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ABSTRACT

The transport of Lithium ions across the material interface: fast-ion conducting glass
- intercalate is simulated by a non-trivial lattice-gas model. The model takes explicitly
into account the influence of the Coulomb correlations, the site-blocking effect and the
boundary conditions on the ion kinetics. Potential device applications of the model are
pointed out by computing the current density of Lithium ions for material parameters
of the real interface: doped ternary borate glass - Indium Selenide, which constitute
the electrolyte and the cathode, respectively, of a thin-film microbattery with improved
performance.
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I. INTRODUCTION

The quest to obtain atomic-level insight in the basic physical processes at solid inter-

faces is increasingly recognized at present because significant technological advance can be

achieved by better understanding and control of these processes. One of the tools of this

advance is the thin-film technology, which offers rich opportunities to produce interface ma-

terials with fascinating structural and transport properties for high-technology applications.

An example for the use of the thin-film technology is the fabrication of solid microbatteries

and the status of the art in this field has been reviewed [1]. Microbatteries with improved

performance are based on the transport of Lithium ions, which carry the current from the

Lithium anode through a fast-ion conducting glass to an intercalate as cathode. For the

theoretical description of the transport properties of this system, the lattice-gas model is

very suitable. A general lattice-gas model of interdiffusion across a material interface was

proposed by Blender et al [2], This model is based on the Glauber kinetics [3] and after

appropriate modifications, it was used to simulate the distribution of Lithium ions in a

microbattery under different conditions [4-6],

The objective of this paper is to present a new and improved formulation of the one-

dimensional lattice-gas model and to simulate an important microscopical quantity of direct

physical significance - the current density of Lithium ions in a microbattery. These simu-

lations provide data that would be impossible or impractical to obtain experimentally and

have potential device applications.

II. THE LATTICE-GAS MODEL

The components of a thin-film microbattery are plotted in Fig. 1. The interface S

between the glass and the intercalate is simulated here by a one- dimensional lattice-gas

model of hopping diffusion. Hence, we consider the one- dimensional lattice A — C with N

sites and these sites are plotted in Fig. 1 with different symbols to emphasize the difference



of the hopping rates and the materials parameters in different media.

The general form of the transport equation, which describes the hopping diffusion of ions

along the lattice is given by

where n, is the ion density, the subscripts r, s denote configurations and 6r, are hopping

rates, related by the condition of the detailed balance: bT, = 6 jr. In the frameworks of the

lattice-gas model, the time-dependent current density J(l), and the local current density

j(x,t) along the x- direction, are given by the following expressions [7]

J(l) = £;(**.') = — £(*> - x,)br,nr{\ - n,),
It V T,l

(2)

where v is the volume of the system.

As mentioned above, the simplest transport equation resulting from the lattice- gas

model of hopping diffusion on a lattice with internal interface like A — C, was formulated by

Blender et al. [2]. This model is modified and generalized here in order to take into account

the following additional features:

(i) The stochastic nature of the ion hopping on a discrete lattice.

(ii) The influence of the Coulomb correlations on the ion kinetics. This is necessary for

the charge balance because the hopping ions must be considered as charged particles.

(jii) The dependence of the hopping rates between two neighboring sites of the lattice

A — C on the potential barrier height and the inverse temperature in Arrhenius form

(iv) The site-blocking effect.

(v) Appropriate boundary conditions to simulate the ion current in the fast-ion conduct-

ing electrolyte: on the left side the boundary condition is that of an ion source, while on the

right side an absorbing boundary condition is assumed. Thus, in this model, the number of

particles is not preserved in general, and the transient current flow in different media can

be simulated.

When all these assumptions are taken into account, the resulting system of transport

equations is given by

dt = 6l [(1 - nt)exp(frni) -

dnN

~~dT

(3)

where the subscripts i,j denote lattice sites, ti; is the occupation number of site i, and 6;

are the hopping rates between two lattice sites, which are first neighbors. The factor fr in

Eq. (3) depends on the materials parameters and has different values on both sides of the

interface 5, i.e. for r = 1,2. Explicitly, 7, is given by

where

IT =

e r=i = Cgi<u, for i = 1, • • • Nint,

£r=2 = tinse for » = Ninl + 1, • • • TV,

(4)

(5)

for an interface S situated between sites JVin, and Nint + 1. The other symbols in Eqs.

(3) 4- (5) have their usual meaning: e is the elemental charge, T is the temperature, kg

is the Boltzmann constant, dT is the average distance between two sites of the chain, and

the absolute and relative permeability are denoted by £o and £r, respectively. The reflecting

boundary conditions, used before [4-6], are replaced as stated in (v) above with an ion source

on the left side (the first term in the r.h.s of the first transport equation {«' = 1) in Eq. (3)),
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and an ion absorber on the right side (the last term in the r.h.s of the last transport equation

(i = N) in Eq. (3)). This demonstrates the flexibility of the present lattice-gas model to

simulate the fast-ion conducting glass (the solid electrolyte of a microbattery) as a perfect

electronic insulator, which is permeable only to positive Lithium ions.

III. NUMERICAL RESULTS AND DISCUSSION

The material parameters of the numerical simulations below are specified for the solid in-

terfsLce 5 between a doped ternary borate glass (electrolyte) and Indium Selenide (cathode),

as shown in Fig. 1. The values of the hopping rates in these materials can be obtained ex-

perimentally by dielectric loss measurements and overvoltage measurements, respectively

[1,8]- FFrom these measurements the hopping rates in the doped ternary borate glass

B-iO3 — O.5L15O — Q.\5Li2SOA, which is the solid electrolyte of the microbattery, are es-

Ums.ted to be n K 3 x lOSec"1 for T = 460A'. The hopping rates in the Lithium doped

Indium Selenide LivInSe are estimated to be 104 -e- 107sec~1 for y = 0 -r 1- Therefore, the

hopping r; tes in the glass can be denoted by b, — a and the hopping rates in the intercalate

Livl'nSe by 6; = f) — (a, where f is a parameter of the model. The relative dielectric

constants in Eqs. (4) and (5) are es,aM = 7.4, e!nSt = 8.5, and rf, « d2 = 4A [1,8].

As numerical examples for simulation of the hopping interdiffusion, it is worthwhile to

consider the following three cases: c\ when the ions enter in the fast-ion conductor, c2 when

they pass through the internal interface S, and c3 when they leave the cathode.

First, the kinetic equation (3) is integrated numerically with time step A( = 5 x 10"7

sec, and then the local and total current densities j(x, t) and J(t) are obtained from Eq. (2).

The ratio of the hopping rates in the intercalate and the glass is assumed to be f = j3/a = 5.

The case cl is shown in Fig. 2, where the local current density j(x,t) is plotted for

different diffusion times t = (100,200, ••- 1000)At. The first curve for t = 100 At is the

leftmost and every second curve is plotted with dashed line for convenience. Because of the

presence of an ion source on the left side of the lattice, the number of ions increases in the

glass. This is shown at the insert of Fig. 2 where the ratio P(t)/PQ of the ions in the glass

at time t, which is given by

P(i)= f n(x,t)dx,

to the initial value P(t = 0) is plotted for different timea.

The current density j{x,t) around the internal interface S between the glass and the

intercalate (case c2) is plotted in Fig. 3, which is a continuation of the previous example for

diffusion times t = (1100,1200, •• -2000)A*. The ions flow faster in the intercalate because

of the higher hopping rate there. The reasons for the local maximums at xjd = 11 are two:

the different material parameters in the two media and the space charge effects due to the

feature (ii) in the present model, as stated above. The internal interface S is situated at

x/d = 10 and since { = 5 the hopping rate in the intercalate is larger. The space-charge

effects are related to the fact that the nonlinear system (3) is completely self- consistent,

i.e. it takes into account the influence of the moving (diffusing) charge density n(x,t) on the

kinetics of n(x, t) itself through Poisson's equation [6] because the diffusion here is a process

of both charge and mass transfer.

The case c3 when the ions leave the cathode is shown in Fig. 4 for diffusion times

t = (100,200,- • • 1000)A«. Initially, at t = 0, both the glass and the intercalate are assumed

to be occupied by ions and therefore the first curve for t = 100A< is the rightmost. Due

to the absorbing boundary condition on the right side, which simulates the cathode of the

microbattery, the number of ions decreases and this is shown at the insert of Fig. 4, where

the diffusion time vary in the same range as the time-parameter of the curves on the main

drawing. The shape of the diffusion curves in the range xjd = 15 4- 20 is governed by

three reasons: the presence of an ion drain at xjd = 20, which is modeled by the absorbing

boundary condition in the last transport equation (t = JV) in Eq. (3), the site-blocking

effect and the fact that at the outset (t = 0) the initial condition is that the whole lattice is

assumed occupied, i.e. n(x,t = 0) = 1. The cusp at xjd = 11 is due, as before in Fig. 3, to

the different hopping rates between the two media, since the internal interface 5 is located
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at x/d = 10, and also to the space-charge effect, as discussed above. The magnitude of

j(x,t) is a range similar to that measured experimentally [1,8] and calculated theoretically

by other authors [9]. Since the current flow here is one-dimensional, its density is measured

in units of Jjjjj. The asymptotic behavior of J(t) depends on the interplay between the rates

of ion supply and leave.

Our efforts in the present work are confined to the analysis and the computation of the

current densities in the frameworks of an one-dimensional model. The procedure, described

here, is an useful intermediate step when estimating the current flow in superionic devices, or

when dealing with the more complicated models in higher spatial dimensions as, for example,

the recently developed two-dimensional lattice-gas model [10]. It is possible to modify and

use the present model for computation of other quantities of physical interest as the open

circuit voltage and the polarizability, for instance. This is left for the future. The software,

used in the present simulations, is written in FORTRAN77 and is available upon request.
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FIGURES

FIG. 1. A schematic representation of a thin-film microbattery having a Lithium anode, a

fast-ion conductor as solid electrolyte and an intercalate as cathode.

FIG. 2. The local current flow near the left side of the glass, which contains an ion source. The

diffusion time is in the range t =(100,200, • • -,1000)A(. The first curve for t = 100A! is leftmost.

Every second curve is plotted with dashed line for convenience of the eye. The parameters of this

example are given in the text. The increase of the number of ions in the glass with the increase of

the diffusion time is shown at the insert. The time is measured in units of &t.

FIG. 3. The local current flow around the internal interface S between the fast-ion conductor

and the intercalate. The interface 5 is situated at xjd = 10. This example is a continuation of

the previous one (Fig. 2) for diffusion times in the range ( = (1100,1200, ••• 2000) At. The flow is

higher in the intercalate because of the higher hopping rate there.

FIG. 4. The local current flow near the right side of the cathode of the microbattery for

t =(100,200, • • -,1000)A(. The rightmost curve corresponds to ( = 100A( because it is assumed that

initially the whole lattice is occupied. At the insert, the decrease of the number of ions with time

is plotted. This number decreases due to the absorbing boundary condition on the right side of

the lattice.
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