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Solid State Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831- 
6030. 

ABSTRACT 

A large enhancement in the ionic conductivity of certain compounds occurs when the compound 
is produced as a composite material containing a finely-dispersed non-conductor such as SiO, 
or +03. This effect has been reported on for more than 20 years, and it is well established that 
the enhancement is associated with the presence of interfkces. The popular explanation has been 
based on a model which contends that the enhancement is due to a space-charge layer which forms 
to compensate a net charge layer at an interface. A different model proposes that extended defects 
such as dislocations and grain boundaries, either resulting from or stabilized by the interface, 
are responsible for the enhancement. This paper describes recent experiments which strongly 
support the latter model. The ionic conductivities of LiI and CaF, thin films grown on 
sapphire@OOl) substrates were monitored in-situ during deposition as a function of film thickness 
and deposition conditions. LiI films grown at 27°C exhibited a region of enhanced conduction 
within 100 nm of the substrate and a lesser enhancement as the film thickness was increased 
further. This conduction enhancement was not stable but annealed out with a characteristic 
log(time) dependence. The observed annealing behavior was fit with a model based on dislocation 
motion which implies that the increase in conduction near the interface is due to extended defects 
generated during the growth process. LiI films grown at higher temperatures (100°C) in order 
to reduce the grown-in defects showed no interfacial conduction enhancement. X-ray diffraction 
measurements suggest that these high-temperature LiI films nucleate as faceted epitaxial islands 
with a stable misfit dislocation density defined by the epitaxial relationship between the substrate 
and film. CaF2 films grown at 200°C showed a behavior similar to the 27°C LiI films, with a 
region of thermally unstable enhanced conduction that occurs within 10 nm of the substrate. 
Amorphous M,03 fdms deposited over the CaF, layers created no additional enhancement but 
did increase the stability of the conduction, consistent with an extended defect model. 
Simultaneous deposition of CaF, and A1,03 produced films consisting of very-fine-grained CaF, 
and particles of amorphous Alzo, (5-10 nm grain and particle size) and a high defect density which 
was stable even well above the growth temperature. Measured conduction in the composite at 
200°C was approximately 360 times that of bulk CaJ?,. 

' 

INTRODUCTION 

The conductivity of many ionic conductors is increased by up to several orders of 
magnitude when the material is prepared as a composite with a finely-dispersed second phase. 
In most cases, the second phase consists of a nonconducting material such as SiO, or A1203 which 
typically is considered to be insoluble in the host material under the fabrication conditions. Since 
the frrst report by Liang over twenty years ago', this effect has been observed in numerous 

(See Reference 2 for a review through 1989.) Some of the largest enhancements have 



been observed in the alkali- and alkali-earth halides such as CaF;"' and Li11.498. 
A considerable effort has been devoted to understanding this behavior. Most investigators 

assume that the enhancement occurs at the interface between the ionic conductor and (in the usual 
case) non-conductor and that classical impurity doping mechanisms cannot account for the very 
large enhancements which are often observed. On the other hand, the mechanism for the 
interfacial enhancement is not clear. The most popular explanation, introduced by Jow and 
Wagne? and later developed extensively by Maier*%= and others, is based on the space-charge 
theory of Kliewer and KohlePz. In this model, an interfacial enhancement is caused by an 
increase in the Carrier concentration arising from a preferential occupation of interface sites by 
one species. The formation of a diffuse compensating layer of oppositely charged point defects 
provides the excess carriers responsible for the enhanced conduction. A different mechanism has 
been proposed by Dudney", who calculated the maximum enhancement which could be expected 
from the space-charge effect for a variety of systems and showed that at least in some cases, in 
particular LiI and AgI, the observed enhancements are much larger than can be explained by the 
space-charge model. She also studied the conduction in AgCl and AgC1:A1203 composites 
fabricated from molten AgCl and Al,03 fiber ~apers'~. '~. Composites formed in this manner 
showed no enhancement as-prepared, but both the composites and the pure AgCl displayed 
enhan& conduction after deformation. The conductivity of the pure AgCl was restored to that 
of the undeformed material by annealing at 250°C while the composite retained some enhanced 
conduction (2-5 times that of the pure material) even after annealing to 400°C. She concluded 
that deformation-induced defects which could be stabilized by the presence of the second phase 
were the source of the conduction enhancement. 

In this paper we report the conductivity and structure of LiI and CaF, films grown on 
sapphire substrates at different temperatures. Films grown at low temperatures (Liz at 27"C, CaF2 
at 200°C) had a conductivity profile which exhibited an enhancement near the interface. The 
conductivity was not stable but annealed out with a log(time) dependence characteristic of 
dislocation climb. The deposition of amorphous A403 over the CaF, films produced no conduction 
enhancement but did decrease the rate at which the conductivity was reduced by annealing. On 
the other hand, composite films consisting of very-fine-grained CaF, and A1,0, particles (5-10 
nm) produced by simultaneous deposition of CaF, and A403 at 200°C had stable enhancements 
of 6300 in the near-interface region and 360 in the bulk film. LiI films grown at 100°C had a 
long incubation period during which essentially no conduction was observed. Once the conduction 
became measurable, it increased linearly with film thickness with no apparent interfacial 
enhancement and was completely stable at and above the growth temperature. X-ray diffraction 
measurements suggest that these LiI films nucleate as faceted epitaxial islands with a stable misfit 
dislocation density defined by the structural relationship between the substrate and film. 

EXPERIMENTAL PROCEDURE 

All experiments were performed in a UHV deposition system consisting of a stainless steel 
chamber equipped with a cryopump and a 450 l/sec turbomolecular pump. LiI (Aesar, 99.95% 
pure) and CaF2 was sublimated from BN and graphite crucibles, respectively. Growth rates varied 
from 0.25 to 2.5 nm per minute, and all experiments were carried out at a pressure < Torr. 
The film thickness was continuously monitored with a quartz-crystal ratemonitor. The substrate 
was fixed to a Nb block which could be radiatively heated to temperatures in excess of 500°C. 
The substrate temperature was monitored by a Chromel-Alumel thermocouple embedded in the 



block, which was used as feedback for a control circuit to maintain a constant temperature during 
deposition and to achieve a constant temperature ramp during temperature-dependent conductivity 
measurements. 

The substrates used were sapphire(0001) wafers polished on one side obtained from 
Kappler Crystal Optics, Inc. All substrates were ultrasonically cleaned in acetone, methanol and 
deionized water and subsequently annealed in air for 48 hours to remove polishing damage. After 
slow furnace cooling, interdigital Cr:Au electrodes were deposited onto the substrates using 
standard photolithographic techniques. The electrode geometries, which were chosen based on 
the expected conductivities, resulted in geometric factors l/w of 2530 for CaF, and 167 for LiI. 
The electrodes were connected via Ta clips to Cu wires attached to a Ni-wire feedthrough on 
the vacuum jacket. 

A Hewlett-Packard model 4192A LCR meter was used for the impedance measurements. 
A 0.1 V signal was applied across the electrodes and the resulting current was amplified by a 
current-mode preamplifier (PAR model 184) set to a gain of los - lo7 which was attached to the 
vacuum feedthrough. The signal from the preamplifier was input to the LCR meter which 
measured the gain and phase of the current with respect to the input signal. These values were 
used to compute the real and imaginary parts of the impedance. During deposition, gain and phase 
were determined for up to 7 frequencies at halfdecade intervals between 10 Hz and 10 lcHz every 
20 seconds. Conductance values obtained over the frequency range 32 Hz < f < 3.2 kHz were 
nearly identical. Analysis of the impedance spectra revealed that the conductance measured at 
lower frequencies contained a contribution from the electrodes while frequencies above 3.2 lcHz 
resulted in an appreciable contribution from the long leads required to reach the substrate from 
the vacuum jacket. 

XRD measurements were carried out on a Scintag difftactometer utilizing Cu Ka radiation. 
All spectra were obtained after aligning the sample using the sapphire (0006) reflection. For the 
measurements on LiI, a series of films without electrodes were grown under identical conditions 
of growth rate and temperature. After deposition, the LiI samples were coated with Si-based 
vacuum grease which was pressed onto the surface together with a Kapton sheet in the load-lock 
chamber before exposing to the atmosphere in order to reduce water contamination (uncoated 
films would completely disintegrate in a few seconds). Rocking curves of the major peaks were 
also obtained, but owing to the presence of both Kal  and Ka, lines (the source utilized a Ni filter 
but was not monochromatized) high resolution rocking curve measurements were not possible. 

EXPERIMENTAL RESULTS 

1. LiI 

Figure 1 shows the conductance of a LiI film grown on a sapphire(0001) substrate as a 
function of thickness. After an initial incubation period during which it rises only slowly, the 
conductance of the film increases rapidly before leveling off at a thickness of approximately 100 
nm. The conductivity of the film, obtained from the slope of the curve after correcting for the 
geometric factor of the electrodes, reaches a maximum of - 5.5 X lo4 S/cm near the interface 
and - 1.5 X 

The conductivity of the films was not stable at the growth temperature and in fact annealed 
appreciably even during growth. After deposition was stopped, the conductance was continuously 
monitored for 5 days (7200 minutes) to examine this behavior. The conductivity is plotted as a 
function of time in Figure 2, where both the film thickness (250 nm) and geometric factors have 

S/cm in the bulk of the film. 
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Figure 1. Conductance measured for a LiI 
film grown at a rate Of 0.25 nm Per minute on 
a sapphire(OOO1) substrate at 27°C. 

Figure 2. Conductivity of a 0.250-nm-thick 
LiI film grown on sapphire(O001) at 27°C 
as a function of time after growth. 

been taken into account. The data points correspond to the measured conductivity which is 
observed to decrease with a log(tim) dependence. The solid line is a fit to the data using the 
model described in the discussion. 

The temperature dependence of the conductivity is plotted in Figure 3. This film was 
grown under conditions identical to those in Figures 1 and 2 but was not annealed for an extended 
period. Instead, the temperature was ramped from room temperature to 100°C several times. 
The conduction reduction due to annealing accelerated as the temperature was raised, but on 
cooling a straight-line behavior was observed. The slope corresponds to an activation energy of 
0.47 eV. 

Films grown at elevated temperature are markedly different. Figure 4 is a plot of the 
measured conductance as a function of thickness for a LiI film grown on sapphire(0001) at 100°C. 
In this case, no conduction is observed initially until it turns on abruptly at 50 nm. From this 
point, the conduction increases linearly with thickness for the rest of the deposition. The 
conductivity derived from the slope of the film and accounting for the electrode geometry is 3.2 
x IWS/cm. 

Not only is the deposition profile of the conductivity different from those of films grown 
at lower temperature, but the conductivity of this film remains constant for extended periods at 
the growth temperature. The conductivity of the film remained unchanged over a period of 5 days 
at the growth temperature. Moreover, the conductivity was unchanged after ramping the 
temperature from 25 to 120°C and back. The activation energy extracted from the Arrhenius plot 
was -0.75 eV, considerably higher than that of the room temperature film. 

The XRD spectrum (28 scan) of room-temperature LiI revealed a strong (002) orientation 
with only peaks from the (11 1) and (002) [along with the (222) and (W)] reflections. For high- 
temperature films, only (1 11) and (222) reflections were observed. The rocking curve of the (002) 
peak from the 27°C Nm had a rather broad profile with a full width at half maximum (FWMH) 
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Figure 3. Temperature dependence of the 
conductivity of a 250-nm-thick LiI film 
grown on sapphire(0001) at 27°C. 
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Figure 4. Conductance measured for a LiI 
film grown at a rate of 0.25 nm per minute 
on a sapphire(0001) substrate at 100°C. 

of about 1.8 degrees and a large tail. The rocking curve of the (111) peak for the 100°C film 
had a much sharper profile with a FWHM of 0.38 degrees and no tail. 

2. CaF, 

Figure 5 shows the conductance versus the thickness of a CaF, film on A1203(OO01). 
Beyond the initial incubation region, an enhanced conductance extends - 10 nm from the lnterface 
afkr which the conductance increases with thickness at a reduced rate. As for the LiI films, the 
conductance is not stable but anneals out with a log(time) dependence. Arrhenius plots of the 
conductance for CaF, films that had annealed sufficiently to give reproducible results gave 
activation energies in the range 0.6 & 0.1 eV and disclosed a definite tendency for the activation 
energy to increase due to annealing. For some films, Au electrodes were deposited on top in order 
to measure the conductivity perpendicular to the interface. These measurements gave a value of 
conductivity of 6 X lato S-cm-* and an activation energy of 1.05 eV, very close to the reported 
values of 3.4 x lo-'' S-cm-' and 1 eV. wefs 9, 26, 271 
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Figure 5. Conductance of a CaF, film grown 
at a rate of 0.25 nm per minute on a 
sapphire(OOO1) substrate at 200°C. 

Figure 6. Conductance of a CaF, film grown 
to a thickness of 14 nm on sapphire(OOO1) and 
capped with a film of A1203. The CaF, and 
40, were grown at rates of 1.2 and 0.8 nm 
per minute, respectively. 

3. Multilaver and commsite films 

Figure 6 shows measurements made on a CaF, film grown on an A1203 (OOO1) substrate 
and capped with a film of amorphous A1203. There is no conduction enhancement at the CaF2- 
A1,0, interface when the alumina is grown on the CaF,. Moreover, the addition of alumina 
thermally stabilizes the conductance of the underlying CaF, film. The conductance of the CaF, 
film is higher than that shown in Fig. 5 because the deposition rate was higher (see discussion). 

In Fig. 7, the electrical conductance of a film of pure CaF, is compared to that of a 
composite film containing about 10 mole percent A1203. The thickness dependence of the 
conductance of the pure CaF, film differs from that shown in preceding figures because of the 
higher deposition rate. At low deposition rates, the conductance increases monotonically with 
film thickness. At a high growth rate, the conductance increases to a maximum and then decreases 
as the interface conduction is reduced by thermal annealing. A peak in the conductance is seen 
when a film is deposited at a rate which is fast compared to the rate of decrease due to thermal 
annealing. The conductance of the pure CaF, film remains nearly constant as the thickness 
increases from about 50 to 800 nm because the conductance adjacent to the interface dwarfs the 
conductance away from the interface. The composite film is much more conductive than pure 
CaF, far from the interface. A comparison of the slope of the conductance curve with the bulk 
conductivity of pure CaF, discloses that the addition of A1,03 enhances the conductivity by about 
2.5 orders of magnitude. The A1,03 also increases the thermal stability. 
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Figure 7. Conductance of a composite film 
of CaF, with 10 mole percent A120, 
compared to a film of pure CaF,. The com- 
posite and pure films were grown at 200°C 
at 4.3 and 5.2 nm per minute, respectively. 

DISCUSSION 

1. Low-tem-perature films 

Measurements on single-crystal LiI have shown that conduction occurs by motion of Li 
vacancies whose formation and migration enthalpies are 1.06 and 0.43 eV, respectively.n Similar 
results have been obtained for polycrystalline material in the extrinsic region28*29. Room 
temperature conductivities for nominally pure material (10 - 100 ppm of divalent impurities such 
as Mg, Fe and Ca) have been reported to be between 2 x S-cm". Ipef. 29-31] 
Polycrystalline CaF, exhibits an activation energy of 0.9 - 1.0 eV in the extrinsic region and about 
2.0 eV in the intrinsic region, while heterogeneously doped material has an activation energy 
of about 0.7 eV.9326-28 

The films we grew at low temperatures (LiI at 27"C, CaF, at 200°C) showed very 
different conduction behavior in the regions adjacent to and far from the interface. In LiI, almost 
no conduction is observed in the first 10 nm of deposition which is probably due to the formation 
of islands during the initial stages of film growth. The onset of measurable conduction at - 10 
nm is evidence for the beginning of island coalescence. Between 20 and 40 nm the measured 
conduction increases and, above 40 nm, increases much more rapidly. The measured conductivity 
obtained from the slope of the curve in the steepest region is 5.5 X lo4 S/cml, which is 
considerably higher than bulk LiI. In the region away from the interface, the conductivity 
increases nearly linearly with a slope of - 1.5 x Skm, well within the range of reported 
values for bulk LiI. The conductivity in the near interface region with the largest slope is a factor 

and 3 x 



of - 40 times that in the bulk film. The CaF, films have a conductance profile which is 
qualitatively similar to LiI. A h  the initial incubation, the enhand region extends approximately 
10 nm from the interface. The conductance derived from the slopes in the near-interface and bulk 
regions in Figure 6 is 1.2 x l@ and 2.0 x lo7 S-cm-’, respectively. Both are considerably higher 
than the bulk value (3-6 x 1@lo S-cm-l). 

It should be noted here that the conductivity values determined for the interface and bulk 
during growth are complicated by the simultaneous annealing. The increase we measure is actually 
a convolution of the increase due to the addition of conducting material and the decrease due to 
annealing. The measured value will therefore depend on the actual as-deposited conductivity as 
well as the deposition and annealing rates. The annealing effectively reduces the measured value 
of bulk conductivity, although the effect is difficult to quantify. This effect is the reason for the 
differences in the measured conductances for the CaF, films in Figures 5 ,  6 and 7. 

Maie?’ has calculated the vacancy conductance for an interfacial space-charge layer: 

where 

is the Debye length, Uv is the vacancy mobility, No and N, are the vacancy concentrations at 
the interface and in the distant bulk, and the factor (wll) is contributed by the electrode 
geometry. 

We can compare our results to predictions from this space charge model by assuming a 
space-charge layer is responsible for the interfacial enhancement. For LiI, No, may be calculated 
from the measured mobility of 4 X lO-’ cm2/V/s (Ref. 30) and the bulk conductivity we obtain 
from the slope in the region far from the interface (1.5 X lO-’ S/cm). Using this value for N- 
(2.3 X 10l8 cm-3 and inserting E = 8.2 yields X = 1.6 nm, which implies an enhanced-conduction 
layer thickness of 3.2 nm. This is a factor of about 30 too small for our observations. For CaF,. 
the bulk conductivity at 200°C [a = 6 X lo-’’ S/cm] and the mobility of the fluorine ion 
vacancf2 [Uv = (220/T) exp (-5920/T)] imply No, = 2 X 101’/cm3. This NOD together with the 
dielectric constanf3 [ E  = 7] yield an effective thickness of 2X = 114 nm, which is an order of 
magnitude too large. 

It could be argued that the incorrect estimation of the enhanced layer thickness is due to 
the effects of annealing on the conductivity measurement. However, it seems unlikely that this 
could explain such a large discrepancy. We note that while magnitude of the enhancement we 
measure in LiI is larger than that r e p o d  by SchreckU, which could be qualitatively explained 
by a difference in annealing, there is virtually no discrepancy in the measured thickness of the 
enhanced conduction region. 

An even bigger problem with the application of the space-charge theory to our results is 
the instability of the conduction enhancement. Nothing in the theory can account for the decay 
over long times of the conduction. On the other hand, a model developed by Johnston3’, which 
associates the conduction increase of plastically deformed material with an increase in the number 
of piled-up dislocations, fits our results quite well. In thin films, dislocations can be generated 
during deposition by either lattice or thermal mismatch with the substrate or by growth conditions. 
Annealing reduces the stress by allowing dislocations to climb from the pileups which results 
in a reduced conduction. 



Dislocation theory describes the rate of escape of n piled-up dislocations by the equation 

where Y is an attempt frequency and W is an activation energy for dislocation climb. 
Mott(36*37) suggests an activation energy of the form 

w = wo - y s v n  

where Wo is the activation energy for climb for a free dislocation, b is the dislocations' 
Burgers vector, S is the yield stress and y is a constant of order 1. Solving Equations (3) and 
(4) and assuming that the conduction is linearly related to the number of dislocations in a 
pileup gives 

G = Go(n/nJ = Go{l - mlog[l + (f - f>/~]]  

where 

m = kTlnoySb3 

and 

r = (kT/qS?)exp(WJkT - llm) 

Here no is the initial number of dislocations in a pileup, t is the time and T the absolute 
temperature. Although the yield stress for LiI has not been reported, we can estimate it from 
equation (6) and the fitted value of m (see Figure 2) if we assume that no is given by the 
interface-to-bulk enhancement ratio (-40). Taking y = 1 and b = 4.24 %, (the Li-Li spacing in the 
cubic structure) gives S = 7.2 x lo7 dynes-cm-2. Using this value for S and assuming v = 3 x lOI3  
(Ref 38), we can use equation (7) to show that W, = 1.2 eV. Fits of Eq. (5) were made for 
CaF, assuming a yield stressB of 1.5 X lo8 dynes/cm2 (Ref 39) and a Debye frequency of 
1013 Hz. This resulted in an activation energy for dislocation climb of 2.0 f 0.1 eV and a 
value of 6 x 102 for the initial number of dislocations in a pileup. 

The fitted values are reasonable. The yield stress of LiI is unknown, but we obtain a value 
comparable to that reported for W2. Since dislocation climb occurs by vacancy motion we might 
expect Wo to be equal to the vacancy migration energy obtained from conduction measurements. 
However, dislocation climb will require a combination of both Li and I vacancy migration so 
we expect Wo to be larger. The values 1.2 and 2.0 eV seem reasonable. 

Growth of M203 on top of a CaFz film produces a composite structure with two planar 
interfaces. If a space charge layer stems from a reaction, there should be some symmetry at the 
CaF2-A$03interfaces. However, the second interface induced no increase in the conductance of 
the film but did increase the thermal stability. Both results are consistent with a dislocation- 
induced enhancement mechanism since although no additional dislocations will be produced in 



the CaF, by the presence of the cap, motion of those already present will be impeded by removal 
of the free CaF, surface. 

The composite W2:403 film of Fig. 7 was grown under similar conditions to the 403- 
capped fdm of figure 6 except that the deposition of the two materials was performed 
simultaneously instead of sequentially. The only other difference was that the growth rate of the 
CaF2 was higher in the composite. Moreover, x-ray photoelectron spectroscopy analysis revealed 
no difference in the chemical nature of the films. Thus it is reasonable to assume that they are 
chemically the same - the only difference is the way in which the CaF, and Al2O3 is distributed. 
However, the microstructure is completely different. XRD and electron microscopy revealed that 
the pure CaF, was polycrystalline with a (1 1 1) preferred orientation and grain sizes on the order 
of several thousand angstroms. The composite film consisted of very-fine randomly-oriented CaF, 
grains and %03 particles (5 - 10 nm grain and particle size) which resulted in very broad XRD 
peaks with a FWHM > 1 degree. The conductivity of the film represents an enhancement over 
the bulk CaF, value by a factor of 360 and an improvement over previously rep0rted~?~~3~ 
dispersed phase materials by a factor of 7. 

From the results for the multilayer Nm we would expect no enhancement in this composite 
based on the space-charge theory, since no enhanced conduction was present at the second 
interface. However, once again a microstructural interpretation can be given since. A large 
dislocation density must exist in a film with such a microstructure, and the very fine A1,03 
particles will act to pin both grain boundaries and dislocations and hence lead to a stable 
conduction enhancement. 

3. Hich-temperature films 

The data in Figure 4 show that in LiI films grown at elevated temperature the interfacial 
enhancement is completely absent and the conduction, once it commences, increases linearly with 
thickness with a corresponding conductivity of 3.2 x lo5 Skm. This conductivity was completely 
stable at the growth temperature. In fact, after ramping the temperature to well above the growth 
temperature (125°C ) there was still no observed decrease. Moreover, the activation energy for 
conduction of 0.75 eV, much higher than for the low-temperature film, was obtained even at room 
temperature. 

The XRD shows that the microstructure is quite different for films grown at different 
temperatures which is certainly not unusual. The change in orientation can be attributed to 
competing effects. On the one hand, films tend to grow with planar faces that possess low surface 
energies. In ionic crystals, the overwhelming consideration is whether a given plane has a net 
dipole moment so that the Madelung sums diverge.40 Such polar surfaces are quite unstable. On 
the other hand, if a close epitaxial relationship exists between the substrate and film there will 
be a strong driving force for films to orient themselves in a way that provides the best lattice 
matching. For films in which a polar surface has the best lattice match to the substrate, epitaxial 
Nms typically grow as faceted islands whose surfaces consist of non-polar planes. In CaF,, which 
can be epitaxially grown on Si, smooth growth is common on the (1 11) surface, which is non- 
polar, while growth on the polar (011) and (001) surfaces is often faceted.40 

Our LiI films all possess a cubic structure. No evidence for a hexagonal phase, which has 
been reported earlier for LiI films deposited on ~apphire~~*~', was observed. In cubic LiI the (1 11) 
surface is polar while the (001) is not. At low temperatures, where surface mobility is low, 
formation of epitaxial structures is more difficult, and the films possess the (002) (low energy 
surface) orientation. At elevated temperatures, higher surface mobilities allow the film to orient 



itself with respect to the substrate. This results in a lower interfacial energy but a large surface 
energy which drives the film to form facets. Evidence for faceting is seen in the very long 
incubation times before the onset of conduction as well as the somewhat cloudy appearance of 
the LiI films grown at 100°C compared to the colorless appearance of the low-temperature films. 

It is not surprising that LiI(111) would grow preferentially on sapphire(0001). To begin 
with, both surfaces have a hexagonal symmetry. While there is at first glance a large apparent 
mismatch between the two surfaces, a close match can be made by aligning the LiI(O1-1) direction 
with the sapphire(2-1-10). Then the spacing between second-nearest-neighbors along the LiI (01 1) 
on the Li (or I) sublattice (8.485 A) matches closely with the spacing between third-nearest- 
neighbors along the sapphire(2110) on the 0 sublattice (8.241 A). The lattice mismatch associated 
with this configuration is 2.6 %. 

We believe our films nucleate as faceted epitaxial islands and that no conduction is measured 
until the islands coalesce. Once a continuous film is present, both the conductance and the 
continuous-film thickness increase linearly. The film has a stable dislocation density that is defined 
by the lattice mismatch between the substrate and film. 

CONCLUSIONS 

In all the systems we have studied we have seen no evidence for enhanced ionic conduction 
resulting from a space-charge layer at the film / substrate interface. We have also shown that 
strong and stable enhancements can be produced that can be attributed to microstructure. While 
we cannot say that space-charge related conduction enhancement is not present in any composite 
system, it is clear that microstructural effects are of major importance in some materials and 
should not be ignored when trying to model ionic conduction in composites. 
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