WO 01/39259 PCT/1B00/01397 1 "Methods of Formation of a Silicon
Nanostructure, a 2 Silicon Quantum Wre Array and Devices based thereon” 3
4 The invention relates to nmethods of form ng quasi-one- ?Tﬁa&ﬁ? onal
sol i d- st wo018PIsPcon nanostructures. Such 6 nanostructur& ormthe
basis for nanoscale 7 electronic and optoel ectronic fabrlcatlon t echni ques,
8 particularly but not exclusively of silicon quantum9 wire arrays, and
can be used to fabricate silicon-based 10 optoel ectronic and

nanoel ectroni c devices. 11 12 Mre particularly, the invention concerns
formng 13 silicon quantumw res by ion irradiation and, nore 14
specifically, to a process of sputtering a high-purity 15 surface of
silicon-on-insulator (SO) material by a 16 uniformflow of nitrogen

nol ecul ar ions, so as to form 17 a wave-like relief providing an array of
nanoscal e 18 silicon "quantumw res". The quantumw re array can be 19
used as a |ight source in optoel ectronic devices 20 through the array
conduction or in nanoel ectronic 21 devices; e.g. as a channel in a field
effect transistor 22 (FET). 23 24 A knomn method for forming silicon
quantumwires with a 25 cross-section of 10x15 nn2 enbedded in silicon

oxi de 26 uses |lowenergy ion inplantation of oxygen into 27 silicon,

el ectron-beam | ithography and wet chem cal WO 01/ 39259 PCT/ 1 BOO/ 01397 2 1
etching, fol tmeebody of ghotmapivmtef eaafhbatongNancatru@tunestaenvi ronnent.
Thi s res ults %l |n

Si 1 cort oxi i L ePR ORRRER LS seSbl gAY BUGLLLEIREER pRRECSRA
Shibatad F. 5 Fukatsu "Fabrication of [110]-aligned Si quantun1mnres 6

enbedded in fhO2i e h oY@ Nes Wit X VES mébRbABt 8f | HBrming quasi-one-

5 dimensional solid-state silicon nanostructures. Such

6 nanostructures may form the basis for nanoscale

7 electronic and optoelectronic fabrication techniques,

8 particularly but not exclusively of silicon quantum-

9 wire arrays, and can be used to fabricate silicon-based
10 optoelectronic and nanoelectronic devices.

11
12 More particularly, the invention concerns forming
13 silicon quantum wires by ion irradiation and, moxre
14 specifically, to a process of sputtering a high-purity
15 surface of silicon-on-insulator (SOI) material by a .
16 uniform flow of nitrogen molecular ions, so as to form
17 a wave-like relief providing an array of nanoscale
18 silicon "quantum wires". The guantum wire array can be
19 used as a light source in optoelectronic devices
20 through the array conduction or in nanoelectronic
21 devices; e.g. as a channel in a field effect transistor
22 (FET) .
23
24 A known method for forming silicon quantum wires with a
25 cross-section of 10x15 nm? embedded in silicon oxide
26 uses low-energy ion implantation of oxygen into

27 silicon, electron-beam lithography and wet chemical



7 Nucl ear Instrunents and Methods in Physics Research, B, 8 1999, v. 147,

pp. 304-309, Elsevier Science Ltd.) 9 [Refl]. 10 11 There are several

di sadvantages to this known nethod.. 12 The use of el ectron- bealrg]

i t hogr MP1/393% wet chemical 13 etching when formng V-BrEBRMELEH the
silicon surface 14 both |imt the elenent density of the structure and 15
reduce the wire yield. The absence of in situ control 16 of the process
further reduces the wire yield. The 172small wire density prevents the

Wi res being useful for 18 nanoel ectronic devices of the type in which the

19 intler act¢1‘€#hbﬁ9ché@lgla@lwep@rb}"cﬂl'eghw\emperaeh?ébannéa]gingmmviaues |2§
| mpor ANt . e r@2e ki LYLAHShY. PUBhLSNEdSUPLE 1 0f MBI £Ofhe Bl oSNt 23 g

inventors were anong the joint authors, disclos€s a .
wave- oF der tftIst FRR t TR WNOG) YoM eoimeddled cbn, shhicon pruide catt arhon SO . The
met hoat 26 wwc},rsaseﬂ@ﬁe s@%m-@fo@@éﬁ_tef! ngsﬁg@a@gzsﬁ! |%1§£}5‘atjza_"‘>’q5. 27 by a
ni trogen cular | robe, scanned jn a raster 28 pattern Jn an .
ul t ra-hi gﬁ\)’g{c SOFO%%IQ%%at?Jo‘?‘?n%ngup&T%’r%?q PavBIIRREN iR al e rel i ef
(VWOS) 6 The eneddmy elrf rgim," byf lowe enamrosc abergeel ii@fplianitian ibhe 31 direction
of the iony ied?g_n gpﬁ;%g ' es, 32 detecti a secondary ion

em ss?on sfﬂi{r% rglﬁ%stﬁ'ue é@%‘# %éu%?%? la%dﬁ't%?}ﬁ%aq%%ega% '?%ri ng when
this $ignall®9% reactfes Ppr A nEllsevrier Shiencefldrdnce al so 35
di scl @ses t[merdgpendence of WOS formation upon the ion 36 energy, E, the
ion '@ci dence angle, B, relative to the WD 01/39259 PCT/I1B00/01397 3 1

e normal, and the tenperature, T, of the SO 2 sanple. The work al so

’isgrel;mtmfi es Thegieacaet edvstriad ofisaBivadre aald efo fuimatimswpmeagssi. nanely the
sput §8ri ngrfhedeRth JPMGULE3RORIRI lti%ﬁgﬁra%rhs}?taﬁ)é Wl & seern:‘i. rqwt h of
13 etching when forming V-grooves on the silicon surface
14 both limit the element density of the structure and
15 reduce the wire yield. The absence of in situ control
16 of the process further reduces the wire yield. The
17 small wire density prevents the wires being useful for
18 nanoelectronic devices of the type in which the
19 interaction of charged particles in the neighbouring
20 wires is important.
21
22 Previously published work, of which the present
23 inventors were among the joint authors, discloses a
24 method of forming wave-ordered-structures (WOS) on
25 silicon, and in particular on SOI. The method
26 comprises the steps of sputtering the SOI silicon layer
27 by a nitrogen molecular ion probe scanned in a raster
28 pattern in an ultra-high vacuum so as to form a
29 periodical, wave-like nanoscale relief (WOS). The
30 "wave front" of the nanoscale relief is in the
31 direction of the ion incidence. The method includes
32 detecting a secondary ion emission signal from the SOI
33 insulator and terminating sputtering when this signal
34 reaches a predetermined value. This reference also
35 discloses the dependence of WOS formation upon the ion

36 energy, E, the ion incidence angle, 6, relative to the



5 a WOS and discusses the dependency of Dmupon E, 6, T, 6 and the WS
wavel ength X. The work further indicates 7 that the SO silicon thickness

DB shoul e less 8 than the sputtering depth at whj le WOS is
9 forne wﬂﬁ?zg he desired wavel ength (this depth being ﬁ%@ﬁ@#’ o the
relief formation depth referred to 11 hereinafter as DF). (V.K Smrnov,
D.S. Kibalov, S.A 12 Krivelevich, P.A Lepshin, E V. Potapov, R A
Yankov, 13 W Skorupa, V.V. Mkarov, A3B. Danili)n "V\1§tve-1grderl\ledI 14
structyres forned on SO wafer reactlve i on beans” - Nucl ear
| nst rument s M(rigeaﬁﬁ AEEEg Ly ﬁﬂitgé arurfs B, pdogheySOI47, pp.
310- 313, El sewipde Smﬁm:azdxtkd a)lsol?Ld[eRﬁfﬁ]lesl& ch rhetlehaestwer ke nvol ving
0_di scl Qses a &aes of ~anneal ing materi al

one of 5t he S
of the typer%% %%I SC ose ef PHON A |ﬁI&Fie OB S4E g 22
t enper &t ure 6?@0@96@1—5&@@@@@% ‘amdthheoneetlldpf ngnt&3sé ngeswiah Sfruct ure

of a WS at at h@ssbhacaasb@%@!gét Qhe éégbﬂh%hEgC§fOB t ?lﬁc Uretseg'ha'so (V. ;6

Nanoscal & wave- ered

S
Pin ocr:g%l ngs Bfi Fﬁ& Wowﬁaﬁéﬁél@(?hl?éseafr@ﬁ verkshypthez7inpacspesti ve,

sci ence andthEChﬁhbogDQSsﬁQ&cBﬁVehlaﬁnébblG)rbﬁﬁhl@SM&@f@%dﬂ%%ﬁcgzziEgrBy
P.1.F. 4sHe El.sevi.er
3 %g?'ﬁie:eﬁ%lelgeﬁ? Fﬁ 3? BLgE’B‘SSQQSt h& dependenci es

wor k |nvoIV|ng one o]
of sil?con hermedewish3nhy dsslkaﬁeanBﬂehgehs(tE&b depthebe@ngener gy E,

on i ngi dengguapdeanghe Lo1108 SUERAEEoANHBLAN:LEARELA! pre annealing 35

he annea 1 ng

900 -_ 1100C for o hour) .
( mtes tlﬁ%r%?‘/‘ E’éﬁﬁ ?ﬁt@vfao@’\ﬁ@ Fr39%0 BGH 1 Bodaus97 SA 1 shar pness.

naxi
As shizwn t herevelediNchs Boual Lépshig, i BOV2 penebedl i RNAL aBgRK6BL 0 silicon,

R, “ht?h '§n5h9$9r&§5 ®v.v. Makarov, A.B. Danilin "Wave-ordered

14 structures formed on SOI wafers by reactive ion beams"
15 - Nuclear Instruments and Methods in Physics Research
16 B, 1999, wv. 147, pp. 310-315, Elsevier Science Ltd.)
17 [Ref2].

18

19 Further work involving one of the present inventors
20 discloses a process of annealing material of the type
21 disclosed in Ref2 in an inert environment at a

22 temperature of 1000°C for one hour and the resulting
23 internal structure of a WOS at the silicon-insulator
24 interface of the SOI material. (V.K. Smirnov, A.B.

25 Danilin; "Nanoscale wave-ordered structures on SOI"
26 Proceedings of the NATO Advanced Research Workshop
27 "Perspective, science and technologies for novel

28 silicon on insulator devices"/Ed By P.I.F. Hemment,
29 1999, Elsevier Science Ltd.) [Ref3].

30

31 Further work involving one of the present inventors
32 discloses the dependencies of silicon nitride (si,N,)
33 layer thickness, D;, on the ion energy E, ion incidence
34 angle to the surface and high-temperature annealing
35 (900 - 1100°C for one hour). The annealing has no

36 effect on Dy but maximises the Si/Si,N, interface



3 a linear function of E for the sane energy range as 4 that used for WS
formation. On the basis of data 5 disclosed in this reference, the

dependen oon E 6 can be expressed as: 7 R(nm = +4 .
89 (V.| W0 filotto n, AB. Churilov, E V. Potapov, V.K 10%%“?‘?@{397 V.
Makarov and A.B. Danilin; "Formation of 11 Thin Silicon Ntride Layers on
Si by Low Energy NZ' lon 12 Borrardmen'gl" - Nucl ear Instrunents and Met hods
in 13 Physics Research B, 1999, v. 147, pp. 316-319) [Ref4]. 14 15 The

above q nentlﬁ{}%_cbﬁggsere £S5 2 t]@% i andy Ref4 16 _conhi ion disclose
a basic net or the orsﬁr}gtﬁ'lgon élr? a'sitic alugﬁt E%vagrgl;e1 array. The

princidal FENRRERHERRE NS HEQ siliecon cﬁﬂamhﬂrﬁfv\ﬂraa shavay tade 19
conmpared wig ﬁiﬁ'&ﬂ%ﬁtﬁ&?%ﬁit}?dfd! Mafe ddmQEBRAL oniL and

optoelectro o deV| es lies firstly, 21 in the |ncrea e o deV|ce yi el d and
enhanéenment® é:z;‘?%l é L 4T Llar?el%d)r

charac¢t eri mmos&i SLrartdnaEi &ﬁaﬁerreﬁ‘[cm/,l dilg ddiee e |<ﬁ| m‘ @n Eew 24

capabiditi | ear evices due to the 25 interaction of charged

parti cI es fé%nn& gh%g Il ng 2% guantumwires. 27 28 There are a nunber of

di sadVant ages associ & @wi=t 1 tﬂfé(k@g H#fasi ¢ nmetlhod as disclosed in Ref2,

Ref 3 and Ref4. Ref2 30 does not address the question of whether the VoS 31
32 fromDmto D. or

wavel engt h a changes as the s utterlng dept h_increases
whet hér t hdVe |SB%?§“%rr°rtner}‘r Al - 33 betRtewPoy, A& -DF. The present
i nvenbi on sammnwsesr 3 Madaridve aeldnPAd emastilds Of"maﬁﬁ%e%f shoul d be

Cathet hafiis TR Gon RERiaE ARVER.al (T W BEMsessetectr | 86 01307

r at her t han

12 Bomardment" - Nuclear Instruments and Methods in

13 Physics Research B, 1999, v. 147, pp. 316-319) [Ref4].
14

15 The above mentioned references Ref2, Ref3 and Ref4 in
16 combination disclose a basic method for the formation
17 of a silicon quantum wire array. The principal

18 advantage of using a silicon quantum wire array, as

19 compared with the use of separated wires, in

20 nanoelectronic and optoelectronic devices lies firstly
21 in the increase of device yield and enhancement of the
22 signé14to—noise ratio of the current characteristics,
23 - and also in providing the potential for new

24 capabilities in array-based devices due to the

25 interaction of charged particles in neighbouring

26 gquantum wires.

27 ,

28 There are a number of disadvantages associated with the
29 basic method as disclosed in Ref2, Ref3 and Ref4. Ref2
30 does not address the question of whether the WOS

31 wavelength A changes as the sputtering depth increases
32 from D, to Dy or whether there is any inter-relationship
33 between D, and D;. The present invention recognises

34 that the characteristics of the process should be

35 related to the final WOS structure as developed at the

36 depth D; rather than to the depth D, as discussed in



1 Ref2. In addition, Ref2 does not address the question 2 of whether there
are limts of the domain in the (E, 6) 3 plane in which WOS formation
takes place. 4 5 Such limtations in the work dISC|Osedg¢fhdﬁ’&% Ref3 6
and Ref VH8YI26hat the required thickness of the SO g Phyer
cannot generally be predetermned from 8 the relationships between the
various paraneters as 9 discussed in fhese references. In addition, the 10
essential paraneters for controlling the sputtering 11 process (ion energy

’ [ S
E, 109 incidence a%dq ng} gt 2é%llotso atltgtné%dfa[e-r%i Q%E_J;% n%r Snl icon wires

predeternlne Furt
in the v\mofwhectm,rd tmrsoara L iimsl G tie C%Qﬁnaéﬁsurre thee Ero®dhs of 15

the VWS rebhaheLaimnGindenagodr #oehs tWd ddePYidrie 16 bet ween the SO
silicon layer and the SO insulator 17. layer. Ref2 discloses that the
seconflary ion emission 18 signal may be enployed as a basis for

t er m pat i nguiche 11109 tapubher ing tpreotesdk didcldees] nat REEG| ;eg3any way of 20

pre- dgternlnln e%4val%ezgk?Eh%hzl%%a$fyééjkﬁ¥1gﬂ% %ﬁ§ vl 4t i sol ati on of

the sPlicoR™% Rat T evi ou & SR0r k does not
24 d|§c|oselélg@meﬂawewephadoalB@man;hi%Nﬁ?tpraﬁﬁdanmﬂQEd Izomel i ably such

that ghe tgﬁeg%lgftlbla%hw@ sglt%ke@he £ h,ar%%&gﬂ%a%me%éfscg@l nsul at or

border so as to forman array 27 of isolated sjficon wires. 28 29 In

addi tPon, fdpcprgetl dal tpEPFoSESSTRIESS vi ng SGEH T 030 Hhifocess by
i ntegopati oeswehlalsul paeambased %rn&mﬁjxennrm@j ctwcémmt@&he@t ronic

t echnol ogy IS 2 oneces yto sure .t §¥j t|o f t% nanostructure
33 a?fay 09r8c5530| Ped® % aFéalo the Suf facé o%ﬁ%r §Ito obtain a

usef 2 struewnperatiwe @kaﬁph@otlbetwgeﬁQMmrmy§qﬂ t idiritd@irat é@xrsi | i con pads
connggted Pyt RgoRRERYn 36 HOWBMBLurtiRg RIiQMIcRHS Y dudbliinshed wesk does not

addr ess
14 formed in SOI, it is important to ensure the troughs of

15 the WOS relief coincide accurately with the border -

16 between the SOI silicon layer and the SOI insulator

17 layer. Ref2 discloses that the secondary ion emission
18 signal may be employed as a basis for terminating the
19 sputtering process, but does not disclose any way of

20 pre-determining a value of the signal which corresponds
21 to isolation of the silicon wires.

22

23 That is, the previously published work does not

24 disclose a general method allowing a WOS to be formed
. 25 reliably such that the troughs of the WOS coincide with
26 the SOI silicon-insulator border so as to form an array
27 of isolated silicon wires.

28

29 In addition, for practical purposes in applying such a
30 process by integration with silicon-based

31 nanoelectronic and optoelectronic technology, it is

32 necessary to ensure the formation of the nanostructure
33 array on a specified microarea of the surface in order
34 to obtain a useful structure, for example, in the form
35 of two isolated silicon pads connected by the array.

36 However, the previously published work does not address



WD 01/ 39259 PCT/1B00/ 01397 6 1 such issues as whether techni ques such as
lithography 2 nay be used for this purpose or, if so, what nasking 3

| ayers, if any, mght be used. 4 5 The present inventor o]
de?erniﬁgﬁopﬁ the WOS 6 formation process is highly sﬁﬁfﬁ¥@0§b?o t he
presence 7 of inpurities on the SO surface, particularly the 8 presence of
silicon oxide, which degrades the flatness 9 of the WOS relief. As is well
known, a thin layer of 10 natural siliécon oxide is always present on the
surface 11 of silicon exposed to air. 12 13 Al of the abovenenti oned

di sadvhnt ag88clr £SFRESt 28 YACTHAT ohechByI8eS afiBFRerSt b1 ERRIEBRRY ol | abi ity
of the2WOS mdp bHerasédofopreokesSphippopeasti cal P PREES. madbkidd

Nanoel ectroni c devices_are kn n containing silicon 18 pads connected by a
silicoh chanhef™ W th a?%%iﬁ%}gg dPameteY" (a so-cal l ed "quantum dot”), a
40-nm4 hick 20 insulator |ayer covering the surface of the pads and 21

t he ChgnnelThgqar eﬁé?f%&éﬁ%bf@sﬁé$gngﬂsgnd%@%ﬁﬁ?%%égﬁhangﬂé &8$ornEd in

insul ator layer. The silicon contact_ pads and annel are
the sificonfPEREIOR BxXPcesy hatkighly (senstbbendimgthe. pEa®ense Wang,

S. Chow 25 "&bshfiphati ©he Hf ol uamd L@@ﬁfé@ﬁféc@,r\dp&@@i@@fpamlgcmge iln_ 56
| e

silicon quantumdot transjstors at.tenperature over 27 "

Physiég LetRETEISH 7,S§iﬁc?n1 ,epgghlg% BBEYADS %ﬁ%r?iéﬁ£$§§titute of
Physi ¢, 19395)tHRAGS .reRiEB0 The ik seelhntages, o this kapen dfvice lie in
t he ab [ 2 hﬁﬂﬁ ang,, ] ¥‘g?v' e_yLe because

t he SI%I | di rrenselplon%%f t Sé’éizc\{ﬁ[ g%ss appérlgsé?:%]w h%ﬁl?é%t%gﬁgge

“mocrdd it h&fr i ITEIRHRARe] o @i¥here 34 is |ow repeatability of the
oper a2 onal results.

13 All of the abovementioned disadvantages are related in
14 one way or another to the controllability of the WOS
15 formation process for practical purposes.

16

17 Nanoelectronic devices are known containing silicon

18 pads connected by a silicon channel with a 20-nm

19 diameter (a so-called "quantum dot"), a 40-nm thick

20 insulator layer covering the surface of the pads and
21 the channel, and an electrode positioned on the surface
22 of the insulator layer. The silicon contact pads and
23 the channel are formed in the silicon layer of S0OI

24 material (E. Leobandung, L. Guo, Y. Wang, S.Chou

25 "Observation of quantum effects and Coulomb blockade in
26 silicon quantum-dot transistors at temperature over

27 100K" Applied Physics Letters, v. 67, No7 , 1995, pp.
28 938-940, American Institute of Physics, 1995) [RefS5].
29

30 The disadvantages of this known device lie in the

31 absence of a channel array and in a low device yield
32 because the small dimensions of the devices approach
33 the limits of micro-lithography techniques; i.e. there
34 is low repeatability of the operational results.

35

36 There is also another device, a gquantum-wire-based FET



35 36 There is al so another device, a quantumw re-based FET WO 01/ 39259
PCT/1BOO' 01397 7 1 containing silicon pads connected by seven silicon 2
| i near channels with a 86x100 nn2 rectangul ar section. P ,il'/hﬁ) ﬁ%sﬁcon
channel s QPH”&é?/er ed with a 30-nmthick 4 silicon oxide %yer n el ectrode
gate is positioned 5 above the group of these channels. This device is nade
6 using SO material (J.P. Colinge, X ,Baie, V. Bayot, E. 7 Givei "A
silicon-On-Insulator Quantum Wre" - Solid 8 State Electronics, Vol. 39, No
1, 1996, pRrrorf@bling %l sexm efadici enueedicl 199@etdRefdliddn 11 The

di sadvant age. of thi.s kn d VI ce -h i il of formn
silicdn ch T a?haamzﬁ a“r'f‘fa;te SAéffo l%r% ?ﬁ%%a %P&% tl%hecltéﬁjannel becagse
of thes 14 |Thw tatlmmodhatrtreelwmelmmdapwcm ttystdei dlor 15 t he

fabri c4at| on. of ; dhe vd(ge]f )%),56rl Toln Thee VRE QUGS ef 1681 ¢ 48&lg above show

how it p055|b catea5|llcon uantumvmre array_in 19
parti éiJI ar aé%p(‘-f? i HRt I OWases dsice 2p8 tPRA%r obl em of
how t ¢ gene:j@ﬂ s PArthd tedbh 241 ZGJ %pﬂém@@J X! (B‘aeﬁéewsmim tie quantum
W res can be . 22 nade with red gcé qism . or, \é% g&\xerm se 23
ef fectli ve |FFOCESs 'doritiotce Olf T 4 erf need”$or%1 nt egrat i ng
the sidi corsuataafltﬂ:ﬂrecvurcmms,aW@lS |3ﬂ0 Nsef ull9evi qgs, €9¢hlso as to forma
channeg] array T. I n rdance with a first aspect of

t he invent |Eglnse‘%ﬁ n‘:hcglreﬁ%s prow%%cf od of fornmng a silicon 30

nanostOr ucture, conprising: 31 sputteri ng a silicon surface by a uniform
flowiaf 3ZHi RERN A LMlE NS koD dddide Highs vacugtie SO as

12 impossibility of forming silicon channels at a distance
13 equal to the size of the channel because of the

14 limitations of the known lithography methods used for
15 the fabrication of the device.

16

17 The various references cited above show how it is

18 possible to fabricate a silicon quantum wire array in
19 particular experimental cases. However, none addresses-
20 the problem of how to generalise particular

21 experimental processes so that the quantum wires can be
22 ‘made with predetermined dimensions or how to exercise
23 effective pfocess control. In addition, there is a

24 need for integrating the silicon quantum wire array

25 into useful devices; e.g. so as to form a channel array
26 in an FET.

27

28 In accordance with a first aspect of the invention,

29 there is provided a method of forming a silicon

30 nanostructure, comprising:

31 sputtering a silicon surface by a uniform flow of
32 nitrogen molecular ions in an ultra-high vacuum so as
33 to form a periodic wave-like relief, the wave front of
34 said relief being in the direction of the ion incidence
35 plane; further including the following steps:

36 prior to sputtering:



33 to forma periodic wave-like relief, the wave front of 34 said relief
being in the direction of the ion incidence 35 plane; further including
the fol | ow teps: 36 prior to sputtering: WD 01/3925 01397 8
1 sel ec?‘i(mj%gzs esired wavel ength of the periodic 2 mv%ﬁﬁ%@“ﬁg ief in the
range 9 nmto 120 nm 3 determning the ion energy, the ion incidence 4
angle to the surface of said material, the tenperature 5 of said silicon

| ayer, the formation depth of said 6 wave-like relief, the height of said
wave-like relief 7 and the ion penetration range into silicon, all on the
8 basik of said Selectirp wvétehEth. vavelenghefek dpry Periedion ener gy,

sai d ion i ngdwencec@ng Bief lin Sehd +eAper atuhecOf15@i s si | icon, said
formation depth _12 and sai d height of said wave-like relief are determ ned
13 on Y he basi s F-TEAREI FPOLT IR nBASERDi r%%ll%tjd“ﬁ $f%ting said ion
ener gy, saighdlon todiltenoer ot eof 1ba bdidat enper atthie odmpsentatsid i con, said
f or matd on th. 16 i ig f i d waves || lief,to the 17
wavel eéngt hdoo %alldld Splgirri?co i cPaveg%%’- Ihélﬁeg ‘?%ﬁéej?l,o%n%éé%ﬁv%irse?lnd said ion

penet réat i onvavenglel s Rl rdek fhrehght f st il ivaveneiky . rebieR]

Pr ef erabl v, the Heethgd Sduddhare i 516! Hoiese o S1EP, 1 5 OTa1 P24 Gigput tering,
of positioning a silicon nitride mask 23 caontaining a w ndow wth pendant

edges fon s&FS 9 FRIDFLRIRD WEFLePEBputter area, and sputtering
said 25 silicon surface through said wi ndow. 26 27 Preferably, the nethod

g T N vt

stlrcon | ayer

inmpurities fromt Z9 "surt ace sai

wavell30 | ised & dlempferarune if fsgigilicon, said formation depth
12 and said height of said wave-1like relief are determined
13 on the basis of previously obtained empirical data
14 relating said ion energy, said ion incidence angle,
15 said temperature of sgaid silicon, said formation depth
16 and said height of said wave-like relief to the
17 wavelength of said periodic wave-like relief, and
18 wherein said ion penetration range is determined from
19 said ion energy.
20
21 Preferably, the method further includes the step, prior
22 to sputtering, of positioning a silicon nitride mask
23 containing a window with pendant edges on said silicon
24 surface over the sputter area, and sputtering said
25 silicon surface through said window.
26
27 Preferably, the method further includes the step, prior
28 to sputtering, of removing any impurities from the
29 surface of the said silicon layer on which said wave-
30 like relief is to be formed. |
31
32 Preferably, the method further includes, subsequent to
33 sputtering:
34 annealing the material with said relief in an
35 inert environment. Preferably, the material is

36 annealed at a temperature between 1000 and 1200°C for a



31 32 Preferably, the method further includes, subsequent to 33
sputtering: 34 annealing the material with said relief in an 35 inert

envi ron ferably, the material is 36 anneal ed at ?ﬁﬁ ure
betmeenmgéébmgﬁg 1200C for a WD 01/ 39259 PCT/ I B00/ 01397 98% p@?ﬁod of at

| east one hour. 2 3 In preferred enbodi nents of the invention, said
silicon 4 nanostructure conprises a siJicon quantumwre array 5 and said
silicon conprises a silicon layer of a6 silicon-on-insulator material, the
nethodlfurtgggiog beclydi 9. 8,56l gehikng the thickness of said silicon

| ayer to 9 be greater than the sumof said formati on depth of said 10
wave-|£ke relief, said height of said wave-like relief, 11 and said ion

penetrati onthapgeretied ISubs&imeabkyort Baenehbtedcionf heaisingivdesn 14
during sputterin a secondary ion_emssion signal fromthe

. 15 detectin
16 1 nShl ot PTG BFUGRUES] PBPT T2 OnonnaGPa: BPRRYE, 'AFe 2X72%ng 18
term nati ngas@usaedi afl wben ¢drepvakae ef stthécohOldeeecdEdasi gnal reaches a
predet grm n shol X .22 f , i hreshol d val ue
of sai% sec%%ﬁ%?éﬁi%ﬁ gﬁﬁ%ﬂgﬁﬁéﬁﬁ%ﬁg%}g%é|g?§ ﬁ%§§5§afﬁgfg Itwhich t he
si gnal7 24 ek@@b@@l%®=average background val ue by an ampunt equal 25 to the
peak-t®- peak hei ghieof i @y oS - 18PARABEBL c8f shig s26i8bANBhyeRt028 IN

accordance with further aspects of the invention
9 be greater thanrkhe sum o? saig Qormation depth of said

10 wave-1like relief, said height of said wave-like relief,
11 and said ion penetration range.

12

13 Preferably, the method further includes:

14 during sputtering:

15 detecting a secondary ion emission signal from the
16 insulator layer of said silicon-on-insulator material;
17 and

18 terminating sputtering when the value of the

19 detected signal reaches a predetermined threshold

20 value;

21

22 Preferably, said threshold value of said secondary ion
23, emission signal is that value at which the signal

24 exceeds an average background value by an amount equal
25 to the peak-to-peak height of a noise component of the
26 signal.

27

28 In accordance with further aspects of the invention,
29 there are provided optoelectronic and electronic

30 devices including gquantum wire arrays formed by the

31 method of the first aspect of the invention, such as a
32 device comprising silicon pads connected by said

33 silicon quantum wire array, an insulator layer

34 positioned on said quantum wire array, and an electrode
35 positioned on said insulator.

36



29 there are provided optoel ectronic and el ectronic 30 devices including
quantumwi re arrays forned by the 31 nethod of the first aspect of the 4
i nventi as a 32 device conprising silicon pads by sai
33 sili 3’5?”‘2%%% umw re array, an insulator |ayer 34 posﬁl ong@ﬁg% sai d
guantumwi re array, and an electrode 35 positioned on said insulator. 36
WO 01/ 39259 PCT/ 1 BOO 01397 10 1 Apparatus for inplenenting the nethod
consists of an 2 ultra-high vacuum ch mber, a sanpl e introduction 3

attachpent, j ' bﬁﬁgﬂ ?{m i ' b Lon .4 energy and ion
pr obehl 0Si tz% a%%g%%efésgrrp e %ﬁ% aceé,!w%llpne argé%&?ée%t‘%%rl\éb%%? %Ps%rrlrpl e hol der
with positiwhirg;hightyaguus ehminber atd ovameiet i orsodwer ierans for varyi ng

and 7 ont rol 4 Mgnd ke, SR $h LRSI A Coo Bur® GPNERr Yo £ & 851 & o det ect or,
and a secondary ion ss analyzer. 9 Suitable apparatus is known in the

prior fart £RYLI0 ten YRCSH YR LAY STE R Y P ERIRET 13y 11

i nstrwent .elktAcn Ten ny edtrigdre qvcﬂrmmf ° iﬁmq:éﬁﬁﬂib&ﬁﬁh@,ge@ipl‘{)iﬁ@e p][l or
14 art. by providi cont abilit the process on the .15 basis of a
si ngl € par &1 er#]a%calrr%ﬁl?yfﬁéetl ed rayen AFHP L ps6dS a2l engt h), whi ch
gover s al lccaftndiel kg ehlzthtsanpd epdrempstertsund, thesqgravess, 18 19

Enbodigment g 10fc e iqmatd 4 Wird dq%élﬁucpﬁi}Fri&?%aQ,a%r.Of exanpl e
only, with reference to the acconpanying 2 dlraw ngs in ich: 22 23 Fig.
1A is% scRaRHARRBAGUR 1F I & the iRFIemiamoastd uct ur e,

i ncl adi ng anidi-arhiidideuwrd dms knd19fs s ridh asgomhancs, Wi th the present
i nvelit_Li on; in%%xﬂrr%ntl.B is a schematic perspective view of a final

12

13 The invention overcomes the disadvantages of the prior
14 art by providing controllability of the process on the
15 basis of a single parameter, namely the desired array
16 period (wavelength), which governs all of the relevant
17 parameters of the process.

18

19 Embodiments of the invention will now be described, by
20 way of example only, with reference to the accompanying
21 drawings in which:

22

23 Fig. 1A is a schematic perspective view of an

24 initial SOI structure, including a silicon nitride

25 mask, for use in accordance with the present invention;
26 Fig. 1B 1is a schematic perspective view of a final
27 SOI structure after application of the method in

28 accordance with the present invention to the initial

29 structure of Fig. 1A;

30 Fig. 1C is a graph illustrating the manner in

31 which a secondary ion emission signal is employed in
32 controlling the method in accordance with the present
33 invention;

34 Fig. 1D is a cross sectional view, greatly

35 enlarged, of a portion of the sputtered structure of

36 Fig. 1B (detail A of Fig. 1B);



27 SO structure after application of the nethod in 28 accordance with the
present invention to the initial 29 structure of Fig. 1A, 30 Fig. 1Cis a
graph ilJustrating the manner in 31 which a secondary i I SSiePN Signa
is enpl8§§§L$9g932 controlling the method in accordance g?¥ tﬁgbgresent

33 invention; 34 Fig. 1Dis a cross sectional view, greatly 35 enlarged, of
a portion of the sputtered structure of, 36 Fig. 1B (detail A of Fig. 1B)
WO 01/39259 PCT/IBOO' 01397 11 1 Fig. 1E is a graph show ng the
relatipnship 2 \g\%\z\ega ianai gehganeRoaRabechkORegALE BYsARE the 3

wavel ength of a forned.in accordance with the 4 Rre ent invention; 5
Fig. 1£ is B°hVEFR IRBWIRGIERBCRaAREl S n1QRi ERSIHE 2BAWEDEI ength of a WOS
formed3i n aggovellangehwotthat Wes7fpemedntini avenkrdanceawiek wheh t he
tenmperature_of the . .nmaterial for different ion energies; 9 Figs. 2A
to 2D'§re it ?01§V§§L§?§ﬁs of an SO 10 structure illustrating the
format3on of a FE¥gdelFcesia graphcebewangetht manherpiasehichntbeation; and
12 Figs 3 igaReBENEPRIbE RERBBEELIMEAYVEBWad3okhhHEET @t EAYthBe structure of
a FET with channelS in 14 the formof a silicon nanostructure array forned
in 157accd?ﬂ%%%%tm}FﬁePﬁéOBrE%Eh?siH%EHtFBﬁ.tﬁﬁpei?tFEFePﬁiEBenOM/to}the
drawi ngs, FSQr décehous soredafpeeent8ioh anergiésal SO structure for use
in accordance with 19_jhe igvention,. conptisi a_silicon sub ate 5, a
20 9119 con oxi det 158l 201 §5 PayercascuSBiPicorifanufens B B8087Ch The
quantlim wi resraceure belusrnating thenfozmstipnonfoxri UET| dgwice fornmed on
top of; the §iddbe@inds LAYR! cBe 2PfeBent | i£0BLPLLAL dgngasking layer 1 forned

on 24 top of the thin silicon oxide layer 2. Fig. 1B shows
12 Fig. 3 1s a schematic pérspectivé view

13 illustrating the structure of a FET with channels in

14 the form of a silicon nanostructure array formed in

15 accordance with the present invention.

16

17 Referring now to the drawings, Fig. 1A shows an example
18 of an initial SOI structure for use in accordance with
19 the invention, comprising a silicon substrate 5, a

20 silicon oxide insulating layer 4, a silicon layer 3, in
21 which the quantum wires are to be formed, a thin

22 silicon oxide layer 2 formed on top of the silicon

23 layer 3 and a silicon nitride masking layer 1 formed on
24 top of the thin silicon oxide layer 2. Fig. 1B shows
25 the structure after sputtering in accordance with the
26 invention, comprising the silicon substrate 5 and

27 silicon oxide insulating layer 4 as in Fig. 1A, and in
28 which the silicon layer 3 of Fig. 1A has been modified
29 by the sputtering to leave a silicon layer 6 in the

30 areas masked by the masking layer 1 of Fig. 1A and a

31 gilicon nanostructure array 7 formed by the sputtering
32 process in the area left exposed by the masking layer
33 1. Arrows indicate the direction of N, ion flow during
34 sputtering.

35

36 The basic sputtering process for forming a WOS is



25 the structure after sputtering in accordance with the 26 invention,
conprising the silicon substrate 5 and 27 silicon oxide insulating |ayer 4
as in Fi nd in 28 which the silicon |ayer 3 of F been
nndifiedgoféﬁg§§the sputtering to |l eave a silicon |ayer Eﬁ?ﬂé@wQQZO ar eas
masked by the masking layer 1 of Fig. 1A and a 31 silicon nanostructure
array 7 forned by the sputtering 32 process in the area |left exposed by
the masking layer 33 1. Arrows indicate the direction of Nz+ ion flow
durin 34 L Ag: 6 T, o t | roc mng a
WS i 5 Vo 03 39%%59%9&7 ?%%%%013%% @%&ﬁlﬁggcﬁﬁﬁtﬁgﬁ‘ b %ef‘g‘?u%s)& d{eés)rgri bed
thereid, a heRUskd FdPFen Peamed #E5Per-skandedfaee 035 tme 2@Fface of the
SO 3 3mtergalerigh 5 Fig. 1D illustrates an exanple of the cross-section of
6 the silicon nanostructure array fornmed by a sputtering 7 process in
accor dance with the present invention, which 8 contains regions of

anor ploous FigcaD nitrusderd;ed awgexaspbé af Ntk uceood - st phroust si | i con
and sidico Q..nitrd lgg!ﬁg§ f_silic itrid 11 regions
of crfétal%ﬂ'i%%%%%éﬁkh%é?%. e ?%I?%t%%99%5$%%2% r% %%ﬁék?é%ﬁ%o t he SO
mat eri7al , PRPQERs OS5 astgerdanee anbth hehe\0Sr ¢ oenht 1 ovept bersswakeh 15

referrged t QifLiny AyidddIdf aetr@&rf%mo& Osiflicd® PRisadhe initial
t hi ckness of the silicon Jayer 3 17 of the SO_material. 18 DF is the
relief for ﬁﬁqlcﬂ{l%é%ft IR (LU LT HIERTCUY Febt frRrandt e+ iR enoved by

Sput ter i ng ditomdene ,2Gegriginadf sat Iheen obxyhetsidée com, lay®r 3 to the
cres 21 of .t h M¥§§' der to obtain a stable 22 WOS, the
"sput %eri ngl%gelﬁ?ﬁs'vé%\e/iec}ﬁ%éel \e;selr I c%;[l] I St ance

1

13 The following parameters relating to the SOI material,
14 the WOS structure and the WOS formation process are

15 referred to herein, as illustrated in Fig. 1:

16 Dy is the initial thickness of the silicon layer 3
17 of the SOI material.

18 D; is the relief formation depth (i.e. the minimum
19 depth of material removed by sputtering from the

20 original surface of the silicon layer 3 to the crests
21 of the waves of the WOS in order to obtain a stable

.22 WOS, the "sputtering depth" being the vertical distance .
23 from the original silicon surface to the top of the

.24 WOS) .

25 H is the height of the stabilised WOS relief; i.e.
26 the vertical distance between the wave crest and the
27 nearest wave trough (double the wave amplitude) .

28 R is the ion penetration range into silicon for a
29 given ion energy.

30

31 The present invention is particularly concerned with
32 controlling the sputtering process in order to allow
33 the required silicon nanostructure to be formed

34 reliably with predetermined parameters. Further

35 investigation of the WOS formation process by the

36 present inventors has led to the following conclusions:



23 fromthe original silicon surface to the top of the .24 WOS). 25 His

the height of the stabilised WOS relief; i.e. 26 the vertical distance

bet ween crest and the 27 nearest wave trough (deyhk&dide Wwave

anpl i tudgv;?ﬁné’gi%g is the ion penetration range into sili c%ﬁ ?or a 29 given

ion energy. 30 31 The present invention is particularly concerned with 32

controlling the sputtering process in qrder to allow 33 the required

silicon nanostructure to be formed 34 reliably with predeternined

ggr ameters. (yrthefe v\ﬁﬁs I\A{aw%ad lelr@att q]p rflélcmaii_hfé \é%sft?é&l@tﬂr% %@gi/sgg%gt he
present i.nventqrs ha o the | owi oncl usi ons:

PCT/ I B 01§§17'Le“f§ P”(S%St ‘Pf?e t\%ﬁﬁs{;@dﬂyﬁ gt t?r}?(tﬁ?nﬁoﬁs o FEEAETEGm t he 2

i nitialB onsetephh tthethoonghi oo dhet heabiattsput berthg wdsdept h Dm t hr ough

to the,stabil.l i f ¥%§- tur, p kN h DF (the

relief 4:f or mfttl%% h%%dgﬁ):t ﬁ%gn tlﬁlgfte%eh%& r%n_gélrlécg%%l%%%e .Og‘gﬁ‘%%%?i ng up to

6 dept Bs seviepdh)t iames thisgrepdites omder. cpntinuRde speititeringi gbt tioncr eases

linearlky w GRpkihe Bveram thaederi DR e glepth DF, reaching the val ue
H 9 at depth DF mai_ni n nstant thereafter under 10 conti nued

nd ren 0 : .

sputte?ing.(?ﬁatT%§,rF ée§h5639§ﬁd1?f§ﬁ%ﬁ§%ﬂ¥%%$a6ﬂytWétﬁcélménain

subst ast i al [Eyocmorskadepth? Dyneer t kondéptRdDspUtdR1Hing heyorad 1l thowever
the 13 positio t he . rial _mgrates_in 14 direction
opposi fe togkhgegﬁpegki%%§d$gT%g§}%§1%%ﬁ%gaﬁg fg%%e%r%ﬁﬁnu?l%% 13 in Fig.
1D il F@strarestihuegdosbubsaring.of Thiae Wes &het Isbapemandhen the sputtering
dept hygqual §;imlAsPbnsWBil shet ABSTRIEMad WG HaRdi 6A1 ¢S JoherahEuct ure at a
18 later tine after sputt rlng has,bee% ternlnatqu. 19 (c% DF is related
to DmBy thBRGFnGPAEinBgdpEPLtierang beyond Dy, however the

13 position of the WOS on the SOI material migrates in a
14 direction opposite to the direction of ion incidence

15 (the broken line 13 in Fig. 1D illustrates the position
16 of the WOS at the time when the sputtering depth equals
17 Dy, whilst the main drawing indicates the structure at a
18 later time after sputtering has been terminated).

19 (c) D, is related to D, by the formula:

20 : D = 1.5 D,.

21 (d) Dy is related to the WOS wavelength A by the

22 .  formula: :

23 . _ De(nm) = 1.316(A(nm) - 9) (2)

24 for A in the range 9 nm to 120 nm.

- 25 (e) H is proportional to A, this proportionality

26 varying with the angle of incidence of the ion beam, 6;
27 e.qg.

28 H = 0.261 for 8 = 41°

29 H = 0.251 for 8 = 43°

30 H = 0.23) for & = 45°

31 H = 0.22\ for 8 = 55°

32 H = 0.22) for 6 = 58°. (3)

33 (£) The behaviour of the "true" secondary electron

34 emission from the ion sputtered area of the silicon

35 surface reflects the appearance of the WOS at the

36 sputtering depth D, and the formation of the stabilised



21 (d) D. is related to the WOS wavel ength A by the 22 formula: 23 DF(nm
1.316 (X (nm - 9) (2) 24 for Ain the range 9 nmto 120 nm 25 (e) His
proportlonal to A, this proportionality 26 varying with the angle of

i nci denc¥ O/ ?ﬁ% ion beam e; 27 e.g. 28 H = 0.26A for @FIHE&‘"§§ H =
0.25A for e =43 30 H= 0.23Afor O=45 31 H= 0.22A for e = 550 32 H =
0.22A for O=58. (3) 33 (f) The behavi our of the "true" secondary el ectron

34 em ssion fron1the i on sputtered areé4of the silicon 35 surface reflects
t the utter| depth Dmand the formation

t he appeara
of theEstabRﬁ%s &BeofP§§g§§1B@T FB@ 8139fr §4°15G 5t TRRe sputtering
dept h BF. Tbmlsssem dinctrkes?2 déwli selanednceoeade isputelatied Gepthe sputtering
depth., 3 4 Investigations were also conducted to determine the 5 manner in
whi ch % depends on the ion beamenergy E, the 6 ion beamincidence angle 0O
and t h¢ tenﬁéV&ﬁGﬂéaéﬂoﬂﬁeW¢rSOﬁlﬁetepnéuct$d(@p detegmgpecithecal |y, the
t enper gt ur emaBnak EﬂewﬁgkhsklHﬁﬁgnhéygh)thglgonlEebhlgﬁgE%& E daha 9

é

showi ng how, A varies w E and O_at roomtenperature curve 15

defi neS thelPP FaﬁflPﬁégﬁﬁﬁﬁlﬁnﬁﬁemﬁléﬁd thewesmPSrAEITEN OfakBS pl ace. The
curve|s7 &5 Si@Iamdté?G)ﬁllZﬂ i(ott, tnbﬁepapéco){flt:aew@StdehrraleﬁlFteﬂa‘éﬁtéh the
wav e- e | (040) ren str t t a ar

die, 48 Lok bbey s g sssa e Lt

rel ationshi p-beétween A an |ng
i 11 ust? at esshovwingvhewel Mﬁrhei W@thls dnﬁférentroamueempérﬁtand 6. Curve

22 corg espopds torbe 17 JePikeY. che 1:‘Hﬁlt%EVEhé“dBﬁléEﬁSEH“QﬁlEH E =5 keV,

O 18 A5 S Y AR O SRS L F i S,

place. The curves 15 16 and 120
12 limit the part of the WOS domain in which the wave-like
13- relief has a more coherent structure with a linear
14 relationship between A and D, according to the formula
15 (2). Fig. 1F illustrates how A varies with T for
16 different values of E and 6. Curve 22 corresponds to E -
17 = 9 keV, 6 = 45°. Curve 24 corresponds to E = 5 keV, ©
18 = 45°. Curve 26 corresponds to E = 9 keV, 8 = 55°,
19
20 From these data, it can be seen that, at room
21 temperature, A can vary within a useful range of values
22 from 30 nm to 120 nm. Varying the temperature of the
23 sample from room temperature to 550 K has no
24 significant effect. Heating the sample from 550 K up
25 to 850 K reduces the value of A by a factor of 3.3 as
26 compared with the equivalent value at room temperature.
27
28 The inventors have further determined that the depth D,
29 of the silicon layer 3 of the SOI material required for
30 a given WOS can be expressed by the formula:
31 Dg > D + H + R (4)
32
33 It will be noted that a depth Dy = D, + H is sufficient
34 for a stable WOS to be formed. However, the present
35 inventors have discovered that it is important for the

36 ion penetration range R to be taken into account when



19 20 Fromthese data, it can be seen that, at room 21 tenperature, A can
vary within a useful range of values 22 from30 nmto 120 nm Varying the
t enper at he 23 sanple fromroomtenperature to 5 0 24
signifi c‘ght%l@z?;ect. Heating the sanple from 550 K up 25{;?8@@@%12% educes
the value of A by a factor of 3.3 as 26 conpared with the equival ent val ue
at roomtenperature. 27 28 The inventors have further determ ned that the
depth D. 29 of the silicon layer 3 oflihe SO material required for 30 a
gi ven WOS can_ be expressed by the fornula: 31 DB > DF + H+ R (4) 32 33 It
wi il bk notedlewbetandephs PEALTER deRLhDs i SR LB Ei%bl e WS
to be ormege] HiwEy eforhieiPrieSENMuL B3Rl iPvesbateayeadtaaoyel edohhat it is
inportgnt for the%% ion ptenetrati on range R Zo be Eaken igtlgﬁ).a count when
WO 01/39259"FeS7 1’8607 83 3877 C 155 1L P ERT BT F g he” nf RPREFF &bt in order
to ensdre ttmmp&ravlrebhienéalimyioh olfie ngpubteyedspradedtquantum silicon 3
wires by the sputtering process and/or subsequent high 4 tenperature
anneal1ng of the sputtered product. 5 6 The inventors' investigations also
confi réred tHer imeentosecohddrt EFrsiPhh 3t sSPopsnfivieehEhED thdsul ator 8

b_elgi nsy Vmerbélé?ldéﬂdg%ﬁi@é%@lflﬁomso ﬁ@ilﬁfotﬂ @Ihétlgmteﬁﬁéulf%@bgut f R fromthe
SI11CcONn-1nsul at or order. o e I a 1S.€ ecC 0 rior
det ectd on CEBRUrYRT: e b‘b’r’%llé?h%e?%g&bgg‘éﬁg%uﬁ?é?n‘?)v\ﬂl§ arhe ?f’gl d of
sputter lastept IR pfodml ting)sillBcod4isetat obskovderons phevBde the basis
for cantrolldig ;b theid alFmlion, ofplier daseLed: Skl beon pappsgructures on

16 the basis a predeterm ned va .
11 border being previously known in the field of sputter

12 depth profiling).

13

14 These obsgervations provide the basis for controlling

15 the formation of the desired silicon nanostructures on -
16 the basis of a predetermined value of the WOS

17 wavelength A.

18

19 The data illustrated in Fig. 1lE allow values of E and ©
20 to be determined for a desired wvalue of A in the range
21 from 30 nm to 120 nm at room temperature, 30 nm being
22 the minimum A obtainable at room temperature (with E =
23 2 keV and 6 = 58°). Smaller values of A can be obtained
24 by heating the SOI material above 550K, as shown in

25 Fig. 1F.

26

27 Accordingly, for a selected value of A, suitable values
28 of E, 8 and T can be determined. The ion penetration
29 range and the formation depth D; can be calculated from
30 formulae (1) and (2) and from empirical data (3), and
31 the required depth D; of the SOI silicon layer can then
32 be calculated from formula (4).

33

34 For example, if it is desired to fabricate a silicon

35 quantum wire array with a wire period (A) of 30 nm,

36 from Fig. 1E it can be determined (by extrapolation)



17 wavel ength X. 18 19 The data illustrated in Fig. 1E allow values of E
and 8 20 to be determned for a desired value of Ain the range 21 from

30 nmt at roomtenperature, 30 nmbeing 22 thepi.ni
obt ai nagWé% f’%om tenperature (with E _ 23 2 keV and GP@%E. grral | er

val ues of A can be obtained 24 by heating the SO naterial above 550K, as
shown in 25 Fig. 1F. 26 27 Accordingly, for a selected value of A,
suitable values 28 of E, 6 and T can be determ ned. The ion penetration

29 range andHdie foy natd ofp dapt g OF canbesalsu ajed f rogy égﬁE%meJ:c ateh( 1)
e 0 e

and (2). and fromenpirical data (3),. and 31 the required d
SO si 4 con EWSS «cart (Fh b%é?%ee%”aﬂlllﬁﬂ #aF i om% 61“huIHa=(45;)-.5 3, 34 For
exampl &, if O;t=i 87déshmedand tabtetatre B, St|l4TON nd5 quantum wire array
with a,wire period (A) of 30 nm 36 fromFig. 1E it can be determ ned (by
extrapol ati on) WO 01/39259 PCT/1BOQO 01397 16 1 that for X =30 nm E = 2
keV and 8 =I%8a Hugrhhetesxampleal uids 1t tiscaledieadetter Mabed ctatat &R = 7 nm H
= 6.6 8M 3406 cor? Gufarttlin Aikd NRLEHONR B £ AL L Ul )] gl J urt her

2
exanple, if it is desired to fabricate a silicon quantumw re array with
a wire’peri 88 ( %heorfagple mhoulte heahsied echdi s imesdt-8d feddobt ai n 3. 3
fol d 8sdecr gaggebgeXinso,t kat that Q mga&lgsa& 1§ SROIKr Q@&Q@@@déﬂs A = 30 nm
at roomtenperature. From Fig. 1E it can be_ 10 determ_ne
extrapg]l at irrgnf %Ea?mf 8 ACC™D SSHPSF ag8G 11 FXR™ 19 ) e‘&(ga%d‘)’/’t?b? 58. From
t heselQal uedetermiardod byl 2x¢eepotiatédnt) hathaR £z nm= 9 nmla@88%0 DF = 0

nm apgd 13kt heref or geBanaB698 BEe 14prom these values, it can be

12 determined that R = 7 nm, H = 1.98 nm, D, = 0 nm, and
13 therefore D, = 8.98 nm.

14

15 In a further example,. if it is desired to fabricate a
16 silicon quantum wire array with a wire period (\) .of
17 120 nm, from Fig. 1E it can be determined that for A =
18 120 nm, E = 8keV and 6 = 45°. From these values, it can
19 be determined that R = 16 nm, H = 27.6 nm, D, = 146 nm,
20 and therefore Dy = 189.6 nm. Alternative parameters can
21 be determined for the same A; e.g. for A = 120 nm, E =
22 5.5keV and 6 = 43°. FPFrom these values, it can be

23 determined that R = 12.25 nm, H = 30 nm, D, = 146 nm,
24 and therefore D, = 188.3 nm.

25

26 Thus, on the basis of a desired period of the quantum
27 wire array A in the range 9 nm to 120 nm, the

28 parameters that control the process can be

29 predetermined as shown above.

30

31 A wide variety of SOI materials can be used for the

32 process; e.g. SOI obtained by SIMOX (Separation by

33 IMplanted OXygen) technology can be used with the

34 required thickness of silicon layer. Other

35 alternatives will be apparent to those skilled in the

36 art, such as SOI prepared with Smart Cut technology, or



15 In a further exanple, if it is desired to fabricate a 16 silicon
quantumwire array with a wire period (X) of 17 120 nm fromFig. 1lE it
can be d that for A 18 120 nm E = 8keV and leﬂ,ﬁmfgomthese
val ues, | %gggr%g@w be determined that R = 16 nm H = gnm DF = 146 nm
20 and therefore DB = 189.6 nm Alternative paranet ers can 21 be
determ ned for the same A; e.g. for A 5,120 nm E _ 22 5.5keV and 8 = 43.
Fromthese values, it can be 23 deternined that R = 12.25 nm H = 30 nm
= 146 n”hon@ér?@@a@@@h@f@&@m@Bof 1883 MMor2R 4 A8 TRUS rc @Nokhe basis of
adeswed eriod of the quantum 27 wire array A in the range nmto 120

nm thé 28 Béﬁﬁﬁei”éﬁ?r?hat control the process can be 29 predetermned as
shown above. 30 31 Awide variety of SO materials can be used for the 32

. d,_by_SI MX by ...33 | \pl anted OX
echnofogy D38 ob BSEERFL hOLRE SSATPAGLEMEAOVR Bk AGLSTBRCSPFI con | Ayer.

Q her 35 al Sémch&tteehnwlbgybe prathntc}messhoﬁthkl Eiédcon Lager38 art,

such SO r E t $HB{] 1
PCT/ | ggOI 01%1%%&?%76% égrrlis)nfg% ?dgfm& ?hf]glﬁ ggﬁognag?éggraaﬁartz or

2 gl asé waf@yailablg frem I.'L %%Papﬁé)to an exarrpl e enpl oying SO made by 5

SI MOX g echnol ogy. The thickness of the SI | con | ayer 3 6 should be of high
wafers, are ava | able fromlbis, USA). 8 9

unifor%ity sui t bIe%}
Once the S cﬁ%t% Fat O halPhebh? s el'det Bﬁent ﬁ@ eFFedontheoShiiFPle mask | ayer
1 cant®e preparede asasholmyen Figan bé pAepdhedsabi ehoawni iniHeglayer 1 is

deposjfed ofy toprigf sd2idde ANLPiGE! 169801 U8 hBYSL:2eaThE PBSKoW ndow is

12 the thin silicon oxide layer 2. Theé mask window is

13 formed in the silicon nitride layer 1 by means of

14 lithography and plasmochemical etching, the silicon

15 oxide layer 2 acting as a stop layer for the

16 plasmochemical etching. The thin oxide layer 2 within

17 - the window area is then removed by wet chemical

18 etching, forming a pendant edge around the periphery of
19 the mask window. The mask layer is sufficiently thick

20 to prevent the formation of any wave-like relief on the
21 surface of the silicon layer 3 outwith the mask window

22 . area. The formation of a pendant edge around the mask

23 window is advantageous in obtaining a uniform WOS

24 surrounded by a flat silicon surface around the edge of
25 the mask window.

26

27 The silicon layer 6 is grounded (earthed) as indicated

28 at 11 in Fig. 1A during the sputtering process so as to
29 prevent charge damage to the array 7 formed by the

30 sputtering process.

31 '

32 The mask window is preferably oriented relative to the

33 direction of the ion beam as indicated in Figs. 1A, 1B
34 and 2, such that the ion incidence plane defined by the
35 surface normal and the ion flow direction is oriented

36 parallel to the longer sides of the rectangular mask



13 formed in the silicon nitride |ayer 1 by neans of 14 |ithography and

pl asnochem cal etching, the silicon 15 oxide |ayer 2 acting as a stop
layer fogdfReids Pl asmocheni cal etching. The thin oxide |lay&Bogogéthin 17
t he mnndOM/area is then renmoved by wet chem cal 18 etchlng, ormng a
pendant edge around the periphery of 19 the mask wi ndow. The nask |ayer is
sufficiently thick 20 to prevent the igormation of any wave-like relief on
the 21 surface of the silicon layer 3 outwith the mask wi ndow 22 area.
The formatiwindbwa pZhilanharflgésasouhd tleantskgeold wiffdow p§ wbeant ageous
in obt in| f S u y a flat silicon surface around

t he edge of @ggﬁk gégék mﬁng Héég wggg?ﬁe silicon layer 6 is grounded
(earthed) as indicated 28 at 11 in Fig. | A during the sputtering process
SO as o Zﬁh@rﬁagmttﬁhékﬁ@sgamggebéosémeceéaaguzhfehaedthg k8K 30
sputtering process 1 The nmask wi ndow i s prefera ented rel ative
to the® 33 Tﬁ?%%%?%nlﬁfr?%%v?%nb%eﬁﬁ?a§PPEHFEéBEdPFHCP?§s t&ﬁ m3gk 34 and
2, such thaﬁaﬁ@flabnan@CtHengelp&@ﬂesdefaaedwbyhﬁheth85maskfamﬁdﬁarnal and
the i flow directio ented 36 o] | onger sides of the
Foct anbul arbHe T DI7EE955t M Aesliatasd Gl HhREgu Thi s maxi m ses

t he ad&ant ageous effect of the 2 pendant edge of the mask window. 3 4 The

mask tdi ckngss t@@f§ﬁ%eﬁfggeéycfst@é&ri@@ Baekon PRLephalisi 8frenoved by
the s utterlng pr ocess, materjal and the silicon surface within

t he Kk withRRWaTe RS shut § A4 Bt WABGRoRAWEt BFSVEQUSLYr B8R, 8 9 The
Sputteri ng geteasbtned. Cagpiuete Oihg Ofay heebaargsiell oh6 fihetpharaneters E, O

and 1&%“"‘*hf%%ﬁiﬁigwi6%@ﬁdht%ﬁ%hber of surface analysis apparatus

13 (e.g. type PHI 660 from Perkin Elmer, USA). During

14 sputtering, a secondary ion emission signal from the

15 insulator layer 4 of the SOI material is monitored, and
16 sputtering is terminated when this signal exceeds-a -
17 predetermined threshold wvalue, indicating that the

18 troughs of the WOS are approaching the silicon-

19 insulator border. As shown in Fig. 1C, the threshold
20 value, S, can suitably be defined as the value at which
21 the signal exceeds the average background value B by an
22 amount equal to the peak-to-peak height of the noise
23 signal N (i.e. S = B + N).

24 '

25 A low energy electron gun (not shown) may be used to

26 compensate for ion charging, by electron irradiation of’
27 the sputtered area (as is known in the field of depth
28 profiling of insulators).

29

30 These steps result in the formation of the quantum wire
31 array 7 within the area of the mask window. Fig. 1D

32 illustrates the internal structure of the array 7 when
33 fabricated at room temperature, as described above.

34 When fabricated at 850 K, the internal structure of the
35 array 7 differs from that obtained at room temperature.

36 When prepared at 850 K, the present inventors have



11 determ ned. Sputtering may be carried out in the 12 ultra-high vacuum
chanber of surface analysis apparatus 13 (e.g. type PH 660 from Perkin

El mer ying 14 sputtering, a secondary ion emss i fromthe
15 |nsula§%r E%yer 4 of the SO material is nonitored, ahggﬂﬁ%ﬁ@%tttering

is termnated when this signal exceedsa 17 predeternlned t hreshol d val ue,
indicating that the 18 troughs of the WOS are approaching the silicon 19
i nsul ator border. As shown in Fig. 1C,1¥he threshold 20 value, S, can
suitably be_defined as éh ue at_whic gl t he signal éceegs t he

aver age bacRyFooRar 74 HE82B 55 e Kavebenghlinet elfadl WP8 +ReTHEURSE o2 Peak

hei ght2 of t&efaotse 28 3|gnahshb©mpare5 wiBh+the. wa2dl@hgihl ow ener gy

el ectrpn gu h u 2 te f on charging, by
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of depth 2t8erpp©ratung of Hpneueant otls¢ tR9ckresghesefsthpslageust in the

for mat4 on qgn&h@hguémBﬂEb“bfethélsﬁaééyog vhi o Etherahganofhihe mask
wi ndow. Fig. 1D 32 illustrates the internal structure of_ the array 7 when
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14 described below, isolated from one another by the

15 regions 8.

16

17 Following completion of the sputtering process, the

18 product is annealed in an inert environment, suitably -
19 at a temperature of 1000°C to 1200°C for a period of at
20 least one hour, followed by high-temperature oxidation.
21 The annealing process results in the regions of mixture
22 of amorphous silicon and silicon nitride inclusions 9
23 - being effectively depleted of nitrogen, resulting in
24 the formation of clear cut nitride borders around the
25 regions 9. In addition, the regions 9 are converted
26 into crystalline silicon. The high-temperature

27 oxidation step may be similar to oxidation processes
28 employed in the fabrication of gate oxide layers as is
29 well known in the field of semiconductor fabrication.
30

31 From the foregoing, it will be seen that the silicon
32 quantum wires of the array obtained by means of the

33 present invention can be formed in one of three basic
34 ways. Firstly, when sputtered at room temperature, the
35 sputtered structure contains regions 12 of crystalline

36 silicon which can be regarded as quantum wires,



9 anorphous silicon nitride 8 is shortened by a factor of 10 3.3 conpared
with those formed under roomtenperature 11 conditions, and the regions of
S|I|con de 10 12 are not separated. In this case ons 9 can
be 6§ﬁ%?8%?%d as quantumw res after annealing, as 1ZCE§§%%§ gd bel ow,
isolated fromone another by the 15 regions 8. 16 17 Follow ng conpletion
of the sputtering process, the 18 product is annealed in an inert
environnment, suitably 19 at a tenperature of 1000C to 1200C for a period

of at ;20 | ¢ast .08 99% ohel gﬁweﬁebybpl 9e?aeﬁge§at uggceﬁa@9tl99 21 The
anneal ing process results in the regions of mxture 22 of anorphous

silicof andt§FIﬁEéHCHP¥?|ﬁEuFH€Fﬁ§|6ﬁsr9°m2§eBE?ﬁ@t%¥Feé?|ver depl et ed of
ni trogen, rﬁﬁybéqﬁgntDYZAnﬁegléarnahEOﬁegioﬁbearaﬁgtc@nbétd@dbebders around
the 25 regions ln a ns are coa rted 26.into

crysta IineCEY?F%%%ln?hﬁl%fﬁ t@ﬁ%eWﬁYu? s?? BxF 2Bt IR sEEpIHRYEYE sinil ar
to oxi%lati omipescessesthl8 eapéoyEHe|neghenéabzlahﬁoonnofegaeelnX|de | ayers
as is ~029 o] I f nguc t 30 31 From
t he foregorﬁéiU$€ wﬁ?%gﬁéggg%%ﬁtﬁgg f ? 9 £H%2&@€%%§ﬂn$a??gs of the
“array bbt ai @i bybedag smetuahby BgobﬁE§@nPY|ﬁb@n??@hoéan8be formed in one
of three bapheraBg, Way Seh&l 45EhY, ivhepuspetéar 86 asorrpnthenperature, the

35 sputtered structuyre contains_regions 12 of . cr stal | I ne 6 silicon which
can ber ega?f&‘é%t%’ée%u%?ﬁ%’ﬂ\ﬁ e‘éoe%\d‘@’i/ %@5%@“?’%‘7‘1’ B%ﬁ)’ﬁ'iﬁégmﬁo 1 isolated

fromime anot hixtoyregippoansll, Sebsadugnti&nnalimwgstonceéuténgpubheered at
roomenperaldy ésg%éuégég%egfpaeagef%sﬂ %&etﬁggégysfgr@m converted to

4 crygtallln |con an so be regard Wer es
case,12 he rdg msaqu%r%c%a%léeuﬁrsawhﬁ%la%@gfﬁ@mwvﬁ the regions 9,

the quant umVHRSr by the regions 8.

14

15 Annealing also expands the lowermost corner portions of
16 the regions 8, improving the isolation of the regions 9
17 in all of the cases described above.

18

19 From the foregoing description, it will be understood
20 that quantum wire arrays with a wavelength in the range
21 of about 30 to 120 nm can be formed by sputtering at

22 room temperature, and shorter wavelengths down to about
23 9 nm can be obtained by increasing the temperature of
24 the material during sputtering above about 550 K, with
25 minimum wavelengths being obtained at about 850 K.

26 Depending on the process parameters, the WOS obtained
27 by sputtering may include regions 12 of crystalline

28 silicon, which may provide useful, mutually isolated
29 gquantum wires. Where the sputtered structure does not
30 itself include such regions 12, quantum wires are

31 formed in the regions 9 by subsequent annealing of the
32 sputtered product, such annealing being preferred

33 whether or not the sputtered product includes the

34 regions 12.

35

36 Figs. 2 and 3 illustrate the process of fabricating a



7 again being nutually isolated by the regions 8 8 Thirdly, if the array
is sputtered at 850 K, the 9 sputtered structure does not contain any
crystalline 10 silicon regions 12, subsequent annealing rt| the 11
regi ons Y32 st al 1ine silicon and thereby formng 12 f‘ﬁ@@?jgkpgm Wires
of the array, isolated fromone 13 another by the regions 8. 14 15
Anneal i ng al so expands the | ower npbst cor ner portions of 16 the regions 8,
i nproving the isolation of the regions 9 17 in all of the cases described
above., 18 r i L PLi o i L] erstood 20

t hat 1uant u%mfégma%?%/%@wﬁ?ﬁ&}gg%dﬁ%%%g%In ﬁ\cat)%%&r‘%%blgg g‘?gof about 30 to
120 nmM can TGP T IPAY ef | Horaed 2y r e Peppesat deecribrA short er
wavel engt hsclowne 4,0, aboid. 28 1 nk€licde o ahaeld byyépcreasing the
tenperature, of, 24 tfﬂ‘g mat eri al url?r;g S utterlrg% above about 550 K, with
25 mi ni mum Bt HE g FHYy B hed” atlandtt BEoSK226PBEYend? ng on t he
process parspttensing hees Wi abhas e dde2dr ye$put Py i 2B nelyowsncthgle regi ons

12 of cryst i 8 si ]l can, i p i de u tually isol ated
29 quaeﬁt um%\}n‘la{rdee;{sn \)@grrez. At%e spL%%Ee S ?u%k?ur%lld%%gﬁn%?y%ogi tself include
such rlegi ol s asyparavimwd nesdegerBtedorned in the regions 9 by subsequent

annealg ng of the 32 sputtered product, such annealing being preferred 33
34 regions 12. 35 36

whet her or not the .sputtered product includes the i

Figs. 2 and % |%%§§5ﬁs€ﬁ%¥ee%raocye’s‘%s‘bfs‘?%r%fb ?ﬁ@l%g\mg%‘ﬂ 39259

PCT/ 11B00/ 0Li3&brpdirat ideyitde (cararfthim i wi tdi sreeanpl e) Thagarepaiaising t he 2
quant,ym wi r : 7 f.0pm nfq 0CEeSS. rd r. Fig. 2A
il usl;ir at eg%t%’reﬂ%gk hll(aer{/hrerft%f&%xt e |lﬁ% ng %cﬁ%&ﬁr?ﬂikétgm%dfo%%gn%h% mat eri al
insulating layer 28 on the surface of the sputtered

prioft2to
13 product. Using known lithography techniques, a
14 polysilicon rectangle 30 is deposited on top of the
15 insulator layer, extending across the width of the
16 array 7. The length L of the array 7 may be greater
17 than the width W of the polysilicon area 30. The area
18 surrounding the polysilicon 30 can then be etched back
19 to S80I insulator layer 4, leaving. Then, by means of
20: lithography, the ends of the polysilicon area 30 are
21 etched to leave silicon pads 36 and 38 at either end of
22 the array 7 and to metallize the pads 36 and 38, as
23 seen in Fig. 2D, where numeral 17 indicates array 7
24 after etching, reduced in length from L to W.
25
26 It will be understood that, following the fabrication
27 of the quantum wire array, devices may be fabricated
28 incorporating the array by means of any of a variety of
29 conventional semiconductor manufacturing technologies.
30
31 Figs. 2D and 3 illustrate the FET device formed as
32 described above. In Figs. 2D and 3, numeral 32
33 indicates the oxide insulator layer and 34 indicates
34 the polysilicon layer remaining after etching of the
35 corresponding layers 28 and 30 of Fig. 2C. 1In Fig. 3

36 the layers 32 and 34 are shown partially removed to



5 sputtering as previously described. Fig. 2B shows the 6 quantumwre
array 7 forned in the silicon layer 6, 7 also as previously described. 8 9
Fig. 2C atesaflrst step in formng a FET 10 in t he
quantum‘){’vélrnle}ﬁggrray 7. The previously 11 described hi ghcféerrpe@aiﬁg?e
oxidising step forns a thin 12 insulating |layer 28 on the surface of the
sputtered 13 product. Using known |ithggraphy techniques, a 14 polysilicon
rectangle 30 is deposited on top of the 15. insulator |ayer, extending
acrosg the p iy afnd hﬁade&@ﬁrﬂ\ﬁ‘)qfuantm@ wEOthdapf7 thesardigy 7 may
be.greater 17 than the w dth t he pol y5| licon area 30.. The area 18
sur r odndi n@WRC 56 W13 Wtﬁt&?ﬁl tHEY be Bt e Rk theo 13ye38 i nsul at or
| ayer 34, | savidigl 3Ehetan e means tof exedd tdwoiteppadd s ends 3af. the
polyshlicon area 30 are 21 etched to |leave silicon pads 36 and 38 at
either end of 22 the array 7 and to netallize the pads 36 and 38, as 23
seen iBn Fi §ghe2Bnvwshdriomwidoals Tevilndicaifeslarg dyype t20 kf trexdeet chi ng,
reducd | HaAGD kiR Il WhnedS e?dndd Wid Infitndindonsigpd that,

fO||OWI ng t rication uantumw re array, vices may be

fabri dat edpozsgqh%@ora@@r/an W@tﬂlhé“&rroéﬂﬁdo;rwkb‘fl%w S réra)&rtﬁety of 29

convegt i oNandgs gRi=Qarguelfoendptoakictr.i ng technol ogies. 30 31 Figs. 2D and
3illystrate the FET device formed as 32 described above. In Figs. 2D and
3, nurreral 32 33 indicates the oxide insulator |ayer and 34 indicates 34

t he pol ysi Theonnivayér one imisnbegnadescrafetd nvwwaf fidwe widB correspondi ng
'ayei§ 28 ga@é% %rFEere%anlentE' Yhe 3fo%$na1é1%d%e@a3?mﬁml% are shown
partially em)ve 01/39259 PCI/ 1 BOO 01397 22 reveal the underlying
quantdm wi laé’réifrsa?a?edf SP VR¥S2 OpEepEse SEUG YRS T M y. In Gg. 2D

the hayerssputtering. However, the WOS formed by the basic

14 sputtering process may also be used as a mask for ion
15 implantation (e.g. low energy implantation of

16 phosphorous ions) into silicon for quantum computer

17 applications. Ion implantation is the principal

18 technique for introducing dopant atoms into

19 semiconductor materials for VLSI applications. Mask .
20 layers with windows are normally used for the formation
21 of two-dimensional dopant distributions. Ion

22 implantation is usually followed by annealing for

23 electrical activation of the dopants and for the

24 restoration of the crystal structure of the

25 semiconductor. For example, if a WOS as illustrated in
26 Fig. 1D is formed, then after high temperature ’

27 annealing the regions 8 may serve as a mask allowing-
28 selective ion implantation into the right hand side of
29 the regions 9 (the direction of low-energy ion flow

30 being normal to the surface of the material). Such an
31 ion implantation process would result in a pattern of
32 alternating doped stripes having the same period as the
33 WOS. Using a WOS period of about 10 nm or less, the

34 phosphorous doped stripes formed in this way are

35 sufficiently close to allow interactions of the type

36 required for quantum computer applications. Ion



3 32 and 34 can be seen to extend to the pads 36 and 38. 4 5 The invention
all ows devices of this type to be made 6 having di nensions snaller than
has hitherto been 7 possible and/or with inproved repeatability of results
8 and qu¥Q¥B9%¥? end product. 9 10 The invention has bed¥Td88¥B3Y¥ed t hus
far wwth 11 particular reference to the formation of quantumwre 12
arrays based on wave ordered structures formed by 13 sputtering. However,
the WOS fornmed by the basic 14 sputterizzg process may al so be used as a
mask for ion 15 inplantation (e.g. |ow energy inplantation of 16

phosphdr ous drankynta boRi highh dbso demrtn aonp Eeran 1] wppidtciatd ons. | on

i npl antzat i onyd I Hed ] Lt i at ons
into 192asemq%éot?(lj%%]f%€ frrgf[g%?%lé%%%ygyé:p%ﬁaeﬁ]i%%gghg%(%{gfyers W th
wi ndows® are hd¥a@lfiy used for the formation 21 of two-dimensional dopant
distrilautions. lon 22 inplantation is usually foll owed by annealing for 23
el ectri_cal tivation of the dopants and for the 24 restoratjon of the
crystal® st rg[griplfroeveor?erf% az%fsr%cf’ff B et Q@kérﬂﬂ%fpcmatf% as

i Il ust®at edvithd2g Fepantfing fromedthe tdvapeafdfercHe ghhvearmieimtay e 27

anneal ikng t el pn: Y r lLlow ng 28 selective ion

i npl ant7ati orila%ifaltq%%)hqzl %Hﬁtc%ﬁfsﬁﬁﬁ%ﬂeﬁ%T egions 9 (the direction
of | owenergy ion flow 30 being normal to the surface of the material).
Such an 31 ion inplantation process would result in a pattern of 32
alternating doped stripes having the sane period as the 33 WOS. Using a
WOS period of about 10 nmor |ess, the 34 phosphorous doped stripes forned
inthis way are 35 sufficiently close to allow interactions of the type 36
requi red for quantum conputer applications. 1on WO 01/39259 PCT/ | BOQ 01397
23 ‘ :



1 inplantation mght al so be enployed as an alternative 2 nethod of
formng quantumw re arrays using the WOS as 3 a nask. 4 5 Inprovenents
and nodifications nmay be incorporated 6 without departin scope of
the i nveMOBA92¢ 7 defined in the O ains appended heret %&Q%%@?%QZSQ
PCT/1B00/ 01397 24 1 Clains 2 3 1. A nethod of formng a silicon
nanostructure, 4 conprising: 5 sputterjhg a silicon surface by a uniform
flow of 6 nitrogen nolecular ions in an ultra-high vacuumso as 7 to form
a periqgdic ‘Qﬁ‘ﬁrﬁé ke relief, the wave front of 8 said relief being in the
direction o e fon incidence 9 plane; further including the follow ng
steps: 210 prior to sputtering: 11 selecting a desired wavel ength of the
periodisc 13 wavex lnhdhd®ldffdrmime 4 adyei SommdbdAidiard3 det erm ning
the ion energy, the ion incidence 14 angle to the surface of said material,
t he teﬁperatcg%g’rlﬁ”iﬁ: said silicon layer, the formation depth of said 16
wave- | iske reli ef spguteeheimghta ofilsimah veavetdak oy e iwfifdit afibw hef | on
penetration_r. i il s hasi i cted
wavel e%gt h. nf%%%rg%&sér#el% 0d la@%%?rf%‘ﬁ%% ﬁﬁ,ﬁv%%%?snéglgd ion 21
ener gy sai #9 dPUhE dETEOdHR | Versl ke arpeief urdowavy® egnt ¥ con,

sai d f@rmatisan gdefiil andb s MLt D redBi sk wane-idkeideld&icare

det erm_ned 011 t he si g of . Zdjltﬁii,ew ontgzl zﬁgﬁteai ned enpirical data relating
said i6n 2BL1ERE gy WEEARSE iU e icE WG FiHperature of 26 said
silican, said foprtdrontadepiirtaaxdgai d hei ght of 27 said wave-like relief
to thglwavelengtgéyéé%ydg a desired wavelength of the periodic

12 wave-like relief in the range 9 nm to 120 nm;

13 determining the ion energy, the ion incidence

14 angle to the surface of said material, the temperature

15 of said silicon layer, the formation depth of said

16 wave-like relief, the height of said wave-like relief

17 and the ion penetration range into silicon, all on the

18 basis of said selected wavelength.

19

20 2. A method as claimed in Claim 1, wherein said ion
21 energy, said ion incidence angle, said temperature of

22 said silicon, said formation depth and said height .of

23 said wave-like relief are determined on the basis of

24 previously obtained empirical data relating said ion

25 energy, said ion incidence angle, said temperature of

26 said silicon, said formation depth and said height of

27 said wave-like relief to the wavelength of said

28 periodic wave-like relief, and wherein said ion

29 penetration range is determined from said ion energy.

30

31 3. A method as claimed in Claim 1, further including

32 the step, prior to sputtering, of positioning a silicon

33 nitride mask containing a window with pendant edges on

34 said silicon surface over the sputter area, and

35 sputtering said silicon surface through said window.

36



28 periodic wave-like relief, and wherein said ion 29 penetration range is
determned fromsaid ion energy. 30 31 3. Anethod as clained in Caim1l,
further | i<pg 32 the step, prior to sputtering, of hhalkddg a
silicon k@éhﬁgkgide mask containing a wi ndow with pendan?azggg@ﬁgﬁ 34 said
silicon surface over the sputter area, and 35 sputtering said silicon
surface through said wi ndow. 36 WO 01/39259 PCT/1B00/01397 25 1 4. A
nmethod as claimed in aiml, further including 2 the step, prior to
sputterning, 4f renEtpRERE 2 laTpiEd tixesciaﬂmi,hef@trﬁ@ﬁeir@md&%%ai d
silicon Iay%%e 4.0 whi_ch s%id wave-like relief is to be forned. 6 5 A
met hod “as ¢l At G5 E%dioh £° SRS IR o nEMOvA R KEBfuent to

sputt eBi ng: iwarmiddldsnd riohe tigt enirdflace tdf sl geld efiliircdan 188, dmert

envi rogment ;10,1 ; o 0d . i 4 J imJl._wherein the 12
nateri%l is‘%hggﬁ%%hgﬁféa%ﬁgﬁpgﬁz%h?%ﬁﬁgﬁﬂéﬁg‘%% gﬁgmeéi 1200C for a

peri od®of at |east one hour. 14 15 7. A nethod as clained in any preceding
Gaim 616 weer i b GRIthod bisCON aARHRRS Ik T COML:S4RR H1d1Ehg 17
guantumwi re array and said silicon conprises a silicon 18 ayeﬁhof a
silico -on-ﬁﬁgﬁﬁg¥ﬁptnﬁPeFPHFFeﬁﬁ&gFurther 19 including: 20 selecting the
t hi ckn@ss of sai dnsekiléing khgemateriall hetgr eafiel ddldrft ey Swm of said

ggnmgﬁtwave-like relief, said height of said wave-Iike

f ormat ybon d o]
relief? ZBEQ%gtS%Fg§IOH penétration range. 24 25 8. A nmethod as cl ai ned

in d&Pm 7, further including:

11 6. A method as claimed in Claim 1, wherein the

12 material is annealed at a temperature between 1000 and
i3 1200°C for a period of at least one hour.

14

15 7. A method as claimed in any preceding Claim,

16 wherein said silicon nanostructure comprises a silicon
17 quantum wire array and said silicon comprises a silicon
18 layer of a silicon-on-insulator material, and further
19 including:

20 selecting the thickness of said silicon layer to
21 be greater than the sum of said formation depth of said
22 wave-like relief, said height of said wave-like relief,
23 = and said ion penetration range.

24

25 8. A method as claimed in Claim 7, further including:
26 during sputtering:

27 detecting a secondary ion emission signal from the
28 insulator layer of said silicon-on-insulator material;
29 and

30 terminating sputtering when the value of the

31 detected signal reaches a predetermined threshold

32 value;

33

34 9. A method as claimed in Claim 8, wherein said

35 threshold value of said secondary ion emission signal

36 is that value at which the signal exceeds an average



26 during sputtering: 27 detecting a secondary ion em ssion signal fromthe
28 insulator |ayer of said silicon-on-insulator material; 29 and 30

term nating sputtering when the value of the 31 detecte i eaches a
pr edet ervﬁ?ﬁ%g%%r eshold 32 value; 33 34 9. A nethod asggﬁ}éigd@g”?n Claim
8, wherein said 35 threshold value of said secondary ion em ssion signal
36 is that value at which the signal exceeds an average WD 01/ 39259

PCT/ 1 B00/ 01397 26 1 background val ue 5)§ an armount equal to the

peak-t @- peak C:f{?l}glg{gv%f& I $8 ent,.of, the signal . 3 4 1.0. An
opt oel ect roni ¢ devi ce iné.udi%ﬁ)g a c(;‘tiuan?ltrﬂ&mré %& & att:r%regfe’ra r%’@dp&?kt he

net hod2of Ch&iighE of a7 npiseagogpesensniod dde eddnedl.uding a quantumwire
8 array formed by the method of Cdaim7. 9 10 12. A device as clained in

Claim]1, cgrorpri ginng 11 silicon . pads connected by said silicon quantumwre
an’i nstifaPBr OfaFELr TRELFt A eForn NSalEd iTast GAntymyWidear ray, and

iﬁ er ;E%/,rodarpayi fioemed by shiedmdééhbdsvifatasim ¥4
6
7 11. An electronic device including a quantum wire
8 array formed by the method of Claim 7.
S
10 12. A device as claimed in Claim 11, comprising
11 silicon pads connected by said silicon quantum wire
12 array, an insulator layer positioned on said quantum
13 wire array, and an electrode positioned on said
14 insulator.

15



