™

10

15

20

1 SEM CONDUCTOR DEVI CES GROMWN I N SPHERI CAL CAVI TY
ARRAYS AND | TS PREPARATI ON METHOD 5 FIELD OF THE

I NVENTI ON The invention relates to the fabrication of
sem conductor devices and in particular the o
fabrication of a plurality of jsaid devices in periodic
arrays upon a substrate. 10 BACKGROUND M crocavities

hSEMICONDMCEOR DEVICES GROWRIN sﬁi&ﬁ&;‘ﬂﬂ ST

Y AYS
lasers, for exanple, vertical cavity surface e tt1¢\ﬁ<_!;q

| | ce
i or mat i on teehaN o SEREERRAIB AEERTOD o

m crocavi t confines |light in only one dinension,
e.g., the zertical dimension. It follows that, 15 it
is desirable to confine light in all directions, which
shoul d provide higher efficiency for realising |ow
threshold | asers. A dielectric mcrosphere, having a
FHEAROF THBIPMENMTIONO or Iarger than the wavel ength
of light, acts as a high-Q (quality factor) optical

Ty inventidineslatesooant faBicaiRies infic6All@er dbtibsPehLRY

gal |l ery nodes"” (WGEVs). Such microcavity structures can

o resRgrbaion Bt ARl A held' 88V1cBE 1 RBfionie aceavs upon a
éublshla{é_LVIII Vit vill vl vl III_I 1111

BACKGROUND

Microcavities have been widely used to fabricate semiconductor lasers, for
example, vertical cavity surface emitting lasers (VCSEL), which are key
components for information technologies. However, this kind of rhicroca'vity '
confines light in only one dimension, e.g., the vertical dimension. It follows that,
it is desirable to confine light in all directions, which should provide higher

efficiency for realising low threshold lasers.

A dielectric microsphere, having a diameter comparable to or larger than the

wavelength of light, acts as a high-Q (quality factor) optical cavity. The resonant

modes are called “whispering gallery modes” (WGMs).

Such microcavity structures can also be used for low-power nonlinear optical
_ _—
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switching besides being used in low-threshol
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*159159* ~[IH LI vViLr treer rerer et ~ri~
*@00002* 2 Another class of nanostructures called
"photonic crystals" (PCs), consist of peryodlcal!y
nodul ated di el ectric structures, with high potentia
to control spontaneous enissign and photon transport,
and are applicable to nore recCently devel oped optica
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em conductor interfaces have the

AE’%E’E‘%?&QQ%@'%{EZ’&'QPPHW steIctyees withchigh optenial teacontrol

devices |ike |aser diodes. Conmonly, |aser cavities
SPNIAIELE Q5Yistiag gnstpihctonttranspodp podidre applicsbioto aibre
10 active nmedium However, for conpact devices (mcro-

decentlyodevsiop) optidet slevicesehrpamioglap Ak fAAfidrESH@r €
not efficient enough to provide feed for | asing.

bac
Ahaeagtatizationyof sePRBoRdH @t_@ﬁMd-Girﬁ@ﬁ@&é&l\a’(sz I{f)-’tdscf"i‘«J:lving
I evi ces

cavities have been used in optica
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(sem conductor naterials,

Pl ReoRlel Rt ishEasPEER RS Risk sfptasow ng ser conduct or

materials have difficulty to nake electrically
contact. SUVMMARY OF | NVENTI ON

Commonly, laser cavities are formed by two facets at two opposite sides of an
active medium. However, for compact devices (micro- or nanb-scales), these

one-dimensional cavities are not efficient enough to provide feedback for lasing.

Alternatively, some dielectric spherical optical cavities have been used in optical
devices (resonator) incorporating an active medium (semiconductor materials,
semiconductor quantum dots, polymer) to form lasers. But most photonic

crystal structures fabricated by growing semiconductor materials have difficulty

to make electrically contact.

SUMMARY OF INVENTION

In a first aspect the invention provides a method for fabricating an array of

semiconductor devices comprising the steps of providing a non-metallic

Substrate;

Placing a layer of spheres on said substrate; reducing diameter of the spheres;
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20 In a first aspect the invention provides a nethod
for fabricating an array of sem conductor devices
conprising the steps of providing a non-netallic
substrate; Placing a | ayer of spheres on said
substrate; reducing dianeter og the spheres; 3
encapsul ating the spheres in a matrix of rigid

kdtatinf il Shi u I urface of said matrix
A L R30S S T oo
' [ n array of cavities within sai
3B ROR SR MAV{oH Sk APeSiaNof s Spberes ramoiing the
contact with said substrate so as to formthe devi ce.
SPRgEEDIcEloamtan avay of oavitise withirc said ratrixaand stoRifPfeasures in
tenplate to obtain mcro- or nano-scal ed spherical ,
@&ﬁj cadtenin c@tactomitushidrsubEiss 8bes toFbfn the Bevice.
sel ectively grow nanostructures of sem conductor
materials into the spherical cavities. Using this
met hod, light-emtting sem conductors may b_et_ he
Tt gresaht Mve ki QUEL i 8. égﬁgﬁﬁ%%bg% as Vqlng eePS habtain micro-

spherical cavity may provi

i i ich efficiently reduces |
DR PoRAA L Herceffovrs o mermiearaegen desetrates. amd ther

i Ci for light emtting diodes or enhances
gfﬁ@gﬁkggc oWingnogHuciuses Qéﬁ@mi@frdubgprrmklieriglwiatmmeOépherical
photoni c crystal effects. 15 The top surface of the
spwes cdsingdhistmethodalightramiting seftcardisry PREY beldpitaxially
t he ' - '
grown into the spherical cavities. The spherical cavity may provide almost all-
directional confinement for light, which efficiently reduces threshold for lasing or -
enhances light extraction efficiency for light emitting diodes or enhances

absorption of light for detectors by making using of photonic crystal effects.

The top surface of the spherical cavity arrays may provide good support for the
electrode for making electrical contact with the semiconductor nanostructure

arrays when it grows up to the top surface of the spherical éavity arrays.

Preferred embodiments according to the present invention may provide several
advantages and unique features. Firstly, the period and size of the spherical
cavities may be changed from one hundred nanometers to several micrometers
by using different sized sphere template. For different applications, different size
or periodicity of the structures may be useful. For example, for active photonic

crystal application, the period of the structures may be in the wavelength range



10

15

20

el ectrode for neking electrical contact with the
sem conductor nanostructure arrays when it grows up
to the top surface of the spherical cavity arrays.
Preferred enbodi nents according to the present _
i nvention may provide several 20 advantages and uni que
features. Firstly, the perioﬂ nddS}ze of thﬁ dred

e L ti may be change rom one hu
ﬁmﬁﬁ Qr fe%\éé’téniéﬁ%m niep &l'?@ﬂggﬁr. frOByS@‘@rﬁbhumdrbdrrmnome_ters
Sj z sphere tenplate. For different applications,
odvfsﬂet?j?)e sQyesal orgeveerlitenitiiousands ramensdte s (infr&edyay
be useful. For exanple, for active photonic crystal
application, the period of the structures nay be in
t he wavel ength range 4 of emtting or receiving |ight
vﬂ’ﬂe:diaaiétegefsthérgym@i@gpéé\} itidy! H‘?ﬂg’% @%Bﬁééd, while keeping the
(visible) to several or several "ten tf uaan Hori on
TS b HBA5AE Blarmdht O AL er 8L AR SELSEL ot o

cavities may be easily Te SQZ eters of the spheres
ey oSS ter o

: ] hotonic crystals, the ratio of dianeter of
ﬁﬁ@l{;‘@:{]gbﬁﬁuﬁi’l%@% Péxﬁ‘ﬁ'ﬁ'tbma}’d@ﬁ sikey peagmisterafok egntrolling
parameter for controlling optical properties. 10
SpHerl RraPeri®si ties with differ ent materials may be
obt ai ned according to their application, for exanple,
spherical netal cavities, which have very high

refl ectance or spherical polynmer cavities. Chem cal

‘Bphericdiegzgtids with diidrdRt haferlaid mafBS obEHe P gggoqding to their

mat eri al s),

- application, for example, spherical metal cavities, which have very high

reflectance or spherical polymer cavities.

Chemical vapor deposition (MOCVD for InP, GaAs, GaN based materials),
physical vapor deposition (MBE for GaAs, GaN based materials), and emulsion

phase epitaxy (for example, low temperature ZnO) may be used to fabricate

- various kinds nanostructures inside or through the spherical cavities. Those

structures may be used in light emitting and receiving devices (detectors, solar

- cells), which benefited by resonant of spherical cavities or enhancement of

photonic crystal structures. The self-alignment of nanowires may also make

them suitable for use as field emitting devices.

In a second aspect, the invention provides an array of semiconductor devices

fabricated according to a method comprising the steps of providing a non-
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15 physical vapor deposition (MBE for GaAs, GaN based

materi al s), and enul sion phase epitaxy (for exanpl e,

| ow tenperature ZnO) may be used to fabricate various

ki nds nanostructures inside or through the spheri cal

cavities. Those structures may be used in |ight

emtting and receiving devices-(detectors, solar
nefited by resonant of spheri cal

| i,ch b
g’g‘\‘?ﬁ@d&%&éﬁr@ﬁﬁ'@%laYSF obephaies em aid sybstaate; reducing

‘structures, The self-alignment of nanowi res may al so

RECRRINe $Phams: eneapsideting the spleresiin &i matrikeXfirkfd material:
In a second aspect, the ijnvention provides an array of

slinishiog anaipper sevface of shirbmiatit ©0eaRe! £ bBRichbiRaid spheres;
nmet hod conprising the steps of providing anon 5 '

metradvingt gras & f ' icQfwi said.
subst ;a%:murci ng &}Jfgﬂ&g?rg? dg?ét?/ﬁ'ggs%'ﬁgﬁgéfcsm%p”x’ and;

g irB [ rix.of rigid
TorAngfbatureirt S HNRS n Bntic it ST subsfa ma as o form the

td%,hv?eéoose a portion of said spheres; renoving the
spherés to forman array of cavities within said
matrix, and; 5 formng features in said cavities in
contact with said substrate so as to formthe device.
In a third aspect, the invention provides an array of

4 /i thisd @speet thieiiveation poopides angreaynesdmicahdidor devices
substrate, an array of spherical cavities in a matrix

eomMpIBing gindnrattallicdubstrits] aMmbFrhy d?PlsBh les i i
non-netallic substrate, and feat u?es Pnsg%é? a&’@@?t”i‘ gsmatnx of

rigicCoatet], ¥4i8 natdik bR HENST-riStaliR éu%rspraner,]%nd features in

devi ce.
said cavities in contact with said substrate so as to form the device.

BRIEF DESCRIPTION OF THE DRAWINGS

It will be convenient to further describe the present invention with respect to the
accompanying drawings, which illustrate possible arrangements of the

invention. Other arrange.ments of the invention are possible and consequently
the particularity of the accompanying drawings is not to be understood aé

superseding the generality of the preceding description of the invention.

Fig. 1 A1 is a top view schematic drawing showing monolayer latex spheres
being arranged on a selected substrate, which acts as a template, according to

an embodiment of the present invention.
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BRI EF DESCRI PTION OF THE DRAWNGS It will be
convenient to further describe the present invention
with respect to the 15 acconpanying draw ngs,  which
illustrate possible arrangenents of the invention.
O her arrangenents of the invention are possible and
consequent ly the particularity of the acconpanyi ng
understood as superseding the

. t
ﬁer al 8&@\%"%)‘? A grayeag shewing thsr diatmeter of the spheres

r}mlog 20 Fig. 1 Al is a top view schematic

dt J Ahenithg Sﬁ{ﬁ%%y'ébstraied)ensgymlmd toed p@determined value.
arranged on a sel ected substrate, which acts as a

tenpl ate, according to an enbodi nent of the present
invention. 6 Fig. 1 A2 is a top view schematic

drlGwit Byisshomissgseictienli ﬁ@ﬁts%heﬁ{atkrkﬁag\@f}gél’z&twgggoFrhgﬁonl of a film

Al on the selected substrate being r

of eRicesdThi2BEriaahiih cﬁtﬁ‘n&m]tﬂg I%t% X %gﬁagqsqfc’eg?pﬁg% %E%:@ing to an

vi ew schematic draw ng s

@m%.ﬁ,@hggf{m;@;e J‘E'{)‘Vgﬂ{:h contains the | atex sphere
I'N

tenpl ate, accor % bodi nent of the pr esent
invention. FIG 1 C IS a cross-sectional view of a
thin layer of the surface of the filmof FIG 1 B

|n§ .been renoved so that the top of the | atex
?ﬁﬁ dS BCraggregetional yiemy 6f athin Iayeaofcmemeétdf@ﬁ‘é‘lﬂlm of FIG.
view schemati c drawi ng where the | atex spheres of

tBhavingbhen ¢eimerad selthat theelop FitRd ‘P&ie?‘csbheres is exposed.

FIG. 1D is a cross-sectional view schematic drawing where the latex spheres of

FIG. 1C have been selectively etched off.

FIG. 1 E1 is a side view schematic drawing of one embodiment of a

semiconductor structure grown epitaxially into or through the spherical cavity

~ array of FIG. 1D.

FIG. 1 E2 is a side view schematic drawing of one embodiment of a

semiconductor structure grown epitaxially into or through the spherical cavify

‘array of FIG. 1D.

FIG. 1 E3 is a side view schematic drawing of one embodiment of a

semiconductor structure grown epitaxially into or through the spherical cavity

array of FIG. 1D.



FIG 1 El is a side view schemati'c draw ng of one
enbodi nent of a 15 sem conductor structure grown
epitaxially into or through the spherical cavity
array of FIG 1 D. FIG 1 E2 is a side view schematic
draw ng of one enbodi mrent of a- sem conduct or
structure grown epitaxially into or through the
spherical cavity 20 array of FIG 1 D. FIG 1 E3 is a
side view schematic drawi ng of one enbodi nent of a
duc or structure grown epitaxially into or
t ﬁﬁ)‘%ﬂ ' ﬂ OR ¥ut plca SEMImage oh erSi.sphetical rarcatity array
HG 2A is a top view of a SEMinmage of a SiQ2
siFREFRIeA! ageendiba e ey embaegimeriinf taprdentrwediiog, to an
enbodi nent of the present invention. 5 FIG 2B is a
top view of a SEMimage of a Si Q2 spherical nanocavity
array fabricated according to an enbodi nent of the

FIC: @B is A WibArbf fS@M%@a o a'dio! 9h¥ cge‘g' Saggp@g? array

of the Si Q2 spheri cal nanoc y “arf
Fq | as, 3 I n F| 2B. 10
| 59&%%%&?@%‘?@%@?@@@ AL rsPert iupaiiom as

quantum wel |l nanostructures grown into the Si Q2
spherical nanocavity array according to an enbodi nent

t resent invention.
(i'-th. B% fé a tilted view SEM image of the SiO, spherlcal nanocavity array

fabricated according to an embodiment as shown in Fig. 2B.

FIG. 3Ais a top view of SEM images of InGaAs/GaAs quantum well

' nauostructures grown into the SiO, spherical nanocavity array according to an

embodiment of the present invention.

FIG. 3B is a top view of a SEM image of inGaAs/GaAs quantum well

nanostructure grown into the SiO, spherical nanocavity array according to an

embodiment of the present invention.

FIG. 3C is a cross-section view of a SEM image of the InGaAs/GaAs quantum

well nanostructures as shown in Fig. 3B.

FIG. 3D is a cross-section view of a SEM image of the InGaAs/GaAs quantum

well nanostructures as shown in Fig. 3B.
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15 FIG 3B is a top view of a SEMinmage of |nGaAs/ GaAs .
quantum wel | nanostructure grown into the SiG2
spherical nanocavity array according to an enbodi nment
of the present invention. FIG 3Cis a cross-section
view of a SEMimage of the InGAs/GaAs quantum 20
wel | nanostructures as shown in Fig. 3B. FIG 3Dis a
cross-section view of a SEMinage of the InGaAs/ GaAs
gquantum well nanostructures as st110\évn |{1| _Flng.tﬁs. 8
Fig. 1 Ato outli
rﬁ%ﬁé@mﬁt émgconduct or nanostructures into
ofdered spherical silica nanocavities according to
ﬁg-e%&ﬂ Fetttling theneroseps ésregrovimy setriicomduBtsr mineeeSstures into
conmmences wth form ng a 2D hexagonal |y cl ose-packed
(@R pydered spheacal reilival ryrevcaviniesRdrdihg RO |a)‘1~°érﬁb€6‘iﬁwé£§§£ the
spheres wth dianeter of 300 nm by spin coating. | h
pubsdritan@smtibh0 THRY Broee8E cbimb wgﬁ Wgr%iﬂﬁrg o) h\’\e@('agonally
were treated by ozone at 130 C for m n. hlo?th
¥ lc surfac
eegiissn gl rﬁgﬁéﬁ?%ﬁ%#”apg%ﬁ OLPEE(ﬁB’Z%G {Re) spheres
nt.ration of the purchase _
SRECARAEESY o N S hrrerboSGem s stsalesd 08 were used i
ich was. then diluted wth deionized (D) water _1:1'
SO S TIET, Wbl?.h Weigotreatpdrydozane at 136/ 5C dér 5 hein Prhis
spheres 200 were obtained by spin-coating
treatment resulted in a hydrophilic surface of the GaAs Substrate, which is

useful for arranging the PS spheres. The concentration of the purchased
suspension with mean diameter 300 nm was 10% w/w, which was then diluted

with deionized (DI) water 1:1 to form a solution.

Mono-layered hcp arrays of the PS spheres 200 were obtained by spin-coating
the colloidal suspension at 800 rpm for 60s (Fig. 1 A1). Then, as shown in Fig.
1B, several drops of liquid silica were put onto the whole surface of thé wafer

having the PS sphere template 200. The solution quickly infiltrated into the

~ spaces between the PS spheres due to capillary action. The extra materials of

the liquid silica were spun off by rotating the wafer at a speed of 5000 rpm for
30 s to form uniform silica film 300, which contains tﬁe PS sphere template 200.
Normally, the thickness of the silica film forme_d by spin-coating is around 150
nm. However, due to presence of the PS sphere template, the thicknéés of the

silica film formed on the wafer should be approximétely the thickness of the film

. formed on a flat surface plus the diameter of the spheres.
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15 the col |l oidal suspension at 800 rpmfor 60s (Fig. 1
Al). Then, as shown in Fig. 1 B, several drops of
liquid silica were put onto the whole surface of the
waf er having the PS sphere tenplate 200. The sol ution
quickly infiltrated into the ﬁpaces between the PS
spheres due to capillary action. The extra materials
of the liquid silica were spun off by rotating the
wafer at a speed of 5000 rpmfor 20 30 s to form

' il i | m 300 which contains the PS sphere
' %g'i{‘gnaeﬁ%lé% %Farpﬁinwheﬁﬁe sphetskieoydatef 20thwas iflitsdr densifie

filmformed by spin-coating is around 150 nm :
NG igupr ewviranesentca 250 Y01torASMIANTHEN IGPRIMtching using
the thickness of the silica filmfornmed on the wafer

shiseH Crheplap @ 0oasmiwhy usde t BicHansy a%intlﬁg?tf ni)flr;[gb silica film

formed on a flat surface plus the dianeter

uoesrethe Bp ofiRe PS sFRerbl tlempﬁ&)rg égﬁqttoafpﬂ'gggp bg’gﬁg'gﬁq?é)’ which

sphere tenpl ate 200 was furtfer gn_s,l hen 1P dry

. , . { o5 .

SRR, ML AR floutt g RO THRICR dpetonings were performe
a thin layer of the silica film5 300 on the

%@8@%%’&%%%%&?& égﬁﬁoﬁ‘@@b@&tw $anm;) RB poweeni OYIV; ICP

' exposes the spheres as shown in Fig 1 C
%ﬁ%ﬁf%@% Célagﬁﬁﬁfgyemref)ﬁeﬂomr‘élde PS1prasrenemphae 200 was
condition: CF4, 20 sccm 02, 10 sccm RF power, 100 W
ptgbedufiier suEgsONE baltaimbialudrieseiutien, tﬁem?,ghéricéﬁ_'éfﬂicgs .
sphere tenplate 200 was etched off in supersonic bat

nanocavitee460 Withi sirtuldriep ob}%hﬁfdsoﬂo Shi BBﬂor]notiQ?rgrljl%s 320 were

nanocavities 400 with circul ar "t op openi ngs 3
o NGRS st tHARE $00 as shown in Fig. 1D.

The top openings of the silica nanocavities 310 allow reactive gases to diffuse

into the nanocavities 400. Foliowing MOCVD growth, semiconductor

- hanostructures are deposited on the GaAs surface defined by bottom opening

320 of the silica nanocavities as shown in Fig. 1E.

Shown in Fig. 2A (low magnification) and 2B (high magnification) are typical
SEM images of the wafer after the processes shown in Fig. 1A to 1D at the dry
etching (Fig. 1C) duration of 5 min. It is clearly seen that honeycomb structures
with excellent uniformity are formed. The tilted (45°) top view SEM image as
shown in Fig. 2C indicated a relatively smooth fop surface of the honeycomb

structures. The mean diameter of the openings is about 200nm. The period of
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formed on the GaAs substrate 100 as shown in Fig. 1 D.

‘The top openings of the silica nanocavities 310 allow

reactive gases to diffuse into the nanocavities 400.
Fol  owi ng MOCVD growt h, sem conductor 15
nanostructures are deposited Ofbthe GaAs surface
defi ned by bottom opening 320 of the silica

N [ j 1 E. Sh in Fig. 2A
(PEReHEELED St aBold f1 gmgyﬁn?%“? littledajoestban that of
' ' h f ter the processes
tstﬁgﬁsﬂ:sﬁh%%g dsréacggﬁsggltebé@t\g?hg@&yn)%o et cﬁi ng (Fig.
1 O duration of 5 mnalt is clearly seen that

honeyconb structures with excellent unifornmity are
formed. The tilted (45) top view SEMinmage as shown

i ifferent Kiels ofderaicenddactoe héiove ryarfogcirt9Bag Wef @'BWn -
of the honeyconb structures. The nean dianeter ol the

il intd oﬁrhﬁtdug%Qﬂ_B@ph@h@apg?go%%ﬂfe&]@cﬁﬁ%}igi%g the growth

honeyconb structures is about

' : f PS, spheres used as' the
e S eh B, rnci\ﬂﬁirﬂigenags@@?qgse_ fdes. For
' res can be grown epitaxially _
Erphi®: v Akt e stritired el Gas Alahsy InGaAs, o their

changing the growm h conditions, substrate ) _
&Pﬂgﬂi‘%‘?‘?%@n B® Sktastinaly arpwndntoaprcthgpught thet sptenicgLSIO,
For exanple, vertically aligned pillar structures of
GaRecawties hy MORSHAer MBE phei k11 toBig e s@waraqamF@_e 1E2).
sel ectively grown into or through the- spherical S Q2

INaTwoerest areayhyf MOSYhateridBlabé seibtévell dERbSited into or
substrate (Fig. 1 E2).
through the spherical SiO, nanocavities by using Au nanoparticle catalysts via

vapor-liquid-solid mechanism (as shown in Fig. 1E3).

Pyramidal-like nanostructures (Fig. 1E1 ) of InGaAs/GaAs quantum structures

also can be epitaxially grown into the spherical SiO, nanocavity arrays by using

MOCVD as shown in Fig. 3A to 3D.

A low-pressure horizontal MOCVD system was employed to carry out the
growth of InGaAs/GaAs nanostructures into the spherical SiO, nanocavity
arrays. Trimethylgallium (TMGa), trimethylindium (TMIn) were used as group |
sources, and TBAs was utilized as the group V sources. The growth
temperature of quantum well (s) (QWs) was 600 °C as measured by a
thermocouple inserted into the graphite susceptor. The growth chamber

pressure was set at 100 mbar. The V/iil ratio was 100 and the growth rate was
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10 Nanowires arrays of those materials can be _
sel ectively deposited into or through the spherical

~ Si 2 nanocavities by using Au nanoparticle catal ysts

via vapor-liquid-solid mechanism (as shown in Fig. 1
E3). Pyram dal -1ike nanostruct yy es (Fig. 1 El') of
| nGaAs/ GaAs quantum structures = 15 al so can be

j i al into t ical S| O2 nanocavity
- Zéf)‘?éa@?' QW%?QQ% 'Q?%‘ﬁ%@%? With; thicknass gf Bom geparated by

i zontal MOCVD system was enpl oyed to
lcéjl%&r g‘%?‘%:q??éﬁg{f@%% Waéfgr@WGaﬁ@y' AR M LAAS butfeulager was grown
into the spherical Si G2 nanocavi ty 20 arrays. ‘
T8 6R& ﬂ% Beipre arawtimvbe) wateriwitit sijita sphered) Tality anays was
used as group Il - sources, and TBAs was utilized as
ttreatgd @t p8Y *Edfor Semin iMte,.growt h  t enper at ure of
quantum wel | (s) (QM) was 600 C as neasured by a
t hernocoupl e inserted into the graphite susceptor. The
growt h chanber pressure was set at 100 nbar. The

RO BRI BT el o ”%f%fﬂ*ﬁﬁ%éﬁéégﬁ%?é’%m s
FORN B 1BV 6T ol Uof ban 2 Tt tameudacmeibrais sive

owh, the wafer with silica spherical cavity arrays
&ég%t Ps depgsiion b materials waginereasad? thé1dp surfdde ROMS facet]
a typical SEMimage of the wafer with one I nGaAs QW
[isappeared while four large side facets emerged to form pyramidal-like

structures as observed in Fig. 3B, which shows the SEM image of the _samplé
with double QWs. In addition, two small side facets posited opposite were also

observed. The structural evolution can be explained basically by different facet

growth rates of a monocrystalline.

Cross-section view of the structure as shown in Fig. 3B is shown in Fig. 3C and
3D. it is clearly revealed that the nanostructures of InGaAs/GaAs are grown
inside the spherical SiO, nanocavities with good uniformity. The nanostructures
with clear facets are also observed. The facets can be identified to be <111>
and <110> according their angle relationship. Therefore, the four large facets
observed on the top view SEM image as shown in Fig. 3B belong to <110>,

while the small two facets opposite each other belong to <111>.



clearly observed that individual nano dot has a flat
"top surface with six side facets. As deposition of
mat eri al s was increased, the top surface. [ <001 >
facet] disappeared while four large side facets
enmerged to form pyram dal -1i ke 410 structures as
observed in Fig. 3B, which sho the SEM i mge of the

addition, two snmall side
facet s p05| ?f'ﬁﬂ‘%hb%%ma% a3 followsi ved. The

structural evolution can be expl ained basically by
different facet growh rates of a nonocrystalline. 15
Cross section view of the structure as shown in Fig.
3B i's shévmethpd-ioy fat3cading arB@rray bf semiddmiubibrdaRaked
that the nanostructures of |InGaAs/ GaAs are grown

i nsi de t bemppisang thel st&h£Bf nanocavities with good
uniformity. The nanostructures wth clear facets are
al so observed. The facets can be identified to be
<111> and <110> according their angle relationship.

Ther ef or : 20 facets 20 observed on the
top vie FSOI%M]H grgénab%st%@muﬁﬁtﬁ €g. 3B belong to

<110>, two facets opposite each other
bel ong t@ﬂgma n?sﬁh%rea% ﬁ%ldcﬁ@bs?riat@ t he

|nvent|on re asfollovvs 1. A nethod for fabricating

an array" ciundignriaceithe ephicoes; conprising the

steps of : 5 providing a non-netallic substrate;
encapsulating the spheres in a matrix of rigid material:
finishing an upper surface of said matrix to expose a portion of said
spheres;
removing the spheres to form an array of cavities within said matrix,

and;

forming features in said cavities in contact with said substrate so as to

form the device.

2. The method according to claim 1, wherein the encapsulating step

comprises the step of electroplating a metal about the spheres to

form the matrix.

3. The method according to claim 1, wherein the encapsulating sfep
comprises the steps of introducing a liquid material to immerse the

spheres, then solidifying said liquid to form the matrix.
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pl acing a | ayer of spheres on said substrate;

reduci ng di aneter of the spheres; encapsul ating the
spheres in a matrix of rigid material; 10 finishing an
upper surface of said natrix to expose a portion of

said spheres; renoving the. spperes to forman array

of cavities within said matrix,” and; form ng features

in said cavities in contact with said substrate so as

to 15 formthe device. 2. The nethod according to

clai,m 1, Hhere'n t he encapsul ating step conprises the
stef of &NEIPPEINAGCREAIRY e claimabouhenetre theperaapsutating step
20 formthe matrix. 3. The nethod according to claim

1, wher ePAMPHiges oo ptapl eftdappsitirepmateriel mirewsd tHeessriers by CVD
of introducing a liquid material to inmerse the

spher es, ta toem thel mdtrixyi ng said liquid to formthe

matrix. 13 4. The method according to claim1,

wherei n the encapsul ating step conprises the step of
depositing material around the spheres by CVD to form

thesmat r rke method according to claim 3, wherein said liquid is SiO,.

o

The method according to any one of the preceding claims, wherein

| the finishing step comprises etching the upper surface of the matrix.

7. The method according to any one of claims 1 to 5, wherein the

finishing step comprises polishing the upper surface of the matrix

using a CMP process.

8. The method according to any one of the preceding claims, further
comprising the step of etching a bottom surface of the cavities to

further expose the substrate.

9. The method according to any one of the preceding claims, wherein
the step of forming features in the cavities includes depositing

semiconductor materials using a CVD, or MOCVD, or MBE process.
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5. The nmethod according to claim3, wherein said
liquidis Si02. 6. The nethod according to any one of
the preceding clainms, wherein the finishing step
conpri ses etching the upper surface of the matrix. 10
7. - The nethod according to aﬁ% one of claims 1 to 5,
wherein the finishing step conprises polishing the

trix using a CWP-process. 15 '
" 10e” o RaRefiod A RgneuS an) GieobHamme! o cwdiongin the step o
cl ai s, further conprising the step of etching a
bot t om sdPTARE featurasindheicavitiestincluties tepositng osstetibl using
substrate. 9. The nmethod according to any one of the
pr ecedi nd;jptﬂ eff procamserein 20 the 3tep of form ng
features in the cavities includes depositing
sem conductor materials using a CVD, or MOCVD, or MBE
process. 14 10. The method according to any one of

cl aitms 1The rﬁeth‘UBEHc%thlﬁg?o S Q)n%foft er%?%‘{fﬁt Eunew% \IN erein

the cavities includes deposit tng na ordj 1o 10 any
spi n- of f vy e.ne .
oﬁe of th pr ece(c)ll ngghlef %"Tiﬁketem&% ef%'sr'ﬁdﬁ%tr@@ﬂﬁ ef 0% to

[ %to
the dia th hereS|S|nthe range of O
50% of ?ﬁé%d?fothﬁ ?me

12.  The method according to any one of the preceding claims, wherein

_ the spheres are of a material having different etching properties to

‘those of the material of the matrix.

13.  The method according to any one of the preceding claims, wherein
the spheres are of a material having different etching properties to

those of the material of the substrate.

14.  An array of semiconductor devices fabricated according to a method

of any one of claims 1 to 13.

15. An array of semiconductor devices comprising:

a non-metallic substrate:

an array of spherical cavities in a matrix of rigid material said matrix

placed on the non-metallic substrate, and:



12. The method according to any one of the preceding
clainms, wherein 10 the spheres are of a material -
having different etching properties to those of the
material of the matrix. 13. The nethod according to
any one of the preceding clai wherein the spheres
are of a naterial having'different et ching properties

to 15t of the substrate. 14. An
array of I?é)% 'Ho‘%ﬂ? 8?"@8% i ‘é@”tﬁﬁbWifEa%?&jSle\w&th@gaa fo form
a nmethod_, of an one of claims 1 to 13. 20 15. An

array of 1 APWERduct or devi ces comprising: a -
non-netallic substrate; an array of spherical cavities
inamtrix of rigid material said matrix placed on

the non-nmetal lic substrate, and; 15 features in said
cavities in contact with said substrate SO0 as to form

the device. 5



