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Abstract. A new multilayer electrochromic device has been constdiateor-
ding to the following pattern: glag8TO/WOs/gel electrolyte/BP/ITO/glass
where ITO is a transparent conducting film made of indium amaxide and
with the surface resistance eqall0 Q/cm?. The electrochromic devices ob-
tained in the research are characterized by great (coabiggrtransmittance
variation between coloration and bleaching staf®-{0% at applied voltage
of 1.5 to 3V), and also high coloration efficiency (abo¥60cm?/C). Self-
consistent energy bands, dielectric permittivity and agtparameters are cal-
culated using a full-potential linear muffin-tin orbital thed. The numerical
solution of the Debye-Smoluchowski equations is develofmedsimulating
recombination probability of Li ions in amorphous electrolyte.
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1 Introduction

Electrochromic devices have many application possibilities in display devices,
optical shutters, smart windows and mirrors because of the many adeardfg
open circuit properties, low power consumption and high coloration effigie
etc.

*This work was sponsored by Committee Research Science in Poland ctProje
No. 7 TO8D 018 19. Contract No. w/imt/5/02.
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The electrochromic multilayer device is characterized by its ability to sustain
reversible and persistent changes of the optical properties whenerddtagplied
to it. The basic function of the electrochromic (EC) device is to exhibit repgeate
coloration/bleaching cycles with back and forth sweep of small voltages.

The multilayer electrochromic device has a sandwich structure (consists of
many layers). Numerous studies [1-6] have been conducted on theeleomic
device in the following form: glass/ITO/W4electrolyte/BP/ITO/glass, where
ITO is a transparent conducting layer made of indium tin oxide film. The elec-
trolyte function is very important: it should be a good conductor for small volt-
ages, and a good isolator, when there is no voltage applied.

Searching for the optimal properties of the electrolyte, and thus — of the
electrochromic device, resulted in using different electrolytes, varyintpeir
composition and the preparation methods, even in the case of devices-consis
ting of the same layers, i.e., PEO+LICJEPC+EC [1], PEO+PC+LIiCIQ [2],
PMMA+PC+EC+LICIO, [3], PMMA+PC+EC+LIiCIO+THF [4], PVC+PC+EC
+LiCIO4+THF [5, 6], where: PEO — poly(ethylene oxide), PC — propyleneaarb
nate, EC — ethylene carbonate, PMMA — polimethylmetacrylate, THF — tetrahy-
drofuran, PVC — poly(vinylchloride).

In the presented work, the following multilayer electrochromic device was
constructed: glagdTO/WOgs/electrolyte/BP/ITO/glass A new electrolyte was
prepared for the device, and the influence of the thin films preparation dsetho
on the final electro-optical properties of the obtained multilayer devicesgas
tablished.

2 Experimental

The device to be used for electrolytic deposition of (Yy@hin films and the
prussian blue films was built of the following elements: generator, allowing per
formance at the galvanostatic conditions, with the possibility of changing ap-
plied current voltage and density; suitable measurement instruments (ammeter
and voltmeter); and an electrolyte plate with a coat controlled by an external
thermostatic device, allowing performance at constant temperature. dbesgr

of electrodeposition was performed at the temperatu@s . During the films
deposition, the following elements were placed inside the electrolyte plate: glass
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plate with an ITO layer and additional electric input in the form of a silver way,
an opposite electrode consisting of a platinum net of the same externalmegasu
as the plate with the layeis (x 5cm?); and a reference electrode, which was
a saturated calomel electrode (SCE). There was an additional electpoaliin
the form of a silver belt, placed on the top of the ITO-coat substrate.d@xive
silver belts were applied on the top of the ITO-coat substrate). Theisstgtince

of ITO-coated glass substrates was measured by the four-point prethed and
was8—10 Q/cn.

The electrodeposition was performed from the solution of sodium tungstate
two hydrate (NaWO,-2H,0), at the concentration density 6f25, 0.4 and
0.5 mol/dm? and the pH equal.0. After dissolving sodium tungstate in redistilled
water, pH of the solution was at the range £9-9.8. In order to obtain a
proper pH value, a certain amount of oxalic acid was being added, uheer
control of a pH-meter. During the electrodeposition, different curdemisities:
50, 100, 150, 200 pAlcm? were applied. The time of deposition varied fram
to 90 minutes. Practically, it resulted in a charge per surface urdoofiC/cnt to
800 mC/cn?, and the controlled potential against the saturated calomel electrode
(SCE) during the electrodeposition varied between08V and —1.59V. The
deposited films underwent thermal treatment of heating at the temperature of
300°C, 400°C, and450°C, in the air atmosphere, duririgto 3 hours. Under
the conditions of the temperature changes, it is possible to obtain diffegemt la
structures (crystal or mixed, it means, partly crystal, and partly amog)hdo
obtain a double layer, we first crystallized a W@m by annealing in air at a
temperature of50°C for 1 h and subsequently we electrodeposited on it another
WO; film and annealing in air at a temperature360°C for 1 h. Films was of the
double layer structure; crystalline and amorphous/crystalline [7, 8].

Optical properties of the obtained layers were studied through the measure
of transmission in the range af0 to 4.0eV (relationT = f(E) on the spec-
trophotometer HACH DR-4000/U.

The device to be used for electrolytic deposition of (\Wy@hin films and
the prussian blue films was built of the following elements: generator, allowing
performance at the galvanostatic conditions, with the possibility of changing a
plied current voltage and density; suitable measurement instruments (ammeter
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and voltmeter); and an electrolyte plate. The solution adequate for theiti@pos
was made by mixing a solution of hexacyanoferrate (Ill) potassiung{Fé&{CN)]

of 0.01 mol/dm? concentration with a solution of ferric (lll) chloride — FeCl

of 0.01 mol/dm® concentration, in the proportion (ratio) of 1:1. The solution
contained> mM of FeCk and5 mM of Ks[Fe(CN)]. The thickness of the PB was
controlled by counting the passed charge, witch is proportional to the @ambun
PB deposited. The charge capacity for the deposition was controbie@iraC/cn?

to 20.0 mC/cnt. The conditions of the electrodeposition were as follows: current
density was5, 7.5, 10, 15 uA/cm?, the charge density betwedmC/cn? and

20 mClcnt, electrodeposition potential, measured in the reference to the saturated
calomel electrode, was at the range-469.71V to +0.85V, depending on the
surface resistance of the ITO layer and current density.

The electrolyte which contained a matrix consisting of two polymers (contest:
38% EC, 38% ~-BL, 8% LiCF3S0;, 10% PMMA, 6% PEO, THF) presented
the best properties. Its high conductivity & 4.8mS- cm~!) ability to easy
deposition onto the layers, stability (resistance) in time, and a high transmittance
value of radiation in the visible region makes it very useful in the electrootro
devices.

The assembly of the seven-layer electrochromic device was perforroed ac
ding to the presented pattern (Fig. 1): glass/ITOAM:ctrolyte/BP/ITO/glass,
where ITO was an indium — tin oxide film, WO- electrochemically deposited
tungsten oxide film, and BP — electrochemically deposited prussian blue film.
Before assembling the multilayer electrochromic device, the;\W@ctrode was
pre-charged with protons.

A constant current density 6f10 mA/cn? was used in cathodizing the tung-
sten oxide electrode farmin into the tungsten oxide thin film to create tungsten
bronze, KkWOs. The tungsten bronze was then rinsed with distilled water and
dried in air atmosphere. In the multilayer electrochromic device thin layeg WO
with HxWO3; was the working electrode and BP was counter-electrode. The
polymer electrolyte was flow-coated on both electrode and lamirategts. Pro-
cedure resulted in an averaged thicknesg50f:m for the copolymer electrolyte
as measured by a micrometer across the samples.
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Glass panels

Ton conductor  ITO coatings

Fig. 1. Schematic representation of the assembling of #getrelchromic device.
Electrochromic layer (1) is W) counter electrode (2) is Prussian blue film, A
and B — silver-way.

3 Theorie

The band structure of the LiWfwvas calculated using ab-initio fully self-consistent
density functional method within the local density approximation. Basic func-
tions and matrix elements were constructed using a full-potential linear muffin-
tin orbital method (FP-LMTO). Technical details of this method are presented
work [9]. The exchange and correlation potential was parameterizeaidiag to
local density approximation [10].

The equilibrium structure for the LiWQis calculated by examining the be-
havior of the total energy as a function of lattice constant The equilibrium
lattice constant for perfect perovskite phase of LiYW@ found from the total-
energy minimizatiomgheor = 3.81 A. Thisis in good agreement with experimen-
tal valueag™ = 3.71 A. The tetrahedron integration of this work was performed
using a(6, 6, 6) specialk-points mesh. The zero-temperature energy-dispersion
curves of the perfect perovskite phase for Liware shown in Fig. 2.

As we can see from Fig. 2 the compound LiW@ characterized by the
presence of energy gap between the upper filled valence band ahdfitiad
conduction band. Fermi level is located approximately in the lower part of the
conduction band. This result is in satisfactory agreement with the theddditza
[11]. The band gap, now located in the occupied part of the spectruntresised
tol.1eV.
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Fig. 2. Band structures for LIW9

The macroscopic imaginary part dielectric function in the random-phase ap-
proximation [12] is expressed by the form:

52(@7“’) = é_intT’a(q,w)

N [fik =) = fo(®)]|(n, KT L E— )" (1)
2 _ _ _ 7

q*Q orys Eijq— Epp+hw

where the first term represents the intraband contribution and is egdress
Drude formula [13]. The second term in (1) contains the transitions frmougied
states in valence bands to unoccupied states in conduction bapgdsnd|n, k)
are the energy eigenvalues of Hamiltonian and the corresponding wasteofus,
fn(k) is the Fermi-Dirac distribution function.

The frequency-depended dielectric functions of LiVWere calculated using
(1) and Kramers-Kronig relations. Fig. 3 show the results of these cétmsan
the optical limit ¢ — 0). As can seen from Fig. 3, the onset of the absorption
edge iney occurs at3.4 eV which corresponds to the transitions from occupied
states in the upper part of valence band (M) to unoccupied states incmrdu
bands nearly of the Fermi level.

The optical properties of LiW@have been calculated using imaginary part
of the permittivity. Fig. 4 display the experimental transmittance spectrum of the
system: glass1/ITO/W¢dgel electrolyte/BP/ITO/glassand calculated parameter
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of absorption for LiWQ. The absorption function for LiwQcalculated from in-
terband and intraband transitions, has a peak around an energytoirelegnetic
radiation5.3 eV.

2 4 6 8 10 12
E eV

Fig. 4. Experimental transmittance spectrum of the systgass/I[TO/WOs/gel
electrolyte/BP/ITO/glass (Solid line — bleached, dot line — colored). Calculated
parameter of absorptiort) of LIWO3.

We formulated model of the i diffusion process for hydrocarbon amor-

phous electrolyte. The theory based on the hopping diffusion model. ithe d
fusion coefficient and jump length for the Liions are calculated.D " =
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0.72 - 102 m?/s. We have developed a method of diffusion-controlled reactions
[14] for simulating of Lit recombination process.
The numerical solutions [15] of the Debye-Smoluchowski equation

ang; D_vy [Dthm V() + ”(]g)VV(f)H , @)
where
62
V(r)=—— (3

Er

is developed for calculating recombination times of lidns in electrolyte. Fig. 5
shows of the L recombination probability as a function of time.
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Fig. 5. Survival probability of LT ions as a function of time.

4 Conclusions

Application of tungsten oxide of double layer structure (crystalline and amor
phous/crystalline) in our experiments turned to be a very good solutioralaad
resulted in obtaining very good properties of the electrochromic devices co
structed in our research.

We have reported ab-initio, self-consistent calculations (using the Ipeal a
proximation to density functional theory) for the electronic structure oficcub
LiWO3. Fermi level is located in the conduction band. Calculated band structure
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LiIWOj; gives a metal state which is in agreement with other theoretical date. The
calculated spectrum of the imaginary part dielectric permittivity and absorption
function for LiWOs show that the onset of the absorption edge occussiatyV.

The theoretical recombination times have been evaluated using the numerical
solutions of the Debye-Smoluchowski equation.
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