WD 2004/ 042851 PCT/ GB2003/ 004783 Structured Silicon Anode The present
~invention relates to structured silicon anodes for |ithiumbattery
applications. 5 Silicon is recognised as a potentially high energy per

uni t volune host material for lithiumin lithiumbatter | i cations'.
Attenpts tO WA hg this potential have met with onP& ﬁﬂﬁﬁs 478 ccess
when nano- conposites of 10 silicon powder and carbon bl ack have been used’
The major technical problem associated with the use of silicon/lithium
appears to be the mechanical failure brought about by the repeated |arge
vol une expansion associated with alloying 1c, 3 Metallic and internetallic
anodi ¢ host materials, other than 15 | ayer materials such as graphite, are
reported to disintegrate after a few lithiuminsertion/extraction

cycles3,4 unless in fine pomdegtggﬁghfégbsfqiadﬂ1yﬁya@e) Since we are
interested in finding a way to~make a TTthium Dbattery integrated onto a

silicon chip we need to find a 20 solution to this materials problem It is
envi saged that the principal applications area for lithiumbatteries
integrated into a chip would be in the nedical field. Thus the well-
devel oped practice of cochlea inplants appears to be an area s. that would

benefit froman iyhteqral&dbat heeNt SPk¥1ktes to structured silicon

anodes for lithium battery applications.

Silicon is recognised as a potentially high energy per
unit volume host material for lithium in lithium battery
applicationsa Attempts at realising this potential have
met 'with only partial success when nano—-composites of

10 silicon powder and carbon black have been used?. The major
technical problem associated with the use of silicon/lithium
appears to be the mechanical failure brought about by the
repeated large volume expansion associated with alloylng“'.
Metallic and intermetallic anodic host materials, other than

15 layer materials such as graphite, are reported to
disintegrate after a few 1lithium insertion/extraction
cycles3A unless in fine powder form (sub-micron range).
Since we are interested in finding a way to make a lithium
battery integrated onto a silicon chip we need to find a

20 solution td this materials problem. It is envisaged that the
principal applications area for lithium batteries lntegrated
into a chip would be in the medical field. Thus the well-
developed practice of cochlea implants appears to be an area

that would benefit from an integrated battery supply5.
25

This invention seeks to realise the potential of the




25 This invention seeks to realise the potential of the 1 WO 2004/ 042851

_ PCT/ G3B2003/ 004753 - 2 silicon-lithiumsystemto allow the possibility of
a lithium battery integrated on to a silicon chip. Accordingly this

i nvention &yoggﬂfs a nethod of 5 fabricating sub-mcron silicon electrode

struct uresV Y 4&SLi con wafer. Preferably these structRF¥EBISHIHTRSe

pillars. For a silicon-lithiumsystemthe basic cell diagramcan be

represented as LijLi+-electrolytelSi, for this cell the 10 cathodic

process is, discharge of lithiumonto~silficon to forman alloy (charging),

and the anodic process is lithium extraction or de-alloying (discharging).

The EMF data reported by Wen and Huggi ns6 for the liquid systemat 415C

is shown bra ; b | i t t enper at.ure? is
shown un- br agégéggnbg#%&@ﬁs@%%%r@gﬁl tgsﬁ%?ngﬂén@?éé,)ﬁ{%]l ar eofg) ? Tithion
Si/Li 12Si 7-5B2¢882y; intl@fiated ionSitd- 5264(288pn chiFSi 3/ Li 13Si 4-428(158);
Li 13Si 4/ Li21Si5-300(44). It wll be appreciated that the formation of
Li12Si7 in 20 place of Si results in a significant volume change (the
alloy is 2.17 times bigger). On a conventional silicon wafer suitable for
use as an anode for a lithiumbattery this volune change |eads to crack

formation and pul vejdosatingdy hewever jduentOohheprosi@ls SkZemdRfod of
conflgur%§|on sub-m cron ) o
fabricating sub-micron silicon electrode structures on a

silicon wafer. Preferably these structures comprise pillars.

For a silicon-lithium system the basic cell diagram can

be represented as Li|Li+—electrolyte Si, for this cell the

10 cathodic process is, discharge of lithium onto silicon to

form an alloy (charging), and the anodic process is lithium

extraction. or de-alloying (discharging). The EMF data

reported by Wen and Huggins® Ffor the liquid system at 415°C

is shown bracketed below and the solid system at room

15 temperature’ is shown un-bracketed below. Their results (in

mV vs, Li) are: Si/Li12819-582(332); Lii»Si;/ Li,81i3-520(288);
Li,Si3/ L113814-428(158); L1:38i4/ LipSis—~300(44).

It will be appreciated that the formation of LiipSis in

20 place of 8i results in a significant volume change (the
alloy is 2.17 times bigger). On a conventional silicon wafer
suitable for use as an anode for a lithium battery this
volume change leads to crack formation and pulverisation
however due to their small size and configuration sub-micron

25 anode structures made in accordance with the invention, are
be able to tolerate the conditions occasioned by the massive

volume changes occasioned by 2ithium alloying/de-alloying.




25 anode structures made in accordance with the invention, are be able to
_tolerate the conditions occasioned by the massive vol une changes

occasi oned by lithium alloying/de-alloying. WO 2004/ 042851
PCT/GBZOO%&S%@%PB 3 In tests structured el ectrodes of sub m cron di aneter
Si pillar #Mt28Phed their structural integrity throR§H8TR200308478%yc| i ng
whereas planar Si el ectrodes showed cracks (2 mcron features) after 50
cycles. An appropriate size restriction 5 to achieve suitable electrodes is
that the silicon pillars should not-ekceed a fractional surface coverage
(F) of -0.5. An enbodinent of the invention will now be described by way
of non-limting exanple only, with reference to the 10 acconpanying

drawi ngs, i ich: Figure 1 is a,schematic view of a structured el ectrode;
i gur 6%’ shafs by =Bt ihieed oFLESPENT Safs U gafeh RSP LRE For

a series of pgahwzpofnbiati tned T HEAS WtenRRLEa1 Fi fU&Er it ¢ hovSoyginiul @he0f t he
structure; tigure 5 shows SEM pictyres of the structure; and Figure 6 shows

a |ithi um b&YE&LPTI NhaERRF dRHIE "t SLRE L TRPES cAROYRY PRI D B MFEon

el ectrochemigeak ydbs§hargerofsol idRi1dm ORSidd6oR ARt el s 2eS URSEAURNT on
chem cal _reaction destroys the sSilicon lattice, giving riseto the
swel | i ngd of teh@oddleive, spisabdenglectrodes is that the silicon pillars

should not exceed a fractional surface coverage (F) of ~0.5.

An embodiment of the invention will now be described by way
of non-limiting example only, with reference *to the

10 accompanying drawings, in which:

Figure 1 is a schematic view of a structured electrode;
Figure 2 shows one of a series of CV scan sets;

Figure 3 shows results for a series of galvanostratic

15 measurements:
Figure 4 shows pictures of the structure;
figure 5 shows SEM pictures of the structure; and

Figure 6 shows a lithium battery in accordance with the

present inventilon.
20

The electrochemical discharge of lithium on silicon and its
subsequent chemical reaction destroys the silicon lattice,
giving rise to the swelling of the solid, producing

amorphous Si/Li phases'. The first new phase to appear in




anmor phous Si/Li phases'3. The first new phase to appear in WO 2004/ 042851
~ PCT/ GB2003/ 004783 - 4 the systemis Lil12Si 7. This conpound, and all the
rest up to Li, is a so-called Zintl-Phase Conpound (ZPC), and consists of
sinmple, electropositive, cations and conplex co-valently bound, multiply
charged, eV8H¥PBFhtive, anions. OF course 5 the char RCTHERIPHWET3B0 t he
"ions" is purely notional: the actual charge (depending upon definition)
is less than the formal value and may be considerably | ess, hence the bul k
lithiumwill be referred to as Li and Hutk silicon as Sin. It is inportant
to formsone idea of the mechanismof 10 lithiation and de-lithiation of
silicon. It is proposed that: (i) Discharged lithiumreacts with silicon
formng a ZPC _filmw t.h at.onical |y ,continuous contact.to, the sjlicon. (ii)
L't U oxces® YT e Y grats vadihidy SHEERAMRs e 18 Fh P BBgRet he G onbact
ZPC filmto reacis v tdo-sidlilah RnilhehaSie/ ZBRpbohar flaee) ,t Bhakeshsgstdhe ZPC
film wthout_vojd_ formation. These processes night be _represent ed by:
Li*(el) + e-OF st MRA alF & oPotitiags. Fariopzrerd+compee) co-rrlepbkys 20

-*di ffusion paudd, (RRQiARC/Harged,! sheberondgdPivéli ahYshy. (bE(adgrsé s Li
adsorbed on ZPC, V is a Li vacancy in ZPC) rii) The amor phous13 ZPC film
i s def or rPabl Ehanehaegeloegchded gife thies &' ionssi g fReEmty steesenarduthel

cracking on 35%&gﬁacharge (depending upon definition) is less than the
formal value and may be considerably less, hence the bulk

lithium will be referred to as Li° and bulk silicon as Si,°.

It is important to form some idea of the mechanism of
10 lithiation and de-lithiation of silicen. It is proposed

that:

(i) Discharged lithium reacts with silicon forming a ZPC

film with atomically continuous contact te the silicon.

(ii) Lithium excess Idiffuses (via a vacancy mechanism)
15 through the compact ZPC film to react with silicon at the
8i/ZPC interface, thickening the ZPC film, without wvoid

formation.

These processes might be represented by: Lif(el) + e
(solid)—»>Li{ads.); Li(ads.) + V(ZPC)—ILi° (ZPC)s; Li° (ZPC),

20 —diffusion -» Li° (ZPC)gpessi; x Li° + y8i° — ZPC (Liy/ySi) .
{Li{ads) is Li adsorbed on ZPC; V is a Li° vacancy in ZPC)

(1ii) The amorphous®® ZPC film is deformable and so does not
give rise to significant stress induced cracking on volume

change.

25 The diffusion coefficient, D, for Li in crystalline Si'* is

~10*em?s™, Li in ZPC is expected to be faster; a value of D




change. 25 The diffusion coefficient, D, for Li in crystalline Sil14 is
- -10-14cnPs-1, Li in ZPCis expected to be faster; a value of D WO

2004/ 042851 PCT/ GB2003/004783 5 10-12cns-1 woul d be enough to account
for all the _processes carried out in this study. This nmodel for ZPC film
formation WOLY¥4Rhy ways anal ogous to the nodel of SiREI/EBIPEH0483 mat i on
on silicon due to Deal and G ovel5: but the 5 details are different and
will be treated el sewhere. The nodel for ZPC deconposition is, in broad
terns, the reverse of the above steps.’ Discharge of Li at the electrolyte
interface produces a surface vacancy in the ZPC. Locally Li noves into the
vacancy so the vacancy diffuses 10 back to the ZPC/Si interface: at the

i nterface SiRyFeLOINAS P re it i id_t
pol ycrystal | irirtl)el%q %ndwggg%{%gi ggggggrggcg%éujﬁ?ogﬁge allgrgc 1< \Poﬁ°§e§5§8es.
These spacesarasedheyt coalgsice fhudvherhdndmgdely, £gi VEPT | 8Eld Eddratienack

i ke featuresssefn in _the SEM pi c%fres intFi gur es 4c %115 and 5. Such a
process has b8enHedWhel®By BRAUTTEN St Q1 187€ £ 1°95% hiddm PifbvaRYEFom

silicon/tin gbkoysioht dias she@roshousie t hat Depeat gddLic@bddyi nghde- the
Substrated cRebRThs wee et G arsowhot el THRAH G SRSy process | s
limted by diffusion through the ZPC layer. In order to obtain charging
rates The model for ZPC decomposition is, in broad terms, the
reverse of the above steps. Discharge of ©Li° at the
electrolyte interface produces a surface vacancy in the %PC.
Locally Li° moves into the vacancy so the vacancy diffuses
10 back to the ZPC/Si interface: at the interface Si, rejoins
the Si phase (where it is said to be polycrystalline®®) and
vacancies coalesce to produce larger void spaces. These
spaces, as they coalesce further and grow, give rise to the
crack like features seen in the SEM pictures in Figures d4c,d
15 and 5. Such a process has been described by Beaulieu et all®

for lithium removal from silicon/tin alloys.

It has been shown that repeated Li alloying/de-
alloying of ©planar Si can be <carried out without
pulverisation of the substrate, c¢f. Fig. 5. However, as

20 noted, the alloy/de-alloy process is limited by diffusion
through the ZPC layer. In order to obtain charging rates
suitable for wvarious applications it is necessary to
increase the surface area of the Si/electrolyte interface;
and this has been done using pillar fabrication. Previous

25 attempts using silicon particles have failed because the
particle-to-particle contacts change and part with cycling®.
The pillar structures, on the other hand, are largely
maintained as evidenced by the flatness of the pillar tops

after 50 cycles, cf. Fig. 4.




suitable for various applications it is necessary to increase the surface
area of the Si/electrolyte interface; and this has been done using pillar
fabrication. Previous 25 attenpts using silicon particles have failed
because the particle-to-particle contacts change and part wth C¥%éin92'

The pil | ar "4 MG3s, on the other hand, are largely FReFFBIHRY

evi denced by the flatness of the pillar tops after 50 cycles, cf. Fig. 4.
WO 2004/ 042851 PCT/ GB2003/ 004783 6 Efficiencies of <100% reported here are
attributed mainly to reaction, on alfFdying, with the electrolyte, and to
a |l esser extent isolation of regions of ZPC. The data presented here show
that reduced current density on both 5 alloying and de-alloying results in

i mprovi ng efficienc b 1S, suppese hat_this i v Nt cQI® inly
froma reduced sur#ggécé%%%ﬂﬁ rggiéﬁogf éﬁgﬁ?%g%ﬁfﬁg%%ngf%of1ngigﬁgea
accessi ng al matheyl cbhiresctiohhe cAPElapydegal WwayhngheThdreetirellvarge aadope

for further increasing the 10 surface-to-volune . ratio of e pjllar
const ruct i ontof G et T AbalEE TG aftt SROEATS. B ARGy oRbeLAatE
mcron hei gptebEhtdde npivk! adhaiol eRBt (¥hdweshd Rerehld, &Wkifigf of=Bofh

v=2.4x10-4 cc/cn2, which is %ggivalent, when converted to Lil1l2Si7, to a
capacity ®f 8182¥103yv 22d9 Ga1ElleARNEM PBSUHe 150 sdfPaed iafe £l cdgBRYa

piilar Struchyrqd ssudfddch whkenthss hp-RYshene! ddiesmuekid i ¥sH &
reduced surface concentration of adsorbed Li on alloying and

accessing all the lithium in the ZPC on de-alloying.

There 1is large scope for further increasing the

10 surface-to-volume ratio of the pillar construction, for
example, pillars of diameter (d) ~0.3 microns and 6 micron
height (H}. The pillar volume (v) would be, FH, and for
F=0.4, v=2.4x107* cc/an, which is equivalent, when converted

to LiizSis, to a capacity of 3.81x103v‘= 914microAhrem™. The

15 surface area of such a pillar structure is ~4FH/d, which is

the basis of the much improved characteristics.

To make structures in accordance with the invention

the following method may be used, namely “Island

20 Lithography” as disclosed in international patent No.
WO01/13414. This method employs cesium chloride as the
resist in the lithographic step in fhe fabrication of pillar
arrays. It works as follows. A thin £ilm of CsCl is vacuum
deposited on the c¢lean, hydrophilic, surface of the Si

25 substrate. This system is then exposed to the atmosphere at
a controlled relative humidity. A mul£ilayer of water
adsorbes on the surface, the CsCl is soluble in the water
layer (being more soluble at places of higher radius of

curvature). The CsCl re-organises intc a distribution of




To make structures in accordance with the invention the foll owi ng net hod
~may be used, nanely "Island 20 Lithography" as disclosed in international
patent No. W001/13414. This method enpl oys cesiumchloride as the resist

inthe lit r g step in the fabrication of pillar arrays. It works as
fol | ows. A&?%Oﬁﬂ({lﬁ%h of CsC is vacuum deposited on thgcvgpﬁzaqq,sloouss
hydrophilic, surface of the Si 25 substrate. This systemis then exposed to
t he atnosphere at a controlled relative humdity. A nultilayer of water
adsorbes on the surface, the CsC is Soluble in the water | ayer (being
nore sol ubl e at places of higher radius of curvature). The CsC
re-organises into a distribution of it WO 2004/ 042851 PCT/ GB2003/ 004783 7

hem spheri cak, ,SLARLgS: <911 Y& QYT D S§.Syfa r oG] Wi th
CsCl surface gur vgturg.: gucﬁ gr rsaﬂ/sagr@ggﬁuégf 3?“ i%%n%%%n%\%ﬁfr%%%t ue!rngeér%g’or
various studieésochsbedi ngithafeCscadur fplvenonendathnet hisichaserrapst iave i on

etching is 5 pr rahly ed 1th the iskLands_acting as masks so .t hat
renoval of tﬁgegégrgﬁnﬂﬁlnﬁl%%B'ﬁc?%ﬁﬁs ke d&&trad p%luléres sthret s, A
study of thenkihnestabeophtheméns maihonhos cakandeaathays ibas Hedangaliki ed

out on G surface and nore, 10 recentl and nore extensively, on
S:J/ Sio2 s rfggsﬁiﬁa%rlés%% Yje@hnif%el%]rﬂiy%sa(ﬂtﬁélgaraé )é{eé‘lﬁﬁlk\ée(fa Fhaét ai | .

The removal of the surrounding silicon forms the desired pillar

structures.

A study of the kinetics of the formation of island

° and more

arrays has been carried out on GaAs surfaces
10 recently, and more extensively, on Si/Si0, surfaces!® where
the technique and results are described in detail. The
process variables are: CsCl film thickness (L); humidity
(RH), time of exposure (t). The resulting island array has a
Gaussian distribution of diameters, average diameter (<d>)
15 standard deviation (+s) and surface fractional coverage (F).
Having made the CsCl resist array the next step is reactive
ion etching (RIE) to produce the corresponding array of
pillarst. ~The RIE process variables are: feed-gas
composition, flow rate and chamber pressure; RF power; dc
20 bias; etch time. The results are characterised by the etch
depth, corresponding to pillar height (H), and the wall
angle, namely the angle that the pillar wall makes with the
wafer plane; it is chosen in this study to be close to 90°.
The examples reported in this work were etched in a Oxford
25 Plasmalab 80 apparatus. The etch gas was (0;:Ar: CHF;) in
the ratio 1:10:20; feed rate 20sccm; chamber pressure, 50

milli pascals; RF power, 73 watts; dc bias 200V.

The pillar structure reported in this study (K-series)
was characterised as <d>=580nm#15nm; F=0.34; H=810nm: it

30 was made using, L=80nm; RH=40%; t=17.5hrs. After




p'rocess vari ables are: CsC filmthickness (L); humdity (RH), time of
_exposure (t). The resulting island array has a Gaussian distribution of
di aneters, average dianmeter (<d>) 15 standard deviation (s) and surface

fractional Havi ng made the CsO resi st t step
is reactive Qﬁﬁﬁgégchlng (RIE) to produce the correspoﬁ%ﬁﬁénggﬁﬁgﬁg

pillars". ,The RIE process variables are: feed-gas conposition, flowrate
and chanber pressure; RF power; dc 20_RQias; etch tine. The results are
characterised by the etch depth, corresponding to pillar height (H), and
the wall angle, nanely the angle that the pillar wall nmakes with the
wafer plane; it is chosen in this study to be close to 90. The exanpl es
reported in f#bsiomdromehe sﬁdhedniBaﬁp1%§(WdtéﬂhdgﬁﬁaﬂﬂnaQa%grapéﬁéﬁé&5

The etch gas yas,( Q2 Ar: CHE3) | the ratio 1:10:20;, feed rate 20sccm
chanber pres§%€e26 56°CRIF] 1&;&%@P§52 S pilel : HzP3 (WAPYAY) tieOhidds @@@L The

pi | lar structelies eposiied ithe hitehshudyabKr38HHEE) aw48S ,SbAT ASL as
<d>=580nmi5nm. F=0.34: H=810nm it 30 was made us?"r%? WQE@ act ﬁéﬁ%éj%

(=17 5hrs. AT WBO2B32N0ATBSY. PCT/ GB2003/ 004783 - 8 fabrication the
silicon sanples were washed in water; etched for 20 seconds in NHAOH( 28w

NF) : H20B( 100/ w3t EReeaualictfObUMmiAti g bhe 2hghal flogded away

with de-ionized water b omlg ied.aya Aot by | SHE
known technlques, such as photolithography, which produce
regular arrays of features rather than the scattered

distribution produced by island lithography.

Figure 1 is a schematic view of a structured electrode, in
10 accordance with the invention and as used in the following
tests, it shows a part sectional view of the ancde in which

the pillars 2 can clearly be seen on the silicon wafer 3.

Figure 6 shows a lithium battery, comprising a typical
embodiment of the present invention, and including an anode
15 1, a cathode 4, a polymer electrolyte 5, a first striﬁ 6
representing a rectifier circuit connected to a coil
encircling the anode foi charging purposes, a second strip
7 representing the output circuit (driven by the battery),
and a pair of wires 8 for connection to the device to be

20 driven.

Electrochemical tests were performed in a three-
electrode, glass, cell where the Si sample is the working
electrode and metallic 1i is used for both the counter and
reference electrodes. A 1 M solution of LiClo, (Merck

25 Selectipurd) in ethylene carbonate:diethyl carbonate (Merck
Selectipurd), (1:1) w/w solvent was used as the electrolyte.
The cell was assembled under a dry argon atmosphere in a
glove box. Ohmic contact was made to the rear side of the

silicon samples electrodes using a 1:1 In-Ga eutectic




5 O course the structures may al so be fabricated by other known
~ techni ques, such as photolithography, which produce regular arrays of
features rather than the scattered distribution produced by island
Iithograp ure 1 is a.schematic view of a structured electrode, in 10
accordance %?Hﬁ invention and as used in the foIICWWQEFm?@§W§”3|t shows
a part sectlonal view of the anode in which the pillars 2 can clearly be
seen on the silicon wafer 3. Figure 6 shows a |ithiumbattery, conprising
a typical enbodinment of the present Tmvéntion, and i ncl udi ng an anode 15
1, a cathode 4, a polyner electrolyte 5, a first strip 6 representing a
rectifier circuit connected to a coil encircling the anode for charging

purposes, a §@§Q§ud Strhiap el%é%ﬁ%é£%é$edwﬁgtidr'ggi}l%(egboﬁen béot he

battery), and a pair of wres 8 for connection to t evi
driven. El ecepothamiatziion ebn sawé’rI'EEpéJrorldened Nion aailtemw@ B ecteddend ghass,

cell where t i ggBl klng ectrqode .and netallic Li_ is used
for both theagocgn?ls g'l)tseé/ge%r?ﬂéjﬁg 8?? ded.® a1lr}\7fdsol Jt%l SR SRTLEEY o4
(Merck 25 Se‘séudy pmea)foxmcet hhhéneema‘rﬁbomrh@sﬂv@,t hykegarfwnabent Mey ck;

Sel ectip w w sol vent sed as the el ectrolyte. The cell was
assenbl e$ %%%Cfar 5&‘7‘ %h@ﬁ@ ARtLVe HRAFIRGE OHRaCec 6AREERI was
made to the spam@jsienﬁfretnrt% a%l hii %ﬁ%@@ﬂ&ﬁ@@ ?Jzaﬁ)trodes using a 1:1 In-G&
eutectic WD 2004/ 042851 PCT/ GB2003/004783

Electrochemical behaviour of the cell was investigated
by cyeclic voltammetry (CV) and by galvanostatic measurement
(voltage vs. time at constant current), using an

10  electrochemical workstation (VMP PerkinElmerm™ Instruments).
The capacity referred to here is the total charge inserted
into the projected electrode surface area exposed to the
electrolyte (this dignores any surface area due to

structuring), given as mAhcm™ (micro Amp hours em™?) .

15 The results obtained were:

The response of the Li]Li*-electrolytelSi cell was
measured: for this cell the cathodic process is, discharge
of lithium onto silicon to form an alloy (charging), and the
anodic process is lithium extraction or de-alloying

20 (discharging). Figure 2 shows one series of CV scan sets
(details in caption). The first cycle, and to quite a large
extent the second, differs from those that follow. It is
conjectured that this difference is due to a “Fformation”
effect, associated with the filming of the electrode during

25 the first Li discharge. After the first and second cycles,
the scans assume a repeatable general shape. Since these are
scans in which the potential is changed slowly and the
current densities are therefore small, there are no IR drop

or diffusion overpotential terms, and assuming no activation




9 alloyl2. The el ectrode area was delineated using an O-ring
~configuration in a PTFE holder. No adhesive is used and a good
el ectrol yte/ atnosphere seal is obtained. In an earlier study we found that

epoxy adhesj d to nount a Si 5 electrode, contam nated the active
electrodeﬁihﬁﬁﬁgggﬁbusing spurious currents at hi gh vAQTAge03/609735

El ectrochem cal behaviour of the cell was investigated by cyclic
voltammetry (CV) and by gal vanostatic nmeasurenent (voltage vs. tine at
constant current), using an 10 el ectrocfiefi cal workstation (VMP

Per ki nEl mer TM I nstrunents). The capacity referred to here is the total
charge inserted into the projected el ectrode surface area exposed to the

el ectrol yte (HbiSotNOrAs ay, éﬁ¥é ; structuring), giyven as
mAhcm 2 (micro Anp hours CM_ZE) S%LES(;T e%%%et(%?ailﬁ%ﬁm%?%gu%eogegg%nse
of the LiJLisuefaes rigighigrSiactértityas Theatinrsd cadtdrodiki Feathlret be €l hodi c
process is, o f.LLthi opto, silicon tag forman alloy (charging),
and the ano%ééﬁ%?%g§§?%Fslhi?H?gEFEX?FaC%éiﬁﬁ%#: -QHQQQﬁﬁa@HSOtO room

(di schar gi ngjemferpinee? dhioas oner seIfRRisof t £Vieaean slchce( dot ati%s&?.
caption).5 T fiQ§t gaflg, %nd to quitﬁ a I%%gf extent the second, differs
from thode thit YOI9SSwWPOrEnfFdal prfehed iy 4 3Ry $hdist fler Epkenitoder to a
"formation" asfdeiaitedasann atiedl prtbehbe bifl Min@ef e e ing 25
the first Li digcharge. Af ter thgtfi$st and sé%%ﬁd ci%l%§+§6%%e'ségﬁé
assume a repEtabl-e gehbral CERAPRY SiFREHEse shOWS a  progressive

“ . . . : .
activation” of the sample, assoclated with increasing

breakdown of the crystalline silicon structure {see
i90 discussion). The anodic, part of the CV curve is
associated with progressive de-lithiation of the electrode
according to the various ZPC equilibrium potentials. For a
scan rate of 1 mVs™ the capacity (260mAhcm™®) of the
electrodes is roughly comparable to the pillar volume being
15 converted to Lij;pSiy, while for the slower scan rates the
capacity exceeds that of the pillar volume. The latter
results point to the participation of the substrate in the

alloying/de~alloying process.

Figure 3 shows the results for a series of galvanostratic
20 measurements on structured Si at two different

charge/discharge current densities (details in caption).

Figure 4 shows the structure of the K-series of silicon
electrodes that were used in this study and the effects of
extensive galvanostatic cycling upon that structure. The
25 structure are clearly intact, but at the higher current
density slight cracking of the buylk Si surface, below the

pillars, is obserwved.




scans in which the potential is changed slowy and the current densities
~are therefore snall, there are no IR drop or diffusion overpotenti al
ternms, and assum ng no activation WO 2004/ 042851 PCT/ GB2003/004783 - 10

over pot entj al | ectrode potential is a neasure of the surface lithium
activity. #ﬁ@"?"i[mpgv?cat hodic feature is the rapid incrE¥eBB M ient at
-330 nV that, according to room tenperature data, corresponds to the
presence of Li1l2Si7. 5 The | owest potential reached is 25nV and this is
taken to be associated with the presenét of higher Li conpounds, e.g.

Li 21Si 5. The cycling sequence shows a progressive "activation" of the
sanpl e, associated with increasing breakdown of the crystalline silicon

structure (see 10 di scussion). The anodic, part of the CV curve is
associ at ed wiRigureodr estriwee tdee | $tini pidonef dpergbegtiQ cordi 0
t he various ZPC equilibriumpotentials. Fot a scan rat egglfr%n@é%ﬂ%née
capacity (26T of ut el 1 bimsad) ofles ell8ct0bghL Y He@apar A ihg e,
pillar volume being 15 converted to Li12Si7, while for the slower scan
rates the cé:’ﬁgéirﬁgeéﬁceéﬁ'ée% hed lenastetgid lcgcliobunewhdhecyetd®rat rgsul t's
point to the rticipation of the substrate in the alloying/de-alloying
process. Fi gl}:%g% sﬁ%&ent%heg?’é%hﬂ%srf ofha sB¥ifaseof igaldedoonedat ithoudh
measur eneat s tr Si t di fferent har ge/ di schar ge current
densi ti esg(dglggf:?sfiti%ﬁggg??oﬁifgg né? Gccuf. “cyeilng at higher  current
densities produces wide cracks.
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Lett., 4, A137 (2001). 14 dCains: 1. Asilicon electrode for a battery,

conpri sing silicon substrate.defining thereon an array of_subi cron
o BrSanote” ook

silicon pil SLTCRSFITR O%%od%rconp?F%?r ‘ an S et o eaa%%o}cl%g to

claim1, in whighsthersubstiat @y CORPréSESan-4ypey Sbt i amiSubst £8L Bcon
pillars.

2. A silicon anode comprising an electrode according to
claim 1, in which the substrate comprises n-type silicon

substrate.

3. A silicon anode according to claim 2 made on a wafer-

bonded siliceon-on-insulator substrate.

4. A silicon anode according to claim 2 or claim 3 in which
the silicon pillars do not exceed a fractional coverage

of 0.5 of the substrate.

5. A method of forming a silicon electrode according to any
one of the preceding claims, the method comprising:

(a) depositing a film of a highly soluble solid onto
a hydrophilic siliicon substrate;

(b) exposing the film to solvent wapour so that the
film reorganises into an array of discrete
hemispherical islands on the surface; and

(¢} reactively ion etching the silicon substrate
with the islands of highly scluble solid acting
as a resist so that the exposed silicen is
etched away leaving pillars corresponding to the

islands.

6. A silicon anode according to any one of the preceding
claims wherein the pillars are 0.1-1.0 microns in

diameter and 1-10 micron in height




3. A silicon anode according to claim2 nmade on a wafer- bonded
silicon-on-insulator substrate. 4. A silicon anode according to claim2 or
claim3 in which the silicon pillars do not exceed a fractional coverage
of 0.5 of the substrate. 5. A nethod of_ form ng a silicon el ectrode
according to any one of the preceding 2 ai ms, the et hod conprising: (a)
depositing a filmof a highly soluble solid onto a hydrophilic silicon
substrate; (b) exposing the filmto solvent vapour so that the film
reorgani ses into an array of discrete hem spherical islands on the
surface; and -(8)siéaceivengdgoncevthing theasy| peonciubkernrecedind t he

i sl ands of hlgh . S0l u I sol a tythe d
siliconis et€ ama§ %é@iEgepﬁﬁ%gggsc%%?eé%éké%%ﬁgFéf? p m? %@g 6.
silicon anode aﬁCOEdmegethﬁ@yeom2cﬁénshEnphemgﬁtng clains wherein the

pillars are 0.1-1.0 mcrons in dianmeter and 1-10 mcron in height . 15 7.

A silicon anode according to any one of the preceding clains wherein the
prilars are capRr OXLARLR| ¥abedr i PRONSA1hY ShadRbel 2A1daLoftalfes Lithel oht .
8. Alithiumbattery i1ncluding an anode in accordance with any one of the
precedi ng cl ai asy one of the preceding claims.



