1 METHOD OF ETCHING A SILICON-BASED MATERIAL Field of Invention
The invention relates to a method of etching a silicon-based material. S
Background Art Selective etching of silicon-based materials to create silicon
pillars is known to be of benefit, for example, in creating anodes for
lithium-rechargeable batteries. One sucll approach is described in
US-7033936, which is 10incorporated herein by reference. According to this
document, pillgris At iBRNIEHPE AYNEPALSE ACPASISRSHPPOBIIRERIAL
hemispherical islands of caesium chloride on a silicon substrate surface,
covering the substrate surface, including the islands, with a film, and
remoying;thehemispherical structures (including the film covering them) from
the surface to form a mask with exposed areas 15where the hemispheres
had bBeninvhetswostaies i thewtbshetdiching axpbsent-bassbgieateactive
5ion etching and the resist is removed, e.g. by physical sputtering, to leave an
array of silicon pillars in the unetched regions, i.e. in the regions between the
locatiBaskgfthiechdmispheres. 20An alternative, chemical approach is
described in Peng.K-Q. Yan, Y:J. Gao S-P, and Zhu J...Adv. Materials, 14
oo e Rt b SR R0 G i AR R Ruibn o
127-182abdnatly. iviatenialsle] 6 (@004d) g 20 sPenthet @mkrbcha shablen a way
to make nano pillars aon silicon by. a chemical %h f%c rding,to this
et S oo ieh SR B O A R 1) ace
10exposecbtpatedihierémdigheft@nbOCArsinglihg toliviwihg solediopilkdys kife and
Zom'\%'aﬁ‘g&%ﬁ-bp"é?é%ﬁ{g éor@siq)atc%?)ﬁ&ttl%% Hé'%‘%ﬁﬁé';‘{ and piliar '}e'%‘s‘ﬁl“
to 24 'microns are reporieéd. Apart fromt height, no other dimensional data’ is
givergldoeid@smaedlicoilanbiametar;fpackiogedan iy, sobsuinfaceintoimityding

Th had is only cart n chips aof 2 . : . :
€ t eetls gnl S?WP{th frlll%ld, gndcrellel%\gmg the hemispherical structures (including

the film covering them) from the surface to form a mask with exposed areas

15 where the hemispheres had been. The substrate is then etched in the exposed
areas using reactive ion etching and the resist is removed, e.g. by physical
sputtering, to leave an array of silicon pillars in the unetched regions, i.e. in the

regions between the locations of the hemispheres.

20 An alternative, chemical approach is described in Peng K-Q, Yan, Y-J, Gao
S-P, and Zhu J., Adv. Materials, 14 (2002), 1164-1167, Adv. Functional
Materials, (2003), 13, No 2 February, 127-132 and Adv. Materials, 16 (2004),
73-76 . Peng, et al. have shown a way to make nano pillars on silicon by a
chemical method. According to this method, a silicon wafer, which may be n-

25 or p-type and has the {111} face exposed to solution, is etched at 50°C using
the following solution: SM HF and 20mM AgNOs. Pillars are formed at about
20 microns/hr and pillar heights up to 24 microns are reported. Apart from
height, no other dimensional data is given, such as mean pillar diameter,

packing density, or surface uniformity. The method is only carried on chips of
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about 1 cm2. The mechanism postulated in these papers is that isolated
nanoclusters of silver are electrolessly deposited on the silicon surface in an
initial stage. In a second stage, the silver nanoclusters and the areas of
silicon surrounding them act as local electrodes that cause the electrolytic
oxidation of 5the silicon in the areas surounding the silver nanoclusters to
form SiF6 cations, which diffuse away from the etching site to leave the
silicopinderyingriesiuernRanariiRiar iR Alars 1his fugdested that
metals other than silver, e.g. Ni, Fe, Co, Cr and Mg, especially in the form of
nitrateassiesysers @ el veeeresferirokititlyrdpitsitedl onkhesihga sirfaxagean
Cheny, ity EQ,;&%@QQ%@Z&%&%M@@% Kufoe NG el Blnd Y- FrURGSs Mk
16 (2006), 387-394, relate to an etching method that is similar to that
describadunding dagticagiapdes dyeegdes shisutatse thectdetionlysidvexidation of
nanoRRL R JeRASIISR SIS A0GIG LI IR SISRAA RIS sir, carions
er nucleat

15different solutions. In a first lon) step, a silicon chip Is placed In a
solutiehigh 416Mski Fvenof 01 (e At@3 fole TonidaueethA sEcomardeching) thiep
is then,performed in a.different solution,.namely 4. F and 0.135M
Fe S g e U O TRAIR PR s A Rl
abousBvanc:4 MNcrbasGo,Heigint] Mgl efmai2y amch2 @domof mitratediaiteten1d
20reslpeelc1:§ié/de%, are reﬁ&r)tr?dﬂﬁglsars are grown in the {111} direction on the
{111} plane. either the pllr%w packing density (surface uniformity), nor the

10size of silicon chip used are disclosed. The silicon wafer may be n- or p-type.

15
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In these papers, a different mechanism,is d “hing step as
i T R e e e 8
25nanbpadicl&srue Mimayekb a200be 38h3partidias graduatlyisinkediodhRat is

bulk silicqn, leaving col s of silicopn in the areas.that are not directl )
oo B S e o RS Bk AR e LA i eation
incregdecr gdansiiyrat RilkRisositdineRipNed tsitechity abpilley sistoibutioin In

addition, it would he desirable to increase the speed. of pillar formation .
P e (A N LT e e R e AR AR

restrigtggtiontoe{ M Hacadoeoanplicabdityref thasekappreasheseisimitedep

R T G o TR T R
Fe(NOs3); for 30 or 50 minutes. Both steps are carried out at 50°C. Pillars of
about 6 and 4 microns in height, and about 20 and 20 to 40 nm in diameter,
respectively, are reported. Pillars are grown in the {111} direction on the
{111} plane. Neither the pillar packing density (surface uniformity), nor the
size of silicon chip used are disclosed. The silicon wafer may be n- or p-type.
In these papers, a different mechanism is proposed for the etching step as
compared to the earlier papers, namely that silicon underlying the silver (Ag)
nanoparticles are removed and the nanoparticles gradually sink into the bulk

silicon, leaving columns of silicon in the areas that are not directly underlying

the silver nanoparticles.
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10 A method is now described according to which an improved chemical
method is provided for creating silicon pillars on a silicon-based substrate.
Starting with chips (which may be about 1 to 15 cm2) taken from a silicon
wafer, in standard semiconductor material, one side of the chip is polished,
15while the other side is distressed (roughened). The plane of the wafer
corresponds to the {100} or {110} crystal plane of silicon. The silicon may be

dopegy g0 15ING A% AARKENPANAL AAPIRG. APEBHS IR, BAsHItRe S RRde

or p-type as desired. Thetypical resistivity of the silicon chip is 1 ohm cm

plus @mrfﬁmlstm pﬁl@@désmbéﬁomolwgéﬁh@w,i it ewdd e dfsﬁrame t_sa‘lin@w,ase
the 2d9{8§t§éé‘ﬁtéﬁ* i_‘iYB‘?S‘M&R%"i‘%%agﬂaliﬁmlgﬂﬁo%”%&&‘u@@% X%lé@‘iches

noted that the doping level is not critical'in the embodiments descr
hereideReifore eltry satyecsttctodive threthdd Jofatre ihresppli¢abiiion these
surfa }93% {?ﬂﬂ% g&i uniformly clean and hydrophilic using an RCA-1
etch (qur%%}%/ water: 8&5 ammonia: concentrated hydrogen peroxide, in the
volume ratio of 25 1:1:1). In the next preparation stage, the silicon chip can
be prggg}gdugngﬁ}pafkv%rqyo%her) side by a thin Au/_Cr coating (e.g. 1OAu{ICr,
caz2 . ching method comprises two stages. The first
stage is nucleation in which discrete metal deposits are formed on the silicon
surfaci% é':llnnd th?{ secon Sﬁ?%? tEetcl’zll%izrir?stual etching of the substrate. The

. vE n 1S S€L O . . . . .
carrying out OI% Rese WO Stages in accordance with the present invention

10results in a more uniform pillar array 5in terms of both density and height.

15

A 1C CIriocd ace %RW 1CN an 1m§%r|0\{e chemdca
the silicon. € cnemical composiuon € aqueous ution used In

nucleatjgnathgefon arate@bidiongilla's Whlatei Wk vivedf abataahol, e.g.
ethanol; typical alcohol contents of the solution are 5 to 40%, e.g. 15 to 40%,

optiogally;a. %tthr’c?ﬁl% O(SVK{Xh WGeo%Hﬁ? I%hgoéﬂm%a%eWﬁmglglicon

aqueous so ution;
wafer, in standard semiconductor material, one side of the chip is polished,

The figst n clga}tslorcl)v%tgge f rms dls%clilege met “I% deposits on the surf cegglfOd

while the other side is distressed (roughened). The plane of the wafer
corresponds to the {100} or {110} crystal plane of silicon. The silicon may be
doped, e.g. using any conventional doping agent, to make the silicon n-type or
p-type as desired. The typical resistivity of the silicon chip is 1 ohm cm plus or

minus two powers of ten. For example in the case of n-type silicon, the

20 resistivity is typically and approximately one ohm cm and it will be noted that

25

the doping level is not critical in the embodiments described herein.

Before being subjected to the method of the present invention, the surface may
be rendered uniformly clean and hydrophilic using an RCA-1 etch (namely
water: 88 ammonia: concentrated hydrogen peroxide, in the volume ratio of
1:1:1). In the next preparation stage, the silicon chip can be protected on its
back (rougher) side by a thin Au/Cr coating (e.g. 10Au/1Cr, ca 200 nm thick
film).



1.5 to 10 molar (M) hydrofluoric acid, e.g. 5 to 7.5M, for example about 6.8M
(Examples of typical concentrations are 4.5- 9M, e.g. 6.8 to 7.9M; 15it should
be noted that 4.5M, 6.8M, 7.9Mand 9M solutions of HF or a fluoride salt
correspond, respectively, to the inclusion within the solutions of 20%, 30%,
35% and 40% by volume of concentrated (40%) HF); 5 to 100mM, e.g. 10 to
65mM of a metal salt that will electrolessly 20deposit in discrete areas on the

silicomsUBRIHE INHAE PLERIIGE OWL QLPRJOA%IRG S OPHONRA! X RSS2

silver salt, e.g. silver nitrate; the concentration of the salt may be 12.6 to 24
mM, &bichahisretetmhelidepesioters thamedbos tbeosiligon/sedhatomik thigesecond

equivg ti?ftﬁ‘esa%'éﬁ%’%ﬂﬁh R A0, AP0 ?Bé‘c%h?ﬂl‘ AR URALERR §0des

a 24mMsolution 25Is the eduivalent of a solution contairting 40% of a 0.06
(60mM asitoedassiutio) the prssantapidiian geswitlsim p0sweond&puptiar array

Ssubstlrgggrm%pgom 88§§§§ta jﬁlé%%ﬁubstrate for up to about 15 minutes,

e.g. about 10 minutes. Inclusion of an alcohol, e.g. ethanol and the act of
carrying out the nucleation stage at a relatively low temperature, e.g. at room

tempeialyre, AR sliegt %%&'%‘@Yi&‘ (f?gt%v}lr?e{a T e S
a more even distribution ofthe metal deposits, €.g. silver, Is achieved an
moresélvemly Bixackehpittdrsoanpssitise gl éntlyqobtain eolulihe secbmdistage is

etchin%; uring which the silic%r&ﬁirllll%r§ are formed. The 10solution used in

the efC Clr%f]l{ls?agsea eafyr/l be 1ie'S8me or different to that used in the nucleation

10stage- If thelsad@%olitiofids alsetpthe sethmib{etghiog)dtay el maydotiovd dre
seamlessly from e [l (nygleation) stage and e oeral durationof g,
rael1§ g or B0 If'a

first and secOnt'S ages’is gene in“the regio s,
different solbdiaid isnubedothlevbitshreusiehdiormsiagquemy geheially 15be 5 to

10 mi—nUtes'lT (taosl%l}l;[lig aru(i?lgj Ill?l p(?ﬂ%%%?cina i%iEaegg. %1?3/ ?gM, for example about

6.8M (Examples of typical concentrations are 4.5- 9M, e.g. 6.8 to 7.9M;

15 it should be noted that 4.5M, 6.8M, 7.9Mand 9M solutions of HF or a
fluoride salt correspond, respectively, to the inclusion within the
solutions of 20%, 30%, 35% and 40% by volume of concentrated (40%)
HF);

- 5 to 100mM, e.g. 10 to 65mM of a metal salt that will electrolessly

20 deposit in discrete areas on the silicon substrate in the presence of
fluoride ions, the salt optionally being a silver salt, e.g. silver nitrate; the
concentration of the salt may be 12.6 to 24 mM, e.g. 24mM. (It should
be noted that al2.6 to 22.1mM solution is the equivalent of a solution
containing 40 to 70% of a 31.5mM silver solution and a 24mM solution

25 is the equivalent of a solution containing 40% of a 0.06M (60mM) silver

solution).

The temperature at which the nucleation reaction is carried out at may be 0 to

30°C and, for example room temperature (20°C). The nucleation reaction will



hydrofluoric acid (HF); the concentration of fluoride ions may be 4 to 15 M
e.g. 4.5 to 8M; a metal salt that can oxidise silicon in the presence of fluoride
ions; the salt is optionally a silver salt or a ferric salt; and preferably silver or
20ferric nitrate salt. The concentration of the salt may be 10 to 40 mM e.g. 20
to 30 mM, for example about 25mM. Alc®hol is not necessary in the etching
stage. 25The etching stage is optionally, depending upon doping density,

carriegd oyt b &1ie MRERHIH NGRSO St H6NUR/SANOBSIAENIRG with

temperature increase between the two stages may be at least 20C, e.g. at
least B8GubsEateciingpstagbawalSbaipeitermedeapal ttriparaieie Digmetsion

80C, , . \\thi ' - pill
consi(gjt‘:eg rllltdar? g%étﬁ o%f' ?bléoﬁl%@%l ?g &gh?% t?d %.%ﬁ??ﬁg@e% ﬁ%%gig%%rg r%él)rfla ‘e

diamm@tb@ﬂwde\acmmgdtumeegchm@@magmmytbeecbwmg&efgt of shovieg
speriod of i '?B% %ﬁﬁ@aiﬁé@f&%‘("ﬁ’ﬁ%é@%?&e%fé% rg‘??ﬂﬂiﬂﬂﬁo%'b‘ﬂﬂ' aRed

substrate with its attac silicon pillars may be used as the anode for a
lithiudevitechargdabteibatiny sihvalthwinventdy bplievdpithas tie silicon
piIIarséu an reé/r?tﬁsi%/tg%ae%t with lithium ions without being broken up or
destroye(iqtlll*nus rowdllng good capacity retention over a large number of
charge/discharge cycles. Alternatively the pillars may be 10sheared from the

part ofthe subatr?te that hﬁs not been eﬁ(fc egnto }‘ﬁ(r:m silicon fibr?s. Th&e Th

substrate of the f)raegéeelrslteltr?vé%ionuﬁﬁéswpar icufar ap%ﬁllgé ion in the electrodes

10of lithsointion eelisin the Flokipglaraganizoetaahsityiticantidiitdreover dge Jusedyin
be detﬁ%rril%% eggotrl? %ta]fgSJ.oilfot\f\llcien rrl?éi(s)oll:ﬁtﬁ)rf igﬂggal,:t]he second (etching) stage
may follow on seamlessly from the first (nucleation) stage and the overall
duration of the first and second stages is generally in the region of 5 to 50
minutes. If a different solution is used, the first nucleation stage may generally
15 be 5 to 10 minutes. The solution used in the etching stage may be:
- hydrofluoric acid (HF); the concentration of fluoride ions may be 4 to 15
Me.g. 4.5 to 8M;
- a metal salt that can oxidise silicon in the presence of fluoride ions; the
salt is optionally a silver salt or a ferric salt; and preferably silver or

20 ferric nitrate salt. The concentration of the salt may be 10 to 40 mM e.g.

20 to 30 mM, for example about 25mM.
Alcohol is not necessary in the etching stage.

25 The etching stage is optionally, depending upon doping density, carried out at a
temperature higher than that of the nucleation stage; the temperature increase
between the two stages may be at least 20°C, e.g. at least 35°C; the etching
stage may be performed at a temperature of 30 to 80°C, e.g. 45 to 75°C, such as

60° to 75°C; within about 45 minutes, pillars of consistent height of about 70 to
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wherein P is the amount of silicon present as pillars, and R is the amount of
silicon removed. 20For a fixed pillar height, the larger the value of F, the
greater the reversible lithium ion capacity per unit area and so the greater the
electrical capacity of an electrode. Also the greater the value of F, the larger
the amount of silicon material that may Iée harvested to create silicon fibre.
The pillar packing density F is maximised by the nucleation stage and the

applieants faye aoagBIRVRA BacHROYLSHEIRARTLIUR iR 407 itheDrackss

described above, F istypically about 15 to 20%. 7 In one embodiment, the
inventieacpiavides andiedtedderr @ eblowtey adilisbef subetputdhsoraprisisgvill be
contagting the silicon substrate with a solution of an etching fluoride acid or
fluoride salt, a silver salt and an alcohol. The silver salt is water soluble, e.g.
silver nitrate. The silver nitrate content of the solution Smay be in the range
. . N
to a silver nitrate"concentration in t solution of 12.6 to @a?éql\]l/{l{%ﬁ\l}ggr
nitratesé&thes flberdedadiak mbthoomprisecblyaigsgbte fhatidde sivivosbecontanoin
the sqlytion is,;between. 30% and 40% by volume, hase concentrat:
caoor s T S e e BT e BERE PRARE Ru
solutibairgf br8kenI MOy dagtioytik dange 38dmd Qo (Hirorigerteation pvina
final ﬁolution o§7.9fto 9 M%k{or xample 40% \(}HF conce rati parin rtrrl]ae fﬂ')réal
0

SOIUtIGREGT 8 M) The-afeGTiol hiay Be ethancl, the sontent of WINeh IA the final

10solutishemad/ fioeninlitheaengalef dbtotO%hailive solubmn mealyedlso fimctusiéicon

15
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25

nate rffﬂféqefﬁ‘é‘gﬁt%%’&%to & %%Zﬁ’re% 28 genhemethod, ara%tltgi%ggg 10 he
ge of allowihg the substrate'to stand in solution at'a temperature’in the
range:let 0des 30,1 2hguid0icn faelB.period in the region of 5 to 50 minutes, e.qg.
10 minutes. The method may further include raising the temperature of the
solution to a temperature in the range of 20 to 75C for a 20period of 40 to 45
minutele pilladbunfdosiésnsTipe fimethodinnayeingkide subsdaseitibd adding
further silver or silver nitrate, e.g. 5 to 10% further silver or silver nitrate, such
as 6% Wérrligtl;?élf’e?;ﬁperature is raised, as mentioned in the preceding
paragraph, fudtpgrrsilpgr may be added 25upon raising the temperature and

the two further amounts may be added at each . .
wherein P is the amount’of silicon present as pillars, and R is the amount of

silicon removed.

For a fixed pillar height, the larger the value of F, the greater the reversible
lithium ion capacity per unit area and so the greater the electrical capacity of
an electrode. Also the greater the value of F, the larger the amount of silicon
material that may be harvested to create silicon fibre. The pillar packing
density F is maximised by the nucleation stage and the applicants have

achieved fractional coverages of up to 40%.

In the process described above, F is typically about 15 to 20%.
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of 10 and 20 minutes subsequently. The etching may be performed on the
{100} or {110} plane. 8 The invention also provides an etched silicon
substrate made by a method as described above. The following two
examples illustrate the claimed process: S Example 1 A clean silicon sample
(ca. 1cm2, 2 - 5 ohm cm n-type materialfthat has been back coated as
described above) is placed, face up ({100} face), in a 10polypropylene beaker

with 3071 h AR EISIIRG SRIYAR TS AATRRS IRRRLIRS NG Salar
was:- 12.5m1 HF (40%); 2.5ml ethyl alcohol; 35m1 of 31.5mM AgNOS3.
15whishstieepontsing saniagialidissiliton S8aMeNgtE 7 MIstPIFO598 v/v
ethyl aﬁﬁﬁg'ﬂﬁgﬂﬁg gi(?‘gll\lﬁ%ride salt, a silver salt and an alcohol. The silver salt
is water soluble, e.g. silver nitrate. The silver nitrate content of the solution
may be in the range 40 to 70%, based on a 31.5 mM solution of silver nitrate,
which is equivalent to a silver nitrate concentration in the final solution of 12.6
to 22.1 mM silver nitrate. The fluoride acid may comprise hydrogen fluoride
whose content in the solution is between 30% and 40% by volume, based on
concentrated (40% or 22.6 M) HF, which is equivalent to an HF concentration
10 in the final solution of 6.8 to 9 M), e.g. in the range 35 to 40% (HF
concentration in the final solution of 7.9 to 9 M), for example 40% (HF
concentration in the final solution of 9 M). The alcohol may be ethanol, the

content of which in the final solution may be in the range of 15 to 40%. The

solution may also include water in the range of 10 to 30%, e.g. 20%.

The method may include the stage of allowing the substrate to stand in solution
at a temperature in the range of 10 to 30°, e.g. 20°C, for a period in the region
of 5 to 50 minutes, e.g. 10 minutes. The method may further include raising the
temperature of the solution to a temperature in the range of 20 to 75°C for a

20 period of 40 to 45 minutes, e.g. 45 minutes.

The method may include subsequently adding further silver or silver nitrate,
e.g. 5 to 10% further silver or silver nitrate, such as 6%. When the temperature
is raised, as mentioned in the preceding paragraph, further silver may be added
upon raising the temperature and the two further amounts may be added at each

of 10 and 20 minutes subsequently.

The etching may be performed on the {100} or {110} plane.



The sample is left at room temperature (ca. 20C) for 10 minutes in order to
200obtain uniform nucleation of silver on the sample face. As discussed
below, the ethanol (or other alcohol) is essential in its modification to the HF
chemistry. The etching stage follows on from the nucleation stage. In the
etching stage, the silicon substrate subr8erged in the above solution is placed
in a constant 25temperature bath at e.g. 75C for 45 minutes; in other words

the seiytign UaghRteAichiag ﬁ%@&&i@ﬁ&ﬂl@ﬁlﬁ%ﬁ&?@rﬁ&@%a‘ﬁ%ﬁ&%

nucleation stage. Depending on precise conditions and especially the
duratitsaiteré abethod, this treatment etches the silicon and results in pillars
of 20 to 100 microns in height, typically 60 to 100 microns, in height. 9
Example 2 According to an alternative approach, starting with a master
solutibhetiiell Georsiste okanmies BoSMAYNORIfRAdIVOREshe final solution);
517.5m1 conc. HF (7.0M in the final solution); 2.5 ml EtOH (5%v/v in the final
solution); and 10 ml H20 10(50m1 total). One of the following procedures (a)
to (c)lisahwechrried out: (a) A clean silicon sample (ca. 1 cm2, 2 - 5 ohm cm
n-type material that has been back coated as described above) is placed,
face up ({100} face), in a polypropylene beaker with 50m1 of the above
mastéy siehrtiohic?OEhfde (@1Eminess Blirectly fotigwingierniftohatthis, hhen

temp%%% ucr:%a{ﬁecria eilged%stc(:)rl%%g a%rg)%e) is placed, face up ({100} face), in a
10 polypropylene beaker with 50ml of an etching solution. The composition of the
etching solution was:-
12.5ml HF (40%);
2.5ml ethyl alcohol;
35ml of 31.5mM AgNO:;.
15 which corresponds to an aqueous solution containing:
5.7M of HF;
5% v/v ethyl alcohol;
22mM of AgNOs.
The sample is left at room temperature (ca. 20°C) for 10 minutes in order to
20 obtain uniform nucleation of silver on the sample face. As discussed below, the

ethanol (or other alcohol) is essential in its modification to the HF chemistry.

The etching stage follows on from the nucleation stage. In the etching stage,
the silicon substrate submerged in the above solution is placed in a constant

25 temperature bath at e.g. 75°C for 45 minutes; in other words the solution used
in the etching stage is the same as the solution used in the nucleation stage.
Depending on precise conditions and especially the duration of the method, this
treatment etches the silicon and results in pillars of 20 to 100 microns in height,

typically 60 to 100 microns, in height.



at the same time further silver salt is added, in this case by adding 3m1 of
0.6M AgNO3 solution is added. After 45 mins, the chip is removed and
rinsed. The resulting pillars are -85 microns high, which is 50% greater than
obtained without the second addition of 3m1 of 0.6M AgNO3 solution. 20 (b)
A clean silicon sample (ca. 1 cm2, 2- 5 &hm cm n-type material that has been
back coated as described above) is placed, face up ({100} face), in a
polypropylene beaker with 50m1 of the above master solution at 20C for 10
minutes. Directly following on from this stage, the temperature is raised to 25
53C fBranwkgténing stage and at the same time Iml of 0.6M AgNO3 solution is
added. After 10 minutes a further Iml of 0.6M AgNO3 solution is added, and
after a further 10 minutes another Iml of 0.6M AgNO3 solution is added. The
total thmeoadiBZTigaligrmites apmaitity Sramowripillarssgs soladomtietons
high %SISPS% g}icrons in average diameter. 10 Such further additions of silver
nitrate solution may be made during the course of the etching stage, for
example, at2Pml1b06MSugNOd @3 thivhimutes dindles obiEotion or, for example, at
the 10th an th minute of reaction.. In.thi racess, the fractional
coverage, ,’%ngéh;llgﬁfécté%%to&ggh@%ohfof%.a](g)oiﬁéo ean silicon sample (ca. 1
cm2,-10 ohh TmlEtgie (hatevahnttHat finsl beknidackwobated as described
above) is pI%emdl, ﬁu&? up ({100} face), in a polypropylene beaker with 50m1
of the above master solution at 20C for 10 10minutes and then transferred to
10a nevg¥ptitionhoiGhe dtdrirfgliagey whickdmay (iptei@mplesibeacoadpased
as follows: 20m1 water; 12.5 ml 60mM Fe(NO3)3(aq); and 17.5m140% HF.
15Uniform pillars of 40 microns in height are achieved in 45 minutes. F is
measiajed cisingsSEEbh analykig@nd dmapprSximately 30Ype\fadiatiahtimtiheas
concentration of Fe(NO3)3 results jn a variation jn_pillar dj er. between
OB B & PR EBHATRUS o B R of ot
and /AN Eae btk cithgOml of the above master solution at 20°C for 10

9]

15 minutes. Directly following on from this, the temperature is raised to 53°C and
at the same time further silver salt is added, in this case by adding 3ml of 0.6M
AgNOj; solution is added. After 45 mins, the chip is removed and rinsed. The
resulting pillars are ~85 microns high, which is 50% greater than obtained
without the second addition of 3ml of 0.6M AgNOj; solution.

20
(b) A clean silicon sample (ca. lcm?, 2 — 5 ohm cm n-type material that has
been back coated as described above) is placed, face up ({100} face), in a
polypropylene beaker with 50ml of the above master solution at 20°C for 10
minutes. Directly following on from this stage, the temperature is raised to

25 53°C for the etching stage and at the same time 1ml of 0.6M AgNOj; solution is
added. After 10 minutes a further 1ml of 0.6M AgNOj solution is added, and
after a further 10 minutes another 1ml of 0.6M AgNOj solution is added. The
total time at 53°C is 45 minutes, resulting in uniform pillars 85 to 100 microns

high and 0.2 microns in average diameter.



the etching process gives both improved uniformity and increased pillar
height. It is found that the approach of the present invention provides an
increasing pillar height of approximately five times that previously obtained
and 25significantly improved pillar uniformity over several square
centimetres. As a result, silicon based dl@ctrodes can be fabricated with
uniform height and packing density across wafers of 10 to 15 centimetres in
diameter. Alternatively the pillars can be grown for subsequent detachment or
"harvesting" for example for creating a battery anode as described in more
11 detaphfunbaaddngirmgobK]petantaippitation 08D be1oadedtitiag the course
meth fahricating fib f sjli i il3r5®q' -h rial
and tggﬁﬁ Eé%gﬁw'ﬁl%[h%% ’ri%%arge@g?sé%ggltteesrii%(ﬂs?'lgigo%gagned ﬁzfies&%%:nd
incorpesretied herksindxyrssrendbe 50t had Beemiou o detastionsionios an
alcoh e l, l ation step
provigégéggﬁ’u%%&gégﬁfgg’Fﬁi’rlé%%%?ﬁeg?ﬁd;% guf(?lzgl?oﬁr% effects, the
ethanol addition gives a more 10uniform silver deposition in the first, vital,
period (ca. 10 seconds duration). This:| t0 a more uniform. spati
Gt S AR T PR S S HRIET A s been
undetstdodoaiedrncdesidéridglibectanpasitiofmeffepts] 100y drtoedlan, asarying
the ethanol concentration (b nging the water/alcohol rati
iR T e T ) b RS SR8 2 e,
10whichiijmbelievetithe o taus fat ik touchesatior giagdod theseit Himecange ntiatibn is
increased peyond 5f/° %/v Q).e. 2.5c{nl %Iﬁthar]ol in the 50 mil total solution
amourr%),"t 2 exr?gléjn%y i€ 10'0BEG SR ﬂeoﬁYlTar height. Further data is set out
in the table b@holww a6r;

12.5 ml 60mM Fe(NOs3); (aq); and
17.5ml 40% HF.

9]

15 Uniform pillars of 40 microns in height are achieved in 45 minutes. F is
measured using SEM analysis and is approximately 30%. Variation in the
concentration of Fe(NOj3); results in a variation in pillar diameter between

about 0.2 to 0.6 microns.

20 Continuous or step-wise addition of Fe(NOj3); and / or AgNO; solution during

the etching process gives both improved uniformity and increased pillar height.

It is found that the approach of the present invention provides an increasing
pillar height of approximately five times that previously obtained and

25 significantly improved pillar uniformity over several square centimetres. As a
result, silicon based electrodes can be fabricated with uniform height and
packing density across wafers of 10 to 15 centimetres in diameter.
Alternatively the pillars can be grown for subsequent detachment or

“harvesting” for example for creating a battery anode as described in more



Effect of ethanol (EtOH) concentration on pillar height Vol. EtOH (ml) in 50 ml
total solution volume Nucleation Time (min)/tempC Pillar growth Time
(min)/tempC Pillar height Microns* 5 (10%) 10/20 45/20 20 5 (10%)
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detail in the co-pending UK patent application 0601319.7 entitled “A method
of fabricating fibres composed of silicon or a silicon-based material and their
use in lithium rechargeable batteries.”, co-assigned herewith and incorporated

herein by reference.

It has been found that the inclusion of an alcohol, for example a C,_4 alkanol,

such as ethanol, in the nucleation step provides a number of advantages.

Firstly, in terms of nucleation effects, the ethanol addition gives a more
uniform silver deposition in the first, vital, period (ca. 10 seconds duration).

This leads to a more uniform spatial distribution of pillars.

The effects of ethanol addition can be further understood when considering the
composition effects. In particular, varying the ethanol concentration (by
changing the water/alcohol ratio but maintaining the total volume at 50 ml) has
an important effect on pillar height, which is believed to occur at the nucleation
stage. Thus if the concentration is increased beyond 5% v/v (i.e. 2.5 ml of
ethanol in the 50 mil total solution amount), the tendency is to decrease the

pillar height. Further data is set out in the table below:

Effect of ethanol (EtOH) concentration on pillar height

Vol. EtOH (ml) Nucleation Pillar growth Pillar
in 50 ml total Time Time height
solution volume | (min)/temp°C | (min)/temp°C | Microns*
5 (10%) 10/20 45/20 20
5 (10%) 10/20 45/45 35
5 (10%) 10/20 45/70 40
10 (20%) 10/20 45/20 13
10 (20%) 10/20 45/45 22
10 (20%) 10/20 45/70 20
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10/20 45/45 35 5 (10%) 10/20 45/70 40 10 (20%) 10/20 45/20 13 10 (20%)
10/20 45/45 22 10 (20%) 10/20 45/70

12
20 (40%) 10/20 45/20 10
20 (40%) 10/20 45/45 ~0
20 (40%) 10/20 45/70 ~0

In terms of temperature effects, nucleation occurs very quickly, <10 seconds.
The room temperature nucleated pillars are taller than those obtained at higher
nucleation temperatures and thus the inventor believes there is greater control
of the process when using room temperature for the nucleation stage. If for a 10
ohm cm n-type silicon wafer, the temperature is held at room temperature (20°
to 25°C) for 10 minutes for nucleation, and then raised to 50°C for 45 minutes
for the etching stage, then the pillar height will be ~30 microns. Between 70°C
and 75°C, the pillar height will be ~60 microns.

Pillars in the range of ~75 microns in height can be obtained in 45 minutes.
Pillars up to 120 microns in height have also been obtained. One reason for the
increased height observed by using this method is the inclusion of a small
amount of AgNO; (1ml, 60 mM added in 50ml solution) in the Fe(NOs3);

etching solution.

If the etching stage is carried out at 80°C for the same time, the pillars,
although forming initially, are destroyed. However, if the etching time is
reduced for an etching stage conducted at 80°C, then pillars are apparent. This
last result may arises because there is some lateral etching that results in a
tapered pillar structure and the ratio of the lateral to vertical etching rate
increases with temperature. However, the precipitate collapse in pillar
formation at 80°C is more likely to be explained by the loss of protective

adsorbates on the {110} plane.



20 12 20 (40%) 10/20 45/20 10 20 (40%) 10/20 45/45 -0 20 (40%) 10/20
45/70 -0 In terms of temperature effects, nucleation occurs very quickly, <10
seconds. The room temperature nucleated pillars are taller than those
obtained at higher nucleation temperatures and thus the inventor believes
there is greater control 5 of the procesd3vhen using room temperature for
the nucleation stage. If for a 10 ohm cm n-type silicon wafer, the temperature

Is helf] At Ao IBIPRR AR (POIR Ao IR L0 RS f0L %%%Fi_f’ﬂhﬁrtqn to
then raised to 50C for 45 minutes for the etching stage, then the pillar height

will bé.080 plisrens hBenneéieto A kadiraeoekss pilfaky &g howbiinbandp-type

microﬁﬁcon. In the 1 to 10 ohm cm range, p-type silicon has been found to etch
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slightly faster than n-type silicon. Furthermore, pillar growth is not limited to
{100} plane. Growth of silicon structures are also observed on the {110} plane
including pillars and sheets inclined at an angle of approximately 45° to the

surface plane.

Etching on the {100} plane will give pillars that are at a right angle to the wafer
plane. On the {110} plane, pillars at a 45° angle to the wafer plane are
produced. Furthermore vertical pillars can be grown on the {111}, with
protective adsorbates on the (110) faces. The etch rates are in the order {100}

>{111}>> {110}.

Harvesting of silicon fibres is generally carried out using ultrasonics, because
harvesting using a knife gives a large amount of particulate silicon in addition

to the fibre material.

The etching process can also be carried out either on very large scale
integration (VLSI) electronic grade single crystal wafers or rejected samples of
the same. As a cheaper alternative, photovoltaic grade polycrystalline material
may also be used. An even cheaper material that may be used is crystalline

metallical grade silicon.

It will be appreciated that the pillar structure created by the methods described
above can be used in any appropriate implementation including silicon anodes
for use in rechargeable lithium-ion cells. Although the structures described
herein are termed “pillars” it will be recognised that any appropriate pillar-like,

fibre-like or hair-like structure is embraced. It will further be recognised that



10 Pillars in the range of -75 microns in height can be obtained in 45 minutes.
Pillars up to 120 microns in height have also been obtained. One reason for
the increased height observed by using this method is the inclusion of a small
amount of AQNO3 (1m1, 60 mM added in 50m1 solution) in the Fe(NO3)3
15etching solution. If the etching stage iBlcarried out at 80C for the same
time, the pillars, although forming initially, are destroyed. However, if the

etching.ime i5feAuced et AR E1CNINE Siagk ¢ %‘BB%?Q&E 3G aemONatsrial

are apparent. This 20last result may arises because there is some lateral
etchiggitisatare bRy IndaPIG et Pl lasst ueriaBad Nd thepranoroftendoRits &p tdor
verticg)!aq}ﬁj]éng Eﬁﬁgdggﬁﬁﬁ%t%gmgerature. However, the precipitate
collapse in pillar formatfion at 80C I1s more likely to be explained by the loss of
protective adsorbates on the {110} plane. 13 It is found that the level of
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ohm omotheige|ipetyibe ssificontdrad bednafousdicoretsinslightly fasterthamny
n-type_ silicon. Furthermaore. pillar growth is not limited to.5{100} plane,
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pillarsraodpshgpts incdimedminah hg €@ 004 S proximatalyt4batoibe suttdde alloy
plane(.)f'Estl?hinIg pn %her{_il??g}{;fl%ne will give pillars that are at a right angle to
the wafer ]fé)pfane. GhtRe Tt ?ﬂﬁ‘rane, pillars at a 45 angle to the wafer plane
10are produced. Furthermore vertical pillars can be grown on the { 111 }, with
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usingfliltradevitssingcausemaniestifigatiingrakbifaigides a large amount of
particulate silicon in addition to the fibre material. The etching process can
also be carried out either on very large scale 20integration (VLSI) electronic
gradeEsthgle endstakafeis Ot isjeciedvaaioplashaifige reactions, e.g.

15 Si + 6F + 4Ag" = (SiFs) + 4Ag

9]

Other soluble silver salts may be used in the place of silver nitrate and
alternative metals with soluble salts especially nitrates providing a galvanic
exchange reaction may be adopted, for example a metal that is near to or less
electro-positive than silver. Nucleation requires metal salts, while etching can
20 use either metal ions or non-metallic ions such as hydrogen ions or nitrate ions
(or both) provided that their reduction potential is in, or near to, the range O to
0.8V, on the normal hydrogen scale. The articles by Peng et al mentioned
above mention alternative metals that may be used in place of silver. Metal ions
that have a potential between +0.8V and 0.0V (vs standard hydrogen electrode
25 (SHE)), such as Cu** ions (at +0.34V (vs SHE)) may be used instead of the

silver ions).



the same. As a cheaper alternative, photovoltaic grade polycrystalline
material may also be used. An even cheaper material that may be used is
crystalline metallical grade silicon. 25It will be appreciated that the pillar
structure created by the methods described above can be used in any
appropriate implementation including sikiéon anodes for use in rechargeable
lithium-ion cells. Although the structures described herein are termed "pillars"
it will g jiecognised that any appropriate pillar-like, fibre-like or hair-like
structure 1s embraced. It will further be recognised that 14 the parameters
set out above can be varied as appropriate and that the material can extend
beyond pyire- S"&?ﬂeﬁﬁﬁFgf@ﬁﬁHg a‘%ﬁ'i‘cB‘HB[l%E{fﬂ&ﬂﬂﬁgﬁlﬁ?é e %Hﬁéﬂ'e a
silicon germanium mixture. SReterence herein to silicon-based material
include pure siliconpistapecnsiitog dreothmosiliobrlibtswainratardabeus kodgian
5silicon- germanrgpr mixture or any other appropriate mixture. The substrate
from which pillars are created may be n- or p- type, ranging from 100 to 0.001
Ohm cm, or it ntay Iﬁbuarlsiarwmleoaldoﬂlmﬁsih@@h fohecamplensix G- kONVD
Other alcohols pna lace t her chr
such as fluorrdemsatli)s?ljcrér1 as §r(r%r%8(r)r?8%ﬁf uaér%l(()aamay beh laj%tle ¥ E ﬁ(nge%d
nucleation are botfegasvamcoéxbhangel watteosibcenginlibSpreffnee M gucride
(5iF6)2 + 4Ag Other solubf]e silver salts may be used in the place of silver
nitrate and alternative’ metals with soluble salts especially nitrates providing a
10galvanic exchamgerredeitan, whydse adtoptesljichexapplef d #@tabihadismear
to or less electro-positive than silver. Nucleation requires metal salts, while
etching can 20use either metal ions or non-metallic ions such as hydrogen
ions or niate ignsn@hdabik)guduidea Haintheinretidiicr patehtaltis in sver
near to, the ran 0to 0. 8?\1 n the normal hydrogen scale. The articles by
Peng et al men BlePHBY &'n%’é‘ﬁ?fo?? Li{¥&mative metals that may be used in
place of silver. Metal ions that have a potentral between +0.8V and 0.0V (vs
standard ydro en eflﬁzc rode 25(S E)éasuc ons (at +0.34V (v é
ISSHE)) may be %lsdc(lﬁlmg ERIg, )1n w e silver nitrate content of

the solution is in the range of 0.2 to 16%, e.g. 0.75% to 0.7% by
weight.

4. A method as claimed in claim 1 or claim 2 in which the metal salt
20 content, e.g. the silver or silver nitrate content, of the solution is in

the range of 5 to 100mM, and in the range 12.6 to 24mM.

5. A method as claimed in any preceding claim in which the fluoride

acid comprises hydrogen fluoride whose content is between 3 and

25 20% by weight, e.g. between 8 and 20%, for example between 10
and 15%, such as about 12 or 13.6%.



15 Claims 1.A method of etching a silicon substrate until pillars are formed
comprising contacting the silicon substrate with an aqueous solution 50f: a
fluoride acid or a fluoride salt, whose content is 1.5-10M; metal salt, whose
content is 5-100mM, capable of electroless deposition of the metal on the
silicon in the presence of fluoride ions, dAd 10 an alcohol, whose content is in
the range of 1-40% by volume. 2.A method as claimed in claim 1 in which the

metal salgis a SpveF.§all QPUANANY SIS 'ﬂfE%E‘?h ?%ﬁlﬁﬁfmﬂl@ﬁ &J@'&&qﬂd%

claim 2 in which the silver nitrate conten of the solution is in the range of 0
to 16%, e.g. 0.7BYeridecavh ¢sympeaighthudingere fioeids BlhasreoRianaimbetveen

claim 2 in which the, meigl pal %2888{%8{?% Gill VPN e%ﬁﬂ%’l%ra%{ﬁ“@ SM,

content, of the solution is in theé range of 5 to 100mM, and inthe range 12.6
to 24mM. 5. A method as claimed in any preceding claim in which the fluoride

Sueioht, 015 betmar A SOA o BLtnea o e e

about 12 or 13.68nol.

8. A method as claimed in any preceding claim in which the alcohol
content is in the range of up to 40% by volume, and in the range 3%

10 to 40%, e.g. 5 to 40%, such as 15 to 30%.

0. A method as claimed in any preceding claim further comprising the
stage of allowing the substrate to stand in solution at a temperature

in the range 0°C to 30°C, e.g. 20°C.

15

25

10. A method as claimed in claim 9, wherein said standing step lasts for

a period in the region of 5 to 50 minutes, e.g. about 10 minutes.

11. A method as claimed in any preceding claim further comprising
20 raising the temperature of the solution to a temperature in the range

40°C to 75°C.

12. A method as claimed in claim 11, wherein the substrate is allowed
to stand in the solution at the raised temperature for a period in the

region of 30 to 100 minutes, for example about 45 minutes.

13. A method as claimed in any preceding claim further comprising
adding further silver salt, e.g. silver nitrate, or a ferric salt, e.g. ferric

nitrate, during the course of the method.



16 6.A method as claimed in any preceding claim in which the etching
fluoride acid comprises hydrogen fluoride whose content is between 1.5 and
10M, e.g. between 5 and 7.5M, for example about 6.8M. 57.A method as
claimed in any preceding claim in which the alcohol is ethanol. 8. A method
as claimed in any preceding claim in wHi€h the alcohol content is in the range
of up to 40% by volume, and in the range 3% 10to 40%, e.g. 5 to 40%, such
as 15 to 30%. 9. A method as claimed in any preceding claim further

comprising the stage of allowing the substrate to stand in solution at a

temperatilife in theneithgé 8CkwBocinctpizo whereinghaemenasicibmBuein
clalr o, where . aFil RANCIY sicRIAsh LaARIoR (iThs sedian el o of
minutes, e.g. about 10 minutes. 11. A method as claimed In a cedingy
claim further conbprisinge20raisishtthe temperature of the solutlon to a
stemperature in the range 40C to 75C. 12. A method as claimed in claim 11,
wherein the substrate is allowed to stand in the solution at the raised
temperatlife for/apetiod is ﬂieimnbgi@ﬁabﬁfi@ o 1eowmmte§;er@mmm@r
about 45 mlnutes 13 3. oA met ?é: glmed in arﬂ%to%agedl cla| her
IT1C IS 4dded 1n damo { 1NCT SCS Ver or
comprising addlng fﬁrtﬁer s ver salt Siver nitrate, or a ferric sat e.g.

ferric nitrate, dufiéngcthencennseiof ttfahnsﬂiotionll:?y 2mM to 6 mM, e.g. 2.85
mM to 5.45mM.
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16. A method as claimed in any of claims 13 to 15, when dependent on
claim 11 or 12, in which the further silver salt or the ferric salt is

added upon raising the temperature.

15 17. A method as claimed in claim 16 in which a first amount of a silver

salt or ferric salt is added upon raising the temperature and then at
least one further amount is added, e.g. at 10 and 20 minutes

subsequently.

20 18. A method of etching a silicon substrate as claimed in any of claims
1 to 11 wherein the said contacting step forms a first stage using a
first solution and the method further comprises:

a second stage comprising contacting the silicon substrate with a
second solution comprising a fluoride acid and a ferric salt, e.g.

25 Fe(NO3)s.

19. A method as claimed in claim 18, wherein the substrate is allowed
to stand in the first solution for a period in the region of up 15

minutes, e.g. about 10 minutes.



14. A method as claimed in claim 13 wherein the amount of the silver salt or
ferric salt added is in the range of 0.1 to 2% by weight, e.g. about 1% by
weight. 15. A method as claimed in claim 13 or 14 wherein the further
silver salt or ferric salt is added in an amount that increases the silver or ferric
concentration of the solution by 2 mM td® mM, e.g. 2.85 mM to 5.45mM. 16.
A method as claimed in any of claims 13 to 15, when dependent on claim 11
or 12, in which the further silver salt or the ferric salt is added upon raising
the temperature. 1517.A method as claimed in claim 16 in which a first

amount ot silvidmaehast aiéméigy_zld i@@éﬁiédlﬁpanl%%mge@néhem@rdtamgm
then at least 0”80%&*8%&?93‘&{1& doed g all8and ﬁPst”éngée

°R.g.
subsequently. 2018.A method of etching a silicon substrate as c aimégd ?n any
of claims 1 to 1lewhergin¢he Swidaogatatiifget®iGofmsadinglstige GSHY a

5flrst solution and t earyﬁbb?%.%gaer comprises: a second stage

comprising contac Ing the silicon Substrate with a second solution comprising
a fluoride acid and a ferric salt, e.g. 25Fe(NO3)3. 19.A method as claimed in
claim 18, wherein the substrate is gllowed ta stand in.the first.solution for a
oo in o reg DGR T HRHALTA BoRAirED LAy Ecst e Second
method as clainsaddnsatatidubiearfdOayekainthresegind=tagedSConduaiedor

at a temperature abo e?tgat of the first stage, e.g. a temperature in the range
of 30 to 80C, fo?@{g@rﬂ% % & 7BEYESuch as 600 to 75C. 21. A method as

10claimed in any of claims 18 to 20 wherein the second stage is conducted for
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a period in.the region of 40 to 50 minutes, for example about 45 minutes. 10

22. A mettfod a$ AL HH GATISFRIAY 9898'5% Whéern HEEERSAg second
solution includesofutibvisinsRIlies 8 silvansameunttRia880Mup o 60mM.

23. A method as claimed in any of claims 18 to 22, further comprising
adding a silver salt or a ferric salt, e.g. Fe(NO3); and/or AgNO3, to
the solution during the course of the method, especially to the

second solution during the second stage.

24. A method as claimed in claim 23, wherein the amount of further
silver or ferric salt that is added is an amount that increases the
silver or ferric concentration of the solution by up to 10mM, e.g. 2

to 6mM.

25. A method as claimed in claim 23 or claim 24 in which the silver or

ferric salt is added to the second solution in two or more occasions.

26. A method as claimed in any of claims 18 to 25 wherein the
substrate is allowed to stand in the second solution for a period in

the region of 40 to 50 minutes, e.g. 45 minutes.



23. A method as claimed in any of claims 18 to 22, further comprising
15adding a silver salt or a ferric salt, e.g. Fe(NO3)3 and/or AgNO3, to the
solution during the course of the method, especially to the second solution
during the second stage. 24. A method as claimed in claim 23, wherein the
amount of further 20silver or ferric salt th&t is added is an amount that
increases the silver or ferric concentration of the solution by up to 10mM, e.g.

2 to 6mMh25. Ayt 85 ARIMER DGRt CAAR WniHERdngSlver

or 25ferric salt is added to the second solution in two or more occasions. 26.
A method as claeredmedny Biecldiis pBuie osthsheleih thlensupsthatélis] }
allowed to stang,in the second solution for a period in the region of 40 to 50
minutes, e.g. 45 minutes. 19 27.A method as claimed in any preceding claim
in which etching is performed on the { 100} plane or the { 110} plane or the

sILL } plage. S2RANRIEPaf sllcan sufsttale g s ARG AR R URG
in any preceding claim. 29.A lithium rechargeable cell comprising an anode
that comprises preetdhedcsilicon substrate as claimed in claim 28. 10

29. A lithium rechargeable cell comprising an anode that comprises an
etched silicon substrate as claimed in claim 28.

10



