and the sample-to

detector distance was 208mm. 

Tungsten oxide films were also prepared on Corning micro sheet glass (thickness-

50J..l.m). To obtain sufficient scattering intensity, the dipping conditions were adjusted to 



73 

obtain thicker coatings (-6000A on each side of the substrate). The sample was then 

given the above-described two-step heat treatment. Scattering data and transmission 

values were obtained for the film/substrate/film stack and for the bare substrate. The 

substrate scattering (scaled by the film transmission) was subtracted from the stack 

scattering to obtain a curve which is proportional to the scattering due to the film. These 

data were corrected for slit-length smearing using a modification of Schmidt's algorithm22
• 

3.2.4 OPTOELECTROCHFMICAL MEASUREMENTS 

Galvanostatic electrochemical measurements were performed using a 

programmable current source interfaced with a computer data acquisition system. A 

Ag/AgCI reference electrode was used to produce a measure of the tungsten oxide 

electrode potential~ and a small Pt sheet (with an aperture to allow for transmittance 

measurements) was used as the counterelectrode. The electrolyte was an aqueous 

solution of sulfuric acid (pH=2.16). The reference electrode was interfaced to the data 

acquisition system through a high impedance voltage follower. 

A laser diode (N:::670nm) and a photosensor were used to monitor the 

transmittance of the films during the electrochemical measurements. The photosensor 

signal was amplified to produce a signal linearly proportional to the light intensity, suitable 

for input to the data acquisition system. Measurements of the tungsten oxide electrode 

potential (vs. Ag/ AgCI) and relative transmittance were measured under galvanostatic 

conditions. To prevent damage to the films, which may result if their intercalation level 
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approaches saturation, it is useful to select an applied voltage limit. For the present study, 

a limit ofO.65V was selected. 

The current source applies whatever voltage is necessary between the Pt 

counterelectrode and the tungsten oxide working electrode to maintain a constant total 

current. This current,jroh may be represented: 

j tot = j, + j p + jr (3-1) 

wherej; is the intercalation current,jp is the polarization current, andjr is the leakage 

current. For present consideration,j; corresponds to the flux of protons from the 

electrolyte to active sites in the film;jp represents the current which gives rise to net 

charge displacement (double-layer charging, surface charging, etc.); andjr represents any 

other currents which may be present. 

The magnitude of the potential one may apply is generally limited by side reactions 

and/or practical device considerations; and for optimum performance, one would generally 

like to maximize the time integral ofj,. The dynamic relationship between tungsten oxide 

electrode potential and the time integral of the intercalation current is thus very important. 

from: 

For the present analysis, the change in intercalation parameter, !:lx, was calculated 

!:lx ::::: j tot III 
pq/ 

(3-2) 

where / is the film thickness, p is the number density ofW-atomslcm3 (:::::1.4xl022 cm-3 for 

the present films), q is the electron charge, and III is the time interval. It should be noted 
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that usingitot in the above expression implicitly assumes that the polarization and leakage 

currents are negligible in comparison to the intercalation current. 

3.3 RESULTS AND DISCUSSION 

3.3.1 STRUCTURE 

TEM analysis indicates substantial differences between the 0% OA and 32% OA 

films. The 0% films appear to be essentially amorphous; no well-defined lattice fiinges 

could be identified in the electron image (Figure 3-3a); and the electron diffraction pattern 

(not shown) was characterized by a single, diffuse halo. 

The 32% film, in contrast, contains substantial crystallinity; lattice fiinges are 

clearly evident in the electron image (Figure 3-3b). The electron diffraction pattern (not 

shown) contains a number of spots (resulting from the predominance of a few relatively 

large crystallites in the sampled area) superimposed on a series of broadened, yet distinct, 

halos. 

The images of both films display a multitude of small, dark patches, and the 

patches are appreciably larger (typically -5nm) and more numerous in the 32% film. 

Although many of the patches in the 32% film contain fringes (Figure 3-3b), the fiinges 

typically extend well beyond the domain of the patches; additionally, some patches appear 

to contain no fiinges. This suggests that the patches correspond to strongly attenuating 

amorphous regions which are superimposed in the field of view with less attenuating 

amorphous regions and crystalline regions (i.e., there are three phases present). 
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Figure 3-3a. Cross sectional TEM micrograph of the 0% film, indicating an amorphous 
and relatively homogeneous structure (bar = 1 Onm). 



Figure 3-3b. Cross sectional TEM micrograph of the 32% film, indicating an 
amorphous/crystalline hybrid structure and the existence of a multitude of dark patches 

with sizes -5nm (bar = 10nm). 
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The surface characteristics of the films have been elucidated by FESEM. No 

structure was observed for the 0% film, which was smooth up to the obtainable resolution 

(Figure 3-4a). The 32% film displayed a diffuse but distinct surface structure, 

characterized by undulations on a scale of -10-1 OOnm (Figure 3-4b). The fuzziness of the 

image is due to the absence of sharp edges in the surface features. The spatial scale and 

smoothness of the surface features have recently been confirmed using atomic force 

microscopy. 



(a) 

(b) 

Figure 3-4. FESEM micrographs of the 0% (a) and 32% (b) films. The 0% percent are 
featureless to within the resolution; the 32% films show smooth features with dimensions 
from -10-1 OOnm (bar = 100nm). 
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SAXS data for the 32% film are shown in Figure 3-5. The linear portion of the 

curve represents power-law scattering and corresponds to the so-called Porod region. Its 

slope is indicative of the dimensionality of the predominant scattering source22 at a spatial 

scale smaller than the correlation length, 't,,::::f(-i, corresponding to its onset. The slope in 

Figure 3-5 has a magrjt'..!de of ::::3.0. This likely indicates scattering from fractally rough 

surfaces of surface fractal dimension :::::3 (although appropriate power law distributions of 

pore Size23 or particle size24 cannot be ruled out). The onset of the power law scattering 

corresponds to a correlation length -3-6nm. This indicates a significant degree of electron 

density homogeneity beyond that spatial range2S
. 

The SAXS data indicate that there are electron density inhomogeneities of 

characteristic scale -3-6nm. The data also suggest that these inhomogeneities are likely 

characterized by a surface fractal dimension ::::3. Comparison with the corresponding 

TEM images (Figure 3-3b) suggests that these regions may correspond to the surfaces of 

the observed dark patches. The similarity between the SAXS-derived correlation length 

and the TEM-observed particle size may be coincidental, however, and the scattering may 

be representative of fractally rough surfaces of pores of diameter in the size range of the 

observed correlation length. 

SAXS data are not yet available on the 0% sample. 
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Figure 3-5. Log-Log plot of the intensity scattered by the 32% film vs. the magnitude of 
the scattering vector, k=(41tsinB)/J... The transition to the Porod (linear) regime 
corresponds to inhomogeneities -3-6nm; and the slope indicates that the structure of these 
inhomogeneities is likely characteristic of a surface fractal of dimension :::::3. 
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3.3.2 OPTOELECTROCHFMICAL BEHAVIOR 

Figures 3-6a and 3-6b show the logarithm of the dynamic transmission, T, vs. !:lx 

for the 0% and 32% films, respectively. The magnitude of the imposed current was 

0.11mA1cm2 (which corresponds to a!:lx changing at a rate of about 0.002/s); and the 

relative transmission of each sample is referenced to its own limiting value. Linearity in 

this type of plot indicates conformity to Beer's law (with the optical efficiency given by the 

slope) if !:lx is taken proportional to the change in number of effective absorption centers 

(linear absorption). Both films display a nonlinear characteristic, indicating that the 

dynamic optical efficiency varies continuously with intercalation. The source of this 

nonlinearity is discussed and modelled in the Appendix to Chapter 6. 

More strikingly, the 0% film displays a marked cycling effect, in which the average 

optical efficiency increases with cycling. Thus for the same level of intercalation, films 

which have previously undergone some amount of cycling will have a larger optical 

density than films which have been cycled less. No such effect is observed in the 32% 

film, with the behavior of the virgin film being scarcely different from that of a film which 

has been cycled numerous times. It should further be noted that the 32% film displays a 

much higher average dynamic optical efficiency than the 0% film. 
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Figure 3-6. Log-Linear plot of the transmission, T, VS. the change in intercalation, ~ for 
the 0% (a) and 32% (b) films. Both films display a nonlinear absorption characteristic, 
with the optical efficiency decreasing with increasing intercalation level. The 0% film 
demonstrates a strong cycling effect, with the average optical efficiency increasing with 
continued cycling. The 32% film shows essentially no cycling effect; and the latter film 
possesses a larger average optical efficiency than the former. 
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Figs. 3-7a and 3-7b show the dynamic electrode potential, V, plotted vs. the level 

of intercalation, !J.x, for the 0% and 32% films, respectively. For a given initial potential, 

the gradualness with which V increases with !lx is a measure of the intercalation capacity 

of the films. For the 0% film, there is seen to be a cycling effect in which the intercalation 

capacity increases markedly with continued cycling. The initial potential (the electrode 

potential at zero relative intercalation) decreases with cycling, which contributes to the 

increasing intercalation ~apacity. 

In contrast, the 32% film shows no significant cycling effect, with the virgin film 

behaving quite similarly to the film which had undergone many cycles. The open-circuit 

potential of the 32% film (which did decrease slightly with continued cycling) is 

appreciably lower than any observed for the 0% film. In addition, the 32% film possesses 

a much larger intercalation capacity than the 0% film; and this is likely due only in small' 

part to its lower open-circuit potential. 
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Figure 3-7. Plot of the dynamic electrode potential, V, vs. the change in intercalation, &, 
for the 0% (a) and 32% (b) films. The 0% electrodes display a marked cycling effect 
(intercalation capacity increasing with cycling); the 32% films are affected only slightly by 
cycling. In addition, the 32% films display a much higher intercalation capacity than the 
0% films, even after the latter have undergone continued cycling. 
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3.4 SUMMARY 

It has been demonstrated that the microstructures of sol-gel derived tungsten oxide 

films may be radically altered by the addition of oxalic acid to the precursor solution. 

Without the addition, the films are characterized by a comparatively homogeneous, 

amorphous structure; with the oxalic acid dihydrate additions, the films had an 

inhomogeneous, amorphous/crystalline hybrid structure (with no remaining trace of the 

additive). In addition, the latter films appear to contain small (-5nm) regions of increased 

electron density. SAXS data suggest that the films contain }1jghJy fractal surfaces, which 

likely correspond to either the surfaces of the electron-dense regions or to pore surfaces. 

The optoelectrochemical data indicate that the intercalation capacity and the 

dynamic optical efficiency increase with cycling for the homogeneous, amorphous films; 

and they are much larger (but essentially independent of cycling) for the inhomogeneous, 

crystalline/amorphous hybrid films. 

All devices employed in the chapters to follow are constructed with the 32% films, 

synthesized as described above. 



3.5 REFERENCES 

1. N.J. Kamimori and M. Mizuhashi, Sol. EnergyMater. 14, p. 175 (1986). 

2. J.S.E.M. Svensson and C.G. Granqvist, Sol. Energy Mater. 11, p. 29 (1984). 

3. P. Iudeinstein, J. Livage, A Zarudiansky and R Rose, Solid State Ionics 28-30, p. 
1722 (1988). 

4. F.G.K. Baucke and J.A Duffy, Chern. Brit. 21 p. 643 (1985). 

5. B.W. Faughnan, R.S. Crandal and P.M. Hevrnan, RCA Rev. 36, p. 177 (1975). 

6. O. Bohnke, C. Bohnke and G. Robert, Solid State Ionics 6, p. 121 (1982). 

7. M. Green, w.e. Smith and IA Weiner, J. Mater. Sci. Lett. 38, p. 89 (1976). 

8. R. Hurdich, Electron. Lett. 11, p. 142 (1975). 

9. T. Ohtsuka, N. Goto and N. Sato, J. Electroanal. Chem. 287, p. 249 (1990). 

10. A Agrawal, J.P. Cronin and R. Zhang, Sol. EnergyMater. Sol. Cells 31, p. 9 
(1993). 

11. IP. Cronin, D.I Tarico, I.C.L. Tonazzi, A. Agrawal, S.R. Kennedy, Sol. Energy 
Mater. Sol. Cells 
29, p. 371 (1993). 

12. H. Unuma, K. Tonooka, Y. Suzuki, T. Furusaki, K. Kodaira, T. Matsushita, J. 
Mater. Sci. Lett. 5, 
p. 1248 (1986). 

13. M.A. Habib and D. Glueck, Sol. Energy Mater. 18, p. 127 (1989). 

87 

14. K. Yamanaka, H. Oakamoto, H. Kidou and T. Kudo, Jpn. J. App. Phys. 25, p. 1420 
(1986). 

15. A. Chemseddine, R. Morineau and J. Livage, Solid State Ionics 9110, p. 357 (1983). 

16. Ji-Guang Zhang, D.K. Benson, C.E. Tracy and S.K. Deb, J. Mater. Res. 8, p. 2649 
(1993) andJ. Mater. Res. 8 p. 2657 (1993). 



88 

17. N. Yoshiikaand S. Kondo, J. Electrochem. Soc. Electro. Sci. and Tech. 131, p. 809 
(1984). 

18. P. Judeinstein and J. Livage, Mater. Sci. and Eng. B3, p. 129 (1989). 

19. T. Yoshimura, M. Watanabe, K. Kiyota and M. Tanaka, Jap. J. App. Phys. 21, p. 
128 (1982). 

20. J.P. Cronin, DJ. Tarico, A. Agrawal and R.L. Zhang, U.S. Pat. #5,252,354, Oct. 
12, (1993). 

21. J.P. Cronin, DJ. Tarico, A. Agrawal and R.L. Zhang, U.S. Pat. #5,277,986, Jan. 
11, (1994). 

22. D.W Schaefer, J.E. Martin, AJ. Hurd, K.D. Keefer, p. 31 in Physics of Finely 
DividedMatter, Edited by N. Boccara and M. Daoud, p. 31, Springer-Verlag (1985). 

23. D.W. Schaefer and K.D. Keefer, in Fractals in Physics, Edited by L. Pietronero and 
E. Tosatti, p. 39, Elsevier Science Publishers, B.V. (1986 ). 

24. P. W. Schmidt,'!' Appl. Cryst., 15, p. 567 (1982). 

25. 1. Zarzycki, in Sol-Gel Science and Technology, Edited by M.A. Aegerter, M. 
Jafelicci Jr., D.F. Souza, E.D. Zanotto, p. 273 (1989). 



4. STEP-CURRENT ANALYSIS OF THE ELECTRICAL BEHAVIOR OF 

TUNGSTEN OXIDE-BASED ELECTRO CHROMIC DEVICES AND THE 

EFFECTS OF SPONTANEOUS HYDROGEN DEINTERCALA nON 

4.1 INTRODUCTION 
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Tungsten oxide is perhaps the most prominent of a class of materials in which a 

reversible creation of excess electrons is used to bring about a notable change in optical 

and electrical properties. These materials are generally referred to as electrochromic 

(EC). The primary applications ofEC tungsten oxide films involve their use as the active 

layer (or one of the active layers) in variably-reflective mirrors l
-4.e.

g
. or in variably 

reflective and/or absorptive windowss-1o
• e.g.. Tungsten oxide films have also been 

extensively investigated for display applicationsll
-
13

.e.
g

. and have been mildly considered as 

neural net electrical components I4
•
1S

• For mirrors, windows, and displays, one is interested 

in controllable variation of optical behavior; this variation, however, generally correlates 

strongly with the variation in electrical behavior. An understanding of the latter will 

therefore provide valuable input for understanding of the former. 

It should be noted that EC "tungsten oxide" films as used in devices are generally 

believed to be oxygen deficient, tungsten hydroxy-oxides, W03_x-nH20. In the present 

context, the term tungsten oxide will be used broadly to include these materials. 

4_2 GENERAL PHENOMENOLOGY 

The tungsten oxide EC devices to be investigated are of the form: 

glass!ITOltungsten oxide I aqueous proton electrolytelPt-electrode 
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Application of a potential, Va' between the ITO and the Pt-electrode results in the 

intercalation of hydrogen into the tungsten oxide film. Presumably, protons are supplied 

by the electrolyte, and compensating electrons are supplied through the ITO layer. For 

tungsten oxide, H-intercalation progressively results in the growth of an absorption band 

in the near IR and/or the development ofDrude-like optical characteristics consistent with 

an increasing electron density16. e.g.; these changes are generally referred to as coloring. 

Intercalation and corresponding coloration generally continue until either the device is 

open-circuited or until a built-in potential, Vb" sufficient to counteract Va is generated. 

The application of a new Va which is less than the instantaneous Vb; results in 

deintercalation and a corresponding reversal of the variations in optical properties brought 

about by intercalation; this reversal is generally referred to as bleaching. As with 

intercalation, this process continues until either the device is open-circuited or Vb; changes 

sufficiently to counteract Va' The quantity Va - Vb; (== 11) may be seen as a driving force or 

overvoltage for the intercalation or deintercalation process. Understanding of Vb; is 

therefore essential to understanding of device behavior. 

4.3 MEANS OF ANALYSIS 

4.3.1 MODELS 

4.3.1.1 Background 

In the literature, measurements of continuous Vbrdata are frequently fit to an 

equation of the form 
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kT ( x ) Vbl =a+bx+n-In --
e I-x 

(4-1) 

where x is a reduced measure of the level of intercalation (i.e., the fraction of total sites 

which are filled). This equation was first proposed for use in describing the electrical 

potential of amorphous tungsten oxide electrodes by Crandall et azt'. Its derivation is 

based on a lattice gas model with equivalent sites and infinite-range two-body 

interactions. b is the interaction parameter and the logarithmic term represents the 

entropic contribution. n was intended to account for the degree of association between 

intercalated electrons and ions; if they are not in any way associated, the entropy should be 

twice as large (n=2) as if they were strongly associated (n=I). In practice, n may be used 

as a constrained adjustable parameter, with the rough physical interpretation of partial 

association. 

Expressions of the form of Equation (4-1) are used often in discussions of insertion 

materials 18.19 and are frequently described as mean field expressions. It is rare that they 

accurately describe real systems (see Refs. 20,21,22,23, e.g.), and they are generally more 

useful in a qualitative sense. Additionally, the actual electronic contribution is expected to 

be considerably more complicated, especially if the electrons become appreciably 

delocalized (metallic); for many systems, however, it appears that adequate representation 

may be obtained by considering only the ionsI8
•
19

. 

Additionally, tungsten oxide films with strong crystalline character often display a 

"stepped characteristic, ,,23.24.25. e.g. the flat portions of which likely indicate phase equilibria. 
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These equilibria may result from structural phase transitions of the tungsten oxide itself or 

from transitions involving the character of the intercalated species. In the case of stepped 

Vb/-profiles, expression of the form of Equation (4-1) may apply in the non-flat (single

phase) regions. 

4.3.1.2 Relation ofx to ~Q: The Effective Passed Charge, Qe 

Relating experimental quantities to the reduced intercalation level, x, poses 

additional problems. In practice, the passed charge, ~Q, is the experimentally accessible 

indicator of the intercalation level (see Chapter 2). For relating x to /).Q, it is useful to 

define two parameters, Qm and Qo. Qm is the amount of effective charge (see below) 

which would be passed to bring the electrode from the empty state (x=O) to the full state 

(x=I). For Q-values expressed per unit electrode area, it is related to the characteristic 

total site density, p (per unit volume), and film thickness, I, as 

(4-2) 

where e is the electron charge. Qo is the hypothetical effective charge which would be 

passed to bring the electrode from the empty state to its initial state. It is also useful to 

define a variable, Qe(t), representing the hypothetical effective charge which would be 

passed to bring the electrode from the empty state to its state at time, t. By definition, x(t) 

is given by x(t) = Qr (%m . 

In the present context, passed charge and the corresponding current are considered 

fully effective if each unit of charge passed, /). Q/ e , contributes exactly one intercalated 



site. It should be noted that for a fully effective current, changes in x are related to 

changes in IlQ as: ::Q = Q;;,1 . 

If appreciable ineffective components to the current are present, then the 

intercalation level increases with IlQ more slowly than for the fully effective case. 

Ineffective components, in the present context, are defined as any contributions to the 

current which do not contribute to the intercalation level. Examples are transient 

polarization currents, leakage currents, or current necessary only for changes in the 

adsorbed charge on the surface of the film. 
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For most situations, it is not necessary to have an accurate estimate of Qm. For 

application of most models, its effects may often be either neglected or lumped into model 

parameters (this may not be true, however, with regard to the optical properties; see the 

Appendix in Chapter 6). Additionally, if Qm scales linearly with length (i.e. the general 

character of p does not vary with changing film thickness), models fitted at one thickness 

can be used predictively at other thicknesses. 

The problem of relating the experimentally measured IlQ to the intercalation level 

is thus in practical terms reduced to the problem of finding a good estimate of the function 

QlllQ). If flQ is free from ineffective contributions, 

(4-3) 

In some cases, however, there may be non-Faradaic transport processes which 

intercalate or deintercalate the film without contributing to the passed charge. One 
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example is the spontaneous deintercalation process discussed below, which gives rise to 

no net current flow through the device, but to which it is useful to ascribe a virtual current 

in calculating b.Q. In this way, the relation between the intercalation level and the 

effective passed charge, QI!' is unchanged; the non-Faradaic intercalation or 

deintercalation is treated in the same manner as would be an ineffective contribution to the 

current. The effective passed charge, QI!' is then given by: 

(4-4a) 

where Jv is the virtual current, equal in magnitude to the non-Faradaic intercalate flux 

multiplied by the charge of the intercalation ion (usually, e). Specific models for Jv are 

discussed in the Discussion and Analysis section. 

Equation (4-4a) introduces a time dependence to Q". For practical application, it 

may be useful to express the relation in terms of b.Q (= J 0 • t) : 

(4b) 

4.3.1.3 Vb; Curves 

In terms of charge variables, Equation (4-1) is of the form: 

(4-5) 

The argument of the logarithm above is equal to that in Equation (4-1), but the values of b 

differ by a factor of Qm. 
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If experimentally feasible, it is useful to begin the experiment with the intercalation 

electrode nearly empty: Qo~O (i). In addition, if the intercalation electrode remains far 

from saturation (Qe«Qm), the nonlinear variation of the In(Q", - Qe) term may be 

neglected (its linear variation may be lumped into a and b) (ii). These two approximations 

result, successively, in expressions of the form: 

6Q«Q.. )a+b~Q+cln(~Q) (4-6ii) 

where the constants a and b are generally different in the various expressions. These 

expressions diverge as ~Q---,).O, which reflects the great entropic cost of taking from an 

already sparse population. In practice, it is useful to ignore the very beginning of a 

measured Vbl-curve, which amounts to taking a small, non-zero value for Qo. In terms of 

form, this affects only the logarithmic term; its contribution to the linear term can be 

lumped into the constant a. 

The logarithmic term in Equations (4-5) and (4-6) typically poses problems with 

regard to the uniqueness of curve fitting parameters. It permits very different sets of 

parameters to generate fits of comparable merit, an effect which becomes unmanageable 

when the effective Qo~O. 

Measured Vbl data can often be reasonably fit to curves of the form: 

v = a + bllO + c1l02
/
3 bl __ (4-7) 
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Over typical ranges of behavior, Eqn (7) represents an empirical approximation to 

Equations (4-6), which is much more amenable to curve fitting, and which itself has some 

physical basis. The 2/3-power dependence, e.g., is consistent with an electron gas filling a 

parabolic band26• c.g .• 

All of the Vd6Q) models discussed may be represented as 

(4-8) 

where g{6Q) is one of the logarithmic functions in Equations (4-6) or the 2/3-power law 

in Equation (4-7). 

4.3.1.4 IntercalationlDeintercalation Efficiency: l.;-Curves 

4.3.1.4.1 Definition and General Discussion 

From the variation of 6Q with Vbi, one can obtain an intercalationldeintercalation 

efficiency (see Chapter 2), C:: 

(4-9) 

c: represents the amount of charge which is passed for a given change in the built-in device 

potential, and is therefore like a differential capacitance (c: would be constant for an ideal 

capacitor). 

If one plots c: vs. Vbl, a measure of the effective energy distribution of available 

sites is obtained. The value of c: at a given potential should be proportional to the number 

of sites whose energy coincides with that potential. A relatively featureless curve indicates 
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a continuous energy distribution of sites. Fine structure (peaks, kinks, humps, etc.) may 

indicate discrete types of sites; these sites may be present initially18, or they may arise from 

the occurrence of phase changes associated with the changing intercalation leve118
,27. 

In many cases, one may wish to use ll.Q as the independent variable; q~Q) plots, 

e.g., are generally expected to be less sensitive to the effects of polarization layers than 

s(Vb;) plots. Additionally, models for S tend to be more straightforwardly expressed as 

functions of ll.Q than as functions of Vb;. The issue of the choice of independent variable is 

discussed in detail in Appendix 1. 

The inferred S calculated from measured Vb,{ll.Q) data lumps together several 

issues: 1) the energy distribution of intercalation sites; 2) The distribution of kinetic access 

to sites; and 3) the degree to which I1Q isfully effective. The distinction between the first 

two issues can become important if there exists an appreciable fraction of sites which are 

harder to get to (kinetically slower) than others. In such a case, the measured distribution 

is expected to change significantly with intercalation rate. A phenomenological model 

corresponding to this physical situation in terms of asymmetric charging/discharging of 

parallel capacitors is given in Chapters 5 and 6. In principle, however, there ought to exist 

a rate sufficiently slow that kinetic effects are unimportant; the resulting ;-curve should 

then represent the (equilibrium) site distribution. 

The effectiveness issue becomes important when there are non-intercalation 

contributions to the current, such as leakage, polarization, charge adsorption, or 

spontaneous non-Faradaic deintercalation. It should be remembered that the intercalation 
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efficiency is an inverse measure of how strongly the voltage changes with the amount of 

passed charge -- if the electrode potential changes very little with passed charge, the 

calculated efficiency will be very large. Because leakage contributes to the passed charge 

without charging the electrode, it is expected to increase the calculated intercalation 

efficiency. This is an artifact (by definition, leakage currents contribute nothing to the 

intercalation ievel), and it is generally desirable to subtract leakage components from the 

estimation of the passed charge. Polarization contributes to the passed charge and to the 

electrode potential, but it contributes nothing (again, by definition) to the intercalation 

level. Except for very thin films, however, the effective polarization capacitance will 

generally be much smaller than the intercalation efficiency at a given potential, and 

polarization effects will act to lower the calculated intercalation efficiency. 

4.3.1.4.2 Co"esponding Models 

Although rough models may be adequate for representing the general form of Vb" 

care must be exercised in making inferences from intercalation efficiencies derived from 

such Vb,-representations. The differentiation required to compute c: tends to magnify small 

inaccuracies in form. 

A general expression for c: is given by differentiating Equation (4-8) with respect 

to ~Q and taking the reciprocal: 

(4-10) 



Equations (4-6i), (4-6ii), and (4-7) give rise, respectively, to the following 

functions for Og : 
a~Q 
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(4-11) 

To obtain expressions for l;;(Vbi), it is necessary to express ~Q as a function of VOl 

and substitute into the expressions in Equation (4-11). Neither of Equations (4-6) admit 

an analytical solution for ~Q(Vbi), so the l;;(Vbr) curves must be obtained parametrically. 

Equation (4-7) can be solved for ~Q(Vbi) by converting to a cubic equation with the 

I 

substitution, u = ~Q"j ; in this case, an explicit expression for l;;(Vbi) may be obtained. 

If one wishes to fit a more general model to a l;;(~Q) curve, it is useful to assume 

that the ~Q-derivative of g is given by a power law: ag ex:: ~Q-". The general form for 
a~Q 

l;;(~Q) is then: 

r(~o) _ 1 
.." - b+K~Q-" 

(4-12) 

where Kis a constant. Fitting Equation (4-12) to the experimentall;;(~Q) curve (or 

suitable portions thereof) will result in estimates of the parameters b, K, and n. Fitting the 

data to l;; may be preferable because important subtleties in Vbl generally show up more 

prominently in l;;. Vbl may be recovered by integration of Equation (4-12). 



Approximate expressions for l;;(.1Q) and l;;(Vbi) are given in Appendix 2. 

4.3.2 OBTAINING VBl.1Q)-CURVES FROM MEASURED DATA 
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For a step-current measurement, the current density, J, through the device is raised 

(essentially instantaneously) from zero to a constant value, Jo' and the time-dependent 

potential, Vo(t), necessary to maintain that current is measured relative to a reference 

electrode in the electrolyte. Because the current is constant, the total passed charge, .1Q 

is proportional to the elapsed time, t: 

(4-13) 

Jo is typically chosen to be small; this raises the likelihood that the current is linear 

(ohmic) in the overpotential, " (see Chapter 2): 

j - "jR (4-14) 

R is the (low-voltage) resistance, which may contain contributions from the ITO, the 

electrolyte, and charge-transfer resistances associated with the ITOJtungsten oxide and/or 

tungsten oxideJelectrolyte interfaces. The instantaneous built-in potential may therefore be 

estimated as 

(4-15) 

If the linear representation is inadequate, one can either include higher order terms 

or consider other models (e.g. the exponential barrier considered in Chapter 2). Because 

of the additional parameters typically required, however, it is generally advisable to 
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attempt to use Jo small enough to ensure the validity of the linear approximation. Step

potential measurements on these devices (such as in Chapter 2) indicate that in many 

cases, the ohmic approximation is valid at current levels much higher than those probed in 

the present study. As seen below, the use of unduly small Jo's may lead to other problems 

(e.g., significant spontaneous deintercalation). 

It should be noted that if the ITO resistance comprises a significant fraction of the 

total resistance, it may be necessary to account explicitly J.or its distributed nature -- the 

potential along the ITO will vary in a manner determined by its sheet resistance and by the 

placement of the busbar(s} (see Figure 4-1, below). This win give rise to progressively 

preferential intercalation in regions of the film closer to the busbar(s}. This effect is 

greatly diminished by using a small value of the imposed current. 

There may be some threshold potential, T}th, for intercalation and/or 

deintercalation. If this is the case, the imposed current will act initially to charge a 

polarization layer at the relevant interface. During that time, the measured potential 

variation is associated with this charging. After the threshold potential is exceeded, 

intercalation can occur. The ensuing potential variation is then associated with this 

intercalation process. After the T}th has been exceeded, it must be subtracted from Va to 

obtain an estimate of the built-in potential which corresponds more closely to the state of 

the tungsten oxide electrode. For the sake of the present discussion, however, the 

estimated built-in potential, Vb" will be taken as defined by Equation (4-15). 
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In the present analysis, the current will be defined as positive for intercalation and 

negative for deintercalation. With this definition, the built-in potential is an increasing 

function of the intercalation level. If positive intercalation potential is applied, therefore, 

a less positive (possibly negative) potential is applied to deintercalate. 

4.4 EXPERIMENTAL 

4.4.1 DEVICE SYNTHESIS 

The EC tungsten-oxide-based stacks in the present Chapter were prepared by dip

coating from a peroxytungstic ester solution onto ITO coated glass substrates 

(-2.5x4.5cm2
). The preparation of the precursor, the dipping procedure, and the firing 

conditions have been described in Chapter 3 and Ref 28. All films in the present study 

were prepared from a 32 mole% oxalic acid dihydrate precursor solution. The sheet 

resistance of the ITO was about 12 Q/O. A schematic representation of the EC stack and 

overall device configuration is shown in Figure 4-1. The active area of a typical stack is 

about 2.5x3.5cm2 (defined by a barrier attached to the stack) Busbars are ultrasonically 

soldered near an upper edge (see Figure 4-1). 
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Electrolyte 

Figure 4-1. Schematic representation ofEC stack and overall device configuration. WE is 
the working electrode, RE is the reference electrode, and CE is the counterelectrode. 

The tungsten oxide films in the present devices were shown to consist of at least 

three phases (Chapter 3, Ref 28): a nanocrystalline phase and two amorphous phases. 

One of the amorphous phases is more reduced (oxygen deficient) than the other. 

4.4.2 MEASUREMENTS 

Step-current electrochemical measurements were performed on devices configured 

as shown schematically in Figure 4-1. Constant current levels were imposed by a 

programmable current source which was interfaced to a computer data acquisition system. 

A Ag! AgCI reference electrode was used to produce a measure of the tungsten oxide 

electrode potential (all potentials given in the present work, unless otherwise noted, are vs. 



Ag/AgCl); a small Pt sheet (with an aperture to allow for simultaneous transmission 

measurements) was used as the counterelectrode. The electrolyte was an aqueous 

solution of sulfuric acid (pH=2.1). 

104 

Measurements of the tungsten oxide electrode potential and relative transmission 

were performed under constant current conditions. Detailed results and analysis of the 

transmission measurements will be given in Chapter 5. Intercalationldeintercalation 

experiments with five different current magnitudes, ranging from 11-440 J.1A1cm2, were 

performed. The tungsten oxide films had thicknesses of2250A. 

Each experiment was performed as follows: the device was deintercalated under 

conditions of constant current (defined as negative) until the device potential reached -

0.2V; at this point, the circuit was opened, and the film was permitted to equilibrate. This 

equilibration is an inexact process; a film was considered sufficiently equilibrated when its 

potential appeared to stop changing with time. A constant intercalation (positive) current 

was then imposed, and the time-dependence of the film potential was recorded. After a 

sufficient potential variation had occurred, the circuit was again opened. A constant 

deintercalation current was then imposed until the device reached a potential of -O.2V; at 

this point, the circuit was again opened. 

Device measurements were generally very repeatable; as long as the initial 

conditions were comparable, measurements of the properties of nominally identical 

devices were effectively indistinguishable from each other. 

4.5 RESULTS 
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4.5.1 A TYPICAL EXPERIMENT 

To demonstrate a typical experiment and the kinds of preliminary analyses which 

are necessary, a fuII measurement taken atJ=110 J.J.AIcm2 will be presented and discussed. 

Figure 4-2 shows the raw data obtained from this measurement; the abscissa is time (in 

seconds) and the ordinate is the device potential. 

0.6 

0.4 

Va [V] 
0.2 

o 

-0.2 

t [s] 

Figure 4-2. Applied device potential vs. time for Jo=110 IlAlcm2. The curves are 
representative of raw data typical of a constant current measurement. 
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The initial portion of the solid curve corresponds to driven intercalation. The 

maximum in the curve corresponds to the point at which the device is open circuited. 

Immediately after opening the circuit, the potential drops abruptly. This is due primarily 

to elimination of the potential drop associated with the flowing current (often called the 

"ohmic drop"), but may also contain contributions from a fast polarization decay. 

The ensuing gradual decline in voltage is believed to be a spontaneous 

deintercalation (SDI) process, since the transmission increases in concert with the 

diminishing potential. 

The next curve segment (semi-solid), separated somewhat from its predecessor, 

corresponds to forced deintercalation. The separation reflects primarily an ohmic-type 

drop, opposite in polarity to that present during forced intercalation. In some 

experiments, a small time may elapse between the spontaneous and forced deintercalation 

portions of the curve; because SDI is still occurring during this time, the delay will 

contribute further to the separation. This contribution can be distinguished from a 

separation due to an ohmic-type drop or a transient polarization, however, because only it 

will also appear in a plot of transmission vs. passed charge (of the three separation

contributing processes, only SDI affects the transmission). 

The minimum in the curve corresponds to the time at which the device was again 

open circuited. Following this is a relaxation ofthe potential to its stable value. No 

corresponding variation in the transmission is observed, however, so this variation is 

unlikely to be associated with a spontaneous intercalation process. 
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4.5.2 IN1ERCALATION RESULTS 

Figure 4-3 shows Vb; vs. tlQ. Vb; was estimated using Equation (4-15); an ohmic 

drop given by the product of the current and an assumed device resistance is subtracted 

from the applied potential. The device resistance was taken as R=300ncm2; this value 

was found to be appropriate for the present work, and it is consistent with the results of 

extensive step-potential measurements performed on these devices. 

0.5 r--------,---,-------r----.---,------, 

0.4 

0.3 

0.2 

0.1 

o 

-0.1 

-0.2 0 30 

~Q [mC/cm2] 

Figure 4-3. The estimated built-in potential, Vb" VS. the passed charge for 
intercalation at five different constant current magnitudes. The currents 
corresponding to the two lower curves (semi-solid) are J=ll and 221lAlcm2, 

respectively. The currents corresponding to the data forming the master curve 
(solid) are 110, 220, and 440 IlAlcm2

. 
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The three uppermost curves (solid) form roughly a single curve, and the other two 

(semi-solid) deviate both from this curve and from each other. These latter curves 

correspond to lower magnitudes of imposed current (the lowest curve corresponds to the 

lowest current, J=ll J.lAlcm2, and the second lowest curve corresponds to the second 

lowest current, J=22 J.lAlcm2). The three curves comprising the single curve correspond 

to much higher currents: J=llO, 220, and 440 J.lAlcm2. 

4.5.3 DEINTERCALATION RESULTS 

Different step current deintercalation experiments very often begin with 

appreciably different initial conditions, due in large part to the spontaneous deintercalation 

effect. 

Figure 4-4 shows the estimated Vbl{~Q) for step-current deintercalation 

experiments; each experiment began soon after the corresponding intercalation experiment 

(and at the same current magnitude). The current is negative in this case; increasing time 

therefore corresponds to IlQ becoming more negative (right to left in the plot). As can be 

seen from the initial voltages (at the right edge of the plot), the initial states of the films 

are generally quite different. 
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Figure 4-4. The estimated built-in potential, Vb;, vs. the unshifted total passed charge, 
!lQ. In the increasing direction of the arrow, the currents areJ=ll, 22, 110,220,440 
IlAicm2, respectively. 

If the Vbl{!lQ)'s for various Ja-values are expected to form a master curve, 
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measurements at various currents beginning with different initial conditions should form 

the same master curve by imposing an appropriate shift in !lQ. If one assumes that the 
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final deintercalated states of the films are equivalent (which is reasonable since the 

deintercalation cut-off potentials are the same), then an appropriate shift is the difference 

in the final passed charges. To implement the shift, one needs to choose arbitrarily one of 

the curves as a "standard state" (see Chapter 2). This shifting, along with corrections for 

SDI, is performed below. 

4.6 DISCUSSION AND ANALYSIS 

4.6.1 VBlLlQ): ACCOUNTING FOR SPONTANEOUS DEINTERCALATION (SDI) 

The observations indicate that a spontaneous deintercalation process is present and 

significant, especially at lower imposed currents. Under open circuit conditions, Vbi 

diminishes and T). increases in a manner consistent with deintercalation. From the 

observed behavior during forced intercalation and forced deinterca1ation, it appears that 

this process is also occurring under driven conditions. Because it occurs under open

circuit conditions, the process is believed to be effectively non-Faradaic. It could, e.g., be 

associated with a simple diffusion of the neutral intercalate (If in this case) from the film, 

which would be truly non-Faradaic. Contrastingly, it could be associated with a more 

traditional charge-transfer (Faradaic) process driven by an internal current loop (an 

especially low conductivity path from the charge transfer sites to the electronically 

conducting ITO layer, e.g.); this type of process is effectively non-Faradaic because no 

charge transfer is detectable from the macroscopic device electrodes. 

It is possible that there is an intercalate redistribution process occurring in parallel 

with the SDI process. Such a process, in which under open circuit conditions the potential 
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changes while the transmission remains relatively unchanged, has been observed in a Li

based, non-aqueous device29. 

In should be emphasized that the SDI process contributes nothing to the electrical 

current. Because llQ is calculated by integrating the electrical current, the presence of 

SDI gives rise to estimates in which the relationship between llQ and the intercalation 

level (and therefore the state of the electrode) is not straightforward. If SDI were truly 

Faradaic, it would add negatively to the intercalation current (or positively to the 

deintercalation current), and the current source would vary the applied potential 

appropriately to compensate for it. In such a case, SDI would not affect the relationship 

between llQ and the intercalation level, but the efficiency would be altered (increased 

during intercalation, decreased during deintercalation). 

The generality of SDI is not clear. Because the associated flux may be quite small, 

its presence may frequently go unnoticed (or its effects may simply be dismissed) in many 

devices. In experiments performed with devices constructed from films nominally 

identical to those used in the present work, but using a non-aqueous Li-based electrolyte 

(LiCI04 in propylene carbonate), no SDI process was observed (see Chapter 6). 

The effects of SDI may be described by defining a virtual current, J... For a 

univalent intercalate, J .. = e f , wherefis the non-Faradaic deintercalation flux (per unit 

electrode area). 

4.6.1.1 Constant SDI Flux 
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For a zeroth-order correction, it is assumed that the SDI flux is constant 

(independent of voltage). The effective passed charge, Qe> may then be written (see 

Equation (4-4»: 

(4-16) 

For a fixed Jv, the correction may be carried out by multiplying the passed charge, flQ, by 

the relative decrease (for intercalation, Jo>O) or increase (for deintercalation, Jo<O) in the 

magnitude of the net flux brought about by the SDI. As expected, the effect diminishes as 

Jo increases in magnitude. 

Figure 4-5 shows the effect of the corr~ction for the forced intercalation 

measurements using Jv =2.2 pAlcm2 (the appropriateness of this value is based on trial-

and-error estimation). This correction appears to work well at the lower levels of 

intercalation but is insufficient at higher levels. The actual SDI flux appears to increase 
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Figure 4-5. The estimated built-in potential, Vb!, vs. the effective passed charge, Qe, for the 
data shown in Figure 4-3. Qc is calculated using the constant SDI model (withJ,,=2.2 
IlAlcm2). 

4.6.1.2 Linear Model 

A better accounting for SDI may be obtained by assuming that the non-Faradaic 

flux is proportional to the difference in chemical potential between the intercalated and 
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deintercalated species; this difference should be a linear function of Vbi. Defining V", as the 

built-in potential at which no further SDI occurs, the virtual current is Jv = Vb; - Vox> 
RSD! 

where RsDI is an effective resistance. It should be noted that in this case, the virtual 

current may be seen as an ohmic-type leakage. Qe may be calculated by substituting J" 

into the full effective charge expression (Equations (4-4)): 

Q =110 e _ (4-17) 

Use of the linear model results in an improved collapse of the data to a master 

curve, although the two lowest-current curves still diverge appreciably at higher 

potentials. For producing Figure 4-6, it was assumed that Vee = 0 and RsoF67 kil. The 

V to-value was chosen as a result of qualitative experimental observations, allowing for the 

resistance estimate to be simply optimized. 
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Figure 4-6. The estimated built-in potential, Vbi, VS. the effective passed charge, Qc, 
for the data shown in Figure 4-3. Qc is calculated using the linear SDI model. 

4.6.1.3 Exponential Model 

One can also consider an exponential SDI model, such as would be characteristic 

of a barrier-limited process. A suitable form for the virtual current is: 
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(4-18) 

where k is Boltzmann's constant, T is the absolute temperature, y is a kinetic parameter, 

and a is used as an adjustable parameter. For Vbi sufficiently close to VCX)' the exponential 

model reduces to the linear model with CL kT = RSDI . 

Y e 

Regarding the curves at higher current, SDI correction with the exponential model 

adds little benefit over the linear model. The curves at lower current are brought 

somewhat closer to the master curve with the exponential model, but not appreciably so. 

In what follows, therefore, when SDI corrections are made, the linear model will be used 

4.6.1.4 SDI During Forced Deintercalation 

SDI during forced deintercalation is also important. In this case, the actual 

deintercalation process is accelerated relative to the uncorrected process. The time before 

the experimentally-imposed limiting potential has been reached is therefore decreased; the 

dramatic effects observed at very low imposed currents during intercalation are not seen 

during deintercalation. In fact, the zeroth-order (constant) model, appears sufficient to 

collapse reasonably all of the Vbrcurves to a single master curve. 

Assuming a virtual current of the same value as for the intercalation experiments, 

Jv=2.2pAlcm2
, and carrying out the ~Q-shifting as described earlier, one can generate a 

master Vb,(Qe) for deintercalation (Figure 4-7). After correcting for the virtual current, the 

~Q-values for each curve are shifted by the difference between its final value and the final 
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value from the curve corresponding to J=O.44mA1cm2 (i.e., the curves are shifted laterally 

until their final value intersects the O.44mA1cm2 curve); this latter curve is thus chosen as 

the standard state. 

0.6 
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Figure 4-7. The estimated built-in potential, Vbi, vs. the effective passed charge, Qe, for 
deintercalation at the same five constant current magnitudes as in Figure 4-3. Qe is 
corrected for SDI by using the constant model (with Jv=2.2 ~Alcm2), and the difference in 
initial conditions is corrected for by shifting each curve so that its final value coincides with 
that of the (arbitrarily assumed standard state) J=440 J..I.Ncm2 curve. 
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SDI causes films to deintercalate more quickly than they would otherwise, and it 

can therefore have a prominent effect on the shift values calculated to correct a family of 

Vbl.1Q)-curves for differences in the corresponding initial device states; generally, if SDI 

is not accounted for, the shift values will be too large. Because its effects are cumulative, 

and because the potential is typically considerably more sensitive to the passed charge in 

the more deintercalated states, the SDI flux can lead to very prominent effects during the 

latter portion of a deintercalation measurement. Figure 4-8 below shows the plot of 

Figure 4-7 without the correction for the SDI flux. It is seen that disregarding SDI can 

lead to large errors for the more deintercalated states of the film. 
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Figure 4-8. The data of Figure 4-7, uncorrected for SDI. 

4.6.1.5 Comparison Between Forced Intercalation and Forced Deintercalation 
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Ifintercalation and deintercalation occur quasi-statically, then the estimated built

in potential should be the same for both. Figure 4-9 shows the estimated Vb; for 

intercalation (upper curve) and deintercalation (lower curve) for the Jo= 11 0j.1A1cm2 

measurement. A L\Q-shift of about 12.4mC was assumed for the deintercalation curve, 

and the constant SDI model was used with Jv=2.2 pAlcm2 (for the present Jo-value, this 

amounts to about a 2% adjustment to the L\Q scale). The L\Q-shift is chosen such that the 

Qe corresponding to the beginning of the intercalation experiment is the same as that 

corresponding to the end of the deintercalation experiment. It is seen that the shapes are 

quite similar, except perhaps at high t"Q-values; it is also observed that a hysteresis is 

present, with the estimated built-in potential higher for intercalation than for 

deintercalation at the same effective passed charge. There is also a small cusp present at 

the high-potential end of the deintercalation curve, indicating a relatively short period of 

appreciably diminished efficiency. 
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Figure 4-9. Comparison of the estimated built-in potential, Vbl, VS. the effective passed 
charge, Qc, for intercalation (solid curve) and deintercalation (semi-solid curve). The imposed 
current magnitude isJ=110 J.lAlcm2

; the deintercalation curve was shifted by 12.4 me. 

A very similar hysteresis and initial deintercalation cusp have been observed in 

non-aqueous Li-intercalation devices based on the same materials (see Chapter 6). Those 

observations were found to be qualitatively and quantitatively well-explained by an 

asymmetric two-phase model in which one of the phases possesses an additional resistive 

barrier to deintercalation (recall that tungsten oxide films in these devices have been 



shown to contain at least three phases (Chapter 3, Ref 28)). The applicability of these 

ideas to the present devices is pursued in Chapter 5. 
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It should be noted that the charging of a polarization layer (to build up to a 

threshold potential, e.g.) would also generate a cusp; additionally, if the threshold were 

present only for deintercalation, a hysteresis would be observed. Because of the very 

small effective capacity (typically considered on a scale of J.I.F /cm2
) of the charging of a 

polarization layer, however, the associated cusp should be much sharper and be present 

for a much smaller range of passed charge than that observed. Charging of polarization 

layers may well be present, but the associated cusps are so sharp and brief that they elude 

detection; their presence would therefore be manifested primarily as potential shifts. 

It should also be noted, however, that hysteresis is often observed in 

intercalationldeintercalation cycling in cases where there is believed to be a phase change 

associated with the changing intercalation leveI18
•
27

. 

4.6.2 IN1ERCALA 110NIDEIN1ERCALA 110N EFFICIENCY 

SDI will have a notable effect on efficiency curves. Because the efficiency 

involves a derivative, modest variations can have appreciable effects. These effects are 

dramatic for small currents, but can also be significant for larger currents. Because the 

degree of accuracy of the discussed SDI models is unknown, caution should be exercised 

in interpreting the corrected curves. 

4.6.2.1 SDI Effects for "Small" Currents 
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SDI effects are particularly important for small currents. As the SDI flux becomes 

comparable to the forced intercalation flux, the calculated efficiency diverges -- if sites 

empty as soon as they fill, the system acts as if there were an infinite number of such sites. 

The effect is much less a::"parent during deintercalation; since sites are spontaneously being 

emptied in parallel with the forced emptying, the apparent efficiency is simply diminished. 

The influence of SDI is seen in Figure 4-10, which shows uncorrected efficiencies 

for small (11 ilNcm2
, solid line) and large (110 ~Ncm2, dashed line) currents. The two 

uppennost curves correspond to intercalation and the lower curves to deintercalation. 

During intercalation, the low-current curve shows the divergence which is expected when 

the virtual current associated with the SDI flux becomes comparable to the imposed 

current. 
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Figure 4-10. The intercalation efficiency, ~, VS. the estimated built-in potential, Vb" for 
small (11 J.lAlcm2

, solid curve) and large (110 J.lAlcm2
, dashed curve) currents. The two 

uppennost curves correspond to intercalation and the lower curves to deintercalation. 
No SDI corrections are made for these data. 
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The onset of the divergence of S does not indicate an actually increased capacity 

for intercalation, but only that a situation is being approached in which sites are being 

emptied as quickly as they are being filled. This is corroborated by the fact that the rate of 

change of the transmission diminishes rapidly as the divergence in S is approached. 

There are prominent "dips" in the high-potential regions of the deintercalation 

efficiency curves~ these correspond to the cusps in the Vb,-curves, and their appearance 

seems to be a general phenomenon. 

4.6.2.2 Accounting for SDI 

Correcting for SDI gives rise to a new effective passed charge function, Qe(~Q), 

which affects the calculation of the efficiency. If the uncorrected efficiency is s(~Q), 

application of the chain rule gives: 

(4-19) 

Other derivative parameters, such as the optical efficiency (see Chapters 2,5, and 6), ~, 

may be transformed in a similar manner (the latter, however, must be divided by 8Q~ ). 
8!J.Q 

Equation (4-19) transforms the SDI models as follows: 

Constant SDI Model: 

(4-20) 

Linear SDI Model: 

(4-21) 
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Exponential SDI Model: 

~. =(1- J. (ex{;T(V,; -V.))-I))~ (4-22) 

4.6.2.2.1 Hysteresis and the Dips 

Tne observed dips correspond to the cusp regions in the built-in potential curves. 

As mentioned earlier, these were observed in similar Li-based devices and are well-

explained by an asymmetric two-phase model (see Chapter 6); such a model for the 

present de"i~e is pursued in Chapter 5. 

SOl, which is generally most significant at high potentials, may contribute 

somewhat to the observed "dips." As forced deintercalation begins, SOl acts to make the 

built-in potential decrease more rapidly than it would otherwise, diminishing the apparent . 

efficiency. As deintercalation proceeds, the potential decreases, and the SDI flux (and 

thereby its contribution to depressing the efficiency) is expected to diminish. An effective 

efficiency, c" accounting for the presence of a virtual current associated with the 

spontaneous deintercalation process, may be calculated by replacing ~Q in the definition 

of~ (Equation (4-9)) by the effective passed charge, Qe. The magnitude of the SDI effect 

is expected, however, to be relatively weak for forced deintercalation processes (in 

collapsing the Vb/-data, the constant SOl flux model appeared to work substantially as well 

as the exponential model). This, along with the observed generality of the dip, including in 

cases where no SOl effect is observed (Chapter 6), suggests that the observed dip is due 

principally to other effects. 
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It should be noted that the observed asymmetry in device behavior is particularly 

relevant with regard to experiments involving low-amplitude oscillatory excitations, such 

as impedance measurements. Prominent expected effects include appreciable 

anharmonicities in the electrical response resulting from the abrupt dependence of the 

potential response on the polarity of the current (which represents a strong non-linearity), 

and a shift in the bias level of the device potential resulting from the fact that 

deintercalation occurs less efficiently (if at all) relative to intercalation. The impact of both 

of these effects, especially the latter, are mitigated by the existence of the SDI process. 

4.6.2.3 SDI Effects for "Large" Currents 

4.6.2.3.1 Intercalation 

For large currents (110,220, and 440 JlAlcm2 in the present analysis), SDI has a 

less dramatic impact. Figure 4-11 shows ~(Vbi) for intercalation at the three large 

currents. It is seen that the curves coincide quite closely. This indicates that neither the 

site distribution nor kinetic access to the site distribution changes appreciably over the 

range of probed rates, and that much of the curve is likely a good approximation to at 

least a quasi-static energy distribution. It is likely that the actual distribution does not 

change much at lower rates, and the difference at small rates is due primarily to SDI. 
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Figure 4-11. The intercalation efficiency, C::, VS. the estimated built-in potential, Vbh for 
three large intercalation current values (110,220, and 440 J.l.A1cm2

). No SDI corrections 
are made for these data. 
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Each of the C:;(Vbi) curves in Figure 4-11 displays a comparatively sharp increase in 

its high-Vbi region. Some fraction of this behavior may, however, be due to SDl. The 

effect is relatively small as manifested in the Vb'{~Q) curves, but it is magnified in the C:;-Vbi 

plane. Figure 4-12 demonstrates this for the measurements taken at Jo=110J,1A/cm2
. The 

solid curve shows the uncorrected efficiency (Q; the dotted curve shows the corrected 

efficiency (~) (the correction was made using the linear SDI model with the parameters 

used in Figure 4-6); the dashed curve represents the efficiency corresponding to the 

Vb'{~Q) expression given in Equation (4-6ii). The linear correction is seen to diminish 

somewhat the sharply increasing portion of the efficiency curve. 
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Figure 4-12. Effect ofSDI correction on S-Vbi intercalation curves and comparison to 
simple model. The solid and semi-solid curves are the uncorrected and linearly corrected 
data, respectively, corresponding to theJ=110 J.lAlcm2 intercalation measurement. The 
dashed curve corresponds to the Vbl{6Q) expression given in Equation (4-6ii). 

Equation (4-6ii), which is an approximation to a single site-energy model, is seen 

to match the curve very well at the earlier-Vbl portion. 

4.6.2.3.2 Deintercalation 
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Figure 4-13 shows the corresponding deintercalation curves. At the two smaller 

current levels, the curves correspond quite closely. For the highest current level, however, 

a dramatic peak occurs in the higher potential region. Work is currently underway to 

assess the reality of the structure seen in the 440IlA/cm2 curve. Preliminary results 

suggest that the structure may be real, but that the position varies in a not-yet-understood 

manner. It may be possible to explain the structure as an instability associated with rapid 

crossing of a threshold potential. Perhaps, due to the high current, a polarization layer 

reaches a higher state of charge than in the quasi-static (lower current) cases -- in a sense 

becoming "supersaturated." The polarization layer may then discharge, resulting in 

relatively abundant intercalation with little change in the measured built-in potential (since 

the efficiency is much larger than an expected polarization capacity). 
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Figure. 4-13. Deintercalation efficiency curves complimentary to the intercalation 
efficiency curves in Figure 4-11. No SDI corrections are made for these data. 
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Figure 4-14 is the deintercalation analog of Figure 4-12, showing the uncorrected 

curve, the corrected curve, and the curve corresponding to Equation (4-6ii). The (linear) 
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SDI correction and the calculation from Equation (4-6ii) were made using the same 

parameters as for Figure 4-12. It is seen that the curve corresponding to Equation (4-6ii) 

agrees rather well with the experimental curves, except for the high-Vb; dip. 
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Figure 4-14. Deintercalation efficiency curves complimentary to the intercalation efficiency 
curves in Figure 4-12. The linear SDI correction and the calculation from Equation (4-6ii) 
were made using the same parameters as in Figure 4-12. 

4.7 DISCUSSION AND CONCLUSION 
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General methods for analyzing step-current measurements on intercalation devices 

have been developed and applied to a tungsten-oxide-based electro chromic device using 

an aqueous sulfuric acid electrolyte. The methods are based on generating plots of the 

built-in potential as a function of the passed charge, Vbl(~Q), and of the 

intercalationldeintercalation efficiency as a function of the passed charge or of the built-in 

potential, s(~Q) or s( Vbi). s has units of capacitance and may be seen as a measure of the 

storage efficiency of a film. If adequately corrected for non-intercalation contributions, 

S(Vbi) represents the energy distribution of accessible intercalatable sites in the film. 

Methods for perfonning corrections under a variety of conditions have been described. 

A general method has been presented for generating an indicator of the 

intercalation level of the active film in the device. The actual passed charge, ~Q, is related 

to an effective passed charge, Qe, which should be proportional to the intercalation level. 

Models for the built-in potential and the efficiency have been recast to reflect the relation 

between the measured passed charge and the intercalation level. 

Methods for estimating the built-in potential from the applied potential during a 

step-current measurement have been described and demonstrated. The potential drop 

associated with the passing current and the possible existence of threshold potentials have 

been discussed. The contributions from these effects must be subtracted from the applied 

potential to obtain the built-in potential. 

In the present devices, a spontaneous deintercalation (SDI) process has been 

observed; this process slows forced intercalation, accelerates forced deintercalation, and 
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causes a slow deintercalation to occur under open-circuit conditions. It appears to be 

associated with an effectively non-Faradaic transfer of intercalated species from the film. 

This may reflect diffusion of (neutral) hydrogen from the film or an internal current loop 

providing the charge transfer necessary to support a t:-aditional deintercalation mechanism. 

SDI acts to change the effective intercalation or deintercalation current flowing 

through the device. To maintain a clear relationship between Qe and the state of the 

device, therefore, it is necessary to include in the computation of Qe a virtual current, jv, 

representing the SDI flux. The importance of the virtual current increases with increasing 

built-in potential and with decreasing imposed current. 

It has been shown that the dramatic rise observed at the high-Vb; portions oflower 

current intercalation efficiency curves is due mostly to SDI. 

During forced deintercalation, SDI acts to accelerate the overall d~ntercalation 

process. Because the effects of SDI are cumulative with time, they may for the most part 

not be as dramatic as those typically present during forced intercalation (in which the 

overall intercalation is slowed, giving more time for the effects to accumulate). In the 

present case, a constant SDI flux model was sufficient to correct for the apparent effect in 

the deintercalation Vb/-curves. 

It was also shown that, because different forced deintercalation measurements 

typically begin with different initial conditions (initial potential, e.g.), it is necessary to shift 

the Vb/-data relative to an arbitrarily assumed "standard state" curve to generate a master 

curve. These shifts can be very sensitive to SDI. Because the effects of SDI are 
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cumulative, they are most proJI'linent towards the end of a given process. The end of a 

deintercalation process usually occurs with the device in a very sensitive region of the 

Vbl{~Q) curve, where the intercalation level is very low. The combination of these factors 

tends to affect prominently the shift-values. 

4.8 APPENDICES 

4.8. J APPENDIX J 

Choice of Independent Variable: Vb; or L1Q 

The most judicious choice of independent variable depends both on the intended 

application and on the sources of uncertainty. Vbl has the advantage of having the state of 

the electrode "built-in;" if two experiments begin with the electrode in different states, 

then they also begin with Vb; having correspondingly different values; if the Vbl-values are 

similar, then the electrodes should be in similar states. ~Q, on the other hand, is by 

definition a relative quantity; its value says nothing a priori about the state of the 

electrode. When using ~Q as an independent variable, it is usually advisable to ensure that 

the initial states are similar (e.g., by beginning with the electrodes at similar Vbl- or 

transmission-values). Additionally, Vb; has the qualitative advantage of being roughly 

proportional to the relative energy of the accessible intercalation sites. The c,,(Vb;) curve 

may be seen as the energy distribution curve for the intercalation sites in the film. 

Use of ~Q as an independent variable has several advantages. It is less sensitive to 

extraneous potential variations, such as the build-up of a polarization layer at the electrode 

surface. Although the formation of such a layer contributes both to the passed charge and 
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to the potential, its contribution to the latter is likely to be much larger. This can be 

understood on the following basis: for any kind of "charging" process, variations in passed 

charge may be related to variations in potential by the capacitor equation, oQ = Co V. l;, 

the effective capacitance associated with the intercalation process, is very large 

(-1-100 mF/cm2
) in comparison with capacitances associated with "true" charging 

processes; double layer capacitances, for example, are typically measured on the scale of 

J.J.F'/cm2
• Hence relative to intercalation processes, the formation of polarization layers 

generally affects the electrode potential much more than it affects the passed charge; if 

polarization layers are significant, I:!..Q may be the preferred independent variable. 

Polarization layers are expected to be particularly important if there is a threshold 

potential for a necessary intercalation or deintercalation reaction. 

I:!..Q has also the qualitative advantage of being a more intuitive independent 

variable, as one generally regards changes in electrode state as being caused by the 

changing intercalation level; I:!..Q is generally a more direct indicator of that level. 

It is also usually easier to derive analytical expressions for l;(I:!..Q) than for l;(Vbl). 

Vbl-models are often expressed as functions of I:!..Q. Differentiating and taking the 

reciprocal results in an expression for l;(I:!..Q). Obtaining an expression for l;(Vbi) requires 

inverting Vbl{I:!..Q) (i.e., solving for .1.Q(Vbi)); unless approximations are made, such a 

solution is usually not expressible in terms of elementary functions. 

4.8.2 APPENDIX 2 

Approximations 
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To obtain simpler closed form expressions, one can consider approximations to the 

models. If the linear term in Equation (4-1) is negligible (which corresponds to low 

intercalation levels and/or minimal interactions among intercalated species), 

(4-23) 

Hence S is expected in this limit to vary quadratically with the passed charge, ~Q and as 

the square of the hyperbolic secant ofa linear function of Vb;. Furthermore, if the system 

is far from saturation (Qe«Qm), S will vary linearly with ~Q and exponentially with Vb;. 

If, instead, the logarithmic variation is negligible (which corresponds to high 

intercalation levels and/or strong inter-intercalate interactions), S is constant. This 

solution also holds for the case where the ~Q~ -term in Equation (4-7) is negligible. 

If the linear term in Equation (4-7) is negligible, S takes the form: 

(4-24) 

where a in Equation (4-7) (== Vb; (0)) has been written as Vo. 
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5. THE RELA nON BETWEEN COLORING AND BLEACHING WITH 

HYDROGEN IN TUNGSTEN OXIDE BASED ELECTRO CHROMIC DEVICES: 

STEP CURRENT ANALYSIS 

5.1 INTRODUCTION AND JUSTIFICATION 

The present chapter follows up on the work of Chapter 4, which developed 

practical methods for analyzing potential-time data obtained from constant-current 

measurements and applied them to hydrogen intercalationldeintercalation in 

electrochromic devices based on multi-phase tungsten oxide thin films. The methods 

developed were aimed primarily at using the total passed charge to construct an adequate 

indicator of the intercalation level of the tungsten oxide film, a task complicated by a non-

Faradaic spontaneous deintercalation (SDI) process which was observed. The presence of 

SDI motivated the derivation of an effective passed charge. Qe, which includes a term 

involving a virtual current, Jv (to account for non-Faradaic fluxes). The data were 

discussed in terms of the built-in device potential as a function of the effective passed 

charge, Vb; (Qe), and of a derived quantity termed the effective intercalation efficiency, ~: 

(5-1) 

~ is a measure of how much charge can be passed for a given variation in potential, and is 

therefore effectively a differential capacitance. Its behavior was considered as functions of 

Qe and of VOl' It was shown that SDI could give rise to dramatic effects in low current 

data but only modest effects in high current data. 
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It is shown in Chapter 6, which deals with similar devices using a non-aqueous Li-

based electrolyte, that additional useful information can be obtained from considering 

simultaneously acquired optical and electrical data. In addition to the time dependence of 

the device potential, the optical transmission, T, is measured. Two derivative parameters 

are defined, the optical efficiency, 1;: 

(5-2) 

and the optical capacity, x: 

aIogT 
x= a Vb, 

(5-3) 

As with the aqueous, H-based devices discussed in Chapter 4, Vb; in the Li-system 

of Chapter 6 displays an intercalationldeintercalation hysteresis and a "cusp" region 

(termed the healing regime) at the onset of deintercalation; the latter corresponds to a 

"dip" seen at the beginning of each deintercalation efficiency curve. It is shown in Chapter 

6 that the hysteresis and the healing regime can be qualitatively and quantitatively 

described in a straightforward manner by an asymmetric two-phase model, in which one of 

the phases possesses an additional barrier to deintercalation. 

Based on the similarity of their electrical properties to those of the Li-based non-

aqueous devices, and based on the fact that the tungsten oxide films used in each case are 

nominally of the same structure and composition, it is suspected that a similar two-phase 

behavior may be active in the H-based aqueous devices. The present Chapter will 



combine consideration of optical and electrical behavior to assess the validity of this 

notion. 

5.2 EXPERIMENTAL 
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The devices and experimental setup used in the present study are the same as those 

used in Chapter 3 and Ref 3, where a detailed description is given. Only some of the 

essential features will be repeated here. The tungsten oxide films were prepared by a soI

gel method; They were dip-coated from a peroxytungstic ester solution onto ITO coated 

(-12 Q/O) glass substrates and subsequently furnace-fired; the resulting films had 

thicknesses of about 2250A. The active area during device operation is typically about 

2.5x3.5cm2
• 

Importantly, the tungsten oxide films in the present devices were shown to consist 

of at least three phase; ° : a nanocrystalline phase and two amorphous phases. One of the 

amorphous phases is more reduced (oxygen deficient) than the other, as indicated by the 

presence of dark patches in the TEM micrographs. For more detailed structural 

discussion, see Chapter 3 andlor Ref 3. 

APt counterelectrode (with an aperture to allow for transmission measurements) 

and a Ag/ Agel reference electrode were used in constructing the test devices. The 

electrolyte was an aqueous solution of sulfuric acid (pH=2.16). 

Measurements of the tungsten oxide electrode potential and relative transmission 

at 670nm were performed under constant current conditions. For the present study, 

intercalationldeintercalation measurements at an imposed current magnitude of 
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110 JlAlcm2 are used for analysis. In Chapter 4, it was shown this current was sufficiently 

high that adequate correction could be made for the effects of spontaneous 

deintercalation, and sufficiently low that the intercalation and deintercalation behavior 

could separately be considered (approximately) quasi-static. All measurements in the 

present study were highly repeatable. 

5.3 PRELIMINARY CONSIDERATIONS 

5.3.1 LINEAR SDI MODEL 

In Chapter 4, it was shown that SDI could generally be corrected for by 

considering a virtual current, Jv, and subtracting it from the imposed current in calculating 

the effective passed charge. This results in the following expression for the effective 

passed charge, Q", as a function of the passed charge, ~Q: 

(5-4) 

where Jo is the imposed current and Qo is the initial passed charge. 

It was also shown that a linear model for Jv, which effectively assumes that the 

non-Faradaic flux is proportional to the difference in chemical potential between the 

intercalated and deintercalated species, provides an ample correction for SDI in the case of 

high currents. In the linear model, the virtual current may be expressed: 

(5-5) 

where Vc:o is the open-circuit potential at which no further SDI occurs and RSDI is an 

effective resistance. For the data of Chapter 4, which used nominally identical devices and 
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conditions to those in the present study, it was found that V"'~ and RSDI:::i57 ill provide 

an effective correction for SDI. 

5.3.2 CORRECTING DERIVATIVE PARAMETERS FOR SDI 

As mentioned earlier, Chapter 6 develops the derivative parameters, ~ and X, 

which represent, respectively, the optical efficiency and the optical capacity. In Chapter 6, 

SDI effects are not important, and the notion of an effective passed charge does not have 

to be considered. In the present case, where SDI is important (although not dramatically 

so), it will be useful to employ an effective optical efficiency, /;e. This may be expressed in 

terms similar to the effective intercalation efficiency (Chapter 4). The chain rule gives: 

(5-6) 

~e may be obtained from ~, therefore, using the relation between Qe and ~Q in Equation 

(5-4). This gives: 

(5-7) 

Since X does not involve differentiation explicitly on a passed charge variable, it 

may be corrected for simply by substituting Qe for llQ. The intercalation efficiency is 

corrected for by multiplying by a term identical to the denominator of Equation (5-7) (see 

Chapter 4). 

5.4 DIRECTLY MEASURED RESULTS 
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Figure 5-1 shows plots of the estimated built-in potential, Vbi (solid curves), and 

the relative optical density ( = Ilog 11, dashed curves) as functions of the passed charge, 

.1Q; no SDI corrections have been made. In each case, the upper curve corresponds to 

intercalation (coloring) and the lower curve to deintercalation (bleaching). Hysteresis in 

both the built-in potential and transmission data is observed, as is the presence ofa cusp

region at the onset of deintercalation. 
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Vbi [V], T 

35 

Figure 5-1. The built-in potential, Vbl (solid curve), and the optical density (::logT, 
dashed curve), as functions of the uncorrected passed charge, I1Q. The forward (left
to-right) arrows indicate intercalation, and the reverse (right-to-Ieft) arrows indicate 
deintercalation. 

As noted in Chapter 4, SDI is expected to produce hysteresis, and it undoubtedly 

contributes to the observed hysteresis in the present case. Due to the magnitude of the 

observed hysteresis, however, it appears certain that another mechanism is contributing 



much more strongly. In addition, SDI effects are generally not expected to produce a 

cusp-region like that observed in the present data. 

5:5 ANALYSIS AND DISCUSSION 

5.5.1 SDI-CORRECTED DATA 

148 

The data of Figure 5-1 were corrected for SDI using the same parameters as 

obtained in Chapter 4. That Chapter used nominally identical devices as used in the 

present Chapter. The only significant difference in experimental conditions is that the 

present data extend to slightly higher voltages. The corrected data are shown in Fig..:re 

5-2. It is seen, as expected (Chapter 4), that the intercalation curves have been 

compressed somewhat, while the deintercalation curves have been expanded; none have 

been dramatically altered. It is important to note that SDI is expected to impact the data 

and analysis dramatically only for very small imposed currents (Chapter 4). 
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Vbi [V], T 

o 10 15 20 25 30 3S 

Figure 5-2. The data of Figure 5-1, corrected for SDI using the linear model. 

5.5.2 BEHAVIOR OF THE DERIVATIVE PARAMETERS <Z:.I;. AND xJ 

5.5.2.1 The Effective IntercalationlDeintercalation Efficiency, ~ 

Figure 5-3 is a plot of the effective intercalationldeintercalation efficiencies 

(solid/dashed curves) obtained from the Vbl-Qe data in Figure 5-2. The general behavior is 

closely similar to that observed in Li-intercalationldeintercalation in non-aqueous devices 
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based on the same materials (Chapter 6), except that the overall magnitudes of the 

efficiencies in the present study are about twice as large as those for the Li-devices. The 

intercalation curves for the present devices have considerably more structure than those 

for the Li-devices; they also probe a somewhat larger range of charge density (even 

accounting for the fact that the tungsten oxide films in the present study are about 15% 

thicker than those in the Li-based devices). 
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Figure 5-3. The effective intercalation (solid curve) and deintercalation (dashed 
curve) efficiencies, l:c, as functions of the effective passed charge, Qe. The curves 
are calculated from the Vbl-data in Figure 5-2. 
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The standard interpretation of structure in this kind of curve is that each "hump" 

corresponds to a distinct type of site!' e.g.; this may include consideration that phase 

transitions give rise to new types of sites in the midst of intercalationldeintercalation. 
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These and other mechanistic ideas may be seen as falling under the umbrella of a 

phenomenological two-phase or multi-phase model, a particular embodiment of which is 

presented below and in Chapter 6. 

5.5.2.2 The EtTective Optical Efficiency, ~e 

Figure 5-4 is a plot of the effective optical efficiency for intercalation (solid curve) 

and for deintercalation (dashed curve). Regarding the range and forms of optical 

efficiency displayed, the curves are very similar to those obtained in the Li-based devices 

(Chapter 6). Regarding the specific dependence on passed charge, however, the curves 

corresponding to the two types of devices appear to be scaled or shifted relative to each 

other; this is explored in detail in Chapter 7. 
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Figure 5-4. The effective optical efficiencies, ~c, for intercalation (solid curve) and 
deintercalation ( dashed curve) as functions of the effective passed charge. The 
curves are calculated from the transmission data in Figure 5-2. 
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The most important feature to note is the disparity between the optical efficiency 

for intercalation and that for deintercalation; this disparity is most prominent at the 

switchover between the two processes (at which point ~ for deintercalation is about a 

factor of two larger than that for intercalation). This feature is also present with the Li-
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devices (Chapter 6), where it is explained within the framework ofa two-phase model. In 

this framework, intercalation occurs equipotentially into both phases, but one of the 

phases possesses a barrier to deintercalation. Upon deintercalation, therefore, species are 

taken preferentially from the other phase, and this phase has a higher intrinsic optical 

efficiency. Due to the close similarity between the present 1;e-data and those for the Li

devices (in addition to the other similarities), a similar proposal seems justified in the 

present case. 

In all cases, /;c generally decreases with increasing passed charge. Although optical 

efficiency (often called coloration efficiency) plots are not normally given in the literature, 

examination of published 10gT-~Q curves indicates that this decrease in /;c is common; it is 

frequently attributed to factors which contribute to passed charge but not to intercalation 

(side reactions, e.g.) - that is, it is presumed that the intrinsic optical efficiency is 

constant, but that the passed charge is contributing less and less to intercalation. Although 

such factors undoubtedly contribute in some cases to a diminishing /;c, it appears unlikely 

that they are a dominant source. In our own work (some of which is presented in Chapter 

2), we have seen comparable /;c-behavior, in both form and magnitude, under a very wide 

range of experimental conditions, including appreciable variations in applied voltage, 

imposed current, insertion species, electrolyte, and potential distribution (controlled by the 

inclusion oflumped series resistors). This indicates that there is a large intrinsic 

component to the optical efficiency which is determined almost completely by the specific 

composition and microstructure of the tungsten oxide film. 



A simple phenomenological model for the variation in ~ with passed charge is 

pursued in the Appendix of Chapter 6. 

5.5.2.3 The Effective Optical Capacity, X 
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Figure 5-5 shows the behavior of the effective optical capacity corresponding to 

the data of Figure 5-2. As expected, the x-behavior for the present devices is of the same 

basic shape as that for the Li-based devices (Chapter 6), but, relative to each other, the 

magnitudes and dependencies on passed charge appear to be linearly scaled~ this is 

discussed in detail in Chapter 7. 
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Figure 5-5. The optical capacity, ):, for intercalation (solid curve) and 
deintercalation (dashed curve) as functions of the effective passed charge. The 
curves are calculated from the transmission and built-in potential data represented 
in Figure 5-2. 

5.5.3 THE OPTICAL CAPACIIT OF SDI 
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): is a useful parameter for investigating spontaneous deintercalation. Since it is a 

measure only of the differential relation between the transmission and the device potential, 
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it does not depend explicitly on the passed charge. This fact may be exploited to 

investigate SDI, for which there is no macroscopically detectable passing of charge (both 

<: and l; explicitly involve passed charge in their calculation, and therefore cannot be used 

for this purpose). 

Toward this aim, an experiment was performed in which after being intercalated, 

the device was kept under open-circuit conditions fer an appreciable period of time before 

being deintercalated. The corresponding x-behavior is shown in Figure 5-6, with the 

device potential taken as the independent parameter. Intercalation, SDI, and 

deintercalation correspond to the dotted, solid, and dashed curves, respectively. Roughly 

speaking, it appears that, as regards optical capacity, XSDI may be seen as an extension of 

the deintercalation curve. Possible implications of this are discussed below. 
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Figure 5-6. The optical capacity for forced intercalation (dotted curve), 
spontaneous deintercalation (solid curve), and forced deintercalation (dashed 
curve), all as functions of the built-in potential, Vb;. 

5.5.4 THE TWO-PHASE MODEL AND THE DATA 

5.5.4.1 Two-Phase Model 

158 
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An equivalent circuit representing a particular embodiment of the two-phase model 

is shown in Figure 5-7. The imposed current is represented by a current source, Jo; the 

(ohmic) device resistance is R; C1 and C2 are the (nonlinear) capacitors representing the 

voltage-charge relations, Vi(~QJ)and Vi~Q2)' of the two phases; D is the diode 

representing the inability of phase 1 to deintercalate by the same mechanism (or route) by 

which it was intercalated; and RH is the healing resistance, representing the additional 

barrier LO deintercalation for phase lover phase 2. 

Jo R 

Figure 5-7. Equivalent circuit representing an embodiment of the two
phase model under conditions of constant current. Jo is the imposed 
current; R is the device resistance; D is a diode; C1 and C2 are nonlinear 
capacitors (representing the potential-charge relations of each of the 
phases); and ~ is the "healing resistance," representing the barrier to 
deintercalation of phase 1. 
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Detailed qualitative and quantitative description of the circuit in Figure 5-7 is given 

in Chapter 6. Intercalation (J;>O) occurs by the equipotential charging of the two 

capacitors; but, due to the diode and non-zero value of RH, deintercalation (Jo<O) occurs 

preferentially from C2. 

It is shown in Chapter 6 that this model produces an intercalationldeintercalation 

hysteresis and a cusp-region at the onset of each deintercalation. In addition, it was 

shown, using only RH as an adjustable parameter, to represent accurately the relation 

between intercalation and deintercalation in the Li-based devices investigated in Chapter 6. 

5.5.4.2 Prediction of the Deintercalation Curve 

As discussed in detail in Chapter 6, quantitative comparison between experimental 

data and the two-phase model is complicated by the fact that the model contains two 

adjustable functions - the potential-charge relation of each capacitor: VI(Q) and V iQ). 

In Chapter 6, however, a representative comparison was made by assuming that VI and V2 

are the same function. This permits the unique extraction of the V; from an intercalation 

measurement, and yields a quantitative prediction of the corresponding deintercalation 

curve with only one adjustable parameter (the healing resistance, RH). 

In the present case, the intercalation data are used directly to predict the 

deintercalation data (in Chapter 6, the intercalation data are fit to a simple model, which 

was then used to make the deintercalation prediction). The result is shown in Figure 5-8 

for an assumed healing resistance of 4. 7 kQ. The corresponding prediction of the 

deintercalation efficiency is shown in Figure 5-9. The predicted deintercalation curve is 



seen to retain some of the features of the intercalation curve. Overall, considering the 

extravagance of the assumptions, the predictions must be considered quite good. 
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Figure 5-8. Comparison of the measured deintercalation curve (solid, right-to-Ieft 
arrows) with that predicted using the intercalation data and the equivalent circuit of 
Figure 5-9 with R.r4.7 kn (dashed curve); in calculating the prediction, it was 
assumed the two capacitors have identical potential-charge relations (see text). 
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Figure 5-9. The effective intercalationldeintercalation efficiencies as functions of the 
effective passed charge, Qe, corresponding to the Vbl-Qe data of Figure 5-8. 

5.5.4.3 Regarding the Character of RH 
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The magnitude of the imposed current, Jo, in the present study is about a factor of 

ten larger than that in the study on the Li-based system (Chapter 6); in addition, the 

inferred healing resistance, RH, is about a factor often smaller in the present study. 

Furthermore, a roughly inverse relationship between Jo and RH has also been observed in 

both Li- and H-based devices in studies where the current is varied2
. 

Because Jo and RH enter the model only as a product, and because this product 

appears to vary quite weakly with Jo, the suggestion is raised that the effective RH is not 

truly an ohmic resistance but varies approximately ,inversely with Jo. Such a relation is 

provided by a current-voltage characteristic of the diode form, where JH, the current 

through RH, obeys: 

(
V. - V) J H ex:: exp 1 v 0 2 - I (5-8) 

where Vo may be seen as an effective barrier height. For a proportionality constant, JHO, 

~VI-V~) 
the effective resistance, V\ ., is given by: 

alH 

(5-9) 

Because JH increases with Jo, there exists an inverse relation between RH and Jo. 

To the extent that J H » J HO' and that J H - J o ' the approximately observed RH - J o -
1 

is obtained. The exact relation between RH and Jo will vary with the passed charge; this 

represents a source of error when a constant RH is assumed. The experimental evidence to 

date, however, indicates that the error is relatively small. 
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5.5.4.4 X.SDI and the Two-Phase Model 

Figure 5-6, shows that, as regards x-behavior, SDI follows a forced deintercalation 

characteristic. In the present embodiment of the two-phase model, the initial 

deintercalation characteristic corresponds to deintercalation occurring predominantly from 

the "easy" phase (phase 2). The behavior ofXsOl therefore suggests that SDloccurs 

primarily from the "easy" phase. 

It is tempting to suggest that the absence of SDI observed in the Li-based devices 

may be related to a preference for intercalating the "hard" phase (phase 1). This 

suggestion is consistent with the fact that the Li-based devices have appreciably lower 

intercalation efficiencies (less access to one of the phases), but it is difficult to reconcile 

with the observation that the behavior of the optical efficiencies is quite similar between 

the two types of devices. 

5.6 CONCLUSIONS 

The step-current intercalationldeintercalation behavior ofH in an aqueous, 

tungsten-oxide-based device has been investigated. For a given imposed current, the 

device potential and the transmission are measured. Methods, developed primarily in 

Chapters 2, 4, and 6, are used to investigate the detailed relationships among the passed 

charge, the transmission, and the estimated built-in device potential. 

The built-in potential as a function of charge shows a pronounced hysteresis, with 

Vbi for deintercalation being smaller than that for intercalation. In addition, the onset of 

deintercalation displays a cusp-region, manifested as a pronounced dip in the initial portion 
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of the y,I-curve. The large difference between ~ and Y,I at nominally the same 

intercalation level indicates that Hs are being deintercalated from sites of a different 

character than those to which they were just intercalated. The results are qualitatively 

similar to those obtained with non-aqueous Li-based devices based on nominally identical 

tungsten oxide films. With these latter devices, however, intercalation and deintercalation 

are typically about half as efficient as the present devices; in addition, the present devices 

display more structure in the ~-curves. 

The optical efficiency of the present devices displays striking similarity with that of 

the Li-based devices, both in form and magnitude; the most notable feature is the disparity 

between the efficiency at the end of intercalation and at the beginning of deintercalation. 

This disparity supports the notion that deintercalation takes place from sites of a different 

character than those which were just intercalated. Furthermore, it indicates that the sites 

being deintercalated are effectively more optically active. 

With respect to optical capacity, the spontaneous deintercalation process may be 

seen as following a forced deintercalation characteristic (in the sense of the character of 

the sites which are being deintercalated). 

The general disparity between intercalation and deintercalation has been discussed 

and explained in terms of a two-phase model (see Chapter 6). It is assumed that the 

tungsten oxide is effectively composed of two phases, each with its own relation between 

intercalation level and electrical potential. Both phases are equally amenable to 

intercalation (access to neither phase is limiting), but one of the phases possesses a greater 
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barrier to deintercalation; this imposes the asymmetry. During deintercalation, species are 

taken preferentially from one phase, to a degree which diminishes as the process proceeds; 

thus the character of the deintercalated sites at any time may be seen as a weighted 

average of the sites in the two phases, with the weighting initially favoring one phase, but 

gradually equalizing. 

The model II'ay be represented by and equivalent circuit in which intercalation 

occurs as the parallel charging of two nonlinear capacitors, but in which one of the 

capacitors is forced (by a diode) to discharge through an additional resistor. Under the 

assumption that the potential-charge relations of the two capacitors are equal, the model is 

shown to predict with impressive accuracy the deintercalation behavior from the 

intercalation behavior with only one adjustable parameter (the additional resistance). 

There appears to be roughly an approximately inverse relation between the 

imposed current and the resistance which represents the barrier. Because these two 

quantities enter the equivalent circuit model only as a product, the predictions are only 

weakly sensitive to variations in the imposed current. This is suggestive of a barrier 

possessing an exponential form (of the diode type). The error in considering the barrier as 

an ohmic resistance which varies only with the imposed current (which is fixed for a given 

measurement) is likely small. 

Overall, the results of this Chapter further substantiate the notion that the observed 

asymmetry between intercalation and deintercalation is attributable to a two-phase 

behavior in which one of the phases (which has a lower optical efficiency) possesses an 
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additional barrier to deintercalation. Additionally, the phase which does not possess the 

additional barrier is likely the predominant gateway for spontaneous deintercalation in 

aqueous H-based devices. 
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6. THE RELATION BElWEEN COLORING AND BLEACHING WITH 

LITHIUM IN TUNGSTEN OXIDE BASED ELECTROCHROMIC DEVICES: 

STEP CURRENT ANALYSIS 

6.1 INTRODUCTION 
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This chapter presents an analysis ofLi-intercalation and deintercalation in 

tungsten-oxide based devices. The analysis builds upon methods presented in Chapter 2 

which were further developed ar.d applied to H-intercalation devices in Chapter 4 and 5. 

6.2 EXPERIMENTAL 

6.2.1 DEVICES 

Except for the constitution of the electrolyte (and therefore the reference 

electrode), the devices referred to in the present chapter are the same as those used for the 

study of proton intercalation devices in Chapters 4 and 5. The tungsten oxide films were 

prepared by dip-coating onto ITO coated glass substrates from a sol-gel precursor 

solution. The preparation of the precursor, the dipping procedure, and the firing 

conditions were described in Chapter 3. All films referred to in the present chapter were 

prepared from the 32 mole% oxalic acid dihydrate precursor solution. The sheet resistance 

of the ITO was about 12 Q/O. A schematic representation of the EC stack and overall 

device configuration is shown in Figure 6-1. The active area of a typical stack is about 

2.5x3.5cm2 (defined by a barrier attached to the stack) Busbars are ultrasonically soldered 

near an upper edge (see Figure 6-1). The film thickness for all devices was approximately 



I950A. The present devices contain a O.OIM LiCI04 propylene carbonate (PC) 

electrolyte, prepared and stored under dry conditions in an Ar-purged dry box. 

.....---WE 

EC 

,..----------- WE 
.....--------RE 

.----CE 

Ag/AgN03 
Reference Electrode 

Pt-sheet 

Electrolyte 

Figure 6-1 Schematic representation ofEC stack and overall device 
configuration. WE is the working electrode, RE is the reference electrode, and 
CE is the counterelectrode. 
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The electrolyte concentration in the present study is appreciably smaller than that 

typically used in Li-based intercalation studies. This low concentration (O.OIM) was used 

in the interest of having the ionic strength of the electrolyte be comparable to that in the 

proton-device studies in Chapters 4 and 5 (see Chapter 7 for a more detailed discussion). 

Most studies have used concentrations on the order of 1M (see Ref 1, e.g.). The 

widespread use of relatively high electrolyte concentrations is due primarily to the desire 

for a small resistance of the electrolyte (the mobility of the Lt and CI04- in PC is 

appreciably smaller than that of, say, If and S04- in water). For constant-current 



170 

measurements, the electrolyte resistance is probably not so important; provided the 

resistance is constant, the measured potential will simply contain an additional ohmic 

component which may be subtracted to obtain the actual built-in device potential (see 

Chapter 4). More important is the effect which the electrolyte concentration may have on 

the interfacial regions andlor regions penetrating from the electrolyte into the tungsten 

oxide film. To date, it appears that no systematic studies of the effects of electrolyte 

concentration have been published. 

6.2.2 MEASUREMENTS 

Constant current electrochemical measurements were performed using a 

programmable current source interfaced with a computer data acquisition system. A 

AglAgN03 reference electrode was used to provide a measure of the tungsten oxide 

electrode potential; a small Pt sheet (with an aperture to allow for simultaneous 

transmission measurements) was used as the counterelectrode. In the present discussion, 

the device potential is defined such that intercalation corresponds to a positive potential 

and deintercalation to a less positive (or negative) potential; for the built-in potential, Vb" 

a similar convention is used. 

Measurements of the device potential, which is defined as opposite in sign to the 

tungsten oxide electrode potential (liS. AglAgN03), and relative transmittance were 

obtained simultaneously under constant-current conditions. All experiments were 

performed in the Ar-purged dry box. 
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Device measurements were found to be highly repeatable as long as data were 

compared over comparable values of quasi-static device potential; devices made with 

nominally identical films and electrolyte generally produced data sets which were 

essentially indistinguishable from one another. Although long-term cycling and aging 

studies were not performed, no hint of significant cycling or aging effects were observed. 

6.2.3 ESTIMATING THE BWLT-IN POTENTIAL 

Estimates of the built-in potential, Vb;, are obtained from the measured applied 

potential, Va, by assuming that the current is ohmic: 

J = Va -Vb; 
R 

(6-1) 

An appropriate R may be obtained by (see Chapters 2 and 4): inspection of the voltage-

time curves (there should be an abrupt drop after opening the circuit); using R as an 

adjustable parameter to produce a master curve from a family of curves (where the family 

may correspond to a sequence of measurements taken at different imposed currents or in 

series with different lumped resistors, e.g.); and inference from constant voltage 

measurements which have been demonstrated to display constant-resistance-controlled 

electrical behavior. In the present study, R was taken as 3000Qcm2 (several master curve 

collapses indicate the appropriateness of this value). 

By setting the magnitude of the imposed current sufficiently low, the difference 

between Vbi and Va can be made vanishingly small. Therefore, even if the actual R differs 

somewhat from the assumed value, experimental conditions can usually be chosen to 
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render the uncertainty negligible. For the assumed resistance in the present study, J R is in 

a range between about 9 and 35mV. 

6.3 RESULTS 

6.3.1 INTERCALATION 

Figure 6-2 is a plot of the estimated built-in potential, Vbi, and the nonnalized 

transmission (at 670nm) vs. the estimated passed charge AQ for three different current 

magnitudes: Jo = 11.4, 5.7, and 2.9 IlAi cm2
• Because the initial potential, Vo, is different at 

the beginning of each experiment, so is the initial passed charge (see Chapter 4), Qo. To 

account for this effect, the estimated Qo must be added to the calculated AQ-values. In 

practice, this may be done by selecting one of the curves as the standard state; this 

amounts to defining Qo=O for this curve. Each of the other curves is then shifted in AQ 

such that its initial value coincides with that of the standard-state curve; the required shifts 

are equal to the implicit Qo-values. If the "real" Qo corresponding to the standard-state 

measurement is close to zeiO, then the resulting charge axis of the shifted curves 

corresponds to the effective passed charge, Qe = Qo + AQ, discussed in Chapter 4. In 

producing Figure 6-2, the 11.4 IlAlcm2 curve was taken as the standard-state; the 

resulting Qo-values for the 5.7 and 2.9 IlAlcm2 curves are 0.45 and 1.05 mC/cm2
, 

respectively. The shift values can be further justified by the observation that their use also 

collapses the transmission data to a master curve. It has been separately observed that the 

parametric Vb,-T data fonn a master curve with no correction; there therefore appears to 



be a unique correspondence between transmission and built-in device potential for 

intercalation. 
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Figure 6-2. Built-in potential, Vb" and transmission, T, data as functions of the 
passed charge, tlQ for three intercalation measurements at different imposed 
current levels; the current levels are 11.4, 5.7, and 2.9 IlAlcm2

. 
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In summary, the Vbl-Qe intercalation data form approximately a master curve; no 

corrections other than the Qo-shifting (to account for differences in initial state) are 

necessary. 

6.3.2 DEINTERCALATlON 

Figure 6-3 shows the data from deintercalation measurements taken directly after 

the intercalation measurements represented in Figure 6-2. The device resistance used for 

estimating Vbi was taken as the same as that for intercalation (R=3000Qcm2). The curves 

of Figure 6-3 have not been shifted, and this amounts to assuming that the devices are in 

comparable states at the beginning of each deintercalation measurement; credibility is 

added to this assumption by the fact that each measurement begins with roughly equal 

values of both potential and transmission. It is seen that the device potential data 

corresponding to the two lower currents (5.7 and 2.9 J.1.Alcm2
) form sharply a master 

curve, but the data corresponding to the highest current (11.4 J.1.Alcrn2
) diminish more 

rapidly, i.e. have a lower deintercalation efficiency (see below), diverging from the master 

curve increasingly with deintercalation (in Figure 6-3, IlQ is a measure of the degree of 

deintercalation). At greater degrees of deintercalation, the transmission corresponding to 

the highest current curve increases faster with further deintercalation, i.e., its optical 

efficiency is larger. It should be noted, however, that the increase in optical efficiency is 

apparently not large enough to compensate for the decrease in deintercalation efficiency: 

at the end of the experiment (which occurs at roughly the same potential for each), the 

transmission of the higher current curve is notable less (by about 15%) than that of the 
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other curves (and the transmission of the middle current curve is about 5% less than that 

of the lowest current curve). 

1..4--------,.-----,-------,.-----,-------..., 

Vbi [V], T 

5 20 25 

Figure 6-3. The deintercalation measurements corresponding to Figure 6-2. 

The fact that reasonable collapse of the data is generally observed while the current 

is varied by a factor offour suggests that no prominent spontaneous deintercalation (SDI) 

process is present (such a process has been observed in aqueous devices based on these 
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films). If an SDI process were operative, one would expect the higher current 

deintercalation potential curves to diverge in the opposite sense to that observed (see 

Chapter 4). Separate relaxation measurements have further substantiated the absence of 

SDI in these devices. 

6.4 ANALYSIS AND DISCUSSION 

6.4.1 TOOLS 

6.4.1.1 Directly Measured Parameters: AQ, Vb;, and T 

It will be useful to outline the preliminary analysis which is performed on the data. 

In the present experiments, one imposes a constant current and measures the time 

dependence of both the transmission, T (at 670 run), and the potential, Va, which is 

necessary to maintain the current. From Va, a built-in device potential, Vbi, is estimated. 

Because the current is constant, the total passed charge is I1Q = J 0 • t , where t is the 

elapsed time; I1Q can be used to construct an indicator (the effective passed charge, Qc, 

e.g.) of the intercalation level of the electrode. 

Qc is related to the commonly used intercalation parameter, x, by Qe = pelx, 

where I is the film thickness, e is the electron charge, and p is the density (cm·3) ofW

atoms in the tungsten oxide film (which is nominally equal to the density of intercalation 

sites). Implicit in the relation is the hardly-obvious notion that each unit of passed charge 

contributes exactly one intercalated (or deintercalated) species to the film. In keeping 

with the phenomenological spirit of the present analysis, the directly calculated passed 

charge, or shifted versions thereof, will generally be used as the indicator of the 
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intercalation level. For a more detailed discussion of the use of the passed charge as an 

indicator of the intercalation level, see Chapters 2 and 4. 

6.4.1.2 Derivative Parameters: ~,~, and I 

From a Vbl-~Q plot, one can obtain an intercalation efficiency (see Chapters 2 and 

4), ~: 

(6-2) 

~ is typically plotted with either Vb, or ~Q as the abscissa~ the pros and cons of each are 

discussed in detail in Chapter 4. ~ is a measure of how much charge can be passed for a 

given variation in potential, and it is effectively a differential capacitance. Provided the 

passed charge is a reasonable proportional indicator of the intercalation level, a high ~ is 

generally desirable~ it implies that much intercalation can be obtained with a relatively 

small applied potential. 

From a T-~Q plot, one can obtain an optical efficiency (see Chapter 2), ~: 

~ == aIogT 
a~Q 

(6-3) 

1; is typically used to generate a ~ -6Q plot. It is common in the literature to estimate an 

optical efficiency as the ratio of the total change in 10gTto the total charge passed, which 

represents the average optical efficiency. It is also common to estimate the efficiency as 

the initial slope of a 10gT-~Q plot, which represents the initial optical efficiency. It has 

been shown (Chapters 2 and 5, Refs. 1,3-7, e.g.), however, and will be shown further 
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below, that l; often varies appreciably throughout the intercalation process; much useful 

information may be lost, therefore, in considering only its average or initial value. The 

nature of the variation of ~ with intercalation and deintercalation is considered in the 

Appendix to this Chapter. 

Another quantity of interest is the optical capacity, X: 

== 1810gTI 
X 8V 

(6-4) 

X represents the sensitivity of the optical density to the device potential and is in this sense 

an optical density storage capacity (in contrast to traditional, charge storage capacity). 

It should be noted that X, ~ and l; are not independent, but should be mutually 

related as: 

(6-5) 

and anyone may be obtained from the other two. Additionally, if all three quantities are 

calculated, Equation (6-5) can be used as a check on the numerical differentiation methods 

used. 

In the discussion to follow, a subscripted I or DI on a variable refers to 

intercalation or deintercalation, respectively (e.g., Sol). 

The above quantities contain relationships between three fundamental parameters 

of the devices: the passed charge, the built-in device potential, and the transmission. From 

the combined details of these individual relationships, it is possible to unravel some of the 

complexities of the electrochromic behavior. 
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6.4.2 INTERCALATION VEP.sUS DEINlERCALATION 

6.4.2.1 Observations 

6.4.2.1.1 The Built-In Device Potential, Vbi 

Figure 6-4 shows superimposed the Vbl-Qe data for intercalation and 

deintercalation. For deintercalation. Qc is taken as Qf - !l.Q , where Qr is the maximum 

value of Qc reached during intercalation. In this representation. the end of the 

intercalation curve coincides with the beginning of the deintercalation curve; and if Qc 

were truly a state variable, the curves would coincide. The curves do not, however, 

coincide -- there is a marked hysteresis present. 
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Figure 6-4. The intercalation-deintercalation hysteresis as manifested in the built-in 
potential, Vb" vs. the effective passed charge, Qe. The data correspond to the 
intercalation and deintercalation potentials of Figures 6-2 and 6-3, respectively. 

25 

During intercalation, Vb; increases monotonically with passed charge, following a 

particular characteristic which does not seem to change with rate or with initial condition. 

At the beginning of deintercalation, the system enters what will be referred to as a healing 

regime, characterized by a relatively sharp variation in voltage with passed deintercaiation 
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charge. As will be shown below, a regime of this character occurs regardless of the point 

at which deintercalation begins. With continued deintercalation, the device passes through 

the healing regime and begins to deintercalate with a characteristic which is similar to, b11t 

more sharply sloped than the corresponding intercalation characteristic. 

6.4.2.1.2 IntercalationlDeintercalation Efficiency 

Figures 6-5 is a plot of the intercalationldeintercalation efficiency corresponding to 

the Vbi-Qe data of Figure 6-4. There is an appreciable difference between intercalation and 

deintercalation, more prominent nearer to the point of current reversal (PCR). Near the 

PCR, Sol, displays a dramatic dip relative to SI. In viewing the data, it is important to note 

that the dip is a prolonged, quasi-static phenomenon; the ~Q range in Figure 6-5, e.g., 

corresponds to a linear time scale on the order of hours. 
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Figure 6-5, The intercalationldeintercalation efficiencies, S, calculated from the data 
of Figure 6-4. 

It appears that the asymmetry is associated with the onset of deintercalation and 

not uniquely with the reversal of the current; in addition, its character seems to be 

essentially independent of the state of the device. This is displayed clearly in Figure 6-6, 

which shows efficiency data corresponding to an intercalation process which is followed 

by a partial deintercalation, open circuited, and then followed by another deintercalation. 
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It is seen that the character of the deintercalation efficiency (notably depressed initially, 

followed by a period of rising before regaining the more expected decreasing character) is 

relatively the same in both cases, despite the fact that the second deintercalation begins 

with the device in an almost fully deintercalated state. 
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Figure 6-5. The intercalation efficiency, ~, for an intercalation (solid curve) followed by 
two consecutive deintercalations; the first (partial) deintercalation is represented by the 
dashed curve, and the second is shown by the dotted curve. 
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6.4.2.1.3 Optical Efficiency 

Figure 6-7 is a plot of the optical efficiency as a function of Qc corresponding to 

the Vbi-Qc data of Figure 6-4. At the early portions of intercalation and the later portions 

of deintercalation (i.e., low Qc), the curves approximately coincide. At the later portions 

of intercalation and the early portions of deintercalation (i.e., high Qc), however, there is a 

marked hysteresis, with deintercalation being optically more efficient than intercalation; 

the disparity is largest near the peR, where it is approximately a factor of three. It should 

be noted that the intercalation and deintercalation optical efficiencies each appear to be 

relatively insensitive to the magnitude of the current (they each fonn a separate family). 
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Figure 6-70 Optical efficiencies, ~, for intercalation (lower family) and deintercalation 
(upper family) calculated from the transmission data shown in Figures 6-2 and 6-3. 

Figure 6-8 is a plot of the optical efficiency corresponding to the data of Figure 

6-6. The data suggest that a jump in optical efficiency is associated with the onset of 

deintercalation rather than only with a reversal of the current. 
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Figure 6-8. Optical efficiencies corresponding to the measurement represented in 
Figure 6-6 (an intercalation (solid curve) followed by two consecutive 
deintercalations (dashed and dotted curves)). 

6.4.2.1.4 Optical Capacity 

20 

Figure 6-9 is a plot of the optical capacity as a function ofQc. The data again 
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appear to form two families, one for intercalation and one for deintercalation. The form of 

X is similar for each case: a broad hump with its maximum somewhere in the midst of the 
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process, declining at either extreme. For the most part, X at a given Qe is always larger for 

intercalation than for deinterca1ation, although it is fairly comparable for the two processes 

in the region near the peR (high Qe); in this region, the larger optical efficiency at the 

early part of deinterca1ation roughly compensates for the sharply diminished 

deintercalation efficiency. 
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Figure 6-9. Optical capacities for intercalation (upper family) and deintercalation 
(lower family) calculated from the data shown in Figures 6-2 and 6-3. 
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6.4.2.2 Discussion 

6.4.2.2.1 Asymmetry and the Existence of Multiple Phases 

Observation of the deintercalation efficiency curves indicates that a unique process 

occurs at the onset of deintercalation. The devices always display a relatively low 

efficiency (i.e. their potentials change more rapidly with passed charge) at the beginning of 

deintercalation; after rising for a period, c:;; then begins to diminish as it approaches a form 

similar to that during intercalation. The fact that the optical efficiency, l;, is appreciable 

over this entire range indicates that deintercalation is occurring throughout (in contrast to 

what would be expected from a non-intercalation polarization process, in the electrolyte, 

e.g.). The fact that ~ is significantly greater at the onset of deintercalation further 

indicates that the character of the species being deintercalated is quite different from that 

of the species which were just intercalated. 

The tungsten oxide films in the present study have been shown to contain at least 

three phases (see Chapter 3): a nanocrystalline phase and two amorphous phases, one 

more reduced (oxygen deficient) than the other. It therefore seems reasonable to suggest 

that the intercalation and deintercalation occur into and from two or more distinct 

phases. and that symmetry between intercalation and deintercalation jor each phase may 

not be present. This notion is not unusual; many devices, especially those based on Li

intercalation, have been found to exhibit strongly asymmetrical behavior (usually in the 

sense that they can be "colored but not bleached"). Although such behavior has been 
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reported, it seems that when such devices are obtained, one typically throws them away 

and makes them differently. 

It should be noted that strongly asymmetrical behavior tends to be displayed more 

dramatically with constant voltage than with constant current measurements. In the latter, 

if there is a difficulty with extraction or insertion, the system automatically increases the 

driving force; in the former, the maximum driving force is fixed at the beginning of the 

measurement. 

6.4.2.2.2 Equivalent Circuit 

6.4.2.2.2.1 General Discussion 

The above observations and physical picture may be represented by the equivalent 

circuit in Figure 6-10. The current source is 10 ; the (ohmic) device resistance is R; C1 and 

C2 represent the two intercalation characteristics; the diode, D, provides the asymmetry; 

~ represents the barrier to transport from the more isolated phase 1; and Vbi is the built-in 

potential. It should be noted that the capacitors C1 and C2 are generally expected to 

behave nonideally, their values increasing with their states of charge. 



1 
Figure 6-10. Equivalent circuit representing an embodiment of the two
phase model under conditions of constant current. 10 is the imposed 
current~ R is the device resistance~ D is a diode~ C1 and C2 are nonlinear 
capacitors (representing the potential-charge relations of each of the 
phases)~ and RH is the "healing resistance," representing the barrier to 
deintercalation of phase 1. 
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For Jo>O (intercalation), the diode behaves as a short; the capacitors are therefore 

equipotential, and the passed charge divides appropriately between them. 

For Jo<O (deintercalation), the diode behaves as an open circuit. Initially, the 

capacitors are equipotential; current is therefore drawn more from C2, since RH diminishes 

the drive to discharge C1 -- this is the characteristic of the aforementioned healing regime. 

As C2 becomes more discharged, its potential diminishes, increasing the potential drop 

across RH. This increases the driving force to discharge Cl, and soon both capacitors are 



discharging appreciably. The resulting overall potential-charge relationship becomes 

similar to that during intercalation, although it is generally less efficient. 
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At a given Vbi, the state of the device depends on the sign of Jo; for Jo<O, C2 is 

generally at a greater state of discharge than for J;>O, due to the diminished drive to 

discharge C1. Likewise, C1 is less discharged for Jo<O than for Jo>O. Since the efficiency, 

Ci (or ~i), generally diminishes with increasing degree of discharge, the more discharged 

C2 is expected to contribute to diminishing the overall efficiency (relative to the forward 

case). The contribution ofC1 toward increasing efficiency (due to its higher state of 

charge than that present at the same Vbi when Jo>O) is mediated by ~. 

It should be noted that in the limit RH - 0, synlInetry is restored and there would 

be no hysteresis; in the limit RH - 00, C1 floats for Jo<O and therefore remains fully 

charged. This corresponds to a case where a fraction of the intercalated species cannot be 

removed (i.e., the device does not bleach fully). 

The above circuit model may readily be extended to represent mUlti-phase systems 

by adding more capacitors and connecting them with the appropriate resistors. It could 

also be brought to a continuous representation, where the Cj's may be seen as representing 

individual basis functions, whose sum defines a distribution; the RH'S then define aft/ter. 

Intercalation gives rise to a display of the entire distribution (the sum of all the basis 

elements); upon deintercalation, the RH'S selectively modify the individual basis functions, 

giving rise to a filtered version of the overall intercalation characteristic. Unless, however, 

the filter can be expressed in some nearly linear form (by the selection of suitable basis 
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functions, e.g.), this view of the intercalationldeintercalation asymmetry is unlikely to 

provide much insight. 

6.4.2.2.2.2 General Potential-Charge Relationship 

It is useful to develop a quantitative description of the behavior of the circuit in 

Figure 6-10. Rather than consider the capacitors as explicit functions of voltage, 

however, it is more straightforward and readily applicable to physical situations to 

consider explicitly their voltage-charge relationships. V; (~Q) is therefore defined as the 

voltage on capacitor i as a function of its individual state of charge. For both forward 

(Jo>O) and reverse (Jo<O) currents, the initial ~Qi are by definition equal to zero. 

As noted above, for Jo>O the diode acts as a short, and the two capacitors are 

equipotential, obviating ~~ in this case, the Vi are equal to each other and to Vbi. The 

total charge passed, ~Q (= Jo • t), divides itself between C1 and C2 under the constraint 

a demonstrative special case, if VI and V2 are identical, the charge partitions equally 

between the two capacitors. 

For Jo<O, the diode acts as an open circuit, and the effect ofRH must be 

considered. The current, JI, through RH is given by RHJ1 = ~ (~QI) - V2 (~Q2)' Noting 

that J
1 
= Jo d~QI , one may write a first order, generally nonlinear, ordinary differential 

d~Q 

equation relating the charge passed from C1 to the total passed charge: 
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(6-6) 

Equation (6-6) may be solved (usually numerically) for ~Ql (~Q); the result may then be 

Generally, the magnitude of the forward/reverse asymmetry will vary inversely 

with the product, RHJo , and the detailed dependence will depend upon the forms of the 

v; (IlQ; ). It was pointed out in Chapter 5, however, that the behavior seems to vary only 

little with the imposed current magnitude, indicating that RH and Jo vary with each other in 

a roughly inverse manner. The reader is referred to Chapter 5 for a detailed discussion. 

6.4.2.2.2.3 Unear Model 

Although possessing a number of specific shortcomings, it is useful to consider the 

behavior of the circuit under the assumption that the capacitors are ideal (i.e., their 

potential-charge relations are linear: V, = Vo + IlQ; . This case admits an exact, analytical 
C; 

solution which displays many of the features expected and observed in the more complex, 

nonlinear cases. 

For Jo>O, the built-in potential, Vb; , and intercalation efficiency, <:, are: 

(6-7) 

For Jo<O, Equation (6-6) becomes: 

d~Ql + IlQl = ~Q 
dllQ QH J oRHC2 

(6-8) 
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where QH is the healing charge, given by: 

1 1 (1 1) 
QH = JaR;; C1 + C2 

(6-9) 

Equation (6-8) may be multiplied by the integrating factor, exp(~:) , written in an 

integrable form, and then solved for ~QI (~Q). The resulting reverse current built-in 

potential may be expressed: 

(6-10) 

where Vo is the final potential obtained during the forward current charging. It is seen that 

the hysteresis is represented by the rightmost term, which is equal initially to zero. On the 

scale of the healing charge, QH, the hysteresis increases in magnitude exponentially toward 

a constant value. 

The corresponding reverse current efficiency is: 

<: = C1 +C2 

C1 (~O) l+-exp --=-
C2 QH 

(6-11) 

The initial reverse efficiency is lower than the corresponding forward efficiency by factor 

of 1 + !2 , and the factor exponentially approaches unity on the scale of the healing 
C2 

charge, QH. At high passed charge levels (~Q» QH)' the reverse efficiency approaches 

that corresponding to the forward case. 

It should be noted that the degree of hysteresis, ~Vbi, behaves as 
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(6-12) 

At a given passed charge, the hysteresis increases linearly with the Jo RH product (which 

may be relatively insensitive to the magnitude of Jo; see Chapter 5). 

Although the linear model does not produce accurate shapes for the Vbi and l;; 

curves, it does contain the distinctive features of a healing regime and the resulting 

hysteresis. The main physical shortcoming results from the fact that the behavior oflinear 

capacitors is independent of their states of charge. Therefore, the fact that C2 and C I are 

in the reverse case more and less discharged, respectively, than they are at the same Vbi 

during the forward case, has no effect on their individual behavior in the linear model. In a 

more realistic nonlinear model, the individual behavior of the capacitors varies with their 

states of charge, giving rise to a continually varying hysteresis (rather than the saturating 

hysteresis of the linear model). 

6.4.2.2.3 The Two-Phase Model and the Data: An Example 

At present, it is difficult to compare directly predictions corresponding to the 

circuit model with experimental data. This is due primarily to the fact that two crucial 

variables in the model, VI and V2, are functions rather than parameters; they have too 

many degrees of freedom to be taken meaningfully as adjustable. In addition, their 

individual phenomenological extraction is not straightforward. 

As an example, however, an analysis will be performed under the assumption that 

VI and V2 are exactly the same junction. This allows for the unique extraction of JIi from 



an intercalation measurement because the e.1uality of the functions requires an equal 

charge partitioning. A quantitative prediction may then be made of the corresponding 

deintercalation curve with only one adjustable parameter, RH• 
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One of the problems in implementing this analysis arises from the fact that during 

deintercalation, charge is preferentially taken from C2 relative to Cl. C2 is therefore 

generally driven to states of greater discharge than those experienced during intercalation; 

if one is using the data from intercalation to predict the deintercalation behavior, 

extrapolation is necessary. It is therefore better to fit the intercalation data to a relatively 

simple model which is physically appropriate than to use a more accurate but arbitrary 

fitting function; the latter, which may be preferable for interpolation, will often be 

inappropriate when used for extrapolation. 

For the present analysis, the intercalation potential-charge relation was fitted to an 

expression: 

(6-13) 

Equation (6-13) is an approximation to an expression derived and applied to tungsten 

oxide based devices by Crandall et al. using a lattice gas approach; for further discussion, 

see Chapter 4. For the initial fit to the intercalation curve, Qo was taken (somewhat) 

arbitrarily as 1 me (for reasonable values, this choice will have little effect on the results). 

The physical picture corresponding to the present analysis assumes that the two 

capacitors (phases) each have the potential-charge relationship given by Equation (6-13), 

each with the same parameters. The passing charge is therefore partitioned equally 
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between C1 and C2, and llQ' = t llQ throughout the intercalation process. Just before 

deintercalation begins, therefore, each capacitor is at the voltage v;,j (t llQ f)' where llQris 

the final passed intercalation charge. Deinterca1ation occurs in accord with Equation 

(6-6). Because of the partitioning, the efficiency of each phase is only one-half that of the 

measured efficiency curve (capacitances add in parallel). 

The analysis was performed on the Jo=ll.4 J.1.Alcm2 data. Figure 6-11 shows the 

superposi!icn of the measured data (solid curve) and the model prediction (dashed curve); 

The optimum value of RH was about 60 ill. The intercalation model curve (upper 

dashed) is a fit of Equation (6-13) to the measured curve (upper solid). The significance 

is in the prediction of the deintercalation curve. Considering the extravagance of the 

equipartitioning intercalation assumption, the quality of the prediction must be considered 

rather impressive. Figures 6-12 and 6-13 show, respectively, the corresponding 

intercalationldeintercalation efficiency curves and the hysteresis magnitude curves (the 

hysteresis magnitude is defined as the difference between the built-in potentials for 

intercalation and deinterca1ation). It is seen that the model predicts accurately the 

general form and magnitude of the relationship between intercalation and 

deintercalation. 
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Figure 6-11. Comparison of the measured deintercalation curve (solid, right-to-Ieft 
arrows) with that predicted using the intercalation data and the equivalent circuit of 
Figure 6-10 with RIF60 len (dashed curve); in calculating the prediction, it was 
assumed the two capacitors have identical potential-charge relations (see text). 
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Figure 6-12. The effective intercalationldeintercalation efficiencies as functions 
of the effective passed charge, Qe, corresponding to the VbrQe data of Figure 
6-11. 
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Figure 6-13. The hysteresis magnitude, ~Vbi (defined as the difference between the 
built-in potential for intercalation and that for deintercalation) as a function of the 
relative degree of deintercalation, Qf - Qe (see text). 

Hysteresis is expected even when the two phases (capacitors) are identical; the 

asymmetry is fundamentally a result of the fact that one of the phases (capacitors) has a 

larger barrier to deintercalating (discharging) than the other, while the intercalating 

(charging) barriers are identical. If the phases have different potential-charge 
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relationships, the hysteresis may be enhanced or reduced (in the limit where phase 1 is 

highly inefficient relative to phase 2, e.g., there is essentially no hysteresis). 

201 

Since the onset of deintercalation is characterized by charge being taken primarily 

from phase 2, the measured deintercalation efficiency at this point may be taken as a 

rough estimate of C2 in the circuit model; in addition, the measured intercalation 

efficiency may be taken as an estimate ofC1+C2. These values can then be used to guide 

refinements in assumptions regarding the individual efficiency functions. 

6.4.2.2.4 Phases and Barriers: Physical Possibilities 

In the present framework, phase 1 possesses a barrier to deintercalation which is 

represented by the resistor~. This barrier may reflect the absence of direct 

deintercalation from phase 1, resulting from situations where the Li"" ions cannot be 

transferred to the electrolyte and/or electrons carmot be transferred to the ITO (due to a 

Schottky barrier, e.g.). Either way, the intercalated species must leave the film through 

phase 2, with an associated barrier modelled as the resistance, RH. Alternatively, there 

may simply be a large charge transfer resistance, RH, associated with deintercalation from 

phase 1 (which will slow the kinetics of its deintercalation appreciably if transfer between 

the phases is prohibitive). 

It is also possible that the distinction between phases is more a function of their 

location than of their intrinsic nature. For example, phase 2 may consist mostly of material 

in the environs of the planar geometrical surface of the tungsten oxide film, and phase I 

consist of material near pore walls internal to the film. 
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6.4.2.2.5 Additives 

The behavior of devices which do not bleach (or which do so only partially or very 

slowly) may often be dramatically improved by treatment which leads to incorporation of 

water (see Chapter 9, e.g.). It is therefore suggested that such incorporation reduces a 

previously very large RH~ this may mean, e.g., that the presence of water facilitates transfer 

of species between phases 1 and 2, or that it reduces the effective charge transfer 

resistance associated with phase 2. It has also been shown that incorporation of certain 

additives into the tungsten oxide film can bring about dramatic improvement in the 

deintercalation behavior of devices which previously deintercalated slowly, if at alf 

6.5 CONCLUSIONS 

A disparity between intercalation and deintercalation follows directly from the 

framework of a two-phase model. In the present mode~ it is assumed that intercalation 

occurs as the parallel, equipotential filling of the two phases. The intercalated species 

associated with the passed charge are partitioned between the two phases as determined 

by the condition that their potentials are equal. If deintercalation occurred as a similar 

parallel, equipotential emptying of the two phases, its Vbi curve should coincide directly 

with the intercalation curve. 

Because phase 1 may have an appreciable barrier to deintercalation, however, the 

partitioning during such deintercalation can be different from that during intercalation. 

Although intercalation occurs preferentially from phase 2, as phase 2 becomes more 



deintercalated, the driving force to deintercalate phase 1 increases, allowing it to 

contribute significantly to the overall deintercalation. 
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Relative to a parallel, equipotential deintercalating of the two phases, 

deintercalating primarily from phase 2 has a more dramatic effect on the potential, and this 

manifests itself as a lower deintercalation efficiency (the healing regime). Because the 

initial deintercalation optical efficiency is larger than the corresponding (at the same Qe) 

intercalation optical efficiency, however, phase 2 has presumably a larger optical efficiency 

than phase 1. Therefore, the diminished efficiency in terms of potential is somewhat offset 

by the increased efficiency in terms of optical properties. As seen from the x-curves, 

however, the compensation is only partial; a given change in potential generally produces 

less of a change in optical density for deintercalation than for intercalation. 

It should be noted that it is possible the phases do not intercalate equipotentially; 

there may be intrinsic built-in potentials between the them which then determine the 

partitioning between them. Additionally, these internal potentials may change with their 

respective intercalation levels. These considerations are not considered in the present 

work. 

6.6 APPENDIX 

It is consistently observed in the present work that the optical efficiency diminishes 

monotonically with increasing passed charge; it has in many cases been observed even to 

become negative. This type of behavior is not unique to the present work but has been 

observed by many others in a wide variety of circumstancesl.3.7.e.g .. The behavior has been 
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variously attributed to such factors as side reactions and localized-delocalized electron 

transitions, but it is mostly ignored or said to arise primarily above a "critical" intercalation 

level. The present Appendix proposes an acutely simple phenomenological (but 

quantitative) model to explain this effect. 

6.6. J SITE-SA TURATION MODEL FOR mE OPTICAL EFFICIENCY 

The present analysis assumes that the optical absorption occurs through an 

electron transfer from one site to a neighboring (empty) site; this may be seen as 

representative of an intervalence transfer8
,9.e.

g
. or polaron absorption10

•
11

,e.&". mechanism 

(and thus indicative of more localized electronic states). The central point is that as the 

intercalation level rises, a higher proportion of the sites neighboring C1 given electron are 

occupied, and its effective oscillator strength is thereby reduced. To first order, the 

contribution of a given electron to the optical density may be taken as proportional to the 

number of empty sites surrounding it. If the contribution with all surrounding sites empty 

is oOD, the total optical density for n electrons distributed randomly on N sites is: 

With the intercalation level, x, defined as: 

n 
X=-

N 

the variation of the optical density with intercalation level may be expressed: 

( 6-14) 

(6-15) 

(6-16) 
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where ODmax (= N· oOD) is the efficiency corresponding to an infinitely dilute medium. 

In the present terms, the optical efficiency is given by 

~=I~1 (6-17) 

The Site-Saturation Model therefore gives for the intercalation-level-dependent optical 

efficiency: 

(6-18) 

It is seen that ~ diminishes linearly with x, vanishing at x=0.5 (where the optical density is 

maximum), and becoming negative thereafter. 

Eqn. (6-18) may be recast in a form more suitable for comparison to experiment 

through normalization by ~(O): 

~(x) = 1-2 x 
~(O) 

(6-19) 

It is seen that the slope of a plot of the normalized optical efficiency vs. the intercalation 

level is expected to be equal to -2. If an experiment begins with x suitably close to zero, 

the only adjustability is in the estimation ofx from the measured passed charge, ~Q. 

In Chapter 4 (and in Section 4.1.1 of the present Chapter), it was shown that x 

may be estimated as: 

o 
x::,:..=.!.... 

pel 
(6-20) 

where e is the eiectron charge, I is the film thickness, and p is the density of intercalation 

sites (per cm3
). To a first approximation, pmay be taken as the density of tungsten sites 
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present. For a theoretical "fully dense" density of7.16 grn/cm3 (see Ref. 1, e.g.), a relative 

density ofr, and a film thickness of2000A, x may be expressed: 

x= 0.016 Qe[ mel 
r em l J 

(6-21) 

Figure 6-14 shows a representative plot of t.l:te optical efficiency data from Figure 

6-7 normalized to its initial value (for clarity, only one intercalationldeintercalation cycle 

was chosen), along with the prediction corresponding to Equation (6-19). The relative 

density used in generating the prediction was taken from an estimate by Cronin et al. 12 in 

which refractive index and RBS measurements indicated that r ::::: 0.8. There are therefore 

essentially no adjustable parameters used in generating the prediction; the extent of 

agreement must therefore be considered as strong validation for the phenomenological 

model proposed The agreement further suggests that the electrons in the tungsten-oxide 

are of a more localized character. 
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Figure 6-14. The normalized optical efficiencies, ~(x)~(O), as functions of the estimated 
intercalation level, x. The solid lines correspond to measured values for intercalation and 
deintercalation (bottom and top, respectively), and the dotted curve is the prediction of the 
Site-Saturation Model. 
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7. THE DEPENDENCE OF THE QUASI-STATIC ELECTRO CHROMIC 

BEHAVIOR OF TUNGSTEN-OXIDE-BASED DEVICES ON THE NATURE OF 

THE INTERCALATE SPECIES 

7.1 INTRODUCTION AND PURPOSE 

In previous chapters, the step-current behavior has been investigated for two types 

of tungsten-oxide-based electro chromic devices; one type of device (Chapters 4 and 5) 

used an aqueous, protonic electrolyte, while the other (Chapter 6) used a non-aqueous, Li

based electrolyte. Other than the electrolyte (and consequently the reference electrode), 

the devices were nominally identical. The present chapter compares the electrical and 

optical properties ofintercalationldeintercalation in the two types of devices. 

Phenomenological scaling laws are used to unify the results, and explanation in terms of 

simple models is proposed. The present chapter does not attempt to explain the forms and 

absolute magnitudes of the individual behaviors -- this was the aim in previous chapters; 

rather, the objective is to elucidate the relations between the behaviors ofH- and Li-based 

systems and to ofter explanations regarding their origins. 

Details of the measurements and calculations will not be discussed in the present 

chapter; for these, the reader is referred to Chapters 4,5, and 6. The data for the 

aqueous-based devices have been (linearly) corrected for the spontaneous deintercalation 

process displayed in these systems (Chapters 4 and 5). 

7.2 BACKGROUND 

7.2.1 ELECTROLYTE SPECIFICS 
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In choosing the electrolyte concentrations, it was decided that it was most 

advantageous to keep the concentrations of the active ions and the effective double layer 

thicknesses approximately constant. The protonic electrolyte was an aqueous 0.01 N 

H2S04 solution (measured pH:::::2.I), and the lithium electrolyte was O.OIM LiCI04 in 

propylene carbonate. Assuming nearly complete dissociation of the LiCl04, these 

concentrations correspond to approximately the same cation concentrations and give 

Debye lengths, lC-1
, of about 26A (recall the PC has a somewhat lower dielectric constant 

than water, offsetting the higher charge on the aqueous anion). 

One of the possibly important effects of the double-layer thickness relates to ion 

mobilities in the pores. For pore sizes smaller than or on the order OflC-I
, traditional 

electrolyte behavior should not be present in the pore space. In such a case, ion motion 

must occur in some special manner, such as along the pore surfaces or as a space-charge 

current within the double layer region. In the present systems, a large (perhaps dominant) 

fraction of the pores may fall in this range (see Chapter 3). 

7.3 DIRECT COMPARISON 

7.3.1 MEASURED PARAMETERS 

Figures 7-1 and 7-2 display comparisons of the built-in potential, Vbi, and 

transmission, T, (the latter data are in the form of optical density); a constant potential has 

been subtracted from the Li-data to have the curves begin at the same point (so both are 

effectively referenced to the same reference electrode). In both plots, the solid curves 

correspond to the H-device, and the dashed curves to the Li-devices. It is seen that Vbi is 
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appreciably more sensitive to the passing of charge from the Li-electrolyte than from the 

H-electrolyte. The magnitude of the hysteresis, however, appears to comparable for the 

two devices. 

1. 

o. Li-Device 

o. 

o. 

o H-Device 

o 25 30 35 

Figure 7-1. Comparison between the intercalationldeintercalation built-in 
potential behavior for an H-based device (solid curves) and a Li-based device 
(dashed curves). The abscissa is the effective passed charge, Qe. The left-to-right 
direction corresponds to intercalation and the right-to-Ieft direction to 
deintercalation. 
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Figure 7-2. Comparison between the intercalationldeintercalation optical density 
behavior for an H-based device (solid curves) and a Li-based device (dashed 
curves). The abscissa is the effective passed charge, Qe. 
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It is also seen that the optical density is somewhat more sensitive to the passing of 

current from the H-electrolyte than from the Li-electrolyte. The more prominent feature, 

however, is the reduced hysteresis observed in the Li-device, indicating that, with respect 
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to optical response, the difference between the character of intercalating and 

deintercalating species is smaller in the Li-device than in the H-device (whereas, with 

respect to electrical response, the difference is comparable). These relationships are more 

clearly revealed in the behavior of the derivative parameters. 

7.3.2 DERIVATIVE PARAMETERS 

Figures 7-3, 7-4, and 7-5 present, respectively, the comparison curves for the 

behavior of the intercalationldeintercalation efficiency (Ywl), the optical efficiency (~I/D1), 

and the optical capacity (XrIDI). It is seen clearly that the H-devices have appreciably 

higher intercalationldeintercalation efficiencies. There is also more structure in the 

intercalation curve of the H-device; the absence of such structure in the Li-device, 

however, may be due partially to the fact that the corresponding passed charge is smaller. 
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Figure 7-3. Intercalationldeintercalation efficiencies calculated from the data in 
Figure 7-1. Solid curves (and left -to-right arrows) correspond to intercalation, and 
dashed curves (and right-to-Ieft arrows) correspond to deintercalation. The two 
upper curves are for the H-based device, and the two lower curves are for the Li
based device. 
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Figure 7-4. Optical efficiencies calculated from the data in Figure 7-2. The solid 
and dashed curves correspond to intercalation and deintercalation, respectively, for 
the H-based device; the dash-dot and dotted curves correspond to the intercalation 
and deintercalation, respectively, for the Li-based devices. 
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Figure 7-5. Optical capacities calculated from the data in Figure 7-1 and 7-2. 
The solid and dashed curves correspond to intercalation and deintercalation, 
respectively, for the H-based device; the dash-dot and dotted curves correspond 
to the intercalation and deintercalation, respectively, for the Li-based devices. 

The optical efficiencies are quite similar in general form, but the hysteresis 

observed for the H-devices is significantly larger than that for the Li-devices. The H-
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device data display a "hump" structure at the low passed charge levels; these regions of 
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weak Qe-dependence are followed by a diminishing characteristic which appears roughly 

to parallel that of the Li-devices. 

The optical capacities appear similar in strocture, although those for the Li-devices 

appear somewhat shrunk relative to their H-device counterparts. It should be noted that 

since X = C:~, the difference in magnitude reflects primarily the difference in intercalation 

efficiency between the two types of devices. 

7.4 ANALYSIS AND DISCUSSION 

7.4.1 SCALING BEHAVIOR 

7.4.1.1 Observations 

The behavior of the derivative parameters, most notably c: and X, suggest that 

some form of scaling would be appropriate. A linear scaling law is suggested: 

with m and A. constants. Taking m=2.5 and A.=1.5, and applying Equation (7-1), the 

optical capacity data for the Li-device produces Figure 7-6. It is seen that the 

intercalation and deintercalation data separately coincide well. 

(7-1) 
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Figure 7-6, The scaled optical capacities calculated from the data of Figure 7-5 
and the linear scaling relation, Equation (7-1), with m=2.5 and A= 1.5 (see text). 
The labeling of the curves follows the same convention as for Figure 7-5. 

Recalling that 'X. = ~1;, it is clear that for ~ and 1;, the passed charge (the 

independent parameter) should scale in the same way as in Equation (7-1), and the 

product of their prefactors must be equal to m, i.e., if the prefactor of~ is mf, the 
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prefactor to 1; is f -1. Because SLi is appreciably smaller than SH, and !;r.i is comparable in 

magnitude to /;H, fwill be close to unity. 

Figures 7-7 and 7-8 show the scaled c:;; and 1; data forf= 0.8. Except for the added 

structure in SH for intercalation, the scaling is seen to work very well for the 

intercalation! deintercalation efficiency. 
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Figure 7-7. The scaled intercalation.ldeintercalation efficiencies calculated from the data 
of Figure 7-3 and the linear scaling relation, Equation (7-1), with the same parameters as 
in Figure 7-6. For this Figure and for Figure 7-S,fis chosen as o.s (see text). 
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Figure 7-8. The scaled optical efficiencies calculated from the data of Figure 7-4 
and the linear scaling relation, Equation (7-1), with the same parameters as in 
Figure 7-6. For this Figure and for Figure 7-7,jis chosen as 0.8 (see text). 
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The scaling works less well for the ~ curves, but the forms and magnitude roughly 

coincide. A better correspondence is obtained if the (consistently-scaled) built-in potential 

is used an independent variable. This is shown in Figure 7-9. The other derivative 



parameters correspond comparably with either Qc or Vbi as independent variables; the 

corresponding plots with Vbi as an independent variable are therefore not given. 
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Figure 7-9. The scaled optical efficiencies as shown in Figure 7-8, but with the 
appropriately scaled built-in potential as the abscissa. 

7.4.1.2 Interpretation 
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The presence of a scaling behavior as represented in Equation (7-1) suggests that 

there are master functions (separate for coloring and bleaching) which describe the 

fundamental behavior -- i.e., it is unlikely that fundamentally different processes are 

involved for the two types of devices. 

One may generally consider that the dependence of Vbi on intercalation level for a 

given phase is governed by the entropy of the intercalate (i.e., the number of possible 

arrangements), the mutual interaction among the intercalate species, and the effect of the 

intercalate (e.g., strain) on the host. These effects may be represented within the 

framework ofa mean-field expression (see e.g., Chapter 4): 

Vb, =a+b(;) +cln(N~J (7-2) 

In this expression, b embodies the latter two effects, and the third term embodies entropic 

effects; a, being a constant, is unimportant for the present purposes. N is the number of 

available sites, and n is the number of intercalated species which may distribute themselves 

among the N sites. 

An intercalated species may be considered as one of two basic types: a) a neutral 

atom; or b) a decomposed ion-electron pair. In the latter case, the intercalated species 

effectively becomes two species, with the electron somewhere within the limiting bounds 

of being delocalized (Drude-like) or localized (small-polaron-like). For present 

considerations, we assume that the electrons (whether de-localized or not) fully control 

~(LlQ), and the ions or atoms fully control S'( LlQ). This assumption seems justified by the 
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observed comparable magnitudes of c; and highly disparate values of c: as the presumed 

insertion species is changed. 

The differences in the insertion species may be considered from a physical or 

chemical basis: 

7.4.1.2.1 Physical Approach 

Physically, one would consider that the H and Li, or their ionized forms, have 

different sizes (::::: atomic, covalent, or ionic radii). The size ofa given species sets a lower 

limit on the size of site it can occupy; if there is some effective site-size distribution, 

g ss (r) , N is given by N = fOg ssdr , where r 0 is on the order of the effective species radius. 
'0 

This affects the entropy term in Equation (7-2); for a larger species, there are fewer sites 

and consequently fewer arrangements. This increases the sensitivity of the entropic 

contribution to intercalation, lowering the intercalationldeintercalation efficiency. 

The size also affects the strain which the intercalated species induces in the host. 

In many cases, the strain component to the cell potential has been demonstrated to be 

quite large1
,2. Considering linear, elastic strains, this effect will enter the mean field model 

(Equation (7-2» through the parameter, b. This effect adds to b a term of the form: 

(7-3) 

where Er is an average strain per unit species, and the B's involve the elastic properties of 

the medium and directional considerations (see, e.g.. Ref 1). B~ is the value appropriate 

for an infinite medium, and Br is a correction for finite size as embodied by the presence of 
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surfaces. Bris positive for a "clamped" surface (such as at the substrate) and negative for 

a "free" surface (such at the electrolyte and/or pore surfaces). 

When the intercalate size exceeds the quiescent size of the site it will occupy, it is 

expected that such occupation will induce a strain which is a linear and homogeneous 

function of the degree of excess. Equation (7-3) therefore suggests that an additional term 

linear in the intercalation level should be included in Vbj, and that the coefficient of this 

tenn should be proportional to the square of the difference between the intercalate size 

and the quiescent site size. As with the entropic effect, this effect is expected to diminish 

the intercalationldeintercalation efficiency of the Li-devices. 

It should be noted that the total strain energy is expected to be proportional to 

Young's modulus, Y, for the medium. The macroscopic modulus should decrease (the film 

become more pliant) with increasing porosity and with increasing water content. These 

may be an additional source of the dramatically positive effects on device behavior which 

have been attributed to porosity and water content (see Chapter 9, e.g.). 

Equation (7-3) also implies that the large surface area associated with a high 

porosity of the active layer(s) in a device will also increase the intercalationldeintercalation 

efficiency by lowering the strain energy associated with the presence of the intercalate in 

the layer. 

In the general case, the combination of effects discussed above does not result in a 

scaling relationship between the Vbj's; the existence of such a relation, however, imposes 

constraints on the relative importance of individual effects. 
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7.4.1.2.2 Chemical Approach 

Different insertion species may also interact in different ways chemically with the 

host. For example, the Ii ions may react with oxygens to form hydroxyl groups, as has 

been suggested by Wiseman and Dickens3
; this may be facilitated by the presence of water 

in the films. Lr may behave in an analogous manner, although it seems less likely to do 

so. Another possibility is the formation ofLhO-type structures, or even regions ofLi

metal (although it must be remembered that if the formation of some chemical product 

consumes electrons, the optical efficiency will suffer). 

Regardless of the specifics, the formation of a chemical bond will contribute to a 

relative lowering of the intercalation energy by an amount on the order of the bond 

energy. Although this should contribute to a larger intercalation efficiency, it could 

diminish the deintercalation efficiency, since the species will be more difficult to remove. 

This will contribute to a static (i.e. independent of rate) intercalationldeintercalation 

hysteresis. 

A distinguishing characteristic of chemical effects is that their nature should be 

specific to the intercalate-host pair. As such, linear scaling behavior of the 

intercalationldeintercalation efficiency between different pairs is not generally expected. 

Therefore, although bonding effects may contribute to the observed hysteresis effects, the 

observed scaling (including the strong similarity between the degree of hysteresis in S for 

the H- and Li-devices) suggests that it is not the dominant source. 
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8. SUMMARY 

8.1 SPECIFICS 
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The present dissertation embodies novelty in three areas: device materials, methods 

of analysis, and physical pictures and models. 

8.1.1 NEW DEVICE MA TERIALS 

It was shown that by using a transient additive (oxalic acid dihydrate) in the 

precursor solution, tungsten oxide films with dramatically improved utility in practical 

electro chromic devices can be synthesized. The additive is transient in the sense that it 

burns out completely from the film with subsequent heat treatment. It has been shown to 

affect dramatically the microstructure and composition of the resulting films. Without the 

additive, the films are amorphous, homogeneous, and featureless up to the smallest length 

scale which could be probed; although they undoubtedly possess nanoporosity, none could 

be observed. Processed with the additive, the films are composed of at least three phases: 

a nanocrystalline phase and two amorphous phases; the latter are distinguished by their 

stoichiometry, one being more oxygen-deficient than the other. In addition, the films 

show surface features on the scale of -10-1 OOnm, and presumabiy possess significant 

nanoporosity. 

8.1.2 NEW METHODS OF ANALYSIS 

A broad set of phenomenological analysis tools, which refer only minimally to 

specific models, have been developed and demonstratively applied to H- and Li-based 

devices. It has been shown that both step-current and step-potential behavior can be 
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analyzed in a state-space representation by considering the measured properties as 

functions of the pClssed charge instead of the elapsed t;me. Such analysis creates a "space" 

in which simple scaling and shifting laws, if present, display themselves clearly (the 

corresponding laws in time-space would typically be considerably more complicated and 

therefore far from apparent when viewing the data). The presently-proposed 

representation is superior for characterization using models which embody a quasi-static 

assumption. 

Using scaling methods, the analyses demonstrated linear scaling of the current with 

applied voltage and with added series resistors (ohmicity), and linear thickness scaling of 

the passed charge (homogeneous intercalation) in a H-based device. It was also shown 

that under a wide range of conditions, the electrochromic behavior of both Li- and H

based devices could be considered quasi-static. 

The analysis methods were considerably refined and extended for the detailed 

analysis of step-current experiments, where one measures the time-dependence of the 

applied potential and the transmission under conditions of a fixed imposed current. It was 

shown that an effective passed charge, Qc, could be constructed to serve as a useful 

indicator of the overall intercalation level of the device, even in the presence of non

Faradaic processes such as the observed spontaneous deintercalation (SDI). This was 

then used to construct a plots of the built-in potential, Vbi, and the transmission., T, as 

functions of the degree of intercalation. 
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It has been shown that many peculiar aspects of electro chromic behavior could be 

elucidated by considering the interplay of the electrical and optical properties through the 

use of a set of derivative parameters: the intercalationldeintercalation efficiency, c,:, the 

optical efficiency, 1;, and the optical capacity, X. The resulting analyses led quite naturally 

to the development of physical pictures and models for the behavior. 

8.1.3 NEW PHYSICAL PICTURES AND MODELS 

One of the more significant findings of the present work is the observation that, 

even quasi-statically, intercalation and deintercalation occur in fundamentally different 

ways. For the device in any given state, the deintercalation electrical efficiency is 

appreciably lower than the corresponding intercalation efficiency, and the corresponding 

deintercalation optical efficiency is appreciably higher than the intercalation optical 

efficiency. Additionally, the deintercalation curve displays the same basic characteristic, 

regardless of its point of initiation; and part of this characteristic is a "healing regime," in 

which the efficiency is initially quite depressed, and then rises for some period before 

following the more expected diminishing characteristic. In toto, such observations suggest 

that for a given device state, deintercalation occurs from sites of a different character than 

those to which intercalation takes place. This may be translated as a "multi-phase" 

behavior in which at least one of the phases has a larger barrier to deintercalation than the 

others (this deintercalation may be seen as occurring either directly into the electrolyte or 

into another phase, which presumably has either easier access to the electrolyte or a much 

higher intercalation efficiency). It should be noted that the word "phase" may be seen 
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generally to indicate structural phases (three structural phases have been observed in the 

tungsten oxide films used in these devices), electronic state phases 

(localized~delocalized), or even "location phases" (surface phase vs. bulk phase, e.g.). 

Within the multi-phase picture, intercalation occurs more or less equipotentially 

into each phase, with the partitioning being governed by their individual potential

intercalation level relations and the equipotential condition. Because of the deintercalation 

barrier of one or more phase(s), deintercalation occurs preferentially from the other phase 

or phases. As the preferred phase becomes progressively more deintercalated, the driving 

force to deintercalate the barrier-isolated phase increases, and the isolated phase may 

therefore may contribute increasingly to the total deintercalation. The optical efficiency 

observations suggest that the preferred phase has a higher optical efficiency. 

The above physical picture is capable of qualitatively embodying all of the 

observations. A quantitative embodiment has been presented in terms of an equivalent 

circuit. Intercalation is seen as the parallel charging of two capacitors, each with arbitrary 

voltage-charge relationships, representing the Vbi(.1Q) relations of the two types of phases. 

The presence of a diode in one of the parallel arms, however, forces discharging of one of 

the capacitors through an additional resistor. 

Making the assumption that each phase has the same potential-charge relation, the 

circuit model can be applied to experimental data to predict the deintercalation curve from 

the measured intercalation curve with a single adjustable parameter (the resistor 

representing the additional barrier to deintercalation from the more isolated phase). The 
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model was shown to match the measurements very well, providing support for the two

phase model. The variation of the b<l!-ner resistance with the magnitude of the imposed 

current suggests that the barrier has a more exponential character (likely of the diode

equation-type). 

A simple but important result of the present work is the observation that the 

variation of the optical efficiency with passed charge may be quantitatively well-explained 

by site-saturation model, in which the contribution of a given site to the optical density is 

taken as proportional to the number of empty sites surrounding it. For the normalized 

optical efficiency as a function of the intercalation parameter, x, it is calculated that the 

slope should be equal to -2. The only adjustability present is in estimating x from the 

passed charge. 

A detailed analysis of the dependence of the device behavior on the insertion 

species was undertaken; data from devices made with an aqueous H-electrolyte and a non

aqueous Li-electrolyte were compared. The behavior of the optical efficiency is quite 

similar for the two types of devices, indicating (as expected) that electrons associated with 

the inserted ions are the primary determinant of the variation in optical properties. The 

intercalationldeintercalation efficiencies are quite different between the type types of 

devices, with the H-devices being consistently more efficient; this apparently reflects the 

larger size of the intercalated Li (ion). A linear scaling collapses the curves quite well, 

indicating that the same fundamental mechanism governs the behavior in each case. 

Possible effects, both physical and chemical, of the nature of the insertion species on the 
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intercalation efficiency are discussed, and some groundwork is laid for the construction of 

a physical theory of the effect of intercalate size on the electro chromic behavior. 
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9. TOWARD AN UNDERSTANDING OF ELECTRO CHROMIC BEHAVIOR IN 

TUNGSTEN OXIDE FILMS 

9.1 INTRODUCTION 

Although a tremendous quantity of work dealing with the electrochromic behavior 

of tungsten oxide films has been performed over the last 25 years, a fundamental 

understanding is still lacking. Many parameters which affect behavior have been 

identified, but their specific, mechanistic effects are generally unknown. Subsequently, the 

control and optimization of device behavior has not generally been possible. The present 

chapter identifies several of the more important key variables which affect prominently the 

behavior and then proposes a ni.1mber of key issues or characteristics which are likely to 

control behavior of the devices. It is then proposed that an understanding sufficient to 

control and optimize device behavior may be obtained if one can simply understand the 

specific effects of the named key variables on the named key issues. Finally, a prediction 

of the general direction of the future development of tungsten oxide-based devices is 

given. 

9.2 BACKGROUND 

Tungsten oxide is perhaps the most prominent of a class of materials in which a 

reversible creation of excess electrons is used to bring about a notable change in optical 

(and electrical) properties. The primary applications of tungsten oxide films as presently 

perceived are as the active layer (or one of the active layers) in variably-reflective mirrors 



234 

or in variably reflective and/or absorptive windows. Tungsten oxide films have also been 

extensively investigated for display applications and have been mildly considered as neural 

net electrical components. 

The electrochromic behavior of tungsten oxide displays a broad similarity to that 

of many other electrochromic materials, and understanding the former wilI likely facilitate 

greatly the understanding of the latter. In addition, understanding of the behavior of 

insertion electrodes contributes valuably to the understanding of many battery and sensor 

systems. 

Although -103 papers have been published on tungsten oxide, a functional 

understanding of the factors controlling its electro chromic device behavior, and of the 

means to control such behavior, is stilI lacking. 

As mentioned earlier in this Dissertation, it should be noted that electrochromic 

"tungsten oxide" films as used in devices are generally believed to be something more akin 

to an oxygen deficient, tungsten hydroxy-oxide, W03_x'nHzO; the term tungsten oxide wilI 

be used broadly in ref.-::rence to these materials. 

9.3 PHENOMENOLOGY 

The most common method of the creation of excess electrons in tungsten oxide is 

to use the film as an electrode in an electrochemical cell (see Figure 9-1). The film is 

sandwiched between an electronic and an ionic conductor; the interface with the former is 

blocking to ions and the interface with the latter is blocking to electrons. Thus if one 

applies a potential greater (see Figure 9-1 for convention) than the instantaneous built-in 
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potential, Vbi, electrons enter the film from the electronic conductor and ions enter the film 

from the electrolyte; this process generally continues until Vbi increases sufficiently to 

offset the applied potential. Application of a potential smaller than the new Vbi then 

reverses the process. 
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Figure 9-1. Schematic representation ofa typical 
electrochemical cell used for measurements of the 
electro chromic properties of tungsten-oxide thin films. 

The optical response to the intercalation depends strongly on the degree of 

crystallinity of the tungsten oxide. Typical amorphous and crystalline spectral responses 

are shown in Figure 9-2. The crystalline response is metallic in character and is typically 

considered as "Drude-like," whereas the amorphous response is typically considered as 
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being due to small polaron or intervalence transfer mechanisms 1. e.g.. Depending upon the 

treatment and deposition conditions, actual films may contain partially crystalline and 

partially amorphous regions; so in many cases, "crystalline" and "amorphous" are to be 

considered as limiting cases. 

One must be especially careful in looking to the tungsten oxide electrochromism 

literature. The behavior can be wildly sensitive to a variety of factors which are typically 

not controlled or only weakly controlled. The relation of measured properties to films 

other than those specifically measured, and even to those specific films as they exist in the 

devices, is uncertain. 
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Figure 9-2. Typical spectral behavior of the optical properties of tungsten-oxide films in 
the "crystalline" and "amorphous" limiting cases. 
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9.4 WHAT NEEDS TO BE DONE 

The approach taken in the present paper is as follows: first, a set of Key Variables 

will be identified (these are things which have been demonstrated to affect very strongly 

the electrochromic behavior of tungsten oxide films); seccndly, a set of Key Issues will be 

identified and discussed. It is proposed that the problem oj obtaining afunctional 

understanding of the electrochromic behavior of tungsten oxide may be reduced to 

determining the effects of the Key Variables on each of the Key Issues. Finally, 

speculation is proffered regarding the direction of future development of devices. 

9.4.1 KEY VARIABLES 

9.4.1.1 Water Exposure ofthe Film or the Electrolyte 

Exposing the films to even ambient humidity conditions very often strongly affects device 

behavior2-<i.e.g.; in non-aqueous electrolyte systems, small amounts of water in the 

electrolyte can also have a strong effect7-9• e.g. It should be noted that these effects are 

very dramatic, with exposure often improving response times by many orders of 

magnitude, or even determining whether or not a given device will work at all. The effect 

is very difficult to quantify because of the difficulty of determining the actual amount of 

water in the films (especially under operating conditions) and because of uncertainty of the 

active state(s) of water in the films (terminal-OR groups, adsorbed molecules, condensed, 

etc.). 

• 
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9.4.1.2 Thermal Treatment of the Films 

Thermal treatments ca.'! dramatically affect behavior10,ll,e.g., even under conditions over 

which substantial changes in degree of crystallinity are not expected to occur. The 

difficulty in determining thin-film nanostructure renders these effects difficult to quantify 

or to attribute to specific causes. 

9.4.1.3 Deposition Conditions 

The detailed conditions of sputtering, evaporation, or wet-chemical deposition (pressure, 

environmental composition, substrate temperature, deposition angle, dipping rate, etc.) 

can affect strongly film behavior3,5,12-19. e.g.. It generally seems to be the case that 

conditions which favor increased porosity andlor water uptake improve film response. 

9.4.1.4 Dopants or Additives 

Various dopants or additives have been shown to strongly affect the behavior2o-26,e.g .. 

These may be transient (they are removed through post-deposition processing)ll,20,e.g., or 

permanent21-26.e.g. It should be noted that water may be considered as a partly transient, 

partly permanent, mongrel additive. 

9.4.1.5 Cycling or Aging 

Cycling (coloring and bleaching) and aging Gust sitting there) may improve or degrade 

film response, depending upon the specific film history and the cycling or aging 

conditions8.19,27,28, e.g .. 
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9.4.2 KEY ISSUES 

9.4.2.1 What Determines V hi ? 

Some time ago, Crandall et al. investigated and derived a thennodynamic 

expression for the dependence of the built-in potential on the intercalation level in a set of 

evaporated amorphous tungsten oxide films29. This expression, sometimes with minor 

modifications, has been shown often to fit Vbi data associated with films considered to be 

of an amorphous character29-33. e.g. and has been used in some kinetic analyseS30.34.e.g.. Vbi 

data for films of strong crystalline character (which typically display a "stepped" 

characteristic), as well as many films wpich are believed to be essentially amorphous, 

however, often cannot be well-fit into this picture35-38. e.g .. 

The instantaneous difference between Vbi and the appiied potential may be seen as 

the driving force for coloration or bleaching, and the details of its behavior are thus 

extremely important. Some of the key elements which require elucidation are: 

A. Dynamic vs. Equilibrium: by a coulometric titration-type measurement, one obtains 

an approximation to the equilibrium Vb/" As regards the instantaneous driving force, 

however, one is interested in the dynamic Vb/" The relationship between the two may be 

governed by a redistribution, reaction, and/or self-bleaching/coloring processes (these 

issues were the focus of much of this dissertation). 

B. Surface Chemistry of the Ionic Conductor (electrolyte)lTungsten Oxide Interface: It 

is likely that the variation of Vbl is controlled largely by a separation of charge at this 

interface; it is therefore important to isolate the important charge adsorption processes. 
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The active surface sites and the potential detennining ions should be unambiguously 

identified. This is particularly important for non-aqueous systems, where the great 

sensitivity to small additions of water hints at a possible change in the surface chemistry. 

Additionally, the surface chemistry inside the pores and the question of whether or not it is 

different from that outside the pores is likely of considerable importance. 

C. Nature o/the Electronic Conductor/Tungsten Oxide Interface: The character of this 

interface has been little investigated or discussed. Whether or not in a particular case it is 

ohmic, if any barriers form, and whether or not interface states playa significant role are 

perhaps the most important questions. Since the Fenni level of the film certainly changes 

during the coloring and bleaching processes, it is possible that answers to these questions 

change with the coloration state of the film, i.e., that there are interfacial transitions during 

device operation. 

D. Stress Contribution: The films appear typically to swell upon intercalation, and shrink 

upon bleaching. This raises the possibility that there is a significant stress contribution to 

Vbi· 

9.4.2.2 What is the Relation Between the Total Current Passed and the Change in 

the Optical Properties? 

A. How is the Current Partitioned? The current flowing through the system may be seen 

as composed of three components: 
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where J] is the intercalation current, Jp is a polarization current (comprising all currents 

which lead to a net charge separation), and JL is a leakage current. Since one is interested 

i!! !~~ '!~gr-e~ of !!1tercaIation, it is crucial to properly partition measured currents. One 

particularly interesting issue is the possible relation between the sites of intercalation and 

charge separation sites; it is possible that in some cases, optically active electrons are 

associate~ with surface charges (and not bulk intercalation sites). For such charges, the 

intercalation and polarization currents are then at least partly coincident. 

B. What is the Real Optical Efficiency? Once the actual intercalation current is isolated, 

it is possible to determine the real optical efficiency, i.e., the actual variation in optical 

properties per intercalated species, and to investigate its dependence on the Key Variables. 

Additionally, it may be important to investigate the behavior of the effective "ionization" 

ratio, i.e., viewing the intercalated spec~es as donors, it is important to know what 

fraction of them are ionized and able to contribute directly to the optical response. 

9.4.2.3 Is There a Critical Transport Process? 

Some possible candidates include diffusion in the film, a constant or variable 

resistance, an interfacial transfer current, or a space-charge current. The latter has been 

proposed for bleaching based on partial agreement of an observed time dependence to a 

particular model which assumed such a current39, but it seems that such a time 

dependence is only rarely observed. The former processes have variously been proposed 

and shown to be consistent with certain limited sets of data30A0-43,e.g.. The typical extent of 

agreement seems to indicate, however, that even in particular cases, a single limiting 
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process is not present. At the very least, it seems clear that there is not a single limiting 

process for device operation in general. What is presently needed is a broad empirical 

characterization of the time-dependence of the current (during potentiostatic 

measurements) and of Vbi (during galvanostatic measurements). One can then look for 

broad empirical laws, asymptotic behaviors, invariants, and so on. These characterizations 

may then serve as an effective starting point for accurate predictive and mecha.rlistic 

modelling of behavior. 

9.4.2.4 What is the Real Film Structure? 

A. Short-Range: It is important to note that the structure of at least some of an individual 

film likely changes upon immersion in a liquid elec!rolyte. During the structural 

measurements, it is very important to be sure that one is probing the structure of the film 

as it exists in an operating device. Additionally, it is important to note that the surface 

phase, which controls the surface chemistry and may control much of the intercalation 

behavior, may be appreciably different in structure from the rest of the film. 

B. Long-Range: Porosity seems to be critically important, yet it has been only rarely and 

poorly characterized for evaporated and sputtered films and never directly observed in sol

gel derived films. It is generally believed that "more porous films" have faster responses, 

but the mechanism is unknown (and even the belief has not been clearly substantiated). 

Clear characterization is difficult due to the general difficulties associated with thin film 

nanostructure measurement. Many films also appear to display both crystalline and 

amorphous regions20.44-46, as well as spatial variations in stoichiometry2o.. The correlation 
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of the Key Variables with these variations and the corresponding correlation with behavior 

promises much in terms of understanding and controlling of device behavior. 

9.4.2.5 Where Does the Intercalate Go? 

It is not yet known where the intercalate goes. Some possibilities include: a) 

throughout the bulk of the film material (Figure 9-3a), b) in some (possibly hydrated) 

surface phase (Figure 9-3b), or c) as contact adsorbed dipoles or ions (Figure 9-3c). In 

this latter case, the species giving rise to the changes in Vb; contribute directly to changes 

in the optical properties. 



(a) 

(b) 

(c) 

Figure 9-3. Proposed limiting cases for the 
location of the intercalated species in the tungsten
oxide films: (a) throughout the bulk of the film 
material; (b) in a surface phase; and (c) as contact
adsorbed dipoles or ions. 

9.5 THE NEXT 10 YEARS: PREDICTIONS 

9.5.1 HYBRID (MULTIPHASE) SYSTEMS 

245 

Once the effects of the Key Variables on the Key Issues are understood, it should 

be possible to succeed in the intelligent, controlled development of hybrid systems. Many 

present-day systems are already hybrid; due to the present lack of understanding of the 
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roles of the individual phases and their interactions, however, the precise phases and their 

distribution are not yet intentionally planned or controlled. Some specific anticipated 

types of systems are: 

9.5.1.1 Films with Amorphous/Crystalline/Stoichiometry Variations 

The proportions and distribution of phases with differing degrees of crystallinity 

and stoichiometry will be controlled to adventitiously affect the Key Issues. As an 

example, it might be found the phase which gives the most adventitious Vb; behavior is 

different than the phase with the highest optical efficiency (as has been suggested fur the 

materials in the present Dissertation); they may then be traded off in an optimum manner. 

9.5.1.2 The Use of Permanent Additional Phases 

New phases may be added to the tungsten oxide films. Some examples are 1) 

other chromogenic materials, 2) the use of a matrix phase in which the tungsten oxide is 

distributed (to relieve stress or degradation, e.g.), or 3) distributed metal or dielectric 

particles (to tailor optical properties or interfaces, e.g.). Some of these things have been 

done to some degree already21-26.47,e.g, but since the specific effect of these additions on the 

Key Issues is not yet known, such additions cannot be utilized in a controlled, planned 

manner. 

9.5.1.3 The Use of Transient Additional Phases 

It will be very useful to control nanostructure and phase distribution in the films, 

especially once these properties have been related to the behavior. One promising method 
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for achieving this is the use of additions of transient phasell ,20, i.e., phases which leave the 

film under certain conditions of temperature, pressure, irradiation, etc .. Upon leaving, 

these phases may leave behind a particular type of skeletal structure and porosity, and in 

the process of their leaving may create a particular chemical environment which induces 

desired reactions in the remaining film (reduction, for example, to encourage the 

development of an oxygen-deficient phase). 

9.5.1.4 The Use of Interlayers 

The interfacial properties of the films may to some degree be controlled by the use 

ofinterlayers. For example, using an interlayer to modify the surface chemistry at the 

film/electrolyte interface may be used to alter the Vorbehavior or to inhibit degradation 

processes. Additionally, interlayers at either film interface may be used to lower or 

eliminate deleterious interfacial transport barriers. To a small ciegree, the effects of 

interlayers have been investigated48,49.e.g., but, again, specific impacts on the Key Issues is 

largely unknown. 
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