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ABSTRACT
The.growth of surface layers on lithium in propylene carbonate
solutions can be followed by ellipsometry, although the refractive indices
of many potential film materials are close to those of the electrolyte.
Film thicknesseS’ca1cu1ated from ellipsometer measurements increase over
periods of several days at open circuit; they are several times larger
than thbse derived from galvanostatic pulse measurements. Films are found
to be inhomogeneous with properties continuously varying as a function of
distance from the substrate; compact regions are located adjacent to the
metal and porous regions adjacent to the solution. Electrode capacitance
measurements are sensitive to the thin compact region which can also be
generated by reaction with water vapor. Ellipsometer measurements are pri-

marily affected by the thicker, porous region which may be formed by the

precipitation of decomposition products of the solution.

*Presenf address: Mettler Instruments AG, CH-8606 Greifensee, SWITZERLAND.

TPermanent address: Central Laboratory of Electrochemical Power Sources,
‘Bulgarian Academy of Sciences, Sofia, BULGARIA
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INTRODUCTION
Surface layers formed under open circuit conditions on lithium in
propylene carbonaté (PC) solvent and its solutions of Tlithium perchlorate
and Tithium hexafluoroarsenate have been investigated by ellipsometry.
The present study was conducted in conjunction with ga]vanosfatic pulse
measurements reported ear]ier,] and the results obtaihed by the two tech-

niques are compared.

EXPERIMENTAL

Ellipsometric and electrochemical measurements were conducted in situ
in a hermetically sealed polypropylene cell consisting of an electrode
compartment with two strain-free quarfz windows arranged for 75° angle
of 1ncidence of the light beam, and a solution ;ontainer located above
the electrode compartment. (Fig. 1) This configuration enables ane to take
measurements very soon after the electrode is brought in contact with the
soiutioh. The ellipsometer used was of the se]f—compensating type in the
Polarizer - Quater wave plant - Sample - Analyzer - cor_jfiguration.2
Corrections for component imperfections were derived ffom four-zone
measurements. A mercury lamp (150 W with interference fi]ter'for the‘
wavelength of 5461 A) and an argon-ion laser (Lexel Model 75 at a wave-
length of 5145 A) were used as light sources. The mercury lamp coﬁ]d be
used only for smooth, well reflecting electrode surfaces.

Working and counter electrodes consisted of high purity (Foote)
Tithium disks, of 25mm diameter and 3mm thickness. The cross-section of
a freshly extruded 1ithium wire of Imm diameter served as reference elec-
trode. The working electrodes were prepared by scraping the'1ithium
with a scalpel and pressing it with a polycarbonate sheet in a recirculat-

ing purified helium atmosphere (<0.5 ppm 02’ H20, 5 ppm'NZ) as described
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previous]y.] No significant difference betwgen the native film of an
electrode which was only cleaned and one which was also pressed was found
by depthbprofiling Auger Spectroscopy (PHI model 590). Solutions of
Lj0204 or L1'AsF6 with and without added water were investigated, their
preparation has also been described before.] I;ithe purified helium
atmosphere the e1ectrodes were inserted in the electrode compartment and
the solution compartment was filled with electrolyte. The closed cell
was then transferred to air for conductfng the measurements. A delay of
about one minute after contact of the electrodes with solution was re-
quired to optically align the cell.

Film growth was followed simultaneously by-e111psométry and
e]ectfoéhemica] pulse technidues. After fhe experiment, the working
electrode was washed with pure propylene carbonate, dried and transferred
into an UHV-chamber for Auger spectroscopy and ellipsometry
of the dry film.

RESULTS

The ellipsometric results are presented as plots of the relative
amplitude change y vs. the relative phase change A due to reflection.
Figure 2 shows a plot obtained for film growth on 1ithium in propylene
carbonate of 1ow water content (~10 ppm) without salt and with 1 M LiC204.
The immersion time is indicated on both curves. The presence of the
electrolyte has a great effect on the rate of film formation. Ellipso-
meter parameters y and A change faster for 1ithium immersed in pure PC,
indicating faster film growth. However, both electrochemical measurements
at the end of the experiment (small amounts of salt were added to

provide conductivity) as well as depth profiling with Auger spectroscopy
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indicate the presence of a thin film, which shows a nonporous appearance

in micrographs. Scanning e]ectron micrographs have shown that film forma-
tion (by corrosion or precipitation) on lithium in PC with small amounts

of added water is faster than in PC - L1C£O4 solutions with the same amount

1 The difference between electrochemical and'e]]ipsometric

of added water.
measurement for pure PC with no water added is, at present, difficult to
explain. It may involve the formation of a poorly édhering, highly porous -
film and its loss during the rinsing and drying operations.

-E1lipsometer measurements of film growth in solutfons of 0.5M and 1.0M
LiClO4 in PC did not show much difference. Addition of water to LiC£0, -
solutions seems to slow down the rate of film formation slightly (Fig. 3).
This finding is in égreement with electrochemical measurements1 where it
was also found that films formed in these solutions are less conductive.

LiAsF6 - solutions form much thicker films in a shorter time than
LiClOd - solutions (Fig. 4). This result emphasizes the importance of the
anion for film formation and is in agreement wfth the findings from e]ectré-
chemical measurements.

Elemental film compositions were determined by Auger spectroscopy.
Typical spectra are given in Fig. 5. The prominent peaks are those for
carbon and oxygen. Films grown in LiCe0, solution show a small chlorine
content. No arsenic could be detected in films grown in LiAsF6 solution.
Depth profiles given in Fig. 6 indicate composition continuously varying
with depth. A positive secondary ion mass spectrum (SIMS) given in Fig.

7 shows a large number of peaks between mass 2 and 50.
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To investigate the precipitation of solution decomposition products
as a possible mechanism for the formation of porous layers, a polished
silver surface was used as an inert_e]ecfrode in 1M L1C204 in PC. Ellip-
someter measurements on this surface showed only small changes which could
be interpreted as the growth of a highly porous layer. SEM micrographs of
the same surface showed discreet hi]]ocks; which were principally composed
of C, 0 and Cg, accordihg to the Auger spectrum. Positive ion SIMS showed
3 principal mass peaks above 60, namely 63 (H3C03+, not present in the

film, Fig. 7), 73 and 81.

- DISCUSSION
Optical Models |

Two features in the A/y- plots of Figs. 2-4 are characteristic: the
first one is a loop at the beginning of the experiment, the second an
almost straight section with ever-increasing - values at the later stages
of the experiment. Calculations have shown that the real part of the re-
fractive index of the film is primarily responsible for thé size of the
1oop, the imaginary part for the slope of the straight part. (Fig. 8).
Refractive indices for some possible film materials, solution and sub-
strate are listed in Table I. It was not possible to fit the experimental-
results satisfactorily with calculated values assuming a homogeneous film
with refractive indices for any of the materials listed or their combina-
tion with solution in a uniformly porous film. Film thicknesses indicated

along the theoretical curves of Fig. 8 are also much larger than those



derived by capacitance measurements, which reach values of 200—4003 at the

most. This discrepancy indicates a more complex film structure. Micro-

graphs of a film grown in a 1M L1C204/PC- solution for 2 weeks indeed

show densly packed particles of approximately 2000-3000K diameter. .
In an attempt to reconcile the results obtained by electrochemical

transient techniques and those obtained by ellipsometry, a dual film

model was investigated (Fig. 9 inset). 1In this model, both films are

assumed to be homogeneous. The bottom film (Film 2) is a thin (max. ZQO

-4003) nonporous dielectric which is responsible for the electrode capaci-

tance. The upper film (Film 1) is thick and porous and is mainly responsi-

ble for thé ellipsometer measurement.

The dual film model provides a means to explain the discrepancy
between ellipsometric and electrochemical results and gives improVed,
although not satisfactory, agreement between experimental and theoretical
AJy- plots. It was found that a rather high real part of the refractive
index of the bottom films had to be assumed. Literature values for differ-
ent lithium compounds (Table I) show that LiCg or LiZO would have to be
present in a mixture with low refractive index compounds to account for
values of 1.55 and higher. Li,CO |

, 2773
mater1a13’ 4, 5 shows too low a refractive index to be the primary con-

which had been proposed as the film

a

stituent of the bottom (barrier) film. Polymerization products of the

solvent, which had also been suggested as film materia16’7 could make up ’
the top film. Depth profiling by Auger spectroscopy showed that only

small amounts (~2 At %) of chlorine (for which Auger spectroscopy is very
sensitive) but large amounts of oxygen (35-50 At %) are present in the

film. Lithium oxide is thermodynamically the favored product of a reaction



between Li énd water, (or oxygen) which could be present in sufficient

8

amounts in- the solution. Keil, et al.” found in gas phase experiments,

that oxygen reacts faster than water with Li. Auger peaks at 37 and 31

8

eV found in films are attributed” to Li in L120. A-dual-film structure

of adsorbed oxygen and porous lithium carbonate has been proposed by Leif
and Gﬂmour.9 |

In order to improve agreement with ellipsometer measurements in the
first stages of film growth, several inhomogeheous film models with con-
tinubus]y varying refractive index (Fig. 10) were investigated. Rea] and
imaginary parf of the complex refractive index was assumed.to decrease
from the metal/film boundary to the film/solution boundary. Such an
inhomogeneity could be due to variable porosity. It was found that
predict{ons based on a linear profile of refractive index were in best
agreement with the experfmenta] results. Again, a rathef high value of
the real part of the refractive index had to be chosen for the part of
the film close to the substrate; at the fi]m/soiution interface the re-
fractive index of the film was chosen to be equal to that of the solution.

Figure 11 illustrates the satisfactory agreement between experimental
results and calculations based on a 1ineér profile of the‘refractive‘index.
The loop in the curve is determined by the high real part at the bottom
of the film. The small imaginary part is introduced to adjust the slope
of the curve at the later stages of growth and indicates a slightly ab-
sorbing film.  Light absorption in the film could be due to nonstoichio-
metry or the presence of F- centers. F- centers have been extensively

10

studied for 1lithium halides. According to Hunderi, ~ the F- center ex-

citation energy for LiOH should be about the same as that for LiCR.



The model of a porous inhomogeneous film with continuously variable
refractive index (or porosity) has been tested in a different way. By
changing the refractive index of the immersion medium from a value of 1.43
for the.so1ution to 1.0 for vacuum, one can change the effective refractive
index of a film with fluid-filled pores drastically as illustrated for a
homogeneous porosity in Fig. 12. A realistic physical film model should
produce the same film thickness for measurements in solution and in vacuum,
if the pbre structure remaiﬁs the same in the two immersion media. Table
IT shows a comparison of film thicknesses obtained from ellipsometer
measurements in solution and in vacuum for a linear and a parabolic pro-
file of the film refractive index with the same values at the inner and
outer edge. The data support a refractive index (or porosity) varying
linearly with thickness. |
Film Growth

Film growth derived from ellipsometer and galvanostatic pulse
measurement are presented in Fig. 13. An approkimately parabolic rate law
(exponent 1.6) holds for film growth derived from capacitance measurements,
- (curve a, Fig. 14, based on a dielectric constant € = 4.9 corresponding
to L12C03). Film growth derived from ellipsometer measurements (curve b,
Fig. 14) follows a near-linear rate law initially (exponent 0.7) but seems
to approach the parabolic law later (exponent 1.5). A parabolic rate law
(exponent 2.2) has also been'found to hold for film growth with water vapor
(Fig. 14, curve c). Figure 15 shows ellipsometer measurements and inter-

pretation for the latter case.

"
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CONCLUSIONS

Ellipsometer measurements have shown that surface layers on Tithium
are inhomogeneous with porosity increasing approkimate]y linearly from a
dense region facing the electrode to a high]y porous region facing the
Tiquid. The refractive indexvof the dense'region is higher than that of
L12C03 or LiOH and supports the presence of L120. El1lipsometer measure-
ments qualitatively agree with results obtained by electrochemical transient’
etchniques (except for film growth in pure PC), because the dense region
only is detected by e]ectriéal measurements.

Films are formed more rapidly in pure propylene carbonate than in
the presence of electro]yteisa]ts. L1‘C£04 solutions form slower growing
(more protective) films than LiAsF6 so]utions; Perchlorate also reduces

the effect of water. Reaction with water is the most likely origin of the

~dense region and its protective properties are confirmed by the parabolic

rate law. A continuing growth of the porous region, could indicate a different
film origin and precipitation of insoluble products resulting from the decomp-

osition of the solution may be a contfibuting factor.
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Table I. Refractive index gf potential film materials, solution and
' substrate 5461 A wavelength.

LiOH 1.466
LiCoy 1.50

Lig0 1.644
LiCe 1.662

PC, TM LiCeO 1.429

4

Li 0.25-2.31
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Table II. Film thickness derived from ellipsometer measurements in
solution and in vacuum for linear and parabolic refractive
index profiles. Refractive index at bottom of film 1.57-0.021,
at top 1.4293 in solution, 1.0 in vacuum. 1 M L1'C5LO4 in PC,
1000 ppm HZO added. :

Refractive index Thickness
Profile ’ solution vacuum
linear | 1500 A 1550 A

parabolic 1950 A 2350 A
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FIGURE CAPTIONS

Non-aqueous cell for e]]ibsometry and potential measurements on
Tithium electrodes immediately after contact with electrolyte,

vertical and horizontal cross-sections. A - reservoir, B - cell,

C - working electrode, D - counter electrode, E - reference electrode,

F - windows, G - liquid valve, H ;'gas valve.

Effect of the presence of electroTyte on film formation on lithium

in propylene carbonate (PC). Measured ellipsometer parameters ¥

‘and A, Pure solvent (PC) and 1 M LiC£Q, in PC. Period of immersion

in days given along the curves. |

Effect of water content of 1 M LiC£0, solution in PC on film form-
ation. No water added (10 ppm), 0.1% waterbadded. Measured
ellipsometer parameters. |

Effect of the nature of electrolyte on film formation. I - 1 M
L1C£04, IT - 0.5 M LiAsF6 in PC, measured ellipsometer parameters.
Period of immersion in days given along the curves.

Auger spectra of films formed after (a) 10 days in solutions of 1 M

L1'C£O4 and’(b) 7 days in 0.5 M LiAsF Spectra taken after 30 sec

6
ion etching at 2keV.

Depthvprofile of film formed during 9 days in 1M L1C204 + 500 ppm
H20. Ion etching with 3 keV, 15 nA argon beam (approx. 4003/m1n.).
Positive ion SIMS spectrum of film formed during 10 days in 1 M
L1C£O4, 1 kV argon ion beam, 17nA, 14 min.

Effect of real and imaginary parts of the film refractive index

on ellipsometer parameters computed for homogeneous films. Film

o
thickness in A given along computed curves.
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Dual film model. Comﬁuted ellipsometer parameters for a dual

film (broken curve) with compact, thin bottom layer (2) and a

porous, growing top layer (1). Computation for growing single

film shown by solid curve. Film thickness in R given along

curves. Dual film model shown in inset;

Models of film porosity (or refractive index) profiles (a) homo-

geneous, (b) inhomogeneous with linear profile, (c) inhomogenebus

with parabolic profile. | |

Interpretation of ellipsometer measurements on Li in 1 M L1'C£04

in PC with an'inhomogeneous film of linear refractive index pro-

file. Thickness of inhomogeneous fi]ﬁ in R given along computed

curve. Period'of immersion in déys given with measured points.

Effect of immersion medium on the éfféctive refractive index of

a porous film illustrated with a homogeneous film of 50% porosity,

pores evacuated or filled with electrolyte.

Film growth on Li in 1 M L1C204 in PC derived from ellipsometer

measurements for a linear refractive index profile, and film

growth derived from galvanostatic pulse measurements (e = 4.9).

Rate laws for film formation on Li.

(a) Ellipsometer measurements, 1 M L1C£O4 in PC

(b) Capacitance measurements, 1 M L1C£04 in PC, € = 4.9

(c) Ellipsometer measurements, water vapor 1 ppm in He, thickness
based on n = 1.46 (LiOH)

Ellipsometer parameters for film growth on Li in He with 1 ppm

water vapor e - measurements 1 - 8 days, x - computation for homo-

geneous film, n = 14664, 0 - 1400 A.
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