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Reaction of Li with Alloy Thin Films Studied by In Situ AFM

L. Y. Beaulieu®® T. D. Hatchard,®* A. Bonakdarpour,®* M. D. Fleischauer®*
and J. R. Dahrf**

#Department of Physics, Dalhousie University, Halifax, Nova Scotia B3H 3J5, Canada

Many intermetallic materials deliver poor capacity retention when cyetedi. Many authors have attributed this poor capacity
retention to large volume expansions of the active material. Here we report the volume changes of continuous and patterned films
of crystalline Al, crystalline Sn, amorphous @&FSj), and a-Sj .S, 36 as they reversibly react with Li measured ibysitu atomic

force microscopyAFM). Although these materials all undergo large volume expansions, the amorphous phases undergo reversible
shape and volume changes. The crystalline materials do not. We attribute this difference to the homogeneous expansion and
contraction that occurs in the amorphous materials. Inhomogeneous expansion occurs in the crystalline materials due to the
presence of coexisting phases with different Li concentrations. Thin films of a-Si ang&1$ks sShow good capacity retention

with cycle number.

© 2003 The Electrochemical Society.DOI: 10.1149/1.1613668All rights reserved.
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2003.

Lithium alloys hold great promise as negative electrode materialsas an anode material for lithium-ion batteries. However, the combi-
for lithium-ion batteries:® They can have much larger specific and nation of Si and Sn to form a-§i,Sm 35 Creates an anode material
volumetric capacities than the graphite electrodes now used ircapable of delivering large capacities over many discharge/charge
lithium-ion cells. However, the capacity retention of lithium alloys (:y(;les,7 In recent work it has been shown that apQiShy 36 films
is not yet sufficient for commercial applications. can reversibly react with lithium to undergo large volume changes

There can be several reasons for poor capacity retention. Firstover many discharge/charge cycles. Although the film cracks during
crystalline materials, like aluminum and tin, form new intermetallic the first discharge to form well-separated particles, each particle
phases when they are reacted with lithierfihe large inhomoge-  does not experience any further cracking. This means that each par-
neous volume expansion that occurs in coexisting phase regions iicle remaining well adhered to the substrate can expand and con-
thought to cause particle fracture and electrochemical pulverizationtract freely as lithium is inserted and extracted. As shown in Ref. 6,
This leads to an inability to maintain electrical contact to the frac- this process can happen for many cycles.
tured portions of particles and to capacity loss. The reason for the good cycling capability of this material is

Amorphous materials, like a-§jSn 6% and a-SP ag ear to  thought, in part, to be attributed to the absence of phase transforma-
show capacity loss for a different reason. Beaul@wal.”® have tions undergone by most tin-containing materfalgom the electro-
shown that the volume changes of a-$8n 36 as it reacts with  chemical data, the reaction of Li with ap3iSm 35 is believed to be
lithium is homogeneous and that 10-3dn pieces of thin films ) ) o
expand and contract reversibly, without further fragmentation. Thin 4.4Li + SipesSh3s = LissSo 4536
films of a-Si have also shown reversible morphology changes during
cycling? It is our opinion that capacity loss in the amorphous alloys Based on the crystallographic phases, this reaction is estimated to
occurs because contact is lost to expanding and contracting particlegive volume expansion on the order of 28Q#alculated by V;
undergoing large volume changes, not because of the particle frac- v,)/v,). However, to our knowledge this volume expansion has
ture that occurs for crystalline materials that form intermetallic not been measured. By monitoring the size and shape of individual
phases. particles of patterned electrodes by situ AFM, we are able to

In this paper, we ustn situ atomic force microscopyAFM) to measure the volume changes in both a-Si and ofyg;Siy 3 as
examine the morphology changes that occur in crystalline and amorthey react with Li for the first time.

phous materials as they react with lithium. Crystalline samples of Sn
and Al and amorphous samples of a-Si and @S 35 are the Experimental
focus. Electrodes made from patterned thin films are used so that the Samples were made by magnetron sputtering using a Corona

length, width, heigh_t, and v_olume as well as the surface' morphologW/acuum Coater'§Vancouver, BC, Canad&3T system. The system

of electrode material particles can be monitored during repeatedyo|ds up to five targets, is turbopumped, and reaches a base pressure

charge-discharge cycling. We observe a profound difference beys 5 « 1078 Torr. 2 in. diam targets of Al, Sn, and SPure Tech

tween the behavior of crystalline and amorphous samples. 99.9% were used. The sputtering chamber is equipped with a 40 cm
Recently, the reaction of Li with Sn has been revisited and foundgiam water-cooled rotating substrate table and a stationary mask

. P . » 3
to be more complicated than originally believed® It has been platform. Chamber pressure was maintained at 3 mTorr of argon
shown that during the early stages of cycling, the reaction of Li with during deposition. The substrate table angular speed was 20 rpm.

Sn can be accompanied by an anomalous irreversible capacity. This pyre 5 was sputter deposited using a dc power supply, operating
irreversible capacity has been attributed to the formation of a foreign,; 5o W pure Al and pure a-Si were deposited using a radio fre-

equency(rf) power supply operating at 200 W. a3giSm 36 was
posited by cosputtering 8if at 200 W and Sn(dc at 25 W.
Continuous films were deposited on highly polished stainless

Sn electrode. Using a method suggested by Beatta,, this irre- e
versible capacity has been eliminated and the changes in morphof—j

°gyU°f|.|§n glecttkr]odes c?n befT.Oni.tt?]']éd'S. h tb tudied | steel diskg(10 mm diam, 1.2 mm thigkand Cu foil. The stainless

niike Sn, the reaction or L1 with a->1 has not been SWdIed IN gi0q1 gisks and Cu foil were bonded to the water-cooled substrate

depth. Due to its low conductivity, a-Si may not be a good candidate,, | using 3M brand Y9415 double-sided adhesive tape. In the
same sputtering run, patterned electrodes on identical stainless steel
disks were made by sputtering through a fine mesh §.6.6 um

. Electrochemical Society Student Member. opening$ with a periodicity of 12.6.m (SPI supplies, West Chester,
. Electrochemical Society Active Member. T PA). The mesh was held in intimate contact with the surface of the
Present address: Department of Physics, McGill University, Mahtr@uebec b . h d blv. Tvpically the fil b
H3A 2T8, Canada. substrate using a shop-made assembly. Typically the films were be-

2 E-mail: jeff.dahn@dal.ca tween 0.3 and 0.p.m thick.
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In situ AFM experiments were conducted using a specially built
workstation as reported elsewhéfeThis workstation is composed
of an AFM (Molecular Imaging, Phoenix, AZhoused inside an
Ar-filled glove box (Vacuum Atmospheres Corp., Hawthorne, ICA
The AFM and sample were maintained at constant temperature us-
ing a silicone heatefWatlow, St. Louis, MQ. The reactions of Li
with Sn, Al, a-Si, and a-§k.Sn 36 were performed in a shop-made
wet-cell also reported in Ref. 14. In all electrochemical experiments,
Li metal (FMC, North Carolina was used as both the counter and
reference electrode. 1 M LiRFlissolved in equal parts of ethylene
carbonatgEC) and propylene carbonat®C) was used as the elec-
trolyte. A computer-controlled Keithley 236 source-measure unit
was used to control the current to the cell and record its potential as
a function of time. Composition analysis and scanning electron mi-
croscopy(SEM) imaging was performed using a fully automated JEOL SEI _13.0kV
JEOL JXA-8200 electron microprobe X-ray microanalyzer equipped
with an Oxford Link eXL 131 eV energy-dispersive detector. The 1
wm electron-beam was operated at 15 kV and 15 nA. Oxygen analy-

sis was made by wavelength-dispersive spectros¢@iyS) using 32 60 1 e
the same instrument. The crystalline and amorphous structures of o ! ; =
the various samples were confirmed using a Siemens D5000 diffrac- g 40+ 108 ©
tometer. S ] 0-2 =
- | 104 O
g 20 Jo2 g
Results and Discussion S 0——00—0 oo o> —olo—00—— 0
B 05 s 6 a2 14 ©

The reaction of Li with Sr—Patterned Sn samples were prepared
using the method described previously. The deposited films were on
average about 300 nm in height and were made up of numeroug, .

: - . . _ igure 1. Electron probe analysis of a Sn towéa) Dots on the SEM
ls_Iands_ of tin. The tin samples were found to be cryst_alllne by X-ray icrograph show the approximate size and position of the electron-beam
diffraction. In order to _detect the presence of oxygen in the sp_utterec{?sed to interrogate the sampli) Atomic percent of Sn and O in the Sn
samples, electron microprobe analysis was performed. Figure lower. The contributions of Fe and Cr are not shown.
shows a compositional analysis of a single patterned tin spot that we
call a tin “tower”. Energy-dispersive spectroscopy was used to de-
tect Sn(from the samplg Fe, Ni, and CKfrom the substraje while Ei ; ;
o ) . igure 3a shows the evolution of the width and length of the
WDS was used to detect oxygen. Figure la shows an SEM mlcrog 9 9

hof a Sn t Il as th it d imate si ower that is completely imaged in Fig. 2. Because the tower con-
graph of a Sn tower as well as the position and approximate SIz€ Okists of 53 number of islands it was difficult to use our software to

the eleqtron-beam. Figure_ 1b ShC.’WS the at_omic percentage .Of Stheasure the length and width consistently. Despite this, it is still
(left ordinate and oxygen(right ordinatg. In this graph the atomic  ,nssible to see there is little change, if any, in the width and length
percentages of Ni, Cr, and Fe are not shown. Figure 1b shows ther f the tower correlated to the voltage curve. The change in average

is no detectable trace of Oxygen in our S.n tower S?mp'es- height and volume are shown in Fig. 3b and c, respectively. Both
A small selection of AFM images taken situ during the elec-  yoqe parameters are directly related to the voltage curve shown in
trochemical reaction of Li with a patterned Sn electrode is given aSFig. 3d. However, the electrode seems to be undergoing a continu-
9%us change in morphology during cycling. This can be understood
ONpecause the electrode never returns to its initial condition. We specu-
late that this is caused by electrochemical pulverization of the tin
particles. Large islands are broken into small, less-well packed ones,

Th . t of an AEM . . lectri and hence the volume of the electrode steadily increases.
€ main component of an scanner IS a plezoelectric Ma- — tha constant change in the electrode surface can be observed

terial used to position the cantilever on the sample. The tube-shapeﬁlom the AFM images collected at the top of chatde8 V). Figure
piezoelectric material is fitted with five electrodese in the center 4 shows images 00( and b, 226 (c and d, and 449(e énd jin

and fo_ur on the OPtS'deTO move the cantilever over the sample, .two- and three-dimensional representations. Comparing these im-
potentials are applied to the four electrodes. Unfortunately, the strainygeq shows that the islands making up the Sn tower become dilated
Of. the plezo_electrlc material IS not directly proportlc_mal to the aP-in size as they press against each other. Similarly, the three-
plied potential. Because of this, piezoelectric materials have an ingimensjonal imagesall shown with the same vertical scale and
herent hysteresis which causes “shadowing effects” to occur whenyieniation, show how the height of the electrode is also increasing.
the cantilever is raised over large surface features like the Sn towers. ;o experiment described by Fig. 2-4 shows that the morphology

The voltage curve at the bottom of Fig. 2 shows the evolution of PR ;
. ) : - changes of patterned crystalline tin electrodes are not reversible.
the cell. As described in more detail elsewhEtr¢he cell was ini- g P y

tially held at 0.8 V until the current reachedu\. Unfortunately, at The reaction of Li with Al—Pure Al has also been investigated
this point, the cell was inadvertently shorted and was discharged t@s a possible anode material for Li-ion battefi&S’ Al can react
approximately 0.4 V after which the cell was cycled at a constant 2with Li to form LiAl, giving a specific capacity of 990 mAh/g.
wA between 0.0 and 1.3 V. During the last cycle the cell was However, as for most pure crystalline elements, Al has very poor
charged to 2 V. The AFM images at the top of Fig. 2 show the capacity retention.

evolution of the Sn tower as it reacts. As indicated by the vertical The firstin situ AFM study of the reaction of Li with Al was
contrast scale in each image, inserting lithium into the electrodeperformed using a continuous thin Al fili®.5 wm thick) sputtered
causes the tower to increase in height while removing lithium cause®n the polished stainless steel substrates. Figure 5 shows the results
it to shrink. The images collected during this experiment were quan-of an in situ AFM experiment conducted on an Al electrode as it
titatively analyzed using in-house image analysis software and theeacts with Li. Figure 5a shows a small selection of the AFM images
results are shown in Fig. 3. collected during the experiment while Fig. 5b shows the voltage

Displacement (um)

profile at the bottom of Fig. 2. The AFM images show dark bands
both sides of the Sn tower. These dark baials shadowy that
normally signify lower regions in the image, are artifacts from the
AFM scanner.
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Figure 2. In situ AFM images taken during the electrochemical reaction of Figure 3. Analysis of the AFM images collected during the experiment
Li with patterned Sn. AFM images show the evolution of the Sn toW@j. shown in Fig. 2:(a) change in area(b) percentage change in heigftt)
The point at which each AFM image was taken shown on the volisge ~ Percentage change in volume of the Sn tower, @hdell voltagevs. both
both time and AFM scan number. time and AFM scan number.

matic changes to the surface morphology and roughness of the film
are evident as the Li-Al crystallites begin to form. Figure 7 shows a
10 X 10 pm portion of AFM images 000 and 161. As can be seen
from images 7a and c, the density of spikes is much larger than is
observable from the larger image. Images 7b and d show the three-
dimensional representation of images 7a and c, respectively. The
Yhree-dimensional images show the changes to the electrode more

time (bottom abscisgaand AFM scan numbe(top abscissa The
full reaction of Li with Al is available for viewing as a “time-lapsed
movie” on the web site www.physics.dal.eadahn/ECSPaper.html.
Each AFM image is approximately 24 24 um in size.

The electrode was initially discharged to 0.5 V for the first few
cycles. We do not believe that a substantial amount of lithium react
with the film during this portion of the experiment, given the known clearly,
Li/Al voltage profile>!" Images 000 and 117 show that the elec- " 5o, experiments performed on continuous Al films have shown
trode surface is virtually unchanged during these cycles above 0.5V,

. similar results as observed here. Spikes on the surface of the Al
Then the electrode was allowed to discharge completely to 0 V. As p

. ; electrode due to the nucleation of LiAl crystallites form when the
shown by _the v_ertlcal contrast scales of the images after numbe(,oltage curve reaches the 0.2 V plateau.
117, allowing Li to react with the Al causes the film to expand
vertically. Image 145 shows that the surface morphology of the elec- The reaction of Li with amorphous .SiSamples of patterned
trode changes as more lithium is allowed to react with the Al film. a-Si were sputtered on highly polished stainless steel substrates.
This image shows, for the first time, the appearance of smallFigure 8 shows the voltages. capacity for an a-Si electrode cycled
“spikes” forming on the surface of the electrode. These spikes re-vs.Li metal. The voltage curve of a-Si is very different than that of
semble triangles, which we believe are the image of the tip as itAl or Sn. The voltage profile of a-Si is smooth and continuous,
strikes sharp protrusions emanating from the electrode surface. Amsdicating the absence of coexisting phase regions.
more Li is allowed to react with the film the number of spikes Because Si readily reacts with oxygen, WDS was used to search
increases, as shown in image 161. Further reaction with Li causefor oxygen in our a-Si samples. Similar to Sn, only a minute amount
the surface of the electrode to change as the spikes become largaf oxygen(<1%) in the sample was detected.
We believe that these spikes are caused by the nucleation of LiAl Figure 9 shows topographic images taken duringnesitu AFM
crystallites that are forced out of the surface of the film because theyexperiment performed on a Li/a-Si cell. In order to view the towers
cannot fit within the film because of their larger size. The two-phasemore easily, the AFM topographs have only been tilted instead of
nature of the Al to LiAl reaction is responsible for this behavior.  flattened. The maximum value of the contrast scale as well as the
Figure 6 shows cross sections of the surface of the Al film atapproximate height of each tower is given in Table I. The a-Si tow-
scans 0, 161, and 222 during the discharge shown in Fig. 5. Draers appear to be smooth at all states of charge and show virtually no
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Figure 6. Cross sections of the AFM images 000, 161, and 222 collected
during the discharge of the Li/Al cell described by Fig. 5.

Figure 4. Selected AFM images from Fig. 3 show the change in morphology
of the Sn tower. Two- and three-dimensional images, respectivelig,bf

scan 000(c,d) scan 226, ande.f) scan 449. Figure 10 shows the results from the analysis ofithsitu AFM

experiment shown in Fig. 9. Figure 10a-c shows the change in area,
height, and volume, respectively, undergone by the tower during the
action with lithium compared to the voltage profile shown in Fig.
0d. The first dischargél0d) shows a spurious capacity during
which no change in height or volume is detected. As we discuss
dIater, this irreversible capacity may be caused by various compo-
nents of the wet-cell. The fact that there is no change in either height
or volume during that time makes this argument probable. After the

lateral changes caused by the reaction with Li. Because the vertic
contrast scales of these AFM topographs are all from darii-
mum heigh} to light (maximum height, it is not possible to observe
the change in height of the tower. This information can be obtaine
from a quantitative analysis of the AFM topographs.

a)
a)
Scan 000
0-67nm
: 10 x 10 um
4 > - o -
Scan 117: 0-288 nm Scan 161: 0-361 nm Scan 222: 0-340 nm C)
B) AFM Scan Number
. 50 25 50 75 100 125 150 175 200 225 250 275
S
[
o
@
=
o
>

0.0
0

5 10 15 20 25 30 35 40 45
Time (hours)

Scan 161
0-265 nm

Figure 5. Results of arin situ AFM experiment conducted on an Al film as
it reacts with Li.(a) AFM topographs collected during the discharge. Each 10 x 10 um

image is approximately 2% 24 um in size. The vertical contrast scale is

indicated below each imagéb) Voltagevs.both time and AFM scan number ~ Figure 7. Two- and three-dimensional AFM images, respectively, of a 10
collected during the experiment. X 10 pm portion of the AFM images$a,b 000 and(c,d) 161 from Fig. 5.
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1.20 T Table I. Height changes of an a-Si tower as it reacts with Li as
b shown in Fig. 9.
S ] . . . . .
~ 0.80 AFM scan Maximum height of image Approximate height of tower
g} - number (nm) (nm)
= J
= = 000 280 210
g 0.40 . 025 235 215
N _ 051 240 221
T e 130 850 757
0.00 . : 175 320 303
0 750 1500 2250 3000 191 260 249
Capacity (mAh/ 264 900 742
P y ( g) 325 320 254
393 1000 715

Figure 8. Wltagevs. capacity of a Li/a-Si cell.

first 50 AFM scans, the change in height and volume are direct Ag mentioned previously, the first discharge of patterned a-Si
functions of the lithium content in the electrode. Figure 10c also cycled vs. Li is different from that of an a-Si film cycleds. Li
shows that the a-Si electrode almost returns to its initial volumemeasured in a coin cell. As can be seen from Fig. 11, the voltage of
after the first and second cycles. The change in volume of the elecye hatterned electrode is much higher for the first half of the dis-
trode between 0.0 and 1.2 V is approximately 300%. In crystallinecharge. The discharge capacities in Fig. 11 have been normalized to
Si, each Si atom occupies a volume of 2d éAmorphpus Siadopts 10094 for hoth cells and the same scale factors have been applied to
a short-range diamond structure similar to crystalline Si. Therefore o charge curves. The charge of the electrode in the wet-cell is
assuming each Si atom occupies the same volume in a-Si as i@norter than the discharge because of the high-voltage irreversible
crystalline Si'is a fair approximationWhen crystalline Si reacts  capacity. In a standard coin cell, approximately six drops of electro-
with Li to form Li, ,Si, each Si atom occupies a volume of 82 A |vte are used, whereas in our wet-cell, approximately 1 mL of elec-
This represents a 311% volume expansion. This value is consisterifolyte (about 80 dropsis used. Furthermore, the patterned elec-
with that measured on a-Si in Fig. 10. trodes that we study have about 1/10 the electrode mass of a
continuous film electrode used in a coin cell. Therefore, the effects
of any electrolyte contaminant, like water, would be amplified at
Scan 000: 0-280nm ___ Scan 130: 0-850nm___ Scan 264: 0-900nm least 100-fold in our wet-cell. Thus, we believe the high voltage

n n capacity during the first discharge in Fig. 9 and 11 is most likely

caused by trace amounts of water in the electrolyte.
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Figure 9. Topographic images obtained from ensitu AFM experiment on Figure 10. Change in(a) length+ and widthx , (b) height, and(c)
a patterned a-Si samplé®) on the voltagevs.time and AFM scan number  volume of the a-Si tower shown in Fig. 6 compareddp voltagevs.AFM
curve shows the state of charge where the AFM topographs were obtainedscan number.
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Figure 11. Comparison between the voltage curve of a coin cell made from
an a-Si film and an a-Si patterned electrode cycled in our AFM wet-cell.

Patterned a-Si electrodes that alloy with Li repeatedly have beer

shown to undergo reversible shape and morphology changes. Thes Scan 175, 0-875 nm Scan 344, 0-341 nm Scan 673, 0-366 nm
results differ markedly from the results reported above for crystal-
line Al and crystalline Sn. Reversible volume expansion on the order AFM Scan Number
of 300% between a-Si and asSi at 0.0 V is observed. — 0 100 200 300 400 500 600
L T T T Y T T T T T T T
The reaction of Li with amorphous &S ;s—Patterned & 2.0

samples of a-$is,Shy 35 Were prepared by sputter deposition as de- &
scribed previously. As discussed in greater detail in Ref. 7, sputtere(@ 1.0
samples of SigSry 36 are amorphous and adopted a short-range’g

diamond structure similar to amorphous Si. > 0.0 . ' L
Figure 12 shows topographic images obtained fromirasitu 10 20 30 40 50
AFM experiment performed on a patterned gz3bn 36 €lectrode Time (hours)

cycledvs. Li metal. Each image is approximately 24 24 pm in
size. The AFM image number and the vertical contrast scale isFigure 12. Topographic images obtained from ansitu AFM experiment
shown for each image. The voltags. time (bottom abscisgaand on a patterned a-§i,Sm 35 Sample;(®) on the voltagevs. time and AFM
AFM scan numbeftop abscisseis shown at the bottom of Fig. 12. scan number curve shows the position where the AFM topographs were
The Li/Siy SMs6 cell was initially discharged to 0.0 V and then ©Ptained.
held at 0.01 V fo 1 h to ensure maximum capacity. The solid dots
on the voltage curves indicate the positions where the AFM images
were taken. As for the case with the Sn tower, the images show the Close inspection of Fig. 14 shows that the electrode’s height and
effects of the piezo hysteresis discussed previously. Unlike Sn, thevolume increases while the electrode is held fixed at 0.01 V. This
surface of the a-§i,Shy 3¢ tower is smooth and flat and shows no suggests that the electrode does not initially reach its full capacity.
change in morphology due to the reaction with lithium. The only In order to verify this,in situ AFM measurements were performed
change shown by the agQiSm 36 tower is in the direction perpen-  on another Li/Sj5,Sm 36 cell discharged to 0.0 V and held at 0.01 V
dicular to the substrate. The reaction of Li with an gz3m ss for 8 h. In order to assess the ability of Li to diffuse into
tower is available for viewing as a “time-lapsed movie” on the web a-Sh.esSM.36, the cell was discharged at a relatively large current of
site www.physics.dal.ca/dahn/ECSPaper.html. 10 pA, which led b a 5 hdischarge. Figure 15 shows the change in
Figure 13 shows cross sections of some of the AFM imagesvolume (158 compared to the voltage cur¢5h) both plottedvs.
taken during the charge and discharge of thegaSit, ss €lectrode.  time (bottom abscisgaand AFM scan numbeitop abscissa The
Scans 000, 344, and 673 were all measured with the electrode eithélectrode reaches a change in volume of approximately 250% after
fresh or charged to 1.2 V. Scans 187 and 515 were measured in th@€ initial constant current portion of the discharge. During the
fully discharged state. The height of the tower and its surface roughequilibration, the volume change of the a;&Br 35 tower slowly
ness does not change appreciably for the charged electrodes. In theereases to almost 300%. This shows that thin films ofy@zSiy 36
cases the tower is about 220 nm high. By contrast, in the dischargeteach most of their full capacity even when discharged at a C/5 rate.
state, the tower is about 600 nm high. The volume expansion measured in this experiment agrees very well
Figure 14 shows the quantitative analysis of thesitu experi- with that reported in Fig. 14.
ment shown in Fig. 12. Figure 14a shows the change in area of the Figure 14b and c shows that the change in height and volume of
tower as a function of AFM scan number. Because of the surfacghe tower does not go to zero once the lithium has been extracted
features on the left side of the tower, it was not possible to obtain a&rom the electrode. However, the volume and morphology changes
reliable measure of the width of the tower. Therefore, the areaare very reversible in comparison to the changes observed for crys-
shown in Fig. 14a is calculated from the measured height and vol4alline Al and Sn. This irreversible volume change may be due to
ume. Little change is observed in the lateral dimensions of thesome Li atoms which have remained trapped inside thg g 3¢
tower. Figure 14b shows the change in height undergone by théower or the growth of a solid electrolyte interfa¢(@El) which is
tower during the electrochemical reaction with lithium. The changeknown to form on anode materials during cycling.
in height depends linearly on the lithium content in the electrode. Close attention to Fig. 9 and 12 show that spikes form on the
Figure 14c shows the change in volume of the tower during thestainless steel substrate during the charge-discharge cycling. More-
electrochemical reaction with lithium. The change in volume is alsoover, the height and number of these spikes increase with increasing
a linear function of the lithium content. cycle number. An analysis was performed on the AFM images
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shown in Fig. 12. Figure 16a shows AFM image 673 from Fig. 12. 300 a)
The height and volume of the spikes indicated by arrows were mea-
sured as a function of state of charge, and the results are shown in
Fig. 16b and c, respectively, compared to the voltage curve in Fig.
16d. Figure 16b and c show that the spikes only change during the
initial stages of the discharge cycle. Furthermore, the spikes are
found only to grow in size. These data imply that the spikes occur
via an irreversible reaction similar to the formation of a SEI. We
speculate that these spikes are the result of electrolyte decomposi-
tion at the surface of the substrate, perhaps on an imperfection in the
oxide covering the stainless steel. We stress that these spikes are not
of the same origin as the spikes that form due to the creation of LiAl
on the Al towers in Fig. 5. In that case the spikes, caused by LiAl
crystallites, form everywhere on the Al tower itself, while the spikes
that form in Fig. 9 and 12 form away from the a-Si and gg&m, 36
towers in random locations on the substrate, suggesting that they [
have nothing to do with the alloy reaction. 00F . . . Y ——— I
The AFM topographs in Fig. 12 show that the g-525n, 3¢tower 0 2 4 6 8 10 12
does not undergo any cracking. These results, which are similar to Time (hours)
those presented in Ref. 6 on the study of gg&n, 36 thin films,
show that particles of a-§i.Sry 36 can reversibly react with Li  Figure 15. (a) Change in volume of a a-§i,Sn 35 tower and(b) voltage
while undergoing volume changes on the order of 250%. curve of a Li/a-Sj ¢,.SM 36 cell plottedvs. time and AFM scan number.
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