-1 20 May 2004 May Methods of Formation of a Silicon Nanostructure, a Silicon
Quantum Wre Array and Devi ces based thereon 5 The invention relates to

nmet hods of form ng quasi-one-di nensional solid- state silicon nanostructures.
Such nanostructures nmay formthe basis for nanoscale electronic and

optoel ectronic fabrication techniques, particularly but notMexaiodsi vely of
silicon quantumw re arrays, and can be.ysed to fabricate silicon-based

opt oel ectroni ¢ and nanoel ectroni ¢ devices. 10 Mire particularly, the
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silicon-on-insulator (SO Wfﬁéﬁ@*f@ﬂ %reg\i}%é‘gqﬁgefd %l%fon ni trogen nol ecul ar

ions, so as to forma wave- ing an array 15 of nanoscal e
silicon "quantumwi res”. The quantumwi re array can be used as a light
source in optoelectronic devices through the array conduction or in
nanoel ectroni c devices; e.g. as a channel in a field effect transistor
(FET). 20 A known nethod for formng silicon quantumwires with a

cross- sect iThe @iventioeeldies 1o andthdde dfiforming gansiosnéleimeasidmlsergr gy ion
i mpl antation of oxygen into silicon, electron-beamlithography and wet

chem cal etstdtesglicod nbhostedctayeshiSyicht amustalcturesanay #bimghe bagis forer t
environnment. This results in the formation of silicon quantum wires enbedded
i n siliconnabossaldelettrome dnat optoctantromc dhbiication teshi(iyues, giarkiaukarlyN.
Shi bata, F. Fukatsu "Fabrication of [110]-aligned Si quantum w res enbedded
in Sic2  butnot exclusively of silicon quantum wire arrays, and can be used to
fabricate silicon-based optoelectronic and nanoelectronic devices.
10
More particularly, the invention concerns forming silicon quantum wires
by ion irradiation and, more specifically, to a process of sputtering a high-
purity surface of silicon-on-insulator (SOI) material by a uniform flow of
nitrogen molecular ions, so as to form a wave-like relief providing an array
15 of nanoscale silicon "quantum wires". The quantum wire array can be used
as a light source in optoelectronic devices through the array conduction or
in nanoelectronic devices; e.g. as a channel in a field effect transistor

(FET).

20 A known method for forming silicon quantum wires with a cross-section of
10x|15 nm embedded in silicon oxide uses low-energy ion implantation of
oxygen into silicon, electron-beam lithography and wet chemical etching,
followed by high-temperature annealing in an inert environment. This
resﬁlts in the formation of silicon quantum wires embedded in silicon

25  oxide at the bottom centre of V-grooves (Y. Ishikawa, N. Shibata, F.
Fukatsu "Fabrication of [110]-aligned Si quantum wires embedded in SiO,

by low-energy oxygen implantation" Nuclear Instruments and Methods in



by | ow energy oxygen inplantation” Nuclear Instruments and Methods in 20 May
2004 -2 Physics Research, B, 1999, v. 147, pp. 304-309, Elsevier Science
Ltd.) [Refl]. There are several disadvantages to this known nethod. The use
of electron- 5 beam|lithography and wet chem cal etching when form ng
V-grooves on the silicon surface both limt the el enment dday0@f the
structure and reduce the wire yield. The absence of in situ control of the
- process further reduces the wire yield. The small wire density prevents the
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Previ ouslwetﬁhi shed work, of which the present inventors were anong the
joint aut ;1di scl oses a method of form ng wave-ordered-structures (W0OS)
on silicon, and in particular on SOT. The nethod conprises the 15 steps of
sputtering the SO silicon layer by a nitrogen nolecular ion probe scanned

in a rast eppgt 4@ Rvifalallsad B s kBwaPnREho @, The Wse of Risdtastical
PAOS

wave-| i ke nanoscale relie The "wave front" of the nanoscale relief

is in the @édrﬁqftheg:@wmiw ochegiidghetehinld eviemt fmﬁlin%ﬁ(élgrdes'esienecti ng a
secondary 1on em sSion“signal fromthe SO 1nsulator 20 and term nating

sput t er i ngthehglicdhisarface baith lieait ke cternerddensity of thevstrueture Ands ref er ence
al so discloses the dependence of WOS fornmation upon the ion energy, E the
i on i nci deredacanbyt evir@yicldl Thievabsence bé is sithaoatradrafithe pragess fwthesnper at ur e,
T, of the SO sanple. The work also identifies a characteristic of the
relief forreshicos the wiesyicldafhe smalbwaraidersitypravspts thewirasddingspondi ng to
the onset of intense growth of a WOS and di scusses . .

useful for nanoelectronic devices of the type in which the interaction of

10  charged particles in the neighbouring wires is important.

Previously published work, of which the present inventors were among the
joint authors, discloses a method of forming wave-ordered-structures
(WOS) on silicon, and in particular on SOI. The method comprises the

15  steps of sputtering the SOI silicon layer by a nitrogen molecular ion probe
scanned in a raster pattern in an ultra-high vacuum so as to form a
periodical, wave-like nanoscale relief (WOS). The "wave front" of the
nanoscale relief is in the direction of the ion incidence. The method
includes detecting a secondary ion emission signal from the SOI insulator

20 andlterminating sputtering when this signal reaches a predetermined value.
This reference also discloses the dependence of WOS formation upon the
ion energy, E, the ion incidence angle, 0, relative to the surface normal,
and the temperature, T, of the SOI sample. The work also identifies a
characteristic of the relief formation process, namely the sputtering depth

25  Dp, corresponding to the onset of intense growth of a WOS and discusses
the dependency of Dy, upon E, 0, T, and the WOS wavelength A. The work
further indicates that the SOI silicon thickness Dy should not be less than



t he dependency of Dmupon E, O, T, and the WOS wavel ength X. The work
further indicates that the SO silicon thickness DB should not be |less than
20 May 2004 -3 the sputtering depth at which a stable WOS is forned with the
desired wavelength (this depth being equal to the relief formation depth
referred to hereinafter as DF). (V.K Smirnov, D.S. Ki bad®May 2004

Krivel evich, P.A  Lepshin, E. V. Potape$,- R A Yankov, W Skorupa, V.V.
Makarov, A.B. 5 Danilin "Wave-ordered structures formed on SO wafers by
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mat eri al isctosed ' Ref2 in an inert environnent at a

tenper at Url‘i‘ex%inalﬁlﬁoasq}%?f(WKe. SialhoenD ShKibsleowl B AgKirivelevah, L Aucture of a
WOS at the silicon-insulator interface of the SO material. (V.K  Sm nov,

A. B. Dani | ] gpshibaBowc Rogaptay R 2. 0¢asicowt WU SkorapapW . 8OMakarBvodeBdi ngs of the
NATO Advanced Research rkshop "Perspective, 15 science and technol ogies for
novel s |iDanilon"Wew-otderedstruotstesHoried oh SO wakarsbytreactive 108 sevi er
Science Ltd.) [Ref3]. Further work invol ving one of the present inventors
di scl oses bémns'tepardearcinstrumients|andohethods tePhgsenBesearelt B, 199Rness, DN,
on the ion 20 energ E31i on incidence angle to the surface and

a%h‘ﬁa I

hi gh- t enpeval4if,epp. Snlgeaner Scienge Ladi)dRefdd hour). The annealing has no

effect on DN but maximses the Si/Si 3N4 interface sharpness. As shown
therein, DNis equal to the ion penetration range into silicon, R which is

shown to blg a. linear. fupction of I%lfor t he. sa erHarcc% range as that used
for WOS urther work mmvolving one of the present inventors disCloses a Process o

10 annealing material of the type disclosed in Ref2 in an inert environment at
a temperature of 1000° C for one hour and the resulting internal structure
of a WOS at the silicon-insulator interface of the SOI material. (V.K.
Smirnov, A.B. Danilin; "Nanoscale wave-ordered structures on SOI" -
Proceedings of the NATO Advanced Research Workshop "Perspective,

15 science and technologies for novel silicon on insulator devices"/Ed By

P.LF. Hemment, 1999, Elsevier Science Ltd.) [Ref3].

Further work involving one of the present inventors discloses the
dependencies of silicon nitride (Si3N4) layer thickness, Dy, on the ion

20  energy E, ion incidence angle to the surface and high-temperature
annéaling (900 - 1100° C for one hour). The annealing has no effect on Dy
but maximises the Si/SisN, interface sharpness. As shown therein, Dy is
equal to the ion penetration range into silicon, R, which is shown to be a
linéar function of E for the same energy range as that used for WOS

25  formation. On the basis of data disclosed in this reference, the dependence
of R on E can be expressed as: |
"(1)" R(nm) = 1.5E(keV) +4.



25 formati
dependence

2004 -4 (V.1. Bachurin, A B. Churilov, E. V. Potapov, V.K Smrnov, V.V.

on. On the basis of data disclosed in this reference, the

of R on E can be expressed as: "(1)" R(nm = 1.5E(keV) +4. 20 My

Makarov and A.B. Danilin; "Formation of Thin Silicon Nitride Layers on Si
Low Energy N2 lon Bomardnent" - Nuclear Instrunments and ReMuyd@®04n Physics
Research B, 1999, v. 147, pp. 316-319, -Hsevier 5 Science Ltd.) [Ref4]. The
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i oned references Ref2, Ref3 and Ref4 in conbination disclose a
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lal “for new Ities in array-based devices due to the

Méthodban P sity Resdar6h Bl 199QR0AUT, pp. GU6r3 LOnKiseeier 15 There are
f di sadvant ages associated with the basic nmethod as disclosed in

Safgilceelf,t@,) [R¢fd]does not address the question of whether the WS

?, changes as the sputtering depth increases fromDmto DF or
whet her there is any inter-relationship between Dm and 20 DF. The present

recogni ses that the characteristics of the process should be

Theabfoveaneuisned referenecsaBetls\Refdpantl Ref4 e cosphinatpn r at her t han

th Dmas discussed in Refl. In additign, Ref2 does .not
disclose a basic method for the formation of a silicon quantum wire array.

The principal advantage of using a silicon quantum wire array, as
compared with the use of separated wires, in nanoelectronic and
optoelectronic devices lies firstly in the increase of device yield and
enhancement of the signal-to-noise ratio of the current characteristics, and
also in providing the potential for new capabilities in array-based devices

due to the interaction of charged particles in neighbouring quantum wires.

There are a number of disadvantages associated with the basic method as
disclosed in Ref2, Ref3 and Ref4. Ref2 does not address the question of
whether the WOS wavelength A changes as the sputtering depth increases
from D,, to Dy or whether there is any inter-relationship between D,, and
Dr. The present invention recognises that the characteristics of the process
ShO;lld be related to the final WOS structure as developed at the depth Dy
rather than to the depth Dy, as discussed in Ref2. In addition, Ref2 does not
address the question of whether there are limits of the domain in the (E, 0)

plane in which WOS formation takes place.

Such limitations in the work disclosed in Ref2, Ref3 and Ref4 mean that
the required thickness of the SOI silicon layer cannot generally be



address the question of whether there are linmts of the domain in the (E O0)
plane in which WOS formation takes place. 25 Such limtations in the work
disclosed in Ref2, Ref3 and Ref4 nean that the required thickness of the SO
silicon layer cannot generally be 20 May 2004 -5 predetermined fromthe

rel ati onshi ps between the various paraneters as di scuss&fMay 2(Hdse
references. In addition, the essential_parameters for controlling the
sputtering process (ion energy E, ion incidence angle 0 and SO tenperature
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| sol at ed dsuf@fhe'\trbaghs of tRe WO Prolidfvointidetdceatately natethd bomiep! yi ng such
a process by Integratfon wth silicon-based nanoel ectronic and

opt oel ect nestivech@h8 SO PSiYicontlayer 2Ad flee S anyulatoetmer eRefiz disvlosesi on of the
nanostructure array on a specified 1

that the secondary ion emission signal may be employed as a basis for

terminating the sputtering process, but does not disclose any way of pre-
10  determining a value of the signal which corresponds to isolation of the

silicon wires.

That is, the previously published work does not disclose a general method
allowing a WOS to be formed reliably such that the troughs of the WOS
15  coincide with the SOI silicon-insulator border so as to form an array of

isolated silicon wires.

In addition, for practical purposes in applying such a process by integration
with silicon-based nanoelectronic and optoelectronic technology, it is

20 necessary to ensure the formation of the nanostructure array on a specified
microarea of the surface in order to obtain a useful structure, for example,

in the form of two isolated silicon pads connected by the array.

However, the previously published work does not address such issues as
25  whether techniques such as lithography may be used for this purpose or, if

so, what masking layers, if any, might be used.



m croarea of the surface in order to obtain a useful structure, for exanple,
in the formof two isolated silicon pads connected by the array. However, the
previ ously published work does not address such issues as 25 whether

t echni ques such as |ithography may be used for this pur pose or, if so, what
maski ng | ayers, if any, mght be used. 20 May 2004 - ThéOMae’s?@ﬁﬂ i nventors
have al so determ ned that the WOS fornmegd on process is highly sensitive to
the presence of inpurities on the SO surface, particularly the presence of

il d whi.ch d t fdl As [
known. " a_ e predgu yEaHS HESe dlfy Hofirhfifisq that MgeW(s fofinafbn s |, 18
f f | t
are relat @ﬁ#%'ﬁﬁ@l?@‘&o%?@%‘p% flihe ﬁ’lése e B S e o
formation gﬂh‘?‘ﬁﬁ tﬂ% E?&idecé’f S g;%ﬁq)s&ae Wwhidipdestadle the iffatniessi afes are known

cont ai nin connecte by a silicon channel with a 20-nm di aneter
(a so-cal i[ﬁe? @S%?HHP A%tl )weliikﬁ@wrf”ﬁ fhivh thydrnsflhatucal diigen oxoders ng t he
surface o he pads and e channel and an el ectrode positioned on the
surfacg oflhe sPﬁééé'n@bﬁrthbas‘t@faceﬂiésihcbn@ﬁposedﬂt@alr pads and the channel are
formed in the silitcon layer of SO 15 material (E. Leobandung, L. Guo, Y.
Wang, S. Chou "Qbservation of quantum effects and Coul onb bl ockade in silicon
guantumdot transistors at tenperature over 100K" Applied Physics Letters,
V. 67, No7All of9R5 abppemedsivnedalisadreariteges arestalateddngmepyayi Q,rsamfﬁgfs) [ Ref s] .
20 The di sadvant ages of this known device lie in the absence of a channel
array and torthe controdlabilety of hedWHeS doswating presess HITRIASHEALPWPOSES  devi ces

approach the limts of mcro-lithography techniques; i.e. there is

10 Nanoelectronic devices are known containing silicon pads connected by a
silicon channel with a 20-nm diameter (a so-called "quantum dot"), a 40-
nm thick insulator layer covering the surface of the pads and the channel,
and an electrode positioned on the surface of the insulator layer. The
silicon contact pads and the channel are formed in the silicon layer of SOI

15 material (E. Leobandung, L. Guo, Y. Wang, S.Chou "Observation of
quantum effects and Coulomb blockade in silicon quantum-dot transistors
at temperature over 100K" Applied Physics Letters, v. 67, No7 , 1995, pp.
938-940, American Institute of Physics, 1995) [Ref5].

20 The disadvantages of this known device lie in the absence of a channel
array and in a low device yield because the small dimensions of the
devices approach the limits of micro-lithography techniques; i.e. there 1s

low repeatability of the operational results.

25  There is also another device, a quantum-wire-based FET containing silicon
pads connected by seven silicon linear channels with a 86x100 nm

rectangular section. The silicon channels are covered with a 30-nm thick



| ow repeatability of the operational results. 25 There is al so another

devi ce, a quantum w re-based FET containing silicon pads connected by seven
silicon linear channels with a 86x100 nm rectangular section. The silicon
channel s are covered with a 30-nmthick 20 May 2004 -7 silicon oxide |ayer.
An el ectrode gate is positioned above the group of thes@0dMan2@ds. This
device is made using SO material (J.P.7Colinge, X. Baie, V. Bayot, E.
Givei "A silicon-On-lnsulator QuantumWre" - Solid- State El ectronics, Vol.
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fabricate gilic gqua mwre array In part ar experinmental cases.
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experi ment processes so t’hat the quantumwires can be made with

pr edet &y m 1Bgk) [REFB]Si ons or how to exercise effective process control. In
addition, there 1s"a need for integrating the silicon quantumw re array

I nto useful devices; e.g. so as to forma channel array in an FET. 20 In
accordance with a first aspect of the invention, there_is provided a nethod
of form ngThe disddvantageos this knowe devivprlies mgthesmpasstbitigy af formeng surface
by a uniformflow of nitrogen nolecular ions in__an ultra-high vagyum so as
to form a gilicondihannelseati 4 Histarde equaltthdhesize of the channel because of the

limitations of the known lithography methods used for the fabrication of

10 the device.

The various references cited above show how it is possible to fabricate a
silicon quantum wire array in particular experimental cases. However,
none addresses the problem of how to generalise particular experimental
15 processes so that the quantum wires can be made with predetermined
dimensions or how to exercise effective process control. In addition, there
is a need for integrating the silicon quantum wire array into useful devices;

e.g. so as to form a channel array in an FET.

20 In qccordance with a first aspect of the invention, there is provided a
method of forming a silicon nanostructure, comprising:
sputtering a silicon surface by a uniform flow of nitrogen molecular ions in
an ultra-high vacuum so as to form a periodic wave-like relief, the wave
front of said relief being in the direction of the ion incidence plane; further
25  including the following steps:

prior to sputtering:



front of said relief being in the direction of the ion incidence plane;
further 25 including the follow ng steps: prior to sputtering: 20 May 2004
-8 selecting a desired wavel ength of the periodic wave-like relief in the
range 9nnto 120nm determ ning the ion energy, the ion incidence angle to
the surface of said material, the tenperature of said si30Mgy20@he formation
depth of said wave- 5 like relief, the-Beight of said wave-like relief and
the ion penetration range into silicon, all on the basis of said sel ected

vavel engt e B & h e d \PhflbABIPOP IRy periglift Walelll AfikTAnaRg HEngsal d

t enper at ur I cony sal rmati on depth and said height of said
wave- | i ke ' g(f) lggemﬂet erm ned on the basis of previously obtained enpirical
data relating said’1oh energy, said ion incidence angle, said tenperature of

said sili C&’étermﬁﬁh% theriBRtdnepey epichoantcRiinde eight to tie saifdcevafsaid ke rel i ef

to the wavelength~of said periodic wave-like relief, and wherein said ion 15

penet r at i omatarisle th tetaperaninrest §aidsiBeord thorfoemation. deptkiodsaid yavehe net hod
further includes the step, prior to sputtering, of positioning a silicon

ni tri des makike eeli¢Rithé heightwindddvwivichlike nelaef ardi des iorpesetration kawgh surf ace
over the sputter area, and sputtering said silicon 20 surface through said
wi ndow. Prgftersdidon, dlhen the badisfoﬁsdhgselm&djmelmbt ep, prior to
sputtering, of renmoving any inpurities fromthe surface of the said silicon
| ayer on which said wave-like relief is to be formed. 25

Preferably, said ion energy, said ion incidence angle, said temperature of
10 said silicon, said formation depth and said height of said wave-like relief
are determined on the basis of previously obtained empirical data relating
said ion energy, said ion incidence angle, said temperature of said silicon,
said formation depth and said height of said wave-like relief to the
wavelength of said periodic wave-like reliéf, and wherein said ion

15 penetration range is determined from said ion energy.

Preferably, the method further includes the step, prior to sputtering, of
positioning a silicon nitride mask containing a window with pendant edges
on said silicon surface over the sputter area, and sputtering said silicon

20 surface through said window.

Preferably, the method further includes the step, prior to sputtering, of
removing any impurities from the surface of the said silicon layer on which
said wave-like relief is to be formed.

25
Preferably, the method further includes, subsequent to sputtering:

annealing the material with said relief in an inert environment. Preferably,



Preferably, the nethod further includes, subsequent to sputtering: annealing
the material with said relief in an inert environnent. Preferably, 20 May
2004 -9 the material is annealed at a tenperature between 1000 and 1200 C for
a period of at l|east one hour. In preferred enbodi ments of the invention,
sai d silicon nanostructure 5 conprises a silicon quantum2@iMay 200day and sai d
silicon conprises a silicon |layer of agsilicon-on-insulator nmaterial, the
nmet hod further including: selecting the thickness of said silicon |layer to

be greater,than the.sum of i i i el fdsey relief,
said hei githe JaatgLia 1%\%1%@2}1?(&%?a&gﬁ%@%ﬁ@eﬁ?@@ﬂggogﬁﬁg%wi gjn range. 10
Pr ef er abl i ncludes: during sputtering: detecting a
secondar yﬁ%‘ﬁ?%ﬂf&éﬁ%&t é#%%lgﬁ}f romthe insulator |ayer of said 15
silicon-on-insulator material; and term nating sputtering when the val ue of
the detected signal reaches a predeterm ned threshold value; 20 Preferably,

said thr e%%%f%ﬁéeggggﬁéxﬁﬁi&@ BE ghél Aiveritivn, Sl d silRonsigratnicsuret hat val ue at

whi ch t he ‘si'gna S an average background val ue by an anount equal to

the peak-t Aked8isidorPfuanties sdre armagrad sad silieon sogrpiseszbsilisonccor dance
with further aspects of the invention, there are provided optoelectronic and

el ectroni Qa?@/bfi asilieei-oa-mgututenmaterial ¢hamethed fuotheednedpdings met hod of the
first aspect of the invention, such as a device
selecting the thickness of said silicon layer to be greater than the sum of
said formation depth of said wave-like relief, said height of said wave-like
relief, and said ion penetration range.
10
Preferably, the method further includes:

during sputtering:

detecting a secondary ion emission signal from the insulator layer of said
15 silicon-on-insulator material; and
terminating sputtering when the value of the detected signal reaches a

predetermined threshold value;

20 Preferably, said threshold value of said secondary ion emission signal 1s
that value at which the signal exceeds an average background value by an
amount equal to the peak-to-peak height of a noise component of the

sigr}al.

25  In accordance with further aspects of the invention, there are provided
optoelectronic and electronic devices including quantum wire arrays

formed by the method of the first aspect of the invention, such as a device



20 May 2004 -10 conprising silicon pads connected by said silicon quantum
wWre array, an insulator |ayer positioned on said quantumw re array, and an
el ectrode positioned on said insulator. 5 Apparatus for inplenmenting the

met hod consists of an ultra-high vacuum chanber, a sanple introduction
attachnment, an ion m crobeamcolum w th adjustabl e ion 2nklagg0éhd i on probe
position on the sanple surface, an elegfron gun, a sanple holder with
positioning, tilting and rotation functions and neans for varying and

controlling the samphe te r r ctor, and a
secondary FORPHEYES “M& %ﬁfﬁ{eﬁf@bﬁggﬁﬁf;@? %%ﬁkﬁg{mm&ngﬁ%g’ %I?i or art as
a mlti-te \ f . 1S4 R Bl Lagt déhe invention
over comes ﬁﬁgiagggg%&g %gé@%q Sﬁhsgudpmlgﬁtlgl‘;i‘ﬁﬁl% pr \,/iaglﬂnagf‘%egrgm rollability
of the progess t | single paraneter, nanmely the desired array
peri od (mﬁgﬁgﬁgt@ﬁ)&%ﬁlaéﬂ%%s%@ns all of the relevant paraneters of the
process. Enbodi nents of the invention will now be described, by way of
exanple 20 only, with reference to the acconpanyi ng draw ngs in which: Fig.
1 Ais a saheapitus forimphshentny ithwneéthad domsistabf 86l ulttarhighuvacuumncl udi ng a
silicon nitride mask, for use in accordance with the present invention; 25
Fig. IBI Scl@aﬁbbﬁ@éémﬁlmﬁﬂﬂﬁhidtm atashmént ahi ival mEPobsamuchlunen af t er

application of the nethod in accordance with the present invention to the
initial stwith adjmstdblEion ehérgyandiyn podie position on the sample surface, an

electron gun, a sample holder with positioning, tilting and rotation

functions and means for varying and controlling the sample temperature, a
10  secondary electron detector, and a secondary ion mass analyzer. Suitable

apparatus is known in the prior art as a multi-technique surface analysis

high capability instrument.

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

parameters of the process.

Embodiments of the invention will now be described, by way of example

20  only, with reference to the accompanying drawings in which:

Fig. 1A is a schematic perspective view of an initial SOI structure,
inclpding a silicon nitride mask, for use in accordance with the present
invention;

25  Fig. 1B is a schematic perspective view of a final SOI structure after
application of the method in accordance with the present invention to the

initial structure of Fig. 1A;



-11 Fig. 1 Cis a graph illustrating the manner in which a secondary ion
em ssion signal is enployed in controlling the nethod in accordance with the
present invention; Fig. 1Dis a cross sectional view, greatly enlarged, of a
portion of the 5 sputtered structure of Fig. 1B (detail A of Fig. 1B); Fig.
1 Eis a graph show ng the relationship between ion inci dineayaogde, ion
energy and the wavel ength of a WOS forned-in accordance with the present
invention; Fig. IF is a graph showing the manner in which the wavel ength of a

et UG AT INGR o G AN 97, 13,11
o ey s T ATIE AT SHREUTIAE R HUERA% oM i on o 2

schematic @l%rlﬁggﬁﬂﬂﬁ,eyﬁgw illustrating the structure of a FET 15 with
channels in the formof a 5ilicon nanostructure array forned in accordance

with the PRRSQE id RYPOY Qivtiolal Giewngreamly dlakiel Sfapomton bfthe L A shows an
exanple of an initiral SO structure for "use in accordance with the

i nvent ipn, smraret st@t@resof Fipor B AdettllsA ioftiig5 1B9; si | i con oxide insul ating

| ayer 4, a 'silicon layer 3, in which the quantumwres are to be forned, a
thin silicBig dH tea sBowingrett relatiopship bftwicka isnlincmlenceymgl® and a
silicon nitride masking layer 1 formed on top of the thin silicon oxide |ayer
2. Fig. | Bonhenagytmdstheuvwnuelength of aspi®$ dormgd inraceondanggnghheh t he

i nvention, conprising the silicon substrate 5 and 25 silicon oxide insulating
| ayer 4 aspriasef miventidan;and in which the silicon layer 3 of Fig. 1 A has

been nodified by the sputtering to |l eave. a siljcon | ayer 6
Fig. 1Fis a grap% showingg the manner in Whlcil the wa\ye?ength of a WOS

10 formed in accordance with the present invention varies with the

temperature of the SOI material for different ion energies;
Figs. 2A to 2D are schematic plan views of an SOI structure illustrating the
formation of a FET device in accordance with the present invention; and
Fig. 3 is a schematic perspective view illustrating the structure of a FET

15  with channels in the form of a silicon nanostructure array formed in

accordance with the present invention.

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

20  substrate 5, a silicon oxide insulating layer 4, a silicon layer 3, in which the
quar|1tum wires are to be formed, a thin silicon oxide layer 2 formed on top
of the silicon layer 3 and a silicon nitride masking layer 1 formed on top of
the thin silicon oxide layer 2. Fig. 1B shows the structure after sputtering
n a;:cordance with the invention, comprising the silicon substrate 5 and

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

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



in the areas nmasked by the masking layer 1 of Fig. | A and a silicon 20 May
2004 -12 nanostructure array 7 fornmed by the sputtering process in the area
left exposed by the masking layer 1. Arrows indicate the direction of N2 ion
flow during sputtering. 5 The basic sputtering process for formng a WS is
described in Refl. As described therein, a focused i on Réaay 2004
raster-scanned across the surface of .tthe SO material. Fig. 1D illustrates
an exanpl e of the cross-section of the silicon 10 nanostructure array forned

by a sputterin ocess | ccondan | ' igon, whi ch
cont aihns r‘@&lpéﬁgg emypﬂéﬁgngfiﬁ%yc@% %ﬁqtt&frﬁge%f&rerggg[?yﬁésgﬁ alﬂgn' xture of
anor phous silic d .slli: gl ' f . SithAd {tride 10,
?Ed rS ggi 0ﬁgpgﬁe(iﬁyg?l§|fﬁé$l+lﬁ§gﬁ9§éi ‘%?@I&%Se;rﬁgk oW %gd%idrtgdnlgtefejyg(?ﬁgil ating to

e i al . tructure and the WOS formati on process are
referreqmoq&éﬁé}nrégg%%‘%‘strat ed in Fig. 1. DBis the initial thickness of
the silicon layer 3 of the SO material. 20 DF is the relief formation depth
(i.e. the mininmumdepth of nmaterial renoved by sputtering fromthe original

surfaceg OfTﬁ@Ba%b'sbﬁ&erihg c8sd fort feRnfing st WOS it ldeseebed inReéfRe AYS in or der
to obtain a stabl e” WS, e 11 sputtering depth" being the vertical distance

from the qidsgiiBedl thétdifom foctisedciontseanés taserefcdimedidspss fie stiiface he hei ght
of the stabilised WOS relief; i.e. the vertical distance between the wave

crest and gfitherSQI asiteriahe trough (doubl e the wave

Fig. 1D illustrates an example of the cross-section of the silicon

10  nanostructure array formed by a sputtering process in accordance with the
present invention, which contains regions of amorphous silicon nitride 8,
regions of a mixture of amorphous silicon and silicon nitride 9, regions of

silicon oxynitride 10, and regions of crystal silicon 12.

15 The following parameters relating to the SOI material, the WOS structure
and the WOS formation process are referred to herein, as illustrated in Fig.

1:

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

20 Dristhe relief formation depth (i.e. the minimum depth of material
removed by sputtering from the original surface of the silicon layer 3 to the
crests of the waves of the WOS in order to obtain a stable WOS, the
"sputtering depth” being the vertical distance from the original silicon
surface to the top of the WOS).

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

amplitude).



anplitude). 20 May 2004 -13 Ris the ion penetration range into silicon for a
given ion energy. The present invention is particularly concerned with
controlling the sputtering process in order to allow the required silicon
nanostructure to be 5 fornmed reliably with predeterm ned paraneters. Further

I nvestigation of the WOS formation process by the preseng0Maye0Dérs has | ed
to the follow ng conclusions: (a) The.{$S wavel ength X remains constant from
the initial onset of the 10 formation of the WOS at sputtering depth Dm

t hrough togthe,st.abilisati.on of t.h t t ring depth DF
(the relieR F&P%Pp&r?nﬁgfabﬁ)“ g1ge l{lﬁ)e%!}iﬁpﬁei{&%néggngégﬁﬁ%ﬁ sputtering up to
depths several tines the value of DF. (b) The relief height increases
linearly with time fromthe depth D. to the 15 depth DF, reaching the val ue

H at dept hie 3dedSRRERHBA i§ PARiarly! QHELE Wit EshtrbRiMg fixed sputteri ng.

That is, the pe an nmens remal n substantially constant

under cont Ep&ﬁ&iﬁggaggsﬁsrﬁg &g}ﬁ?@@' allB tﬁwwed $ificBATidnostrueturetie BAOS on the

SO material mgr rection opposite to the direction of ion

i nci denge (EhRedralishly With prédeferdfinéd pardietdrs UBtthéemviestigationtafon of the
WOS at the tinme when the sputtering depth equals DF, whilst the main draw ng

i ndi cat es (e WOSUSriiRicH prodess &y theipresafttiavestors hasiled tidlse been
termnated). (c) DFis related to Dmby the formula: DF =15 Dm 25

following conclusions:

(a) The WOS wavelength A remains constant from the initial onset of the

10 formation of the WOS at sputtering depth Dy, through to the stabilisation of
the WOS structure at sputtering depth Dy (the relief formation depth) and
thereafter under continued sputtering up to depths several times the value
of Dr.
(b) The relief height increases linearly with time from the depth Dy, to the

15  depth Dy, reaching the value H at depth Dr and remaining constant
thereafter under continued sputtering. That is, the shape and dimensions of
the WOS remain substantially constant under continued sputtering beyond
Dy, however the position of the WOS on the SOI material migrates in a
direction opposite to the direction of ion incidence (the broken line 13 in

20 Fig. 1D illustrates the position of the WOS at the time when the sputtering -
del;th equals Dy, whilst the main drawing indicates the structure at a later
time after sputtering has been terminated).
(¢) Dy is related to Dy, by the formula:
Dr = 1.5 Dp,.

25
(d) Dy is related to the WOS wavelength A by the formula:
"(2)" Dy (nm) = 1.316(A (nm) - 9)



(d) DF is related to the WOS wavel ength ? by the fornmula: "(2)" DF (nm =
1.316(k (nm - 9) 20 May 2004 -14 for a, inthe range 9 nmto 120 nm (e) H
is proportional to ?, this proportionality varying with the angle of

i nci dence of the ion beam 0; e.g. ""(3)," 5 H=0.26? for0=41 H=0.25? for0=43
H=0.23 for0=45 10 HO.22for0=55 H=0.22a,for 0=58. 15 (f) ZOdMdysd08¢i our of the
"true" secondary el ectron em ssion froomghe ion sputtered area of the
silicon surface reflects the appearance of the WOS at the sputtering depth

Dm and t he f of mat4 on_ of ed WOS at the sputtering depth DF. The
onset of tﬁ%roér'rﬁl_ié qug%%r“z%iéq?gr# Sponds to the depth Dm The onset of

em ssion s i

[vest  ga PO T Be GG R d b st o B P 6 ilging i Bicible of |

epends on the ion beaminci dence angle 0 and 't he

t enper at ur éﬁ%ﬁe{lﬁ@ogg?ﬂé{]gél al’6 ‘Fé] nore specifically, the tenperature 25
of the SO nfj(}h!l con layer). Fig. I|E il Iustrates data showi ng how X varies with
E and 0 at omtenperature. The curve 15 defines the limt of the domain 20

May 2004 f— 026 for @ =41°
H =0.25 ) for 6 = 43°

H=10.23 A for 6 =45°
10

H=0.22Afor 0 =55°
H=0.22 A for0=>58°.

15 (f) The behaviour of the "true" secondary electron emission from the ion
sputtered area of the silicon surface reflects the appearance of the WOS at
the sputtering depth Dy, and the formation of the stabilised WOS at the
sputtering depth Dg. The onset of the emission increase corresponds to the
depth Dy,. The onset of emission saturation corresponds to the sputtering

20  depth Dy.

Investigations were also conducted to determine the manner in which A

depends on the ion beam energy E, the ion beam incidence angle 0 and the

temperature of the SOI material, T (or, more specifically, the temperature
25  of the SOI silicon layer). Fig. 1E illustrates data showing how A varies with

E and 0 at room temperature. The curve 15 defines the limit of the domain



-15 in which WOS formation takes place. The curves 15, 16 and 120 limt the
part of the WOS domain in which the wave-like relief has a nore coherent
structure with a linear relationship between ? and DF according to the
formula (2). Fig. IF illustrates how ? varies with T for different val ues of
E 5 and 0. Curve 22 corresponds to E = 9 keV, 0 = 45 . ZuMay 2094 corr esponds
to E =5 keV, 0 =45 . Curve 26 corresponds to E = 9 keV, 0 = 550. Fromthese
data, it can be seen that, at roomtenperature, ? can vary within a useful

fval 3 @i%o t ZOn{ 'Eg, t BSTRRA ALY Bm@f thelO th
ggprgleeofrﬁywa ?‘I’g R’[’ gqté‘[‘%:‘%‘ﬁ%‘%ﬁa ?@i‘g'ﬁ Sélsgﬁ?’flcandtiqultlgct .thl-eleati ng t he
le f 550, K 850 t § f 3.3
iggafedr (p?},gqlftrp%?thg \&m Sigwﬁgg\ﬁﬂie& LGV K eEretief has By mdre cahbfnt o as

at room tenperature. The inventors have

o e S S Minddt e RGP befwbdEANd Damictayding (4h8 of the SO

mat eri al expressed by the fornmula:

(4 " DB DRt (o) eld. eilfiRkied ol R vaeRk witB Ef@Rdiffetens valiesiofient for a

stabl e or me wever, the present inventors have di scovered

Lhar ') PR R IAR S BoreBSobdOPRREDIREV 00 2 4556 (Rirve DMecdrabsporidst o account

when the m ni DB in order to ensure the reliable

for mat | on,o of g ug! B_1y30l a5 PEBLHELSIMALRNEN: Dde Wy ENB5Sput teri ng

process a guent "hi gh tenperature annealing of the sputtered
product. 25 The inventors' investigations also confirnmed that the secondary
em ssion of ions fromthe SO insulator begins when the troughs of the WS

reach a 2G: My 11%@4ata, it can be seen that, at room temperature, A can vary within
a useful range of values from 30 nm to 120 nm. Varying the temperature of
10  the sample from room temperature to 550 K has no significant effect.
Heating the sample from 550 K up to 850 K reduces the value of A by a

factor of 3.3 as compared with the equivalent value at room temperature.

The inventors have further determined that the depth Dy of the silicon layer
15 3 of the SOI material required for a given WOS can be expressed by the

formula:

"(4)" Dg > Dy +H+R

Tt will be noted that a depth Dg =Dy + His sufficient for a stable WOS to
20 be formed. However, the present inventors have discovered that it is
important for the ion penetration range R to be taken into account when
calculating the minimum depth Dg in order to ensure the reliable formation
of mutually isolated quantum silicon wires by the sputtering process and/or
subsequent high temperature annealing of the sputtered product.
25
The inventors' investigations also confirmed that the secondary emission of

ions from the SOI insulator begins when the troughs of the WOS reach a



-16 distance of about R fromthe silicon-insulator border of the SO materi al
(this effect of prior detection of a buried border being previously known in
the field of sputter depth profiling). 5 These observations provide the basis
for controlling the formation of the desired silicon nanostructures on the
basis of a predeterm ned value of the WS wavel ength a, 20 Mbhe2e3t a
illustrated in Fig. 1E allow values of.fg.and O to be determned for 10 a
desired value of ?. in the range from30 nmto 120 nmat roomtenperature, 30

2;“5 &) ngt FieeS yaauit & iong ape SuRlsgt BRMAIBEBOGRLS s S leTial, oo
above as . ; ' :

sui tabl e ﬁgﬁ%ﬁ“@ﬁr&r’;%%eﬁf@%ﬁ*%ﬁfﬁg? Bobbe i eV R RIS IO 2ot
an e .

from enpi %@élg&%,r Iaaégg?pﬁgﬁlllrlggu?lrjegt ggpI LorE?Ff 8; rr;thf@aleS(CJll) S?In?cgﬁ) I gggr

can then be calculated from fornula (4). 20 For exanple, if it is desired to
fabricate a silicon quantumwi re array with a wre period (lanbda) of 30 nm
from Fisg. ‘fede olsvAGoRehRIVIdBaHe baYis foxicoap@ldhgehe fonmatibniofXhe 30 nm E
2 keV and 0= 58 . Fromthese values, it can be determned that R=7 nm H
6.6 nm DRicsired $11i06h nandstrabtirbe bafthedasl of 4 brédetermimecaviluet dletheexanpl e,
if it is desired to fabricate a silicon quantumw re 20 May 2004 - 17

WOS wavelength A .

The data illustrated in Fig. 1E allow values of E and 0 to be determined for

10  adesired value of A in the range from 30 nm to 120 nm at room
temperature, 30 nm being the minimum A obtainable at room temperature
(with E =2 keV and 0 = 58° ). Smaller values of A can be obtained by
heating the SOI material above 550K, as shown in Fig. 1F.

15  Accordingly, for a selected value of A , suitable values of E, 6 and T can be
determined. The ion penetration range and the formation depth Dy can be
calculated from formulae (1) and (2) and from empirical data (3), and the
required depth Dy of the SOI silicon layer can then be calculated from
formula (4).

20
For example, if it is desired to fabricate a silicon quantum wire array with a
wire period (lambda) of 30 nm, from Fig. IE it can be determined (by
extrapolation) that for A = 30 nm, E = 2 keV and 6= 58° . From these
values, it can be determined that R =7 nm, H = 6.6 nm, Dy = 27.6 nm, and

25 therefore Dy = 41.2 nm.

In a further example, if it is desired to fabricate a silicon quantum wire



array with a wre period (?) of 9 nm the sanple should be heated to obtain
3.3 fold decrease in k, so that ? = 9 nmat 850 K corresponds to ?. = 30 nm
at roomtenperature. FromFig. IEit can be determ ned (by extrapol ation)
that for ? = 9 nmat 850 K, E =2 keV and O = 58 . Fromthese values, it 5
can be determned that R=7 nm H=1.98 nm DF = 0 nm 20May2&0af ore
DB=8.98nm 1In a further exanple, if it.ijg-desired to fabricate a silicon
guantumwire array with a wire period (?) of 120 nm fromFig. 1 E it can be

?;t;t §2nm'1 ggdaﬁgvtevpﬁhﬁewe?l’é&ﬂ@ R ) &g, . thE SR sfotBe heatedfBol QB3 |2 ef or e
: t.‘ ford3 LR lecEAE b'E, 5@%@5@2 G § iR 1, 8SOL SBREHBHdS 85 A ASORD ¢ e

eterm ne =
188. 3 nm ‘i‘tp@ém%mtd?%a%’gg PBor Iﬁgdie)‘:; ﬁ;@%%%ﬂegeﬁl i Eph(g%kggﬁ(tﬁ{lcgnﬁ%b@e[ﬁ ‘ 33 A

in th
'nthe ra X fg)g'ishovm ;%OVG Ktzg-f—p?k WB*BSP ‘F?Bhfﬂiesb%l@ééJQ?SS can be

pr edet er mi n e variety of SO nmaterials ' can be used
for thes pr aaR%e: détefinindd thaP® 2 7sh, B =S} MR STIAL A ) o thidfang ed Oxygen)
t echnol ogy can be use the redui red thickness of silicon layer. O her
aIternatwanwg 8hen. apparent to those skilled in the art, such as SO

pr epar ed th Smart Cut 25 technol ogy, or nonocrystalline films of silicon on
either quartz or glass wafers. 20 May 2004 -18

In a further example, if it is desired to fabricate a silicon quantum wire

array with a wire period (A ) of 120 nm, from Fig. 1E it can be determined
10 that for A= 120 nm, E = 8keV and 0 = 45° . From these values, it can be

determined that R = 16 nm, H = 27.6 nm, Dy = 146 nm, and therefore Dg =

189.6 nm. Alternative parameters can be determined for the same A ; €.g.

for A =120 nm, E = 5.5keV and 6 = 43° . From these values, it can be

determined that R = 12.25 nm, H = 30 nm, Dy = 146 nm, and therefore Dy
15 =188.3 nm.

Thus, on the basis of a desired period of the quantum wire array A in the
range 9 nm to 120 nm, the parameters that control the process can be
predetermined as shown above.

20
A wide variety of SOI materials can be used for the process; €.g. SOI
obtained by SIMOX (Separation by IMplanted OXygen) technology can be
used with the required thickness of silicon layer. Other alternatives will be
apparent to those skilled in the art, such as SOI prepared with Smart Cut

25 technology, or monocrystalline films of silicon on either quartz or glass

wafers.



Fig. 1 relates to an exanple enploying SO made by SIMOX technol ogy. The

t hi ckness of the silicon |ayer 3 should be of high uniformty (suitable

SI MOX wafers are available fromlbis, USA). 5 Once the SO material has been
selected, the silicon nitride mask layer 1 can be prepared as shown in Fig.
1A. The silicon nitride layer 1 is deposited on top of theMayi2008ilicon
oxide | ayer 2. The nmask windowis forpgg.in the silicon nitride layer 1 by
means of |ithography and plasnocheni cal etching, the silicon oxide |ayer 2

ayer 2 v it Teleiih bt xdle ol QL SAT e §Y RIMOR Iruidthlur o
| ayer bs sORP DRy S hERfpr el ARtfE bt e JRTsrtt ) RBa0RE, 08, |

on the Sur§ﬁ@&%§§%§é§aﬁgb§%§%mi§§%§- t he mask wi ndow area. The

formation w ndow i s advant ageous in
obtaining a uniform WS surrounded by a flat silicon surface around the edge
of the mask wi ndow. The silicon layer 6 is grounded (earthed) as indicated at

11 in R g. Ohe tHE'SODnidiGriiPHAS BEEMIcRURRE The Silicth hitrideanask 1phrrige damage
to the array 7 20 fornmed by the sputtering process. The mask w ndow is

pref er abl y cgi iberpireflaredl &4 slvewhdntiie. diAL &l silicoh ritrédé tayerblemm as i ndi cat ed
in Figs. IA 1Band 2, such that the ion incidence plane defined by the
sur f ace nodepbsitedlonhepicfithé thin siliceatoxide lsyar2.ehhe daskrwinddwis to the
| onger sides of the rectangul ar mask wi ndow. Thi s maxinises the advantageous
effect of fommedmin shga witridééayarsk byimeans oblithegrapbgandio The mask
t hi ckness may be sel ected such that the mask material is
plasmochemical etching, the silicon oxide layer 2 acting as a stop layer for
10 the plasmochemical etching. The thin oxide layer 2 within the window area
is then removed by wet chemical etching, forming a pendant edge around
the periphery of the mask window. The mask layer is sufficiently thick to
prevent the formation of any wave-like relief on the surface of the silicon
layer 3 outwith the mask window area. The formation of a pendant edge
15 around the mask window is advantageous in obtaining a uniform WOS

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

The silicon layer 6 is grounded (earthed) as indicated at 11 in Fig. 1A
during the sputtering process so as to prevent charge damage to the array 7

20 formed by the sputtering process.

The mask window is preferably oriented relative to the direction of the 1on

beam as indicated in Figs. 1A, 1B and 2, such that the ion incidence plane

defined by the surface normal and the ion flow direction is oriented parallel
25  to the longer sides of the rectangular mask window. This maximises the

advantageous effect of the pendant edge of the mask window.



renoved by the sputtering process, the mask material and the silicon surface
within the mask w ndow being sputtered at approximtely equal rates. 5 The '
sputtering process is carried out on the basis of the paranmeters E, 0 and T
whi ch have previously been determ ned. Sputtering nmay be carried out in the
ul tra-hi gh vacuum chanber of surface anal ysis apparatus (20May200pe PH 660
fromPerkin El mer, USA). During sputterigg, a secondary 10 ion em ssion

signal fromthe insulator layer 4 of the SO nmaterial is nonitored, and

T R i
n-1n . 1

o)1 con ! nSHhBYRA 8O SSyFnBNRCAS  dck Fordi ardokidnial ve, S, car

backgr oundyghuen i (8 R inaHlcing spRCRGPAabsraemi o altal o e

noi se sign rgy electron gun (hot shown) may be
used to coppegsate for ion charging, by electron irradiation of the
sputtered area (as is known in the 20 field of depth profiling of

insul atprs). These steps result in the formation of the quantumwre array 7
within the area of the mask window. Fig. 1D illustrates the internal

structure Theldpattepinpdyroteddicdreied eat@dtlas basiowfttheparaneters B39 descri bed

above. Wen 25 fabricated at 850 K, the internal structure of the array 7
differs ff@ﬁd@%icl@hh&bg@évi@ﬁlshobam dotezndhed eSpitenngmegpbectantied50 K, t he
|

present inventors have scovered that the wavel ength of the WOS i s reduced
by a 20 Magugiithe @lra-high vacuum chamber of surface analysis apparatus (e.g.

type PHI 660 from Perkin Elmer, USA). During sputtering, a secondary

10 ion emission signal from the insulator layer 4 of the SOI material is

monitored, and sputtering is terminated when this signal exceeds a

predetermined threshold value, indicating that the troughs of the WOS are

approaching the silicon-insulator border. As shown in Fig. 1C, the

threshold value, S, can suitably be defined as the value at which the signal

15 exceeds the average background value B by an amount equal to the peak-

to-peak height of the noise signal N (i.e. S=B + N).

A low energy electron gun (not shown) may be used to compensate for ion
charging, by electron irradiation of the sputtered area (as is known in the

20 field of depth profiling of insulators).

These steps result in the formation of the quantum wire array 7 within the
area of the mask window. Fig. 1D illustrates the internal structure of the
array 7 when fabricated at room temperature, as described above. When
25 fabricated at 850 K, the internal structure of the array 7 differs from that
obtained at room temperature. When prepared at 850 K, the present

inventors have discovered that the wavelength of the WOS is reduced by a



factor of 3.3, as conpared with the wavel ength obtained with simlar process
paraneters at room tenperature. However, the thicknesses of the |ayers and
the sl opes of the sides of the waves remain the sane as at room tenperature.
The structure obtained at 850 K does not contain the 5 crystalline silicon
regi ons 12. The horizontal dinmension of the regions of afdMMphfdd silicon
nitride 8 is shortened by a factor of _.393 conpared with those forned under
room tenperature conditions, and the regions of silicon oxynitride 10 are

d. | hi h | : ]
i res. ot ok atar s oS Pated MALER BRSs ookl cBRineO TRESURRARS TCTCT o,
th ' 8. Fol | ow ' ' g , d '
anneal e irocess et A TERRE R BeR i ORI EE e MIBKREERS o e 0 e
1200 C 0, fr <Rl @ Shp@ of ARELiABE FHR yaveRl Tl thy shiridad anmeimt ur e

oxi dati on g process results in the regions of m xture of

amor phous Sioiefifire M StrhbGa8 dbithinkdat 950 Ksdeeend dtitain did ect i vel y

depleted o rogen, resulting i1n the formation of clear cut nitride

bor der § areyRdIiiesiRGhGREIGhs 12/THE Hotizontal!ditamaiowof (e eegionsofer ted into
crystalline’silicon. The Righ- tenperature oxidation step may be simlar to

oxi dat i on 45 Q6ARNESIREOA AYteille?® i shomenddibyiacfictamob’ Sgenrmperédiwitlayers as is
wel | known in'the field of sem conductor fabrication. Fromthe foregoing, it
will be sehpsé feimédandet room tengeraturaiconditoons, laad therrggians of $16g0By neans
of the present invention can be formed in one of 25 three pasic ways.

Firstly, vhamitids {6raee nat separatednpethis case, theeegiopsretebe st ruct ure

contains regions 12 of crystalline silicon which can b egard S quantum
wires, isaosedbredas quantamowikes afier-angeshnggas Bgs%nbetgbgﬁ)\g, 1sofa(%eg

10 from one another by the regions 8.

Following completion of the sputtering process, the product is annealed n
an inert environment, suitably at a temperature of 1000° C to 1200° C for a
period of at least one hour, followed by high-temperature oxidation. The

15  annealing process results in the regions of mixture of amorphous silicon
and silicon nitride inclusions 9 being effectively depleted of nitrogen,
resulting in the formation of clear cut nitride borders around the regions 9.
In addition, the regions 9 are converted into crystalline silicon. The high-
temperature oxidation step may be similar to oxidation processes employed

20 in the fabrication of gate oxide layers as is well known in the field of

semiconductor fabrication.

From the foregoing, it will be seen that the silicon quantum wires of the

array obtained by means of the present invention can be formed in one of
25  three basic ways. Firstly, when sputtered at room temperature, the

sputtered structure contains regions 12 of crystalline silicon which can be

regarded as quantum wires, isolated from one another by regions 8.



-21 Secondly, if the structure sputtered at roomtenperature i s subsequently
anneal ed, the regions 9 are converted to crystalline silicon and may al so be
regarded as quantumwi res. In this case, the regions 12 also increase in
vol une, nerging with the regions 9, the quantumw res again being 5 nutually
isolated by the regions 8. Thirdly, if the array is sputt20rMay 2004850 K, the
sputtered structure does not contain aml crystalline silicon regions 12,
subsequent annealing converting the regions 9 to crystalline silicon and

t hereby f ' | ' : th b

the rogi onteeste 1L S SR d o @hparafing i SubSRUAS, Mone of (e
region 8 "t g al5g Slief st cor |

tascr i bed MR HhE e s o e N o A Y e e na

quant um ngaﬁébcgég Mgnitin RvifedanehRGAse, tie Figonanaalss indreute a0 to 120 nm

can be for sputtering at roomtenperature, and shorter wavel engths
down to abgjlyme rﬁ@i‘%iﬁg with ohé aégiods 9y th@guaﬁﬁlm@wré@ag&mﬂ%mgur e of the

material during sputtering above about 550 K, with m nimum wavel engt hs bei ng

obt ai ngd mutwdibpisobstedtby Brpespdong 8oThiridy pif the astayaisapattersd at 820W0S
obt ai ned 20 by sputtering may include regions 12 of crystalline silicon,

whi ch may Kptlavspietersdfsatuctunet dedd yot cmitaireany caystalling sibson\wagranst he
sputtered structure does not itself include such regions 12, quantym wires
are f or med]2,isubsbguerpmealidghsonertinguberegionsd tngrystalling stheen apdd

product, such _ annealing being preferred whether, or npt the sputtered product
i ncl udes ttﬂaeretgzsfom@ﬁx@tgeman%ugswmsaﬁdh@ atrrayudsolatad %ﬂ%ﬂ Qpﬁc%%h‘%ﬁ

fabricating a device (an FET in this
t?y the regions %

10
Annealing also expands the lowermost corner portions of the regions 8,

improving the isolation of the regions 9 in all of the cases described above.

From the foregoing description, it will be understood that quantum wire

15 arrays with a wavelength in the range of about 30 to 120 nm can be formed
by sputtering at room temperature, and shorter wavelengths down to about
9 nm can be obtained by increasing the temperature of the material during
sputtering above about 550 K, with minimum wavelengths being obtained
at about 850 K. Depending on the process parameters, the WOS obtained

20 by sputtering may include regions 12 of crystalline silicon, which may
prm'/ide useful, mutually isolated quantum wires. Where the sputtered
structure does not itself include such regions 12, quantum wires are formed
in the regions 9 by subsequent annealing of the sputtered product, such
ann;:aling being preferred whether or not the sputtered product includes the

25 regions 12.

Figs. 2 and 3 illustrate the process of fabricating a device (an FET in this



20 May 2004 -22 exanple) incorporating the quantumw re array 7 forned by the
process described thus far. Fig. 2A illustrates the mask | ayer 1 defining
the mask w ndow on the SO naterial prior to sputtering as previously
described. Fig. 2B shows the quantumw re array 7 formed in the silicon ‘
| ayer 6, also 5 as previously described. Fig. 2C illustr20®&fayR004rst step in
formng a FET incorporating the quantuopswire array 7. The previously :
descri bed hi gh- terrperature oxidising step forns a thin insulating ayer 28

fQCLE?qﬁzéf gl PraBH g 5 Qlatug! par %i’%x?gf;o BRAoY CBROERS”, nsul at o
7 may ngéﬁsgérﬂ%qaﬁéﬁsﬁﬁtﬁﬁa avh R e fijaler LRAARE e mad f ca
Caver 4, | S40Ray SR 5@%@%@3@*‘@“@?&6&3&@%@ PREshRaebeRy =
polysi 11 cop g8 sﬁgvﬁfhe it QiteeARy 5 forARid upﬁfé%lﬁ@oﬁmﬁly&% afls@i ther end

of the arr nd to net Zze the pa 38, as seen in Fig. 2D

wher e nymaglg&réqlohg R g&dcefbedt ray 7 after etching, reduced in length fromlL
to W 20 1 be “understood that, followi ng the fabrication of the quantum
wre array, devices nmay be fabri cat ed incorporating the array by neans of
any of a variety of conventional sem conductor manufacturing technol ogies.
Figs. 2D abilg.2Clillustragse fitst sEPrind éornoimngf @ Fisddimcorpesat bt qantem | n- 25
Figs. 2D and 3, nuneral 32 indicates the oxide insulator |ayer and 34

i ndi cat es tWiee pn‘ays’/l IThmprd\agmslyr@mrnheddught—temmmturﬁg))mhsm@ stpr r espondi ng

| ayers 28 and 30 of Fig. In Flgg 3 the |ayers 32 and 34 are shown
forms a thin 1nsulat1ng layer 28 on the surface of the sputtered product.

10  Using known lithography techniques, a polysilicon rectangle 30 is
deposited on top of the insulator layer, extending across the width of the
array 7. The length L of the array 7 may be greater than the width W of the
polysilicon area 30. The area surrounding the polysilicon 30 can then be
etched back to SOI insulator layer 4, leaving. Then, by means of

15 lithography, the ends of the polysilicon area 30 are etched to leave silicon
pads 36 and 38 at either end of the array 7 and to metallize the pads 36 and
38, as seen in Fig. 2D, where numeral 17 indicates array 7 after etching,

reduced in length from L to W.

20 It will be understood that, following the fabrication of the quantum wire
array, devices may be fabricated incorporating the array by means of any

of a variety of conventional semiconductor manufacturing technologies.

Figs. 2D and 3 illustrate the FET device formed as described above. In
25  Figs. 2D and 3, numeral 32 indicates the oxide insulator layer and 34
indicates the polysilicon layer remaining after etching of the corresponding

layers 28 and 30 of Fig. 2C. In Fig. 3 the layers 32 and 34 are shown



20 May 2004 -23 partially renoved to reveal the underlying quantumw re array
7, for the purposes of illustration only. In Gg. 2D, the layers 32 and 34
can be seen to extend to the pads 36 and 38. 5 The invention all ows devices
of this type to be nmade having dinensions smaller than has hitherto been
possi bl e and/or with inproved repeatability of results auviguabdsy of end
product. The invention has been describggd thus far with particular reference
to the 10 formation of quantumw re arrays based on wave ordered structures

10 AR o SR T 0 e
appl 1 cat | GASPOSER OF ARGy ST dm G oo ey o AR AR P AP BB i g 15

dopant ato i.nt ] terials for VLSI applications. Mask |ayers
wi th wi ndo e@pgS@ﬁﬁgh%ggﬁgs;%iq g?'the formati on of two- di mensional dopant
distributions. lon inplantation is usually followed by annealing for
el ectrical activation of the dopants and for the restoration of the crystal
structwe . ) : 1 lef dfinehdieakrated in
Fi g. 1§i S?Pgtrlﬂng%ggag‘#éf%érglﬁ?gﬁf%@gngg?%%Pg rg%(rilé\géivﬁggthe regi ons 8 may
serve as agmafkr MdiPRhdEitheHsBderspdsRiblemidiat whtloimproved tepeatabghty hand si de
of the regions 9 (the direction of |lowenergy ion flow being normal to the
surface of of fulistfid ghalitySvéndproducti npl ant ation process would result in a
pattern of alternating doped stripes having the sanme 25 period as the WOS.
Using a WOS period of about 10 nmor |ess, the phosphorous doped stripes
formed in this way are sufficiently close to. )

The invention has been described thus far with particular reference to the

10 formation of quantum wire arrays based on wave ordered structures formed
by sputtering. However, the WOS formed by the basic sputtering process
may also be used as a mask for ion implantation (e.g. low energy
implantation of phosphorous ions) into silicon for quantum computer
applications. Ion implantation is the principal technique for introducing

15  dopant atoms into semiconductor materials for VLSI applications. Mask
layers with windows are normally used for the formation of two-
dimensional dopant distributions. Ion implantation is usually followed by
annealing for electrical activation of the dopants and for the restoration of
the crystal structure of the semiconductor. For example, if a WOS as

20 illustrated in Fig. 1D is formed, then after high temperature annealing the
regions 8 may serve as a mask allowing selective ion implantation into the
right hand side of the regions 9 (the direction of low-energy ion flow being
normal to the surface of the material). Such an ion implantation process
would result in a pattern of alternating doped stripes having the same

25 period as the WOS. Using a WOS period of about 10 nm or less, the
phosphorous doped stripes formed in this way are sufficiently close to

allow interactions of the type required for quantum computer applications.



allow interactions of the type required for quantum conputer applications. 20
May 2004 -24 lon inplantation m ght also be enployed as an alternative nethod
of formng quantumw re arrays using the WOS as a nmask. |nprovenents and
nodi fications may be incorporated w thout departing 5 fromthe scope of the
invention as defined in the O ains appended hereto. 10 152@Mag2009 May 2004
-25 Cains 1. A nethod of form ng a silpgon nanostructure, conprising:
sputtering a silicon surface by a uniformflow of nitrogen nolecular 5 ions

o o RS Re SB RIS IR e | Lhe vave
fur ther | bt B Lig hOLE MGV LS (RIWRDS b8 PRiSker | ng: 10 select i ng 2

desired wa e periodic e-likerelret Inthe range 9 nmto 120
nm determning the ion energy, the ion incidence angle to the surface of
said material, the tenperature of said silicon, the formation depth of said

wave- i ke 1ahtefembhR 4iR] #YdifibaGshs iy Be indsrpoeitediwahdut deparoimg 15

penetration tange into silicon, all on“the basis of_ said sel ected
5 from the scope of the invention as defined in the Claims appended hereto.
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wavel ength. 2. A nethod as clainmed in Claim1l, wherein said ion energy, said
ion 20 incidence angle, said tenperature of said silicon, said formation
depth and said height of said wave-like relief are determ ned on the basis of
previ ously obtained enpirical data relating said ion energy, said ion

i nci dence angle, said tenperature of said silicon, said R0Mat2®4 depth and
sai d height of said wave-like relief t@st-he wavel ength of said 25 periodic
wave-like relief, and wherein said ion penetration range is determ ned from
said ion energy. 20 May 2004 -26 3. Qod as claimed in Caim1, further
including the step, prior to sputte éﬁﬁ of positioning a silicon nitride
mask containing a window wth pendant edges on said silicon surface over the
sputter area, and sputtering said silicon surface through said w ndow. 5 4.

A method as gl &l g, a@o@f@hmrggpa@médipﬁ R dopsisiog: prior to

sputtering, of rermvm g any 1mpurities romthe surface o the said silicon

| ayer on whi d&@.l ‘Tﬁes‘lﬁﬁd)ﬁ %ﬁrﬁa@é 'b%lfa ugifoembflothvoofBitrogdh molécubat hod as
I'm

claimed in I ncludi'ng, subsequent to sputteri n%ﬁ anneal i ng

the mageri al 1dﬁst1|ih ﬁﬁuﬁré-ﬁh%l@fvabﬁuﬁﬁsd Aeté femiarpeniadic. wave-Aikeatchief, as cl ai med
in daim1l, wherein the material is annealed at 15 a tenperature between

1000 and 120&1&2\@@6 feomesf sidatlief bemesin theadiréation of thexiaretnesdenes cl ai med in
any preceding Claim wherein said silicon
plane; further including the following steps:

prior to sputtering:

10 selecting a desired wavelength of the periodic wave-like relief in the
range 9 nm to 120 nm;
determining the ion energy, the ion incidence angle to the surface of
said material, the temperature of said silicon, the formation depth of
said wave-like relief, the height of said wave-like relief and the ion
15 penetration range into silicon, all on the basis of said selected

wavelength.

2. A method as claimed in Claim 1, wherein said ion energy, said ion
20 incidence angle, said temperature of said silicon, said formation depth
?;nd said height of said wave-like relief are determined on the basis of
previously obtained empirical data relating said ion energy, said ion
incidence angle, said temperature of said silicon, said formation depth
;md said height of said wave-like relief to the wavelength of said
25 periodic wave-like relief, and wherein said ion penetration range is

determined from said ion energy.



nanostructure conprises a silicon quantumw re array and [ i
conprises a silicon |ayer of a siIicon-on-insulatorynaterfgid Zhglgﬁptﬁgr
including: selecting the thickness of said silicon [ayer to be greater than
the sumof said formation depth of said wave-like relief, said height of
said wave- like relief, and said ion penetration range. Z&6My2A04et hod as
claimed in Gaim7, further including:aeluring sputtering: 20 May 2004 -27
detecting a secondary ion enission signal fromthe insulator |ayer of said

silicon-on-inhsul ator ;material s - ' ' ' )

the detect eicﬁr;s%ﬁ*%{flaj mogeaascﬁagngd gl AT Pt PSP 8 Wt noc
gm’ ssion si ggil? Qg ng‘ﬁggfcgﬂéﬂgffé vﬁgﬁcéﬁrlﬁﬁe sﬁbéﬁgld{gggiglégglad\gh avepggrey on
ackar ound ol Speiiafil e85 sARLHicoh Speageeoter henpakicrheegindl 2 nof se

W
conmponent of { An opt oel ectronic device including a quantum

wire array fopaRdiVeaillieliosh 8etaeé tidoigh shid Windw.el ectroni c devi
i ncl udi ng a%&‘an?&%yvvl re array fornmed bf(/;mt he 15 method of d ai m\7”.Ci2. A

devicecas clained in Claimll | Si i [

evi ceg _ , conprising silicon pads connected b

silicon quantumw re array, an insulator |ayer positioned on said v said
4. A method as claimed in Claim 1, further including the step, prior to

sputtering, of removing any impurities from the surface of the said

silicon layer on which said wave-like relief is to be formed.

10 5 A method as claimed in Claim 1, further including, subsequent to
sputtering:

annealing the material with said relief in an inert environment.

6. A method as claimed in Claim 1, Wherein the material is annealed at
15 a temperature between 1000 and 1200° C for a period of at least one

hour.

7 A method as claimed in any preceding Claim, wherein said silicon

nanostructure comprises a silicon quantum wire array and said silicon
20 qomprises a silicon layer of a silicon-on-insulator material, and further

including:

selecting the thickness of said silicon layer to be greater than the sum of

said formation depth of said wave-like relief, said height of said wave-

like relief, and said ion penetration range.

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



guantumwi re array, and an el ectrode positioned on said insulator. 20 25
ABSTRACT A process for controllably form ng silicon nanostructures such as a
silicon quantumwire array. A silicon surface is sputtered by a uniformflow
of nitrogen nolecular ions in an ultrahigh vacuumso as to forma periodic 1
wave-like relief in which the troughs of said relief are bhewsiy2oh the
silicon-insulator border of the SO materi,al. The ion energy, the ion

i nci dence angle to the surface of said material, the tenperature of the
silicon layer

oL oo Yt ol R P S B bl 0B, 2,
determ ned o Sr#]{@ﬂ?%{ﬁ 1fnﬁ * o &ﬂ Iength of the wave-like relief in
the range 9 n Rrnx %aﬁﬁ S P{N?% e mask having pendant edges is
used to defing aﬁe%@Pﬁ%?nﬁﬁﬁ v'?hé ARD S A eUbt eﬂfklgﬁﬁm GERYs 4 formed.

I mpurities are reno eS| I'con surface wthint V\nndow15
rior to sput .of formng a silicon quantumwre
grray, thept rﬁ%&iﬁ@@@ﬂtﬁf&h@% I éon | ayer igs sel ected '?o be greater than
t he sunyof said fornmation depth, said height and said ion penetration range,
the fabrication of the silicon wires being controlled by a threshold value of
a secondary i9nAafieifodas elagimeld inrCRiinhg, whkrdinsaidtlaeshdhievalaeasfidaidt ure may -
be enpl oyed in optoelectronic and nanoel ect oni ¢ devi ces such as a FET.
secondary ion emission signal is that value at which the signal exceeds

D

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

10
10. An optoelectronic device including a quantum wire array formed by

the method of Claim 7.

11. An electronic device including a quantum wire array formed by the

15 method of Claim 7.

12. A device as claimed in Claim 11, comprising silicon pads connected
by said silicon quantum wire array, an insulator layer positioned on said
quantum wire array, and an electrode positioned on said insulator.

20

25
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ABSTRACT

A process for controllably forming silicon nanostructures such as a silicon
quantum wire array. A silicon surface is sputtered by a uniform flow of
nitrogen molecular ions in an ultrahigh vacuum so as to form a periodic
wave-like relief in which the troughs of said relief are level with the
silicon-insulator border of the SOI material. The ion energy, the ion
incidence angle to the surface of said material, the temperature of the
silicon layer, the formation depth of the wave-like relief, the height of said
wave-like relief and the ion penetration range into silicon are all
determined on the basis of a selected wavelength of the wave-like relief in
the range 9 nm to 120 nm. A silicon nitride mask having pendant edges is
used to define the area of the silicon surface on which the array is formed.
Impurities are removed from the silicon surface within the mask window
prior to sputtering. For the purpose of forming a silicon quantum wire
array, the thickness of the SOI silicon layer is selected to be greater than
the sum of said formation depth, said height and said ion penetration range,
the fabrication of the silicon wires being controlled by a threshold value of
a secondary ion emission signal from the SOI insulator. The nanostructure
may be employed in optoelectronic and nanoelectonic devices such as a

FET.



