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Abstract

Potential-step experiments on yttrium thin films show exponential decay of the current as a function of time. A diffusion model for a
thin-layer system relates the time constants to effective diffusion coefficients for hydrogen in the di- and trihydride concentration range.
The diffusion coefficient is found to be concentration-dependent. From the temperature dependence of the diffusion coefficients and the
optical switching time, activation energies are calculated. The good agreement with literature values supports the model of diffusion-
limited kinetics for the optical switching.
   2002 Elsevier B.V. All rights reserved.
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1 . Introduction concentration of hydrogen in the film, the hydrogen/metal
atomic ratio,x, can be controlled and monitored accurately

The switchable mirror, a new class of electrochromic on the basis of the charge transferred in the experiment [6].
material discovered in 1996 [1], is currently the subject of The current is directly proportional to the hydrogen flux at
much fundamental and applied research [2]. Thin metal the surface of the film. From the current and transmission
hydride films allow a controlled change in reflectance, transients, information can be obtained about the switching
absorbance and transmittance of light. A reversible metal kinetics. In this report we investigate switching by po-
to insulator transition is responsible for the optical changes tential step experiments in which both the current and
when the metal is switched between the dihydride and the transmission are followed as a function of time.
trihydride states. The metal state is opaque, while the
insulator is transparent.

Hydrogen diffusion may limit the switching time, and is 2 . Experimental
therefore of considerable importance. Mobility coefficients
for lateral transport of hydrogen in yttrium thin films have The active layers were nominally 200 nm thick, poly-
been determined from optical measurements during load- crystalline Y films top-coated with a thin palladium layer
ing from the gas phase [3]. Van der Molen et al. [4] (nominal thickness 10 nm) which acts as a catalyst for
compared hydrogen diffusion perpendicular to the matrix hydrogenation and protects the film from oxidation. Be-
sample surface with lateral transport (in gas phase experi- tween the active layer and the glass substrate a 15-nm gold
ments). It was shown that the switching time and the layer with a 2.5-nm chromium adhesion layer was de-
morphology of the film depend strongly on the film posited for electrical contact. The active film covered only
thickness. Since it is known that hydrogen diffusion part of the gold surface, to allow a back contact to the film
coefficients can depend strongly on film thickness [5], the via the gold. The layers were deposited by evaporation at

29relation between the switching time and diffusion coeffi- 10 mbar base pressure. A platinum lead was fixed with
cient remains a matter of interest. silver glue (2400 Circuit Works Conductive Epoxy, Agar

Electrochemical loading has the advantage that the Scientific) on the free gold, and both the lead and the gold
were protected from the solution by Apiezon. The active

2surface area was 1.2 cm .*Corresponding author.
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for the measurements. The working electrode was feature by a screening of the plasma energy and a low
positioned together with a Hg/HgO reference electrode in interband absorption coefficient, leading to lower absorp-
one compartment and a platinum counter electrode was tion. The current transients of Fig. 1 can be fitted with a
placed in the other compartment. All potentials are given double exponential function, using five parameters: pre-
with respect to Hg/HgO. Argon gas was bubbled through exponential termsA and A , time constantst and t and1 2 1 2

the solution in both chambers. The glass cell had windows y , a small steady-state current.0

on both sides through which we could illuminate the
t tsample and measure transmission with a diode laser ] ]I(t)5 y 1 A exp 2 1 A exp 2 (1)F G F G0 1 2t t1 2(Vector, 670 nm) and a standard photodiode. All electro-

chemical experiments were carried out in a 1 M KOH An example of a fit is shown by the dashed line in Fig. 1.
solution at room temperature. A potentiostat /galvanostat An exponential current transient following a potential step,
(EG&G Princeton Applied Research (PAR) 273A) was is reminiscent of results reported on an analogous system,
computer-controlled by in-house developed programs the intercalation of lithium in thin films [9]. Wen et al. [9]
(LabView). explained this dependence by diffusion, using a model

consisting of two parallel plates; the back side is imperme-
able to the diffusing species while the concentration at the

3 . Results and discussion electrolyte side is fixed at a constant value. Before the
potential step, the concentration in the film is uniform and

The yttrium thin films were galvanostatically loaded and constant. Solving Fick’s diffusion equations [10] and
switched several times to exclude virgin effects. Because taking first-order terms, Wen et al. have shown that the
the hydrogen cannot be removed from the film for con- current is given by [9]
centration ratios lower thanx51.8, the experiments were

2limited to the reversible hydrogen loading range, i.e. to the 2FSDDC 2Dp t 2]]] ]]]I(t)5 ?exp t . l /D (2)F Gdihydride–trihydride transition [1]. Current and transmis- 2l 4l
sion transients were recorded simultaneously after a step
from 0.2 V to 20.95 V. Two different time domains whereD is the diffusion coefficient,S the active surface
(t#100 ms and 1#t#60 s) were investigated in separate area,l the film thickness,F the Faraday constant andDC

2experiments. Initial current densities of 150 mA/cm were the concentration difference, calculated from the total
observed and attributed to hydrogen absorption by the charge transferred in the reaction. This allows one to
palladium caplayer. In Fig. 1 a typical current transient in determine effective diffusion coefficients from the time
the long time domain is shown. In the first seconds, a fast dependence of the current. Assuming this model to be
decay in the current is clear. This is followed by a much valid for our system, we can calculate effective diffusion
slower decay which is accompanied by the main optical coefficients for hydrogen transport. A fit of the exponential
change, as can be seen from the transmission transient. The decay of the current provides an average diffusion coeffi-
slight initial decrease in the transmission is caused by an cient of the reversibly loaded hydrogen. Inspection of
optical window [6,7] at aroundx52, which is the starting the approximation leading to Eq. (2) shows that for

2point for the transients. Van Gogh et al. [8] explain this t $ 0.2? l /D an error of #10% will be made. The

Fig. 1. Transient of current (solid line) with fit (dashed–dotted line) and of transmission (dashed) of an yttrium thin film after a potential step from 0.2 V to
20.95 V.
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remarkable agreement between the diffusion coefficients
determined from the prefactor and the exponent, as dis-
cussed later, confirms the validity of this model.

In Fig. 2(A), current transients are shown for different
starting concentration ratiosx. This was accomplished by
introducing additional charge, i.e.Dx, before the potential
step. The fast exponential decay, clearly visible in the
transient without extra hydrogen (Dx50), is almost absent
for Dx50.26. For largerDx, the transient can be fitted with
a single exponential decay function. The presence of a
double decay process can be understood in the context of
the different phases through which loading occurs. The
first decay in the transient very likely corresponds to the
filling of the b-phase with a higher diffusion coefficient.
The slow decay is then related to the transformation in the
b–g phase. According to the phase diagram of the yttrium
hydride thin film [1], theb phase corresponds toDx50.24,
which is in good agreement with our result for the fast
decay.

The diffusion coefficients calculated with Eqs. (1) and
(2) for the slow decay, are shown in Fig. 2(B) as a
function of Dx. The remarkably good agreement between
the diffusion coefficients calculated from the prefactor and
the exponent, support the validity of the diffusion model.
An increase in the diffusion coefficient as a function of
concentration is apparent. This is maybe due to a change in
electronic structure at higher concentrations of hydrogen,
giving rise to a lower diffusion barrier [11].

The temperature dependence of the diffusion coefficients
determined from the preexponential and exponential fac-
tors is displayed in Fig. 3, for the fast and slow decay. The

Fig. 2. (A) Current transients after addition of different amounts of subindices t and A refer to the exponential and pre-
hydrogen Dx. (B) Diffusion coefficients calculated from the current exponential fit parameters, respectively of Eq. (1). The
transients with Eq. (2).D was obtained from the exponent andD fromt a activation energies calculated from the slopes are 0.39 andthe preexponential factor from the fit with Eq. (1).

0.34 eV, respectively. Assuming diffusion-controlled kinet-

Fig. 3. Temperature dependence of the diffusion coefficients determined from the exponential current decays.D was obtained from the exponential andDt a

from the preexponential factor from the fit with Eq. (1).
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potential step. A concentration dependence of the diffusion
coefficient has been found. Experiments at different tem-
peratures show an Arrhenius dependence of both the
diffusion coefficients and the switching time. The corre-
sponding activation energies agree well with literature
values.
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as the maximum of the time derivative of the transmission.
In Fig. 4, the reciprocal switching time is plotted as a R eferences
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