D ode-Based Devi ces and Met hods for Making the Sane TECHNI CAL HELD

[ 0003] This patent application relates to sem conductor di odes nade from
conmpound. sem conductors or other lattice m smatched sem conductors on
silicon, wafers, as well as |Inethods of fabricating such sem conductor

di odes, and nore particularly, for photonic applications such as |ight
emtting dio vl L] : ers, oyol falcs, and. other optoel ectronic
Uses. BAWG?%M%%%m?gﬁggdilr(gﬁaﬁﬁﬁﬁsoéé’éﬁwéﬂRQEMOgimmr mati on and
introduces information related to various aspects of tb.e disclosures that
are described, and/or clainmed. bel ow These background statenents are not
adm ssions of prior art, [0005] The majority of chip manafacturing takes
advant age of silicon. processing on high - quality, |arge-area, |owcost
silicon wafers. Comnercial manutheturers of devices made hum conpound
seni condUEt-EMECAJCHIEIAR gal | i um arseni de and. i ndi um phosphi de general |y
have been unable to take advantage of silicon wafers. They typically build,

l'i ght ei r@bhm& gmgi\oq%?,t%lg&mi), mul ti junction solar cells, and other
corrpoundl. 880 condi R CEEY whteria semicenpehs idielonatade $i,—oﬁa@kgn-,]§5um
mat eri algams“gﬂcﬂ _ Qis”sapphi re, gertn.anium galliumarsenide, or silicon
car bi de Semiconduciors or other lattice msmatched semiconductors on silicon wafers, as well as

methods of fabricating such serniconductor diodes, and more particularty, for photonic

applications such as light emitting diodes (LEDs), lasers, photovoltaics, and other optoclectronic

uses.
BACEKGROUND
[0004] This section provides background information ind intro duces information related to

various aspects of the disclosures that are described snd/or claimed below. These background
[R5 .

statements are not admissions of prior ast,

[G005] The majority of chip manufacturing takes advantage of silicon processing on high-
quality, larpe-ares, low-cost silicon wafers. Com meroial sanutactiurers of devices made fom
compound semiconductors such as gallivm arsenide and inditm. phosphide generally have been
unable to take advaniage of silicon wafers. They typically build light emitting diodes (1EDS),
il function solar cellg, and other compomnd semiconductor devices on small, cxpensive

waters made of materials such as sapphire, germanium, gallivm arsenide, or silicon carbide



1: 0006] The chal | enge of maki ng conpound sem conductor devices on

i nexpensi ve substrates has w despread 'econom c inplications. Conpound.
senkonductors are an. inportant conponent of our commniunications
infrastructure because they can emt and detect |ight They are the
materials M the lasers that transmt signals through optical fibers, the
sensors that receive those signals, the anplifiers in cellular tel ephones,
the anplabfii.ers 4.0, .cel | phone base stations, and the circuits that transmt
and r gﬂé’pg@em cJ} @%ﬁé\?ﬁ%@@ﬁ&f@l.l‘lﬂ[cwrymvmd sghticaadicton duyiati ool @mxpatpive ahlsiates
consi st of ,gal liumnitrid.e filns deposited onto sapphire or silicon

car bi d*¥AFEsspreatweRONEs snplicaiohs Cloatpesnd senbicomliceyrd m.'etzth.%npbﬂalilui %Qlﬁf:m%%t
LEDs. A sapphire wafer 4 incites in dianeter typically costs around. $130,
and a 24Rehceniugisaticariiteusaiebcran HOstnabatiin S0 #}9;]%)/’1‘&?3251%%%’ an.

8-inch silicon wafer, which provides four tinmes as nuch™ surface ‘area as a

4- i nch mvatesls ande Leets iR SraaSmiy A YLD RACo A SR RS I lad.Ach waf er. typically
costs |less than. $100. [0008] High-lef fii)gzﬁg%%{;ﬁ]ra%%%t”ifih'(j‘z"'l’frril&(flf’8%5‘6’?”&? “%’é‘f‘l s

t ypi calsignatonieaimiilianer Scffi, e mRa.vm. . gal L.Lum ar seni de, and. . indi um

gal Ii um%hosphi dé 1d1epors] ?%lgg .“Qgﬁﬂ%ﬂéﬁ%ﬁw :’Wwy@ﬁﬂw Pasersdiopagad tiet h

waf ers T‘QL‘E"HEQSE" Emani um wat er s sinmlarl y are smaller and significantly
CIrCUitain St A IECeTVE THIGT o By , P

more expénsi ve %%@%“s’flﬁf%8“"“’\)\‘)6‘1’1"5%%’:‘“@@@@]@-1 rho ability. to create conpound.

sem conduct or devices onsilicon wafers facilitates market growh in.

sever af0gy i ndigti ein@Eng diodes Lypically consist of pallium nitride films deposited onto sapphire
or silicon carbide wafers. These exotic substrates contribute to the high cost of LEDg. A sapphire
wafer 4 inches in digmeter typically costs around $130, and a 2-inch silicon carbide wafer can

cost about $2000. By contrast, an 8-inch silicon wafer, which provides four times as much



[ 0010] Two key technical barriers have prevented, the fabrication of
conpound sem conduct or devices on. silicon wafers: the msmatch of lattice
constants and the m smatch of thernal expansion coefficients.

[001.1] Lattice Msmatch: In a crystal, the atons sit in a regular periodic
array known as a lattice. 'The di stance between, the atons, known as the

"latti, Qnst.ant ! pi, a few trons (1 trgn 10"w neter).

Sili 081?1[ Chgsfi pcé'{i @%& nc'ﬁ)f‘ﬁ%( ‘“@36 ‘ﬁ’ﬁ‘éﬁéﬁi‘m  RAAACCTRTAS bﬁﬁ%ﬁﬁﬂ‘ @eﬁ’i’%%uct ors.

When a un conductors grow on silicon, crystalline inperfections
LR e SO,

known ° ‘di sl ocations appear at the interface. The msfit
di sl ocations create other crystalline defects known as threading

di sl ogapBPNS, LM @ﬁmd% PAGRY BRI G- ce 15 :111?% bl ﬁfr_Y 5 8@%@1 lgg%%ghgg

di sl ocati ons di im ni sh e per or mance and

, : | | | tt di od
ote CRBBHG SelEn ﬁ@oh’?ﬁﬁe Rt ok PRl o H?O%&'?‘fhﬂ@ﬁw?%@mx St CorSIe g al |y

gr ow ures Can exceed 1000C. When the wafer -cols,
t he c%n{x@ﬁ’%‘d" i‘é‘%&hda&’c‘%l‘“”’f"i’ ﬁHT“ H e st lvisne sichdwantbheor eposivonaf er |

As a result, the wafer may bow in a concave manner, stressing and
ul ti nﬁ‘t"éF’&ho@i‘&’é g the film 1.00131Until recently the nmost pr nising
previous effbrts to grow hi ghquality conpound

{00697 The ability to create compound semiconductor devices on silicon wafers facilitates

market growth in several key industries.

{0016]  Two key technical barriers have prevented the fabrication of compound
semiconductor devices on silicon wafers: the mismateh of lattice constants and the mismatch of

thermal expansion coefficients.

[0011} Lattice Mismatch: In a crystal, the atoms sit in a regular p@ﬁodic array knowr. &s a
lattice. The distance between the atoms, known as the “lattice c:oﬁstmxt,” is typically a few
fngstroms (1 dngstrom = 1070 meter). Silicon has a smaller lattice constant than many compoud
sermeonductors, When compounid semiconductors grow on silicon, erystalling imperfections
knowin a8 misfit dislocations appear &t the interface, The misfit dislocations create other crystalline
defects known as ﬂzregzding dislocations, which propagate upward from the interface. Thyeading
dislocations diminish the performance and the refiability of compound semiconductor devices

such as lasers, solar cells, light-emitting diodes, elc.

[0012] Thermal Contraction Mismatch: Compound semiconductors typically grow at high

temperatures, which can exceed 1000°C. When the wafer cools, the compound semiconductor



sem conductors onto silicon substrates have relied, on three approaches:
graded. buffer layers, wafer bonding, or selective gromh on J'.nesas. None
of these approaches has achi eved commercial success. [0014]in graded bub Cr
| ayers, the conposition of the material changes gradually from
substantially pure silicon to a pure conpound, sem conductor. Since the

| atti didmemystatrbctakse tiahanggscod vagdiahl ¥ restli Mﬁt @alz, ek Hﬁy%ﬁ@vgﬁg%bﬁf | ess

likely to Thrm at the interface, Unfortunate e” grade &r | ayers

have franhe, sedsatirugl YidnG .Len, mcr ons for a 4%l attice msmatch).
' The thick buff e% | ayer m@éigis)@gtﬂbc "'Hi'the costs and the |ikelihood of

crackin [ 001. 51Waf er bondi ng invol ves growi ng devi ces on expensive

subst H ﬁﬁék t Wil ricentiyn gheohbst phenisiey ipeasoardiobendjng, §ipemuAey @mi‘a{aédugon
waf er. This approach rules out nodemsilicon processing as a route to cost

r eductdropondauorhenositieon daditag by Rilicabh ml&e%l)ll‘;&ﬁwt gmal I‘RHM p@ ]q 300C
When the materials cool., the conpound. sem conductors may g bec

t hey tenlingol séBdiely hﬁﬂhtchﬁm&‘al, &R of ﬁito ¢ ap;ﬂ‘o&%?:qi,ﬁea( ﬁ%vu ‘é’é]s%&\é\ﬁ‘r on a

nmesa exploits the nobi | ity of some dislocdtions o deposit
conposifdesyssem conductors in small regions (10 to 1.00 m cr ons in length),
thereby pmviding a short path. where nobile dislocations can glide to the
edge of the region and renove thensel ves fromthe device. However,

st ruckliidls crieagreded byfftrtisert, aﬁammp@;ukmnsmﬁéermﬁ}yﬁmﬁ;ﬂ S, ﬂﬁ@%ht y of
threadi ng dislocations (nore than 100 million per square tentl ter) Thi s

t echniutyptentGalnoie HEORYR d | Bﬂmbélh]g()ﬁ'd%kgﬁgg%i%t %}ff&r?ﬁl 1Q{1,1 g&ﬂ E} Wnen the

| attice m smatch exceeds 2% rappi Pk et al .,

AM 9GhaRB ngaﬁlu(&ﬁ?,qz }mlhﬁ{ &Q&tk %‘ié&?ﬁm‘ﬁo form at the interface. Unfortonately, the
graded buffer layers have to be relatively thick {about ten microns for a 4% lattice mismatch). The

thick buffer layer increases both the costs and the likelihood of cracking,

[0015] Wafer bonding involves growing devices on expensive substrates, then lifiing off the
devices and bonding them to a silicon wafer. This approach rules out modem silicon processing
a8 & routc to cost reduction. Furthermore, bonding typically requires temperatures above 300°C,
When the materials cool, the compound semiconductors miy crack becange they contract more

than the silicon wafer.

{001 6] Selective growth on a mesa exploits the mobility of some dislocations. The strategy
18 to deposit compound semiconductors i small vegions (10 to 100 microns in length), thereby

. providing a short path where mobile dislocations can glide to the edge of the region and remove
themselves from the device, However, structures created by this technique typically have a high
density of threading dislocations (more than 100 million per square centimeter). This technique
caunot remove immobile dislocations, which predominaie when the lattice mismatch exceeds

2%.



by reference inits entirety) is a recently devel oped, technol ogy that
makes it possible to deposit high quality conpound sem conductors,
germanium or other lattice m smtched naterials on silicon. wafers. Figure
1l illustrates the principle of Aspect Ratio Trapping (ART). A thin, film
of dielectric material 20 such, as silicon. dioxid.e (Si02) or sili con

nitri geiGH NX)a i 10 pd.S c f se,of s.kill

t he a?ﬁ] cgn sel gié’?:%iquﬁ\galr?lag Qfso(]igle %éd%’r’iqgt‘%t {Zi?il}? gmso?gﬁmgg 1@0@W3d and
silic 3,0 teria such as Fjfa [001.8] A
trench [2e@pod iR aéi“‘évBJt’iY A craoioud s THEr gsots toctopasi

non- | Ihl ce] mat ched ,sem copductor 30 ,such as gernmani um or a conpound

seni cBRGJEFEY GomPoHRd BowReniIcrRR EorREdaT vy otics 8 wamionstcas] makaws oas dot t ed
| i nes, propagate upward, typically at approximately a 45 degree angle from

the i ¥ieny wakess. Fimwe | flustsiss thernmoipldefvasbtsRato Thpping €AR). M5 @1k bey
term nat e. 'Threadl ng di sl ocati ons 40 cannot propagate down the | ength of

the tdighchichedatslelouys basilit@ciivadg wide) (mhemcﬁwm@(ﬁNQpM@L;&%mB@ﬁf%nence i's
made to the region. in the trench where the sidewall's trap threading

di sl odltdnonsicas).titese bf ﬂ@]@'llﬂﬁuﬁﬁ%i@@du&% wﬂ”@S} (Hﬁiﬂ@couk‘aﬁlﬂgﬂah Quc,] Qe
non-| atti cemat ched sem conductor 30, a: bove '50, is a

rel atgieeky, iRLaLLEs eI Al ?]"j’?%”%fﬂ é )?gg @g@s "the_I'ssue of

cracking cat sed. fromm sna her'ma coefficients for
t hese reasons: (1) the stresses are small because the epitaxial layers are

t hi n.[0018]) t hé treatlefs adhed amthel dideditakiayerad commngdakpodinendit R RS S8mdlddsi ng
fromthermal expansion m smatch because di nensions of the ART openings are

~smal |semavvadudtd) 3¢ feh Sk @cﬁnﬂﬂﬂlﬂﬁ&@d Somph & BerB%:EndiBH: o?nﬂﬁ PRLAAM L hﬁ%ﬁ%
sem conductor materials, deform't o acconmodat e e stress, RY 01 -
RE DI Gh&RuRE4 I a. di.ad tmlsesa
substrate, a d?%?é%’% r&llgl g%n(gfl @?ﬁ?&fr@p%&ﬂpﬁn d elgﬁlg%iw aﬂejmf‘%*{“%é(fpdés‘%
fpodl on..af r havi al | pect rati o of at Ieast
d@%@t%égnﬂ%d? M%Zfaﬁ%tf@ %PI?%&% &’d § Diin%g@r‘m‘rhe & el gpBate. at | east
eni n nd an upper region, extendlng above the opening, the

part%ntheo mng g

bot t gt diGHedivRFEIqnaIY cerp preprsrje dawvngkiieashaddedrendberiisd cryial fabs

| attice m smatched. to the substrate, a top diode material proxinmate the
uppetidsghern o g sidpwaber B dfmcdioid enaviatie ticabgioandianeact iviter cdhogd@ewsli on.
between the top and bottom diode materials, the active diod.e region.

i ncl i hlyeading ldr‘:llcameme»ctsemdﬁn@pamypi{)ﬁ'oml) tm@ B8 1846 8C8e Abn-IfigSUbSt rate,

matched semiconductor 30, above the trapping i{,{’lOJ] 20, 15 arclatively defect-free resion. 60.

0019 ART addresses the issue of cracking caused from mismateh of thermal expansion

coefiicients for these reasons: (1) the stresses are small because the epitaxial layers are thin; (2)
the material can elastically accormodate the stresses arising from thermal expansion mismatch,
becanse dimensions of the ART openings are small; and (3) the Si0, pedestals, which are more

compliant than the semiconductor materials, may deform to accommodate the stress,



1002111 n accordance w th anot her enbodi ment, a diode conprises a substrate,
a bottomdiod.e material that is lattice msmatched to the substrate, the
bottom di ode material, extending above a top surface of the substrate and.

i nehtding a bottom diode section having a width across the top surface and
a height above the top surface, the height being greater than, the width, a
di ode material proximate the bottom diode nmaterial, and. an active

| i ght “eRIMARY OF 0 PEIIGSTUREt ween the | op and bottom di ode materi al s,
the active diod,e region including a. surface extending away fromthe top
surfacf@ 03[100%21'0‘ hhlth [ enbcidl ment is a method. of making a diode, met hod
conpri'S€8" depBSFTIHYa M ap&mliplingend ediede ¢arepivat esubatraions dckalist r at e,
patterning an opening in. the dielectric material, to expose a portion of

t he sifBdE ?‘éﬂ’éﬂmc Wembﬁéﬁilmghmmmg% anorias pédt: mbmmm tfe openingagtind an f or m ng
a. bottomdi od.e region by growi ng a conpound sem conductor material, that

i s | aticsbragpoiat ehed, & boltdre didbsitat@ta icudangs ml@m/c%]d;hﬁc,&ﬂ@m uﬂ&m%@n{ﬁ ng
an. active diode region adjacent the bottomdi ode region,” ng a top

di odeiir ihgiopaniadjaagd @ntyidi ecasit bMen PR F‘ﬁQJ B OF THE
DRAW NGS 100231For a nore corrpl etelundgr sta H“& ﬁ%%&hﬁﬁglﬁ;ﬁ“ mgl\id t he

advant@agpssiB e seflcondRiGh rﬁn&? | 14“1%’[%%9%“‘1811@(1*10 t}B Smlbi,[hdiwllqe;pﬁmﬁ“ ptions

taken in conjun.ction wt he "acconpany raw n
10024LE1 gul L, principle of spect Ratio ' Trapping (ARP);
[0025] Fi gu@"%”h LJ’ e ﬁu?‘gpe}’” e b?‘&ﬂ‘gf’}ﬁ’ﬂé ’Wiggﬁi‘%h%%dwdmms
accorgj.. .

g&t&@m fe top and bottom diode materials, the active diode region including a surface extending

away from the top surface of the substrate,

[0021] In accordance with another embodiment, a diode comprises a substrate, a bottom
diode material that is lattice mismatched to the substrate, the bottom diode mauterial extending
above a top surface of the substeate and including a bottomn. diode section having a width across the
top surface and a height above the top surface, the height bemg greater than the width, a top
diode material proximate the bottom diode material, and an active lipht emyitting diode repion
between the top and boitom diode materials, the active diode region including a surface extending

away from the top surface,

[0022] A further embodiment is & method of making a diode, The method COMprises
depositing a layer of a diclectric material on a substrate, patterning an opening in the dielectric
matetial to expose a portion of the substrate, the opening having an aspect vatio of at Jeast 1,
forming a bottom diode region by growing a compound semiconductor material that is lattice
mismatched to the subsirate in and above the opening, forming an active diode region adjacent the

bottom diode region, and formiung 4 top diode region adjacent the active diode region.



enbodi naents; [0026]Figure 3 is a first enbodi nent of a diode configured in
the shape of a fin; 110027]Figures 4 and 5 are exenplary stages in the
formati on of the ernbodi nent of Figure 3; [0028jFigure 6 is an alternate
‘enbodi nent of the enbodi ment of Figure 3; [0029]Figure 7 summarizes a first
met hod. according to an enbodi nent for form ng the enbodi mrent of Figure 3;
1003 NP SIS PR e R w-nettled according to an enbodi nent for
formg)l?lig'u‘%lhiej%é’ﬁ%é()gi'r'rentc;lo?l_'{%iIgﬁ)ryg\§I " 00311Fi gures 9 and 1.0 show alternate
steps for thbricating the enbodi ment of Figure 3; [0032] Figure 11
sunmelfi2zds a Féniaworenmiipdet: uadeaneiingof anenliseRednaeRY sdveftafQrmaer, t he

reference 1 now made fo the following descriptions taken in conjunction with the accompanying

dravwings, in which:

[6024] Figure 1 illustrates the principle of Aspect Ratio ‘Irapping (ART);

[0025] Figure 2 shows the generic structure of semiconductor diodes according 1o
embodiments,

[0026] Figure 3 s a first erabodiment of a diode configured in the shape of & fin;

[6027] Fignwes 4 and 5 are exemplary stages in the formation of the embodiment of Figure
3

{0028] Figure 6 is an alternate embodiment of the embodiment of Figure 3;

[0029] Figure 7 summarizes  first method according to an embodiment for forming the

embodiment of Figure 3;

[G030) Figure 8 summarizes a second method according to an embodiment for forming the

embodiment of Figure 3;

[6031] Figures 9 and 10 show alternate steps for fabricating the embodiment of igure 3;
[0032] Figure 11 summarizes a third method according to an embodirnent for forming the

embodiment of Figure 3;

[0033] Figures 12 through 15 show exemplary stages for forming an embodiment illustrated
n Figure 16;

(8034] Figure 16 is an embodiment of 2 diode configured in the shape of a colum;

7.



enbodi ment of Figure 3; 100331Figures 12 through 1.5 show exenpl ary stages
for formng an enbodi nment illustrated inFigare 16; 1:00341Figure 16 is an.
enbodi ment of a diode configured. in the shape of a columm; [O00351Figure
:1.7 summari zes a first Ini ethoci according to an. enbodi nent for form ng
the enbodi nent in Figure 16; [0036] Figures 18 and 19 illustrate steps in an

al t er N@E3s] et Woehot OV shafmahing 4 et QeRed:aBRin R anfdiHdsm 48 fol ﬁgﬁiqr figure 20
sumari zes the alternate nethod. according to an. enboél ment bri ni'ng t he

enbodiaBodiniAt ikghka 6; 1, 6;
[0036) Figures 18 and 19 illustrate steps in an alternate method for forming the embodiment
i Figure 16;
[0037] Figure 20 summarizes the alternate method according to an embodiment for forming
the embodiment in Figure 16;
| H038] Figure 21 shows a variation of the embodiment of Fi gure 16 in which an arcay of
column-shaped diodes with circular eross sections is arranged in a hexagonal array according to
another emnbodiment;
[0039] Figure 22 shows a top view of the embodiment i Fipure 21
[00446] Figures 23 and 24 illustrate exemplary stages for forming an embodiment illustrated
in Iigure 25,
[0041] Figure 25 is an embodiment of a diode in which the diclestric layer is transmissive
rather than reflective;
10042} Figure 26 stmumarizes o method according to an embodiment for forming the

emnbodiment n Fipure 25;

| 0043] Figure 27 illustrates steps for forming another cmbodiment iltustrated in Figure 28;
[0644] Figure 28 is an embodiment of 4 diode in wihich the silicon substrate has been
rermoved;

[0045] Figure 29 summarizes & method for forming the embodiment in Vigure 28;

[0046] Figures 30 and 31 show steps for forming an embodiment in Figure 32;

R



1100381Fi gure 21 shows a variation of the enbodiment of Figure :1.6 in
whi ¢, h, an array of columm-shaped. diodes with circular cross sections is
arranged in. a hexagonal array according to another enbodi nent;

[ 0039] Figure 22 shows a |op view of the enbodi nent in Figure 21;

[ 0040] Figures 23 and. 24 illustrate exenplary stages for formng an

enmbody il ustrated. | - gure. 25 . [0041] Figure 25.i s an enbodi nent of a
i odel W8Pt cFRRCIR o shbo FaRL A Bhed WA S S0 ciol apipriano serve
reflective, , 1.00421Figure 26 si..niiiari.zes a ni.ethocl according to an
enbodt ‘ﬁtﬁaf”or tbrinin.g the enbodiment in. Figure 25; 1.00431Figure 27
illustrates steps tbr form ng another enbodi nent illustrated in. Figure 28;

[ 0044hbitgur © BGuteS3a0mnRARAd FRMbd Wcdididh 209G dfhdMlhGh 1:“(}1'}}81'11%1}; kigon.

substrate has been
embodiment m Figue 32;

{ (00491 Figure 34 shows steps for forming an embodiment illustrated in Figure 35;

[6050] Figure 35 18 an embodiment of a diode which takes advantages of the fact that
gallivm nitride and other I-nitride scmiconductor materials naturaliy grow in the shape of a six-
sided pyramid when they grow out of a hole or a trench in a dielectric layer:

{0051) Figure 36 summarizes a method according to an embodiment for forming the
| embodiment in Figure 35, -

[(kﬁSl] Figu.lre 37 illustrate steps for forming the embodiment in Figure 38;

[0053] Figure 38 is an embodiment of 4 variation of the embodiment in Figure 35 in which
the silicon substraie bas been removed; and

[{BUSIH. Frgure 39 summarizes a method according to an embodiment for forming the

embodiment . Migure 38,



renoved; [O00451Fi gure 29 summari zes a nethod tbr form ng the enbodi nent in
Fi gure 28; [0046] Figures 30 and 31 show steps for form ng an enbodi nent in
Figure 32; as a. reflector; [0048)Figure 33 sumari zes a nmethod accordi ng
to an enbodi ment fbr funning the enbodinent in Figure 32; [0049]Figure 34

shows steps for form ng an enbodinent illustrated in. Figure 35;

[ 0050] Figure 35 is an enbodi nent of a di ode which, takes advantages of the
Ri ot DRAAILED DESCEN e and ot her 1117.-nitride sem conductor materials
naturally grow in the shape of a six -sided pyram d when they grow out of a

bol e @rﬂ §L trepnch. in a dielectric layer; [0051)Figure 36 sumuarizes a
met hod¥aek or dif Agmebingand wejse P prgsont drdrodhomgptg dve discussed in detail below, It

should be appreciated, however, that the present invention provides many applicable inventive
comeepts that can be embodied in a wide variety of specific confexts. The specific embodiments
discussed are merely illustrative of specific ways to make and use the invention, and do not limit

the scope of the invention.,

[3056] The exemplary diode structures are generally discussed in the context of & single
diode, although semiconductor engineers and others skilled in the art will understand that o8t

applications require multiple diodes, typically integrated on a single chip.

[0057] In general, semiconductor diodes disclosed in this document have the generic
structure illusteated in Figure 2. The structure comprises a substrate 10 1, a bottom diode region
102, an active diode region 103, a top diode region 104, an elecirical contact on the top of the
device 103, and an electrical contact on the bottom of the device | 06, Bach region 102, 103, and

104 can. contain multiple layers.

G581 The bottom. diode region 102 and the top diode region 104 have opposite doping
types. For example, if the bottom diode region 102 is predominantly n-type doped (with an
clectron donor such phosphorous, arsenic, or antirnony), then. the top diode region 104 will be
predominantly p-type doped (with. an electron acceptor such as boron or aluminum), and vice
versa. Heavy doping in both the bottom diode region 102 and the top diode region 104 provides a
low-reststance pathway for current to enter and leave the device, Typical doping levels of the top
and bottom regions would be in the range of 10"-10% ¢m?, ‘Typical doping level of the active

region would be below 10”7 cin®. Note that the use of “top™ and “bottom” for designating

10~



enbodi ment in Figure 35; [0052]Figure 37 illustrate steps for formng the
enbodi nent in Figure 38; [0053]Figure 38 is an enbodi nent of a wziation of
t he enbodinent in. Figure 35 in which the silicon, substrate has been.
removed; and [ 00541Fi gure 39 sunmarizes a nethod. according to an

enbodi nent for fum ng the enbodinent in Figure 38. DETAILED DES CRI PTI ON

0055 TR AL 0l I BESRRTI TR 255 Chsptesd 11

det ai el ow. e apprecra olweve
i nvention provides. many applijcabl e inventive concepts that car.dbe mi bodied.
n, o wad R RaEGoRd sdpeler Ssiet s HOdk Himed b6Vt + eabualsa b
di scussed. .are nerely ilhistrative of specific ways to make and use the
i nvent9ed: fosred gopvisdl bpitmnpoging. 1§ thepodrts fiiechinbendddda a handle wafer and

then the substrate 18 removed, the frame of reference for viewing the diode typically is flipped. In

this case the top region will be viewed as being below the botiom region.

[0059] The substrate 101 is typically a silicon wafer, although in different embodiments a
variety of other substrates including sapphire and silicon carbide are suitable. At least some
portion of the substrate 101 will have the same predominant doping type (either n or p) as the
bottom diede region 102. As a result, it will be possible to make good electrical contact between

the bottom diode region 102 and the substrate 101,

[0060] The detailed structare of the active diode region 103 may depend upon numerous |
factors, including the intended application. In one form, the active diode fegion 103 15 formed by
the junction of the top diode region 104 and the bottom diode region 104. In this case, 1t can be
desirable to vary the doping of the top and botiom regions near the junction. T'n an 1ED, the active
diode region 103 may contain many layers that include both. doped layers and thin undoped.
quanturn wells where electrons and holes can recombine and generate photons. b another
example of 4 solar cell, the active diode region 103 may consist of a single layer of 111.0(1(—:1.'511:@1& -
doped or qum‘ately p-doped semiconductor material to absorb ingident photons and generate an

electron-hole pair.

{0061] The materials used to form the diode regions are well known to those of skill in the
art. Typical examples of useful semiconductor materials ave: Group IV materials, such as 8i, C, or
(e, or alloys of these such as 8iC or SiGe; Group I1-VI compounds (including binary, ternary,
and quaternary forms), e.g., compounds formed from Group 1T materials such as Zn, Mg, Beor Cd
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[ 0056] The exenpl ary di ode structures are generally discussed in the context
of a. single diode, although sem conductor engineers and others skilled in
the art will understand, that nost applications require =dupl e diodes,
typically integrated on. a single chip. [00571In general., sem conductor

di odes di sclosed. in this docunent have the generic Structure illustrated

in, Fiogb@oup. ViibetosihlsWeEHIEEST S GIRF SRS g m@;g @tf i ode
regi on 102, an. active di ode region. l 5 d%%‘d?é"'% d’p‘ﬁﬁzf%ﬁplﬂ

T R ag«wm % %o@' T It

on, the bottom of the devi'ce

F‘é'g;[ 'Oﬁl(ﬁléjl .l?iyxa i%n%l[ QQ(%%&T B?}%Eﬂ% ég)up%&)ﬁméég,ﬁﬁplém Ap B %Q%bﬁjg‘&%ﬂ?g? ode
regi onpl I, Sp+ nant | e do ed (wth an el ectron donor such
phosph ofgﬁé‘” %@S iﬂrp" c&t(‘a)n% Whﬁ@m G é ﬁ‘”fllhlé‘> ploll-Hicowwonatyinpude04 will be

pred0ﬂ1 nant | % p-type dolﬁed (with an. el ectron acceptor such as boron or
al umi HeRuTy s QN e B NI Gal b g iniriBoihN), hed boitiemugisade regi on
102 and the top diode region 104 provides a | owresi stance pat hway for

cur r eI feigpoEd. Thsathe serhzonkdneior enatériby isgahcld@picnhs! S§%&IS Rbufive top
and bottom regions would be in the range of 10174020 cm 3. Typi cal dopi ng

| evelclofiettlve canpbmel, gL VQy YJIWNéi‘nlﬂﬁ)uf?@|0‘?Wlﬂa@410ﬁ1§3&u§1 '1N8 cSof .‘:cﬁitmtt'? pse of
“top and " bottomt for desi ghat i ng regions is of "conveniehce and

0 Sl ook LGB TS0 g LT SUPYS, S0 T

regi on. For exanple, con orne

top ng QLQ&:TP{ bottomregl on. If the diode is flip-chip
bonded. a n}qg'eqaﬁﬁg\f&fd’ “$nd, then the substrate is renoved., the frame

of re_fe(ence for viewhig the d| ode typically is flipped. In this case the
top 1eeE2%n. Vl)ﬂLlltmﬁ&]mwe%dmﬁﬁmmﬁﬂ(ﬂmuhﬁld@W)lBhl%19%”119@)(%1%91&19%01??( 9z The
[

substrate [01 is typically a. silicon. wafer, althoug eren

enbodiigmat Shewy ak b)ﬁﬁﬂpl@(ﬂ'xﬁkﬂ?ﬁmﬁ%%ﬁ RS Surd @C%(%gﬂg :1%@‘@2;54@&]5&%(1 Silicon

carbide are suitable | east some portTon o P SRS G | |
have g r . either n s the bottom di ode
ogt g, SR RO IRRI R RGeS irid vl MineE sgBE st e eia
cont bot m.di ode region, 102 and the substrate 101.

Bfiba RS S’Vfﬁ e d.t(m) Crys d? mmﬂeﬂ?on ali 11011 gh in other embodiments other orientations

steh as (100) are selected. The substrate 155 can be either n-doped or p-doped, depending on the

configuration of the diode-based device. Other suitable substrates may include sapphire and

silicon carbide,

|0063] To prepare the diode of Figure 3, a first step s to deposit a layer of diclectric
materkal 160, such us Si0; or silicon nitride onto the silicon substrate 155 by chemical vapor
deposition (CVI) or another deposition technigue. In devices where reflection of light from the
dieleetric layer may create u problem, siticon nitride s generally preferable because its index of
reftaction is closer to that of common sericonductor materials. The thickness of the dielectric

filn is typically 200 to 400 num, but it can be thicker or thinner.
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[ 0060] The detailed. structure of the active diode region 103 nmay depend
upon nunerous factors, including the intended application. In one form the
active diode region 103 is forned. by the junction of the top di ode region
1.04 and the bottom diode region 104. In this case, it can. be desirable
to vary the doping of the top and bottom regions near the junction. In an

LED, qqctive e .95 1..03 ain many | ayers, that .include
bot h ope I af‘etrlg&@%) f’”’ﬁ%m i Gdjﬁgﬁmxa ﬁ %‘:lﬁrl\?\}éif'airﬂé V\()ﬁéﬂl Slc&“é@f’ s and.
hol es, can i ne a te phot ons. .hi. another example of a solar
cel |, [4YHpOL cisteg G%’Cd’i“&'aré* qé@ therely FeRY GROSRY dRkdesel bt Sustis at e silwpe pubstrate
nDderater i -dQﬁ or noderately p-doped sem conductor material to
absor B8 saie ThRigto s The augbaiararaciss retebe | onmhol thaphisuch 400615 The,
materials used, to formthe diode regions are well known to those of skil

in thetQMM1nmy@pmaMneanphesﬂmﬂuhg@ﬁuﬁmaenh$@nﬁumﬁ@ﬁmmnt£ﬁhﬁh$ware G oup
IV materials, such. as Si, C or Ge, or alloys of these such as SiC or

Ce; cdavetipnal phd mlﬁiﬁﬂﬁﬁ[ﬂ?dﬁ/ 1édcned 1edicng t@ulﬂﬁ]’lﬁ( by, ABKAR ML IL‘-@Q%J‘I/UH Ll!)gt()%ﬁ nar
fonns) e.g., conpounds from G oup 1 materials such Nb Be
nar nary

ELS'IC'SSHI%%T HZJrgﬁ({/]ﬂgj bz%b@’d}? LM E&é’mbﬁ:rl F(J\f? ﬁcuﬁnm@lz,om%i xﬁﬁuiﬁ{] ﬁ npcﬁ%ﬁbmﬁ st
agd {HH%%Q! :s Lfn%ré f&’l La&ngg% .l\}c, &gn?igﬁ}?g?sﬁ, L@ﬁgﬁgg@ pgg]u ] ychcHM) H&gﬁlhg}gs such
| . AlGaN, In.A 10aAs, etc. Exanpl f d |
i ncI u@é “ﬁa@fhghﬁhﬁ@#%&éc@ 1al) dé}blqogmllﬁw?m@é»b?@%r\t)he R OE AREE

(InN), and. their ternary and. guat ernary conpounds. Thus, the
seni cBHELEvPPIngeihe Fatisl of weybei ghe blidle tranch Bafsio thmwidshi ofthe trengh T0F iel ement  or
conpound, a flit-V or H -N conpound, or a. mvt conpound. 'Those of skill in

t he amefemldy grateathea drequdlco $él edier nchpbeRsSal IS Breasih g st Btifas This
desired properties such. as bandgaps, lattice constants, doping |evels,

etc. {ORf@ldis dichsdd BN 028 HnEORIUAEOHahOHPlSRIEAS & g{"QJtSOPthﬂ(u' rst

exenpl ary enbodi nent,
Application Serial No. 11/436,198, filed on May 17, 2006, entitled “LATTICE-MISMATCHED
SEMICONDUCTOR STRU C‘.’I‘URES WITH REDUCED DISLOACTION DEFECT
DENSITIES AND fR.IELA.'I‘I;EtP METHODS FOR DEVICE FABRICATION;” 1.8, Patent
Application Serial No. 12/180,254, filed on fune 25, 2008, entitled “LATTICE-MISMATCHED
SEMICONDUCTOR STRUCTURES WITH REDUCED DISLOCATION DERECT
DENSITIES AND RELATED METHODS FOR DEVICE FABRICATION:” (1.8, Patent
Apphecation Serial No. 11/436,062, filed on May 17, 2006, entitled “LATTICE-MISMATCERT
SEMICONDUCTOR STRUCTURES WITH REDUCED DISLOCATION DEFECT
DENSITIES AND RELATED METHODS FOR. DEVICE FABRICATION;” U.S. Provisional
Application Serial No. 60/842,771, filed on September 7, 2006, entitled “DEFECT REDUCTION

- OF SELECTIVE Ge EPITAXY IN TRENCHES ON 31(001) SUBSTRATES USING ASPECT

RATIO TRAPPING;” U.5: Patent Application Serial No, 11/852,078, filed on September 7, 2007,

-13-



Figure 4 shows an exanpl e physical foundation for Figure 3, including a
substrate 155, such as a silicon wafer, in. which. |Ibr many photonic
applications such as LEDs or solar cells the surface often may have a
(111.) crystal. orientation, although. in other enbodi ments other
orientations such as (1.00) are selected.. 'The substrate 155 can be either

a- dopedilod ‘DIFOREIREOERINONGING WRPREQ{A oI #RABPIGH " Jhile, gk 2l Fahay e
devi ce. Qther suitable substrates may include sapphite and sifi ccyny

2] ayepopp R o ARl PR BB M b B! B Bk T e alonto
t he s iqzen;: frate 155 by.chem cal. vapor. deposition (CVO or another
deposi)(%’i(%%l%‘;e?fq}ﬁ?'gl@ :Kﬁhl%%ﬁ]é‘@%'{érécgi}f/%‘g'f"(émr‘gqu“@b“tw E%f-ef?iﬁm‘FCI)g ht fromthe
dielectric layer may create a problem silicon. nitride is generally

pr ef ejldblle bebasime: daks, itREEXOfdvEREERRE LPcdrSHE LABRE of _ﬂil.@tﬁ)%m}()i’l%[[bh(ﬁ%ym n

sem conductor materials. The thickness of the dielectric filnt I's typically
200 t D5 AQOhABRonPYtihs trekABs P& 'ﬁﬂtﬁiﬁ@f{i ‘9‘51}“?@{0?&%@}&{4 j@)@?ﬁiﬁ&@%ﬁ%n of 8‘%he

trenches 165 are patterned. w t'h substan

| ayery, R digligstric dmterial . 160, thereby 0SLNg a. portion of the
surface 0 H]lt' Hgﬁ’# 1}..6%‘% “Sum f“rha(tjfélpﬂ/%gpggs&‘éﬁim%ﬁﬂ ﬁ Figure 4. The number of
trenches my be 1 or nore than 1., such. as 2, 3, 4, 5 6, or even. nore
deperldb6§] uposnsther deieRits gebw BRMOHEALERR: rebibn 1150, RRSSHPLEat: -1;Rﬁ.tsitn?c,rt by &
trench by conventional, photolith.ography or reactive 1on étch techniques.

As V\leubﬂnbm?fg,%ﬁcpﬂﬂ}l}é‘%ﬁftmm ]:Efmﬁc(:)' ?( {é’l}ﬂ @ﬁgcbfggmﬁﬂ% ﬂ&]%*llgg?@gﬂqﬁ%ggméqe di scl osure

herein, the trench could be a openi 5 Frgolar

recess L ARG, L ar. exa e, fhe width of the trench 1.65 is preferably
equal Mt b LU Gl B TR0 Sy POl bt et B hositisk GRE D). Formmi s
condiiti.on, energes fromthe requirements of Aspect Ratio Trapping: ihe
ot 6 5 BTG B bR L0 8 Ret o oG Gl AL, o1 bioki, breNORE 165 1 5
pref erab‘l‘%/‘mgr”eat er than or equal to 1 in order to trap substantially all
t hr e JHUREIEET sPBRANS prmprivgi of thesth Ahe hetidns digids olpamedOican elao bi: erade Gonbnl y
assigned patent applications (e.g., U S. Patent Application Serial No.

1. 1/ #38y0gigr stimiced doctoMaglctidls 12006 entpdung detiicdTTeBE W SMATGHER, binar
SEM CONDUCTOR STRUCTURES W TH REDUCED . DI SLOACTI ON DEFECT DENSI Tl ES %J\ID
REL Aty MmbHERE oORc 6V Ros ABR et biPoroub1 B cldnaheMosAPBLLCAL N, Ser i al .
o TR B o R Boup 1ol iR Bk b b

SEM ORNRUEEGRneSTRWMY slémant chasen fram AWp Fl. «REDUCED DI SLOCATI ON.,DEFECT
DENSI T1 ES AND ]'II&‘%LA% “&E@%@’%&“’B@}{y& OLQ\ERMEM DSCIUh proptriis Top
Appl ieation Seriak, No. 11/436, 062, filed,. on May 17, 2006, entitled

" LAT#%E‘”M%&%@E&I\%W ¢ vghelieiges W TH REDUCED DI SLOCA. Tl ON
DEFECT DENSI TI ES AND RELATED METHODS FOR DEVI CE FABRI CATI ON' U. S.

Provi@ficahal _Apiphibeable endopsans Bbud did@h 84 TAlLy o, i8d, 00260k SARSE o 2006,
o T egha, PR Eheftls hdciRIng Bk didelitidn Tk ot URin P RLERDH SRR of (001)

No. 111852 07t TiToa Pamo iyt AR e e sl e Pl by P RpkEboRocm o
USi NGy £ : T ) P NG ". whi c _ér ) II .hereby incorporated in their
ent Egﬁfgg‘rfﬁg?%ggﬁla‘m wﬁwﬁwfﬂ#@gﬁa@w}t Fhalosnoftefebum oo ' |
0, 0521 1, 3 071, which is hereby incorporated, in its entirety by
r ef ePBHE E‘)P.""Té@é%]a?li"nmglﬁr?’éiwﬂ@dé & g apiogel pew e ar geobsiontiopbingiop.) t he
surface; of theeiliC011801)StratO
[0068] In Figure 5, the bottom diode region 170 has the configuration of a free-standing fin,

Jimichiro Noborisaka and his collcagues at Flokkaido University have described methods of
growing free-standing vertical structures such ag nanowires by metal-organie vapor phase epitaxy

(Noborisaka ez al, Appl. Phys. Lett, 86, 213102 [2005); Noborisala ef af, Appl. Phiys. Lett. 87,
-14-



1.55 at the bottomof the trenches 165 by standard. techniques to prepare
for epitaxial. growtli of the bottom diode region. See, e.g., (Park et

al ., APL 90, 0521.13 112007 D. 100661Another step is to grow the bottom

di ode region. 1.70, thereby creating the structure shown in Figure 5. The
material Ibr the bottom di ode region 170 depends on the device. For a solar

cell. g¢ pom.di;ode, regi on 170 can be, for. exanple, indiymgallium
phos phIAES PRI PHIGORE pERH ol EERy ian Suin TaERu ey T HaARe ' T
exanpl e N..MN, InN or . binary, ternary, or quaternary conpounds

conpr #94R %ﬁmﬁﬁ‘é %B’.W‘f’-’\r'ﬁ@lc{ﬁ%@lff‘rd-ﬁqvﬂv@a' ¢ F@f@#ﬁ%ammwwh agrigBUlEE oTthetierf om many
ot her sem conductor nmaterials including conpound sem conductor materials
such. hg$rBetHEY Browprahdipgier tme thequeat® phaticy Whothbicmamitetesomois ades| masherone
group IIl elenment chosen fromGa., In, or Al, plus at |east one group V

devices si.i.ch as LEDs, lasers and. resonantcling diodes. [0067]It is
possi sipprebngopevth BeuIR0td ORHREE tHeedbRRd 70 dsRbiiH MedubbReh SRlkRXE Me
growh or to dope it ex situ by ion inplantation, (As a general nmatter, it

i's gengkiaidoyaBly Ph Sarl P0G 4R PRELQMELQER .Sk NSRS LY £ndi pde
_9QHﬂflélgh%rﬂgiggﬁgﬁ@%@I i %}gm{?a] {sNo ?@hgwﬁ%{%?ﬁlﬂgﬁg% gxg.l%mscaig, Ll.mgﬁa of s

regl ons, I ode reglons nent osur-e,

possifl.e.1.o. dope them either in situ during epitaxial gro ._or .ex situ by
Pon | Aafahuttfefg MEEL ARG aldaPlbdo i HLA s 1 hredatialiond 070" has
the conf.iguration. of a free-standing fin. Sinichiro Noborisaka and his

col | eaé’ah"gtjo ol e Bds & aion ﬂ?ﬂé’gi@ﬂ HESC! alser-sendiemSn 68 shgpavinng
free-standing vertical structures such as nanowi res by netal -organi c vapor
phasd'igpietsakieiempiione Siglestristsidewallaphihe thshes wilkhave a86,10P E34@DofRA0H6L

Nobori saka et al., Appl. Phys. Lett. 87, 093109 120051), -which are hereby
I ncorspdhatlecsubyequedtepingd finhast{Med ) siduntalls ablyich dldtabi) Geahsly SodPsthot af
identified growth. conditions in. which the crystal phases whi ch accumul ate

on t hel ¢reer Bk Bﬁ-@em%glagﬁbw&sgﬁg%w@bgr@mgaeﬁ dihan the crystal phases which -
accunmul ate on, its sides. In other words, these growh. conditions favor

growt h perpendicul ar to the plane of the substrate while suppressing growh
par al F.P@?S’Jt o the lpvaesien of e BubdtielaisewroTnleddtydhs vatictlsawealigoiit h.
conditions, the Hokkaido group adjusted. variables slidh as the parti al

pr es shslectné nabmiad 460, praydersiied fhet eppia rqiaf” Blsanentss if tupk IRi@aS0ns
precursors, and the tenperature of the substrate. 'These nethods may b'e

appl iigdudih dgrwading iRk AR A ERBL 0N LRich B otiREut F B Rl 16834 andi ng
fin as shown in Figure 5. Preferably, the (di ngne(éutlir’ﬁé s{ggwaf"s&g)?ﬁ}tcﬁgé

epi o S PRGBS p B QR RN, LSBT e BT or ot
over S SR S RS RS s URpoUhaBHaddyy ERecupe Tk Sisbekual 18 of
hines. The porbion. of the bottom diode region 170 whick lics above the trapping region 175
remains velatively free of defects. This low-defect region enables us 1o create high-quality
compound semiconductor devices on high-guality, larpe-arca, low-cost silicon wafers. For some
materials, such as GalN, InN, AIN, or temary or quarternary combinations of these, a dislocation
density of ¢.z. less than or equal to 10%cm? is low enough to be useful for device applications. For

some other materials, such as GaAs and InP, a somewhat lower dislocation. density is typically

required to be useful for devices, e.g. less than or equal to 10%cm®.
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dielectric material 160, may be called the "trapping region"” 175 because i.t

traps dislocations including the threading dislocations 180. Threadi ng

di sl ocations originate at the interface between. the fin-shaped: bottom

di ode region 1,70 and the substrate 155, and they propagate upward. at

angl es of approxi mately 45 degrees. Figure 5 shows the threading

di sl og@d709ns 10 aShalash ey td diB@ the abhee MOAL #PBnks R ROLLE E}Pz:lﬂ!uﬁ-g of

region. 1.70 which lies above the trapping region 175 remairns relatively

free @fe g4abealode rddins 18 PUERERESTE 1k 88HON reNakles. us. Lo greate hi gh-quality
§ & TEgion ﬁ fl& (91{ thk ﬁ?ésﬁi, é{ﬁ%‘?@%ﬂ??@, H mutl %m(flfl,cg. é‘lfllﬁ}]@ﬁg]blﬂgrtlm

conpound sem conductor devices on ["arge-a

silic S o Qe erials, such. as | InN, .M\, or ternary or
quar t v E5Rgle T8 SO AR AL U8R o RitG Bl Bifoueeide br S devess than
or e l. 8/cnP .is | ow enough to be useful, for device applications.
For gg%é(moﬁh% NS Ep B %ng',moé]ﬁ(‘f‘ﬁw % ﬂ@ﬂﬁ@gé‘hamﬁ/ﬂ%c CéYS§)éﬁ@vyﬂq&whicb\agmm:u.lﬂt@ on.

di sl oqat_’lion,__‘("]i_ensi_ty i.s typically required to be useful for devices, e.g.

| ess tHaHes 8F hegatprnidpdeosgiont’0 Jpoor eFixjuateihs bons rde sttbeph@cgwiash t he
active diode region 185, The detailed structure of the active di ode region
1, 85 axsypertde omihehie dithe belitorfdiode xaigl B0, ik agaumli pelauge dulid jeRloR 1@9aRL UM
wells or a single |ayer of noderately doped. sem conductor. Before grow ng

t he agtowendawiatle ar@edo: oddidbol thBot@hodha: LR 1) ORSHIRY justed so
that the crystal phases which accunul ate on J?’he Si des)doIB t @d‘glg’ttom di ode
r egi OfbllczitR hOFONsBELARRS %Mig bsitiohs B, 3} 1 38 8 RN35 657 Woh G2
accunul ate on the top(" of ]Eglhe ot tdo"r(i?lhgﬁ\g gﬁ?%‘“ﬁi’%?')%l”m]"nﬁ?g‘g““?te@{l}ﬂp{s'&{(}he
activ i9de region. 185 can grow conformilly around. the outside of the
20 5@.
bott om di'0de region. 170. Noborisalca and. his coll eagues have descri bed,
the grom h conditions (Noborisaka et at, App].. Phys, Left. 87, 0931, 09
[ 2005[0p71j1 100 thiskhibodirhent @il o di-nanbo ey Gt ReNcEFRPHLIMBRLS v diode
preferred that the active di ode region 185 anzﬁ% he (t opng)ira()%{éw’r&él%qczn, 190
have sapiphash HRY Blekoh ABR3Eh 308 hHL - LS Bss e R0t t.om di ode., region,
although the latti (c:ﬁé const ﬁtg’)%lé&%o?ﬂ %gi}%ﬂé:% [@(‘éf’d«it]bc’;e)lflg%f'ﬁ‘&lfséq"v’ ‘F“ﬁ@"‘ sane. As
a. resi f.1having. roxi nately the same |lattice constant s fewif any
et cor oy {pay BEROBRRALEHTRUR: dhobid®s IF Ao e Cambae PaGhohe B0 A s
i's f%ﬁneﬂrf shown. in. fFng:{;lr\e 6, the top diod.e region 190 is grown. The
ROy R raPRoKipately the ey o tants.dgv oharyalséistisvidforn Weheevi ce, ' Me

sem cO
dopi of the top diode region 1.90 will he the opposite of the doping of

n 0
t he H'git@fff%‘l‘ﬁ“1’8?"‘6’(?3@“?@@@-%‘#1%1_’911&0; if one is type, the other will be n-type,
and. vice versa. 1.00731ln Figure 6, the width of the top di ode regions 190

s TigpiRd.  sf &haknd,oRem Pure 6, the top diode region 190 is grown. The

semiconductor materjal for the top diode region depends on the device, The doping of the top
diode region 190 will be the opposite of the doping of the bottorm diode region 170: if one i -

type, the other will be n-type, and viee versa,

[6073] In Figure 6, the width of the top diode regions 190 is limited so that an opening
remaing between adjacent fins. This architecture is appropriate for a solar cell, where it is
important to reduce or minimize the probability that the top diode region 190 will absorb the
incoming light. Bleetron-hole pairs created in the top diode region 190 will not generaie any useful
electricity if they recombine before they reach the active diode region 185, The amount of
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remai ns between adjacent fins. This architecture is appropriate for a solar
cell, where it is inportant to reduce or mnimze the probability that the
top diode region 190 will absorb the inconming light. Electron-hole pairs
created in. the top diode region 1.90 will not generate any useful
electricity if they reconbine before they reach the active diode region

1.85. The., nt . of. -16- . erial in the top. diode region 190 _be
Fedue B it AP o bioié Raion TGRS et SR RE B ol B paaf Bl
maki ng the t digd.e region. 190 as thin as possible, In this case, the
Fop arhscan i iharialing o (h0ue ot Do 6o B pboRe o angis oot 6 150 0020- 500
nin.. 1100741When. engineering a solar coil from the architecture shown in
- Fi gur B0 @i ek avhighieshie hatneager, Byl kEdpimg t he di stance between,

adj acent active diode regions 185 snaller than. the wavel ength of the

incid i ghtyy Jhi.S: SLEAL egy. My prewent -t.he ingident Light from entering
the f Fagdlp ekt BaRboRL Pl TN PRI G ORAIRIL Bl S8R con
substrate .1.55, whi.ch can. reduce the efficiency of the solar cell,.
00751 Gt S i e AR digGmaias S i Rt i u B sambrianegi on
195 ig-further grown so that it fills the entire volunme between adjacent
fins. Dgpravetenpd offbnincespidiabt. Sy siraigayine preretie npdwr lest fowl eéoance
~defects can format the intersection :1.97 of the growth fronts,

r epr edigditce dpasy bevveced dhet astive iogani n8FinglicectBop Sienidieot héseatdéfRctisclr esi de f ar
fromthe active region of the diode, an,y inpairnment of device performance
may beduedihe efficiarcymiftiadokedsllWhen. continuing to grow the top diod.e
region 195, it can be useful to select growth conditions which favor
gromﬁﬁ. arallel to the plane of the silicon. substrate 1,55 and. suppress
gr oW WOBaE penkigetn hbops ap plempl appigrch, ewhichithoinn digde reggarel 9658 furfheNFi gure 3
al so shows the structure after fabricating the top electrical contact 200
and, gwensotthaii Bllebe ehidalvobont Bitwe@08]jbyntiian Witdthit aciincgue srysEipse
skilled in the art understand. there are many suitable materials for the

el ectddfens ket acéamlesttich dakc® oot Firlh QihCRBAsCtiby 0B @S proWHE on@dS COpper,
silver, or alumnum or a |layer of relatively transparen%4 conducti ve oxide

such. I*eﬁﬁrsélﬂgi Hjﬂﬂei dbieXifkein lﬁgﬁre I3E Ilﬁﬁtfltl.l%ﬁ: Q@fe&:ﬁ%ﬁ{kﬁiﬁ; ﬁ.‘hﬁﬁhe g&il%/ gx-,ﬁﬁmﬁ? c ihs ‘

preferably a highly reflective conductive material such as si

can reEkeak, dhembiahRak h¥it! 828 undo N LS ahdoa . LI cexi b Lhe LED from
ot Hr (R S B LR R AR andca B Rt 8 et W% oWy <
to C%%lm%\r -E}:Qﬁm} :cll:iZ)-d@ region 193, it can be useful to select growth conditions which favor growth,

parallel fo the plane of the silicon substrate 155 and suppress growth perpendicular to the plane of

the silicon substrate 155,

[0076] Figue 3 also shows the structure after fabricating the top electrical contact 200 and
the bottom electrical contact 203 by standard technigues. Those skilled in the art understand
there are many suitable materials for the electrical contacts, such as a strip of conductive metal
such as copper, silver, or aluminum, or a Jayer of relatively transpavent conductive oxide such as
indivm tin oxide, For‘ LEDs, fhe bottorn electrical contact 203 is preferably a highly reflective
conductive material such as silver, which can reflect the internally created light so it will exit the
1.ED from another surface. Those skilled in the art understand there are many ways to couple the
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bottom el ectrical contact 203 to the bottom diode region. 170 though. the
substrate 155 such as %m ng contact vias to make such, an electrical
connection, A single bottomelectrical contact 203 nmay serve iaultiple
diod.e elenments. [(ffl77)One !feature of the architecture shown. in Figure
3, in which. the top diod.e region 195 fills up the entire volune between

adj aceptioml disoirid3 chbinadt 283 %h Ay Lﬁ)tﬁ)ﬁﬂh@dcﬂ‘égoﬁ €9 QB H;Jllll%g M%hgr?: §h¥1§uli(:stagl

contact (and. therefbre electrical. contact) w't e regl ons 1185

0 mabdiR) B0 RASTusdh BEES ol R SIBLEN LGELWER 4 S.BRTLLCUl ALy Aovant ggeous

ecause It mmnimze “ri cal
conta bl ock em ssion of the Iight generated, within. the
acti vgﬁﬂ "%Ig'%e]mr ejgﬁgho@é‘g“mw}h a comon top diode region 195, each. diod.e
el ement may not need its own top electrical. contact 200; a single top
el ect (607 COrﬂuﬁe;dtcttaﬁﬂ)mﬁcnat@ﬁi’id(ﬁuma'l'ldvlup11Q'19L'11@dezlie\kflﬁﬁﬁmcsm 11099 ﬁ hg)‘i

addi ti onal sem conductor material in the commoh di od
Fi gur gy SRR Jodebefb Qg d s , erfo nce of an.
LED. The“? op d |(1) eorergl)(gn & "%%j‘@""”iq% lbnﬁﬁ E{)p b)isag‘r’ ”ém% gn]lnfﬂfc‘éant

nunbe vi ded Ih t t he bandgap of

semi cBp lj.l(él ((S(rnﬁ" (glﬂ ltzfi]f’“%ff n‘(’{ F‘Cﬂ”@&g’ @bf“é‘r‘{“ djogle fpraes [3‘\% in &W“’élﬂ‘emﬁ‘é}ndgap
of the{\s{ il ctor materjal intI|e active diode region, tonThe

st r uctBfeys *okgirmitcriire 15 spiculaly adwwiegeousdosl by bastyserit crarrpdss opeviiorimance
advant ages conpared. with. conventional LEDs. For exanple, the preferred
mat er Pgiared ¢rthe tprqiedti¢an gorstath 360, ol prreblatibsissioreof thu diphtgnarasidngiien
crystal silicon, substrate, is galliumnitrid.e. Gallium nitride, which

has athgrictiec dmgtca,llmsifi’iJWMT 2 cornaiouna) digdgreoios 196 tdach ﬂ]%d@@l@ﬂn@m%@a,{cﬁl lel to
the silicon substrate 155 and with its in-planes ‘and a- pl anes normal , to

t he sn&ademmmuu@pu@aﬁwl&ﬁmtmmqamm {oB Rty Le%maeﬂﬂ)d & t;,%f el mm lend
internal quantumefficiency is that the polar c-plane o ‘nitride

f acesgihhepagonduct or di ode. The structures shown in Fi gur es 3 and. 6 nmay

[6078] The additional semiconductor material in the common top diode region 195 of
Figure 3, compared with Figure 6, does not impair the performance of an LED. The top diode
region 193 generally will not absorb a sigaificant number of or any emitted photons, provided
that the bandgap of the semiconductor material in the top diode region is wider than the bandgap

of the semiconductor material in the active diode region,

[6079] The structures shown. in both Figures 3 and 6 may offer various performance
advantages compared with conventional LEDs, For example, the preferred material for fabricating
a blue LED on a substrate, such as a single crystal silicon substrate, is gallivm. nitride. Galiium
nitride, which has a wurtzite crystal structure, naturally prows with its c-plane parallel to the
silicon substrate 135 and with its rn-planes and a-planes normal to the silicon substrate 155. Tn
conventional LEDs, one factor limiting internal quanturn efficiency is that the polar e-plane of
gallium nitride faces the serniconductor diode. The structures shown in Iigures 3 and 6 may
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deliver higher internal quantum efficiency because non-polar in-planes or
a-planes of galliumnitride face th.e diode. In one preferred. LED
structure, the bottom di ode region. 170, active diode region 185, and. top
di ode region. 195 are made fromgallium nitride and. indium gallium
nitride, mplane or a-plane crystal, surfb.ces of gaIIirm nitride formthe

inter Lan 1.70 a t he .acti i od. e

regi or%é}g\%égﬁﬁﬁegﬂ%&l}(?mpl%ﬁlotrfhmgﬁ%qg&ﬁ‘élﬁgrn §stp are §UPP‘3‘C§C§ Widb%m |g M tride
form rfj et ween. t h ve di ode 85 region and. the to d| ode
g oitele B didte. BEGaiReroT LR dniGe Sebaiom B eon Guresed

can al sp be usq{ﬂ for LEDs based. on cubic materials such as GaAs and

Al GaASRIqrOT8 1 Fthepidndedtiag 197 emé%hnfrféa Eefivpy wbslsang ancimeelirt witddsy m - t he
bottom active, and top di ode regions according to enbodinments in. this

di scl ot oF-plate crysislibetacet @ midm aitpdt oennedintirlce dtiieen tayetioas known
in the art are provided. Process paraneters for bottom active, and top

di odedinégieagivs, 1t 1nd tiaAsivarithddlrEpdn $8Hased-bER: oRE&ORAG IR Quithes & r st
enbodi nent arc as follows. E00821In this exanple, the bottom diode region

can. @glid @J'IﬂJH@H(:&Q’(111E'11ﬂu([!&%%'?\@émﬁhu é@'&m@‘ocfcdm)s 19;%; m@ﬁ‘qﬂ ﬂSdJ‘EEJBQ;'ﬂt

di nensi ons greater than wd radi al di mension$

hei ghfgzand 100 nmin w dth. ). Grovvth conditions (e. g , CVD) include i.)
pressure: 0.1 atmii) preennors: (Trinmethylgallium) and 20% AsHB
(Arsine), diluted. in H2, iii) tenperature: 750C and iv) dopant: 'n-type.

To nelé88tihe bitiem stwogessrsegiva Doth ¥pgire N @adlO PANAIsd Be SIIIFGONEDI Bashil gl y
enhance vertical growh, the partial pressure of AsH3 may 'be relatively

low  drofubidingtebbRRuclc & Wa4 £6hd Arsadhat woul d normal |y be used. for GaAs
growt h as understood. by those well versed in the art. For exanple, the

partial pressure of AsH3 could be 5-10X | ower than, nornal. Because this is
a. rdAB¥Hr - depenBdawingre exampespiobusepyateer ® foon ére tueioen, activ@O8RI1Fur t her
in, this exam |e, the active diode region can include a pl urallty of

I ayertsp divelic nepiend dcvetdirgonfenbatimintd AYRE dislBWanFiE Maltsiraleayeh pafidng second
confinenment |ayer at the bottom diode |ayer,

dielectric layer as known in the art are provided. Process parameters for bottom, active, and top

diode regions, of a GaAs and AlGaAs-based Zi‘.,E]f), according to the first embodiment are as

follows.

[0082) In.this example, the bottom diode region can be a pillar or fim (central piltar or fin) of
GaAs having height dimensions greater than width or radial dimensions (e.g., | micron in heipht
and 100 nm i width). Growth conditions (¢.g., CVD) include i) pressure: 0.1 atm if) precursors:
TMG (Trimethyigallivm) apd 20% AsH (Arsine), diluted i Hy, iif) temperature: 750C and iv)
dopant: n-type. To make the botiom diode region N-type, one dopant is silicon. To highly
enhance vertical growth, the partial pressure of Askl; may be relatively low for this step,
cornpared to what would normally be used for GaAs growth as understood by those well versed
in the art. For &xarﬁ.ple, the partial pressure of AsHs could be 5-10X lower than normal. Because
this is a reactor-dependent value, no absolute value is given here.
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10084] G owt h conditions for an. AlGa. A s layer %x carrier confinenent
(e.g., 13 run. include i) pressure: 0.1 atm ii) precursors: 'IM5 TMA
(Trhn. et hYi ai umn. unA and. 20% arsinQ, diluted in. 112, iii) tenperature:
850C and iv) ci.opant: Ntype d,opairt is silicon., 1,90851G ow h.
conditions for a GaAs gnantui.n wel.1 layer for em ssion (e.9,"2.0rim

t hi ckJOO83E! ud@uitherin eisis Bx@npld, the abiMe didde ¢ g,glsﬁ %ﬁﬁau%dc, d. ﬂd}@n rs%%@;{o arsi ne,
diluted. in FL, iii) tenperature: 720C an opan

1008Gméﬁlgwtmsmﬂﬂhém@ﬂ?m;k@ra @&nﬁhﬁ@ﬁ 1Jg@¥%{d %&E 01 onlfﬁomuﬁqd)t(g gﬁﬁnt (e.g.,

15 ma thick) includ e i,) pressure: recursors “TMVA

(Ifri U@ﬁcﬂﬂ'dﬁfgc‘mjb' and. 20% arsine, diluted. mu,, tenperature: 850C and
i v) dopant e dopant with zinc. 1.00871Continuing in this exanple, the

top diode region is at or on the active diode |ayei. (e.g., 0,5 mcron

t hi k08¢ owt Birowdndiditions fdran AGhay efyedfor @l@'ﬁél ¢cﬂﬁ’ uHﬁ'l%nL (é’ %‘?&%ﬁﬁ'ﬁ&) 0.1
atm ii) Precursors: rIMs and 20% arsine, diluted

t enpeinaltude 6 prédQfe: dNGatml %) ])H‘@P@ﬂtv IIEi'(T NREA, Q?H@l@ﬁlghﬂﬂnﬁfn {tn I}MP%?)? ; é"”?‘fﬁd o

enbodi nent shown. in Figuré 3 can. nprise a t or

fibm gammennd, $em. aﬁ?iqu% Q¥5’@C(3'11c19 sﬁ%r““l"’aﬁ”‘k ﬁ‘ﬁ d'%lﬁgat Q{C’Q“ maF erials on a

silicon substrat’e 155; a | ayer of
dielectric material. 160 coverlng the silicon substrate 155, the |ayer of

di el el®PBbic matierithlcoddifnsciont @Ak qlardur RRNICRY L B9 cmiWtingB. pe?iplﬂﬁ%ﬁoll)he
surface of the silicon sithstrate 155, the trench, havi ng substantial ly

ver t ipaludsi)denaliles. 1amd; i} fectddh.orat: aﬁala%()l%a‘ﬁ}ﬂm; Efm c,cﬂﬁ l @g&%ﬁé’?‘% he width

of the trench, being greater to or equal 170
720C and iv) dopant: no doping,

[6B86] Growth conditions for an AlGaAs layer for cartier confinement (.., 15 nmo thick)
mclude 1) pressure; 0.1 atm, i) precursors: TMG, TMA (Trimethylatuminium), and 20% arsine,

dituted in Hy, ii) temperatire: 850C and iv) dopant; P-type dopant with zing.

{0087] Continuing in this example, the top diode region is at or on the active diode layer
(e.g., 0.5 micron thick). Growth conditions for a layer of GaAs inchide i) pressure: 0.1 atn, 11)

precursors: YMG and 20% arsine, dikuied in

dopant is zing,

[6888] The embodiment shown in Fipure 3 can comprise a semiconductor diode made from
cornpound semjconductors or other lattice mismatched materials on 2 silicon substrate and may
comprise a silicon substrate 155; a layer of diclectric material 160 covering the silicon substrate
155, the layer of diclectric material 160 containing a trench 165, which exposes the surface of the
siticon substrate 153, the trench having substantially vertical sidewalls, and the ratio of the hei ght

of the trench to the width of the trench being preater to or equal to 1; a bottom diode region 170



of sem conductor material, filling the trench and extending upward in the
shape of a tin; a trapping region 175 in the | owest segnent ol die bottom
di ode region, 170 wherein threading dislocations 180 intersect the
sidewal k.; oldie dielectric material 160 and. termnate (e.g., at a
reduced. defect area); an active diode region 1.85 of sem conduct or

- mater iy der ion,170; a top

di ode ?g%n?%ﬁwlﬁgg nlf\al?%léarln gg%&‘r&ﬁﬁgﬁ?‘j lrfﬁlp "Eﬁ%r"d}w e g%ﬁi‘ﬁlo Y‘Br‘bund t he
act i vg di.ode r(g‘gggﬁl L’é’“ el ectrical cont act 200; and a bottom el ectri cal
cont adtPPpg g 1*—*1*8%: ol seamRRr ol A bofionp fleda resm } Abvheanitgading

sem conduct or di ode shown, in Figure 3 - specifically, a nethod of

fabri utochigons 180 dderseride deonle oftho disttctibenitcsnd S0ebdrsmiratofeherathat ti ce

m smat ched materials on a silicon, substrate conprising the foll ow ng

st epsredStepdFea aiqg;) tundmmcdﬁpquvkngl 4 dfayefconfiudinehaetifli gowRtifbahsllysuch as
dielectric material 160, onto the surface of a silicon substrate, such as

si | i camusdbstifodiom 4idde reploan 7808 1dpntddedesionabs %![ E'dlﬂgmﬁiuft f(ﬁnr?h,xlqﬂ‘p)t(ﬁﬁ: | ayer
of dielectric material, such as trench 165 in dielectric nateri al 160, t

expos : J : i F

oS g(ﬁ%i{?xgnﬁw i\(J/ g‘lﬁtﬁil T@g 1&15{% éﬁ&:)l%, 1@@8:1 l%ﬁtcg]gﬂ ?‘L ;; I‘(nﬁlqﬁ )Gﬂ ﬂﬁh!.armlupng]t%w# fcal Lgen
of th mﬁmag@ bei ng greater than. or, equal to 1. Step 9: 10 i ncl udes

sel ec growt h conditi ons which avor growth perpendicular to the plane of
t he si I i con substrate and suppress growmh parallel to the plane of the

si i cfidg9p ubstipate! subaRiRd p ricfRldudEsHrREMM Y s@nRefdichl ddidetRfw Rt erial to
form a bottom diode region, such as bott'om di ode region 170, which tills

the trRAsTy aﬂﬁcﬂ?&hﬁ?@mb‘lﬂ%&f’i‘mﬂ%ﬂﬁﬁ dstﬂ?rfé%ﬂ?&c, ﬁ%ﬁl cﬂmp%ﬁ[’se%ﬁg r{dpgtp Srhs

sel ecti'ng gr condi tions so eri
t t |1
2ppr X@.h%;?f’ﬁ@ n‘eﬁﬁéﬁm@%@g*ﬂ%ﬁn%@i%ﬁﬁ%ﬁ Ssrehardanny éi%\cl)vr‘?“e{hd o
the s bes t(ﬂé}t_’botto d| og(ﬁzﬁ%eg ion. Step 925 i ncl udes grow ng
sen c%@ dﬂ&'ﬂl&i% SOPg R yEhpod Fwnawm%&mb ﬁ&dte&%hwfm@iﬁreald&@tmmoode

region and. the sides of the bottom diode region to create all, active
di odesWwidge ehe siligpierbsgatactich as slioaiesubsiitohs 3. 98p 985 eprhgBe prtehindesregtlowi ng
a sem conductor material conformally around the top of the active diode
regi an thmiyern dialiciedes nofteriahguelc i venclil 68 én dieiicnin hatetdlaadlenaxper Bt od. e
region, such. as top diode region, 195. Step 935 includes fabricating a.

top efuefate bk sHRBh 3EHsira®UGR tARcH F?_an%l LﬁfEWlhﬁ*ﬂl SN @Qﬁk‘%gg RDilRgi sy thee
of the top diode region. Step 940 inchtdes fabricating a bottomelectrical

conack,, on

i1 aou nEHBLy B2 LR Bl 1R b Bl R b A s s w‘*)'@?é&ﬁfeﬂgﬂw 950
inclu t ere Q.that the top diode
Fegi oSV PE Sl i bPoda e R b h R e P sty ol oo
region. which ‘anm 5oget her nmultiple diodes. 1.00911M a filthier

al t erAPiCTes e bR {© the Dlsse AbRC ke STy oc Bivpiod e inpludsh zravéng act t hat t he
technique fbr growi ng free-standing vertical. structures as described by
Nobordegageandaeiar matosiabel hoag tbeﬁommdmtum,rdmhu gl bottcah Hiode meliion. b5 whikdr
exanple, it will not generally be possible to grow free-standing verti cal

st r udiltrtes trisfict dvel esidnide opwadhs theahepdels Bo.(3RPP20INSRY sSBEiRCRawih

conditions so that the semiconductor material for the active diode region, such as active diode
region 185, will grow at approximately equal rates on the top of the bottom diode region and on
the sides of the bottom diode region. Step 925 includes growing a semiconductor material

conformally around the top of the bottom diode region and the sides of the bottom diode region to

2]-



1100921Thi s net hod begins with an appropriately doped. silicon. substrate
1.55, as shown in Figure 9. A first layer of dielectric material 210 is
grown On. the surface of the silicon substrate 155. In. sone enbodi nents,
the preferred. material. for the first dielectric layer 2:10 is silicon.
nitride. This first dielectric layer 210 should be thick enough to trap
dt hot S].'C":afk'}tﬂﬁﬁlﬁm(ﬂﬁ@dm@gﬁ)ﬁ‘!_gﬂﬁzﬁaﬁ ,‘_-ui;tﬁ/@i (ﬁ(jde%@ On. ]g:ﬁ’leg[% E)gdf 58] e first
dielectric layer 210 shoul d. be equal to@or great‘gr t'}lgﬁﬁi‘tﬁﬁ mv%\nﬂﬁ%% of the
t r enchaicondiR3 e f8 CONErmALLLEGI the 1A e &bive dlefie IS0, AR L OP. A, t he
- B0 ARUEELNE ke Bh® ol s Ui Rliell &

first dielectric |ayer

for this, nd;di glectric layer i.s silicon dioxide (5,.02).  [0094]Trenches
220 o e IREBRGAL & FRRL oo BBy St B B sl 5. ShincisHneiseon

di el eﬁiﬁ%{,i‘ﬁ.“lg ‘l_er Sy Zéotamd 215, expos{n .a portion of the surface of the

si i con EUHET 'GP &erEial ogpiaghughay fop g -@ég“iciﬂscov-@l&‘-tl’-@ann theesuslaed eitibe ofp t he
silicon. substrate 155 at the bottom of the trenches 220, such as by the

cl ean‘i?lﬁ%j;c st dPleddbinevdes fibdoaing00es] fheuiol tomd) mde af Bicnelcdfiali s
grown by filling the trenches with a sem conductor nmaterial, as shown in

Fi gur@niacd 20 Bepdlxskottdme pBihicsilioh atlishee. m smat ch bet ween silicon the "bottom
di ode region. sem conductor material, msfit dislocations nmay format the

i nter, ‘between the si.licon substrate :155 and. the bottom di ode region
(oB68), n'téf ot REPPLeTh Hhy '

170. TR 86 ™R FHEh Bgned S0 prdes sontmiemigl @owithe er sect
th.e tsi g elfV\:,@LI'S- of th.e first dielectric layer 210, and term nate within
the t'PRAPIGRGCHeYSOHaLths toprdieds egimstiont adimsnbdvdomadiadeeregionidZ0 above

the trapping region. 175 may be relatively free of defects and suitable for
hi gh-55¢ BmnBedaeccaionivddeh camctihiapethry muttgipdivaes, seni conduct or devi ces on
silicon substrates can be created, 110096] The second dielectric layer 21.5

isr d, w.th.a, process suc s a wet etch. wth,
Efm?()Iﬁ Wy ::Huﬁhcg‘ altérnative em@ocﬁmcmt;, a methad takes into consideration the fact that

the technique for growing free-standing vertical structures as described by Noborisaka and his
colleagues may not work under all conditions. For example, it will not generally be possible to

grow free-standing vertical structures if the silicon substrate has a (100) crystal surface.

[6092] This method beging with an appropriately doped silicon substrate 155, as shown in
Figure 9. A. first layer of dielectric material 210 i grown on the surface of the silicon substrate
135, In some embodiments, the preferved material for the first diclectric layer 210 is silicon

nitride. This first dielectric layer 210 should be thick enou gh to trap defects afier creating
trenches in it; e.g., the thickness of the first dielectric layer 210 should be equal o or greater (han

the width of the trenches.

100493) A second dielectric layer 215 is grown on top of the first diclectrie layer 210, In some

embodiments, the preferred material for this second dielectric layer i silicon dioxide (S10).



hydrof luoric acid. and. water. This process will selectively renove the
second. (8i02) dielectric layer 215 without attacking either the first
(SIN x) dielectric |.a.yer 21.0 or any of the sem conductor naterials that
may conprise the "bottom diod.e region 225. The resultant structure
appears in. Figure 5. Thus, this nmethod describes a different vvay to

fitbr thst h?l 1%&&3@0 P q&r 1aqli g e%(cponf1%%@;@&,}%{%@@%1?%& fvgi‘)gﬁ in Fl gures

1. 009 Eont 1 NUES as
3 and tlve diod.e.r the t o di ode regi on . 190,
and tﬂlgﬁﬁ%ﬁqé’ms %Hﬁ P70 S ME Dot b sizbist ah e 208 on OO Hguke 11
sumari zes, this aIternatlve met hod. that is depicted, at |east partially by
Fi gur @109alHiep B30 Clian 81 e olhe silipen RbbIBoil by veie patiosrételic0tigsi2Ag) udes
depositing a first | ayer of dielectric material., such as first

di el esichiag by dyede@iit mohvd dedoebsdialfiaee of a silicon. substrate, such as
silicon substrate 155. Step 1005 includes depositing a second, |ayer of
diele as secand dielectric layer 21,5, onto the surface
o °t HAOPFE ot fﬁ‘y"é?”%? Tferdan PR g ab e dheinbicheniiith 4yemicapdagios) ect r i o
mat eri al haV|q different characteristics than the first |ayer of

di el d8pieril pntleppdp Figie p0. ferrousethero deslapieresmireg batvwacasdivon udivtias t rench
220, through both the first layer of dielectric material and. the second.

| ayerd ipde Wsnsemidopdneiveniial widgkpodeatitve suy foroeat die fihefasd bitgom the
substrate, the trench. having substantially, vertical sidowalls, the ratio
of t hdlidveisghatraod 15hend the boltorh diddd epbd 1 10. Afirdalig ot digBEHNoDS | N ual to or
greater than 1 (e.g., in the first Iayer of dielectric nmaterial). Step

- 1. O%BopfpaleigRmn @how a?@@uﬁe%&ﬂmwmmﬁ R die) L&ﬁ%&ﬁ@ﬁd %{ikgh to form

a. bottom di ode region, such as bottom d|o e re on 20 incl udes

oL ShEL PR S ATRATL B RRLL 008 @ng@ﬂﬁ%{‘ﬁ%m et i o
2?223&1@#&4&%398mﬁvcea@?@y"%@ueﬁ el b G Brancage e 1030

i ncl udes growi ng a sem conductor material, confbrin,ally around. the top
and. HPEIES wnrffwdabmic\saedrwuadbvwegm@ﬁh@@ pbs@tes san teopeadedbde region., such
as top diode region 1, 95. Step 1. 035 incl udes thbrlcatlng a top eI ectrical,
cont suchy
d odiﬁ‘r’g@}. ”%5*5‘99‘ Cﬁ%lﬁ‘%*' SR AEORA B BP0 S Ehecieh 8 °
contact,, 15‘] as b fil ectr_l (|:al1 @\‘A’é t 203 on the bottom of the
ST oG AR b0 TS gtiessTolswisRiy b sopese BakisandEnDz diclarrien ¢ he
sem conductor. diode is configured as a colum, rather than as a fin. A
| ay el 240 aiBevt itackas erbaithe F60(SiNdchcleeis 1Sik02! Ger SiyNhd s grown ont o
the surface of an appropriately doped. silicon substrate 155. 1, 01001A hole
250 Iﬁslilp@tlﬂlﬁﬂmeddmmlhi Isu by antipakd fheberdiichibdesicgonalk sThdvetbantiekeed ri c
mat eri al

appears in Figure 5, Thus, this method describes a different way to fabricate the botom diode

region configured in. the shape of a fin.

[6097} This method continues as described above and illustrated in Figures 3 and 6: deposit
the active diode region 185, the top diode region 190, and the top and bottom electrical contacts

200 and 203,

{0098] Figure 11 summarizes this alternative roethod that is depicted, at Jeast partially by

Figures 9 and 10, which comprises the following steps. Step 1000 includes depositing a first

w23



160 by standard photolithographic or etch techniques. To enable the hole
250 to trap substantially -24- all threading dislocations, the ratio of
the depth of the hole 250 to the dianeter of the hole 250 is preferably
equal to or greater than 1, The hol e exposes the surface of the silicon
substrate 1.55. [0101]Gowth. conditions (such. as th.e pressure and the

conpodigter oftiefectrikenness H\hﬁ,ﬁrﬂs G %ﬁﬂ]@'ﬂﬂ: FL{?& )tlﬁ n&g% ﬂfuq, lﬂcl&fo hﬁuflm strate) am
sel ected that favor growth. perpendicul ar tHe &I i con,

subst kabs@rakd AN sFHBR% @%ﬁr me" Ry ﬁ}o()%k u?c,luc[(c.? d%%%-,g En o5 n@é{gf daléjgg ér?l | con

substrate 155 as descri I'n the borisa
appro o e t.or iterial is _ f',lllsthga hol es
T PRI HakORER, ﬁlﬁw §‘8P3ﬁﬁ‘é‘*% DHRE 1D, b et abbe brisoet om i ode

reglo,_ o] ure 11 [0102] Agai n, because there is a lattice
i smaﬂk‘% 83’[’\%@15}& MI "&‘EfH“ l%lé“é’é#i%éH&d@ﬂ'@Wﬂdidw@ cridferenti chhractaiigtds than the
dislo atl ons may occur at the interface between, the bottom di ode region
260 anth! i4yer ef Pigleenic qupetalabep 1650 lm'iilrcbaﬂmhgmdpaltmalt isadisasiRyiclpPERagat e
upward fromthe interface and intersect the curved sidewal|ls of hole in the

di el ethtouah lody te (r80apard el edah@oridng d U SRRND ol A R dciic I‘M‘L'c,ﬁl?l #he
threading dislocations originate .and termnate may remaln su stantl ally

Wi t hi expobhithelsolBec2BGhé BILHECsHse b ;
vi si bl eml n lIcfl gure :1.3. 1T eﬂepltélu?ghgg?lﬁh%%% ?‘ﬁcm {)ftvglﬁ%%alg?%’a'@ﬂ? (gb‘i on 260

Vi si blagio el 6¢ L%éh%:fmﬁ?étbr%]g%\{vgiﬁf’(g@aé ﬂuﬁhb[}e ﬁ"ét‘?‘ s ,1.(_:1&@& I:‘lmg:ds(&uploer

portion ol die bottomd “Hydtal | i ne

def ec ’ | Gr ghz perfornmance devices. [0103] (For the
speci o i@*ﬁ?é”“’f R Rbe s bieP 0 DTG &R Tan0 Sora conaLAHRRL Ao o y

smal | 100. manoneters, the sem conductor material in

the b %IS%“&.%H a P&BP%P logstyegion. shBar beflamdisde regien B8 i Serr K 2@incliv

wi t hout t. orma|on of any lattice m smatch defects. In this case, ere
th‘“_eif t f y latti tch defect In thi th

may bELGHVEIR FareN g i rmainang mdonsort thhepcoidipyal dilidécitihmadiiel eay s ayer
to trap, and. the diode may not contain, a "trapping region.")

includes growing a semiconductor material conformally around the top and sides of the bottor,

diode region to create an active diode region, such as active diode region 185, Step 1030

includes prowing a semiconductor materia) conformally around the top and sides of the active

diede region to create a top diode region, such as top diode region 195, Step 1035 includes

fubricatmg a top electrical contact, such as top electrical contact 200, on the surface of the top

diode region. Step 1040 includes fabricating a bottom clectrical confact, such as bottom

electrical contact 203 on the bottor, of the silicon substrate.

00997 Figure 12 shows another embodiment in which the semiconductor diode is confipgured
as a colunom, vather than as a fin. A layer of diclectric material 160, such ag 810y or SiN,, is
grown onto the surface of an appropriately doped silicon substrate 155,

[01.00] A bole 250 is patterned with substentially vertical sidewalls in the dielectric material
160 by standard photolithographic or etch techniques. To enable the hole 250 to {rap substantially

24



101. 04: 1The grow h, conditions are adjusted so that the material or
materials for the active diod.e region, 265 wil.1l grow at approxi mately
equal rates on the top and on the sides of the 'bottom diode region 260.
Sem cond. uctor material, is conformally grown. on the top and the sides of
t he bottom di ode region 260 to create the active diode region. 265 shown,

in Figuie RL ) L COr " Rt erd al ol nformal |y gr.own. the top
and s e GRioSRbRETh RGP R byt 27 B R B i B 2Ll on.
270, as.showl: in Figure 1.5 1t may be possible to grow either a.

ol o aiRrRiRlkd f"LB* O BaEc i b hyglc SHORIIES T o6 of e aBRED SERBFed S des have
the configuration of free-standing colums as ShOM in Figure 15, or a

cont i[0WPYS t OBeBith d6ndiBEHsQBuchl Th @S e SNAWM dithe E&lﬁwsﬁti&ﬁ:f'[i%@ﬂnﬁ:gﬂ%@ggac%g de

el ectrical contact 280 is grown on the exposed surface o

;Ielg' AN 1]%71@1111)@@?11& he %‘,]R'Q‘Igg 9[8’5'#, kﬁ@%@?}éb & ﬂmtqgvrléafﬁé\?(%v%%bfﬁ 1{?%311"@('} 1(,%12 zallagwgme 0

i con substrate 15 igure 1

Figurg 16 can. comri.se.a silicon substrate 1585: ,[fi,e,l ectric |ayer 160
cont A g R et 8€ 30 Hih sk Go0d8 PeRu-Ch Prodieft G S1E0 PBReSibatr at e,
the hol e 2?0_ Bayi_gg subpstanti al | é vertical sjdewalk, the ratio of the
dept Kesgibe fathgdybopsaa pphdicdiasme dv prapratahn epeazemimndctar saiesrl t han
11; a bottomdi ode region 260 of sem conductor aterial filling the hole and
ext englRiog Pty the bolvs ashbpes dke-atodingrnlunas dbrapibi: hgles egieantsitn: bdienl owest
segnent of the bottom di ode regi on. 260 wherein threading dislocations
i nt erdéetetregibe 260rasestlows ingBipatd B3, of the hole 250 in the dielectric materi al
:1.60 and term nate; an. active diode region 265 of sem conductor nateri al
gr ow nformal |y ar qurld._ ,thg bottom diode region 260; a top diode region
275 of cor* 3% A sHsy M GliRdatishmigRaieh ketypete lisayibe sepisandustortdale
el ectrical contact 280; and. a bottomelectrical contact 285.

material, misfit dislocations may occur at the interface between the bottom diode region 260 and

the silicon substrate 155, Threading dislocations may propagate upward from the interface and

intersect the curved sidewalls of hole in the dielectric layer 160 and terminate. The trapping

region in. which the threading dislocations originate and terminate may remain substantially

within the hole 250 in the dielectric layer and therefore may not be visible in Figure 13, The

entire portion. of the botiom. diode region 260 visible in Figure 13 exists above the trapping

region. This upper portion of the bottom diode region 260 may be relatively free of crystalline

defects and suitable for creating high-performance devices.

[6103] (For the special case in which the bottom diode region 260 is a column with very
small diameter, well below 100 manometers, the serniconductor material in the bottom diode
region 260 can undergo complete elastic relaxation without the formation of any laitice

mismatch defects. Iy this case, there may be no threading dislocations for the sidewalls of the

diclectric layer to trap, and the diode may not contain a “trapping region.’)



[0108] The followi ng nethods are two exenpl ary nethods of fabricating the
enbodi nent shown. in Figure 16.. [01.09] Figure 17 summari zes one nethod,
whi ch. conprises the following steps. Step 1,1,00 includes depositing a.
| ayer of dielectric material, such. as dielectric material 1.60 onto the
surface of a silicon substrate, such. as silicon substrate 1.55. Step 11.05

i ncl ud@td4pat t eibmigngrid. coditens sdabjusg sH e 1RPatehid) ob Pxﬁmﬁ}‘,%i 1%][ Jdig) ectric
material to expose the surface of the silicon substrate avi ng

subst ditdeativin 765 Hii¢ Eh}w i Bk hSely acggdl ﬁuﬂﬁ’hﬁ A 18||g S 15%166‘1@1; it AL {S,PQ%“ h?' ©

to the dianeter of the hol é beln equa

110 i i i fav ro di cul ar
haR S a0 ST REn Ittt ’;'aﬁf’?ﬁat oLl G&A"H% k?a"i‘gi” OB {0 the
plane 1 ,lco ubstrate. .Step 1.115 includes grow ng

sem CC:)K(I’}I{ u]%:l?{ g“rd% e eY rg) a’[ ‘6“’1“6?% ‘“’éﬂ*’-"‘bg‘ﬁ’fib it shegmon! 91{%‘%’&1 as bottom

di ode region 260, which fills the hole and extends upwards in the shape of

a col (5| St egedid@dhdel MQi@ﬁaﬁ@L(ﬁ%hﬁﬂ CY% QWh Blé?l‘?.ﬁ%iﬁlhc? Eﬁﬁl( S&hdat

seni conductor nmaterial tin the active as ‘act |'\)’é d| ode
regi Ofiodl Pey ual rat s on the top of the bottom
di ode reg |ouem Mc?t og)%daﬁmqglg{sh%g Hﬁfﬁ] %@t?g O TRE éfvl?‘eéﬁ hmagpepospibie g
inclu sem to r| al. contbrmally around. the top and
Si desgl%?V e 5@%{9}%1“*&% G BioD Batchant dharprapvetbuiods hesgilsn. . St op
1130 |n%l udes % ? a. sem conductor material cc:informally around. the
top afftPHesFden obfrephimdig cobngissd showyirokizes 16r ena eonsintiays tod disde repgimon,

such as top diode region 275. Step 11135 includes fabricating a top

el ect #{c#i shepntmbiusileh as top el ectrical, contact 280, on the surface of

th.e top di ode region. Step 1140 incl udes fabricati ng a bottom el ectrical
cont t uch\ e cal. contact 285, on the bottom of the
silic bst % a @p “?@h‘() A%B?‘ﬁgéb et ABA o1 deresxrrstd el thatoprbodhi 1ity to
grow a fr bottom diode region in the shape of a colum. It

begi ri‘%%"te%? SarH’ dgﬁorg‘&mﬂ%%ﬂb‘é&é@l 389 isquews blewrthe silieabsubsisate 275, asshown in
Figure 18. A first dielectric layer 210, such as SiNx, is grown on the

sur f adewgfin e idi con substrate 1.55. [0:1111, 1A. second diel ectric |ayer
215 is grown on top of the first dielectric layer 210, In.

[¢167] The diode shown in Figure 16 can coruprise a silicon substrate 155; a dielectric layer
160 containing a hole 250 which exposes the surface of the silicon subsirate, the hole 250 having
substantially vertical sidewalls, the ratio of the depth of the hole 250 fo the diameter of the hole
250 Demg greater than 1; a bottom diode region 260 of semiconductor material filling the hole
and extending upward in the shape of a column; a trapping region in. the lowest segment of the
bottom diode region. 260 wherein threading dislocations intersect the curved sidewalls of the hole
250 m the dielectric material 160 and terminate; an active diode region 265 of semiconductor
material grown conformally around the botlom diode region 260; a fop diode region 275 grown
conformally around the active diode region 265; a top electrical confact 280 ; and a bottom

clectrical contact 285,



sonme enbodi nents, the preferred material for this second. dielectric |ayer
2:1.5is silicon. dioxide Si02, 1101121A hole 300 is patterned, wth.
substantially vertical. sidewalls through, both dielectric |layers 210 and.
215, exposing the surface of the silicon substrate 155. It is possible to
pattern the hole 300 by various techni ques such. as standard.

phot ol gra f reacti.ve ion etch processes. [01,131The thjckness of
Phoe 14708790 ERY Bl iR TS LS Bl OEBREER: of RhobEdG embSHBoR R an.
the dianmeter. of the hole 300. Under these conditions, the curved sidewalls
of t h&M T FIgE et ric 1 ayer 210 may trap substantially all, of the

t hreadi ng di sl ocations. [0114] The surface of the silicon. substrate 1.55 at

the b f pt-he. hol.e . De.: : SLhe el eani ng net had. r ef d
o e Vo O s Thuspai et DRyElRNRA dhpkR% 6! SRS JER T S L0

hol e %Qﬁ)ldg% %lttt.})cz I‘ilé??,glgﬂ: cqr?)g'({ﬁh*%{n(fm%}u%rﬂlla Lucgi d@%uﬁﬁg‘r{‘@’ 51151,1'@{}319]':(]6)2{56\52&}({1&,{13%@5

[0116 ationsmay form at the’i
silicon substrate 1.55 the.bottom diode region 260. Threading dislocations
may probigs “eﬁ"‘ﬁ}b‘\hﬂfiﬂor%dﬁ* e LS The Sea ) B0ninekidat pr4caIRE A plogreh 8t 1 | o

| ayer. %19} and. may termnate within tr apﬁi ng regions, which reside at the
bot t obRlBFIQHN & ey dred dideiamaaoiabisdrpessabesuasc af thendiconissbislag, e hol gur e
19. The segnment of the bottom di ode region 310 above the trapping region
may. lwingehdsivedlly fargel sidedtelleend thandid biehetopt of victiald © theliameter of
hi gh. - performance devi ces,

“he hole being greater than or equal to one. Step 1110 includes selecting prowth conditions

which. favor growth perpendicular to the plane of the silicon subsirate and suppress prowth

parallel to the plane of the silicon substrate. Step 1115 includes growing a semiconductor

material to form. a botiom diode region, such as bottom. diode region 260, which. fills the hole and

extends upwards in the shape of a column. Step 1120 includes selecting growth conditions so

that the semiconductor material for the active diode region, such as active diode region 265, will

grow at approximately cqual rates on the top of the bottom djode region and on the sides of the

bottom, diode region. Step 1125 includes growing a semiconductor material conformally atound

the top and sides of the bottom diode region fo create an active diode repion. Step 1130 includes

growig a semicondactor material conformally around the top and sides of the active diode

region 1o oreate a top diode region, such as top diode region 275. Step 1135 includes fabricating

a top electrical contact, such as top electrical contact 280, on the surface of the top diode YEgIoN,

Step 1140 mcludes fabricating 2 bottom electrical contact, such as botiom electyical contact 285,

on the bottom of the silicon substrate,

{0110] Another method does not depend on the ability to grow a free-standing bottom diode

region. in the shape of & column. It begins with an appropriately doped silicon substrate 153, as

27-



[0117] The remai ning portions of the second dielectric |ayer 215 (e.g., the
Si 02 |l ayer) are renoved by neans of a wet etch with hydrofluoric acid and
wat er. This process may sel ectively renove, the, second. (e.g., Si02)
dielectric layer 2:15 without attacking; either the first (e.g., SiNx)
dielectric layer 21.0 or any of the sem conductor materials !that may

conpr iskewd helipotet IdmA,. flisodielcteigilor: 2260ucH 40LLG LERSow R SK kifcait f&d ffURd Ur e
appears in. Figure 113. The process then cont'i.UL.!.eS as described t he
met hodilides Giilsna 1aBove with respect to Figures 14 through 16: deposit the
active diode region. 265 as shown, in Figure 14, the top diod.e region. 270
or 275 as shown. in Figure :1.5 or Figure 16, and the top electrical.

cont ad¥ktik80 dntpcomsbiichmivisl lavar il & & proontuactsoXB6 fias dafamic luer Foghr e 16.
[0119] Fi gure 20 summari zes the above descri bed nethod, which. conprises the
f ol | owding esibedisienS thp prd2O6] inachiuties depesid iBRcRicliyst 1k ayeicoafydi@l ectric
material, such. as first dielectric |ayer 2110, onto the surface of a.
silic@ysubstrate, such as silicon substrate 155, Step 1205 incl udes
depositing a. second. |layer of dielectric material, such as second.
dielectric layer 215, onto the surface of the first dielectric layer. Step
1210 1HdPldes Apke d9thisrgtiamen wid subsioial s ciohlssi GO0 kinotgt buth Heldirist

| ayer of dielectric materia]. and. the second. layer of dielectric materi ai
to expoee XlRand Gl §.azpouhy theaushdd aahe silbst subkienie 1 518 1019 hyBs oY tghitern the
substantially vertical sidewalk, the ratio of the depth of the hole to the
di anehele 300 bl heribiad iecHn3QR) shai dﬁ@taﬁhﬂ@@trﬁht(ﬁiﬂﬁ@%ﬁﬂl & %Icf;i\t/cpf.ogx'*tcllir&f@:‘;&, 1,5

i ncl udes growi ng a sem conduct or nateri al |nto‘tKe hole to #or a bof'tom

di ode_region, such as bottom di ode region 260. Step 1,220 includes

sel ectdWél y r holivkgestnd thefiet dichgtisdrydr @i nely bemecsedondod cayano dfan the
dielectric material. Step 1225 includes growi ng a sem conductor nateri al

=f or ndiemgteapbthadiold H¥. Ungdeathekesioddisiond, thdembel duwalldiodde fragii@actiolgEeat e
an, active diod.e region, such as active diode region 265. Step 123

i ncl uBEsmgy aup RghsawniSRThIC ONEdehesdilRIRcRlons29-  conformal |y around the
top and sides of the active diode region to create a top di ode region,

such. as top djode region 270 or 275. Step 1,235 includes fabricating a top
el ect H1d4) coﬁgﬁ(‘a@t‘-‘ face Ot thegiliopp pulstiatst ¥55ghihe botintradtth@Bes 30hntpde slenfiaice of
the top diode region., Step 1240 includes thbricating a 'bottomelectrical
cont aley the slvehingase et tefnred teetiecal contact 285, on the bottom of the
silicon substrate,

[8115] The bottom diode region 260 is grown by filling the hole 300 with a semiconductor

material, as shown in Figure 19,

[0116] Misfit distocations may form at the interface between the silicon substrate 155 and
the bottom diede region. 260. Threading dislocations may propagate upward and intersect the
sidewalls of the first dielectric layer 210, and may terminate within trapping regions, which
reside at the bottom of the filled holes 300 and therefore are not visible in Figure 19. The
segient of the bottom diode region 310 above the trapping region may be relatively fiee of

defects and therefore suitable for high-pecformance devices,



1. 01201Sone sem conductor materials denonstrate uni que behavi or when
deposited. into the round. holes 250 and subsequently grow free-standing
bottom diode regions 260. Specifically, the free-standing colums can grow
out of the round. holes to form hexagonal columms; e.g., the

colums(el ement 260 in Figure 1.3, elenment 265 in Figure 14, and. el enent

270 i mFHgUr e15). e hexagonal,. cross,.sections rather than round.

cr oss[t E'E'c’fjl on‘s“}g%% ‘@lrlélﬁé)gﬁf‘%b rcr’gglé’ 5 %)Ilgsd]s'c“i‘fﬁ%'&(bﬁ’éfﬁ]c% %ﬁﬁﬁi‘”&@egﬁ?ﬂ@y‘?}ﬁwFi gur es
12 through 16, except with columms that have hexagonal cross sections, as
di 5cuSOBT PETSTIY R HEKEEHER THTUNAE: Filg Mo A M GBS eSS e Ty
increase the packing density of the sem conductor diodes by configuring

t hem "'H¥VE ﬂH‘e‘i@é@fﬁhéﬂ-ﬁ' - A dislestry e R vathosiritelsingreithyr, et fer. 23N:3 hows
several semnm conductor diodes, of which. only Oe top diode regions 270 are
vi si bitigleclarcd greg d0 of mpohibx agomahdator ayaideiaty that apn camsdueatebardmayiodé Not e
that in. Figure 21,, the colum 1/4 have a. circular cross section rather

t han, regicheé6igonal cross section). A hexagonal array of holes 250 is
created in. the dielectric material. 160 rather than a square array.

[0122{] Fi %ure 22, a top view of the hexagonal array, shows the dense packing
of selfitt®lnduct & regvibeme siryghme rreaeidiginal 3. Hra ppedss Honsontinegs he degobal
features in Figure 22 are the tops of th,e top diode regions 270 with,
hexagioribg method sleswibeid ahsve Wie raspgit ankipluee f ddenugli hé dpadghaative Bateur es are
t he exposed portions of the dielectric material. 160. Another enbodi nent
conpriegies 285 pk st tyFighredisodRsos toble rafontv0se 20856 shdhedid MyRRA%ey, arranged
in.” a hexagonal array with other diodes that al so have hexagonal . cross
sect i [@4B§rel 18, a0 @Ek SN ee g T ToTol dMaTo BRPN O 1, I ruycture
houn o B o RSP op A el A SR ever
in m.il;igf{'u.-_j gncti on solar cells, reflection, of light from the dielectric

| ayer 8(} mmy reduce conversion efficiency. Suppose, for exanple, the
sil k= substrate 155 contains a p-n junction, intended. to capture

rel atfovedly | diigeeQOgnpnalenthe dbbesestfeatrhdtBdby, viavh enspets BRALAGSInpoul d.
strike the top of the structure, fransmt through. the top di ode region,

195 apshs, GebpeireD KhdlRdksQRpEHGLS o RAY ﬂ%rmﬂﬂfdﬂ%& z‘i@lﬁd@@riaﬁl{%@@g%& ?%2%8}5‘15?@"‘} he

S
active diodé region 1.85 and the boftomdiode regio rike the

di el ectringnl ayen 160 . per age of. th not.ons. d t
D i a0 Ao B ORI RERCSPLBRE s SRR e S A * V. 1es,

and 1‘95 .and exjit t h_ro_ugh the.top surface of the device, The solar cell
woul dic Hc(l)a depas 1:1.15{_-; P Ao | SHYET 0% Aﬁ.}é@b% e such as second dielectric layer 215, onto

the surface of the fixst dielectric layer. Step 1210 includes patterning a hole, such as hole 300, in
both the first fayer of dicleciric material and the sceond Jayer of dielectric material to expose the
sur‘!;‘eicc of the silicon substrate, the hole having substantially vertical sidewalls, the ratio of the
depth of the hole to the diameter of the hole (300) being greater than or equal to 1. Step 1215
includes prowing a semiconductor material into the hole to form a hottom diede region, such as
bottom. diode region 260. Step 1220 inchudes selectively removing the remaining portions of the
second layer of dielectric material. Step 1225 includes growing a semicondactor material -
conformally around the top and sides of the bottom diode region 1o create an active diode region,

such as active diode region 265. Step 1230 includes prowing a semiconductor material

20-



|l ost to the' process. [0124]Figure 25 illustrates one exeniplary device
chitecture. This structure can prOvide a dielectric layer with. a reduced

t hi ckness | ess than 20 nanoneters)- ----- -thin enough to transmt the
photons rather than. reflecting them to build this structure, the silicon
subst :ate 1.55 shown in Figure 23 is provided.. If a. rrulti. j unction.

sol ar C&ﬁi)ffm&l]"j/ bl thi toph: B Sl LERR Ltc%}%@&o&?ﬁﬁ ghﬂg @9@% a m hoelcjlcu Q&f Ig,l?u > Vere

being built, the silicon substrate 1 ro Fi
di el eg dc Jyean subst 5th|neouh
(I ess& % Z%W lﬁ%?re glfé?j Q’VW’?%ns%gm b‘@f‘aﬁ%‘f’i’& 1’1§/a]éﬁif‘“§f“"‘ftﬁ‘é 49 ‘*t‘dent

light, Tn tterned.in th ielectric |ayer. [0125] The
depost WL RN, Bk 0 0 0 e resion. o op 6 4 appiodiensing -
growt h, and, press horizontal, growth, as described above. The bottom
di ode® PEEIBA %%f‘ffémb%\mch frhotioReelefEpd contael FSeen tedntdom of ifisiticoas  shown
in. Figure 24. 10126j The deposition. conditions are adjusted in. the

r eact B0skyet hat vertical wowh and. horizontal growh occur at

appr oxi mat el y the sane rates. A sem conductor material. is contbrmally

gr ownyea si des., f the bottom diode region. 365 to create
the adr ?@t %‘ﬁﬁ ‘*é@‘*%‘*‘g%’l mpdery ‘o‘v%‘"mmmrﬂilw@gdzsﬂm [v@&fnzlszuxsmm Hhe

di el ectrlg l‘géﬂ“fs %o thin, the aspect ratio of the trenches (the ratio of
hei gHPUn{ BONGE dpthand s 5“!“&”‘!%&@“‘[flh%ﬁf&lldlwsb@'m@d@ﬂ@mgtmm 260 chipweilicsl g fhet he

dielectric | ayer 350 may not be able to trap substantially all of
t hedi adiing e gna earogre wans of hheowrh ledeh indo Béogat:il oolsndd 5. dpyecont i nue
to propagate into the active diode region. 380. Note that electron-h.olc

pai r scobanng @bordni BE) iniBpuretiBeyl cment FEstin thers %qlb%(’qlﬂ(ﬂ(ﬁqtﬂ%&@qﬁ)’g?S and.
reduce the efficiency of the solar eel!. However, the structufe mti gates

thi s iefvk @6%apoRHRuKS - 5&@*1@)11@@%(9'?&111)"1'8 hd &%@& x&hf)ﬂé’@%ﬁ%ﬁa Pf'amd(&rmr;{ar y I'ight

absorption region 390, which resides In the upper t'he di ode,

bef I h
aﬁszisﬁ%%%ﬁﬁ?%gf‘@%@%@% Rt 7R SF-"?%??% L AL

relati.y o] ”qred with the region. occupied by the threading
di sl 5¢a |%(f1'lsmé"f% dc“lf?ggfiﬂbl nation of electron-hole pairs at the threading
di sl ocations 375 may therefore be a secondary effect and. not significantly

redude1snl ar TelHex@idnhCéSmeNs may be advantageously used to increase the packing density
of the sermiconductor diodes by configuring them in & hexagonal array rather than a square array.
Figure 21 shows several semiconduetor diodes, of which anly the top diode regions 270 are
visible, arranged in a hexagonal array rather than a square array. (Note that in Figure 21, the
colurmms have o circolar ¢cross section rather than o hexagonal cross section). A hexagonal array
ol'holes 250 s created in the dielectric material 160 rather than a square array,
[0127] Figure 22, a top view of the hexagonal array, shows the dense packing of
semiconductor diodes which. a hexagonal array allows, The hexagonal featuves in Figure 22 are
the tops of the top diode regions 270 with hexagonal cross sections. The regions between the

hexagonal features arc the exposed portions of the dielectric material 160, Another embodiment



[0128] A sem conductor material is conformally grown around. the top and
sides of the active diode region 380 to create the top di ode regi on 395.
Agai n, coal escence del bcts 400 may appear in the top diode region 395 where
the gromh :fronts from adjacent fins nerge, 101291A. top electrical,
contact 410 is grown. onto the top surface of the top di ode regi on 395 and

bot tt f th il
2, 22 KA Sk, SOAC IR SRR 00l e bRl em AL Lhg il Lon
400 b L th th the t | t | tact 410.
G CRER AL LR EX G S

sem conductors or other lattice msnatched. sem conductors on a S|I|con

subst fHES] andTh@ R Ue FRNER sBowh il SRRre SHREHLAE Rr¥TTs (Qidlo@ﬁ'd? hBfongll €l ectric
material 350 covering the silicon substrate, the layer of d ectric

mat er N 1
subst ot TERRH RS, 'ﬁ‘yﬂ‘éﬁﬁﬁﬁ&r FZ&???@%E%WWQg@‘ P Jlehi ™% B Ress of
| ess Q. § onductor

e or 17 TouEP e ARURTR Eiicefl 3ROSR B FubErhE Mgt Gorst “Tﬁgﬂ@ﬂé‘ﬁé 61 a

fin, an actJve d ode regi 80 of sem conductor material, grown

conf ofHEIG: “&1“6&%) CHpfBT Efg%i% leroterEeRiofmsgBmse sclpibyly brvoekrgephumssos of
sem conductor nmaterial grown confbrinally around the active diod.e region.
380; wowdplidiedbe tapcelthe gmcae, Mbemitdhgugh Hotiophiodt epiai 5aindddatading4 15.
f01,311Figure 26 illustrates a nethod of fabricating the enbodi nent

depi caredeiripathfFipgtheps 5iso Thesnitetihaghanamptive esodehepiboll BPM e SHERS diglep 1300
includes depositing a |ayer of dielectric mat eri al , such as dielectric

t i | th
T IR U M s Lo Byt s TR0 L
| h f
) S s M LA Sl

the trenc ant i, al rt| [ | k. Step 1,310 includes
sel ec!“oﬁléng}} @Pﬁuﬁ% Pt [f %fi‘gsw%lfﬁﬁ “"?el ? 'Baﬁﬂf %’gﬁ’lﬁéhﬁpdﬂddp‘% worlddep| ane
of the silicon substrate and. suppress gromﬂh. parallel, to the plane of
the SPHi'e&hH EOHSErate. Step 1.315 includes growing a seni conduct or mat eri al
to forma bottom di ode region,, such. as bottom di ode regi on 365, which
fill tr a fin. Step

i ncI ((:Ib?a%ﬂse 212 Pir%gﬁgpgﬁrﬁ&gﬁlﬁ I tl‘{)quJ &;ga(?ﬁéﬁnﬁég@'%ejr}ﬁ% %Hﬁiﬁ’é% i i%ﬁY’é?f *al for
th iod. e U, as activ de r n 380, w row at
appr o4 ﬁ%f‘éﬁ?‘ﬂb%‘v&w Pt BHEER oplogth Bihel Berea o “b&w@ll&hg’arwt)n the
sides of the bottom djode region. Step 1323 includes growing a

sem cBnBRPeT Ry Brmarilectipg ch@r el fwldaﬁwuﬁac1trmumﬁuandnbsé;:muesa Sathowheén
bottom di ode region to create an. active diode region. Step 1330 includes
gr owiffiguia 23demiovoldulitonuiteitioalsobondbinmelitly tarsdicod Idkechapnaog: sf wes of
the active diode.egion to create a. top diode region, such as top diode

r cE, ifinomioB9 Srerdb@pp MRS thenitctn dulesralcalds ivaadld BQd(Sp(MQx@pﬁJ'pﬁﬁin aadjcReMcact ,
such. as top electrical. contact 41(), on. the stalace of the top diode

reQ'Qﬂwm350QHﬂé%ﬂthﬂ@LM@@§hﬁﬁQﬁbqgsHMEL@N ﬂﬁk@gﬂﬁhgﬁhahﬁﬁtgﬁ ﬂﬁgﬁs gsuch

as bottomelectrical. contact 5, gb tom of "t he + n rate.
substantially all of the incident light. Trenches 355 are patterned in the dielectric layer.

[0125] The deposition conditions are adjusied in the reactor to favor vertical growih and to
suppress horizontal growth, as described above. The bottom diode region 365 is grown. in the

shape of a free-standing {in, as shown in Figure 24,
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0132] I n sonme applications, the presence of the silicon substrate can
degrade the performance of the device. For exanple, for light-emtting

di odes emtting in certain wavel ength ranges, th.e silicon may absorb the
light. An exenplary device architecture that can renove the silicon
substrate is shown in Figure 28. Steps in the process of making such a

devi cq¢dE6g¢ t herhstiepssitidiadontiRRgs Wi dt( Pusfedlh ek }o@cﬂ Bl RuRES ﬁg\‘i}ﬂ'{

Figure 3 as shown in Figure 27, which is sinply the structute I'n |gure 3

e | h d 203.
1 Tasen e P aREN  Rbb et Bl M SR TR ERBACS BRI B, G oue

A A g @gba@@ﬂbﬁgﬁﬁ&%ﬁ O penC b, Pt

of th md? %g i .]:‘_ %5 by sone suitable technique such as, for
exanpl €, ‘Hé?r‘f b af’ ’8‘H’a’|"?i dai*CsPanari zation in. (MCE to bond the handl e
substrate 430 to it securely. [0134] The handl e substrate 430 may be

el ect fhial | y S%QU@MIM@@U 19'1&3){? 1.‘,%3{13190“( 3k df&,t ﬂﬂggﬁ“ﬁwég{nc f’ﬁ%ﬁ%?}ﬁgh‘ ]é.’w iv\e: :

serve as contacts for th di ode teg
knovvn1d@ 1 53K fona ¢ n flip. ndi ng whare the
‘top" port |)on %M i ‘ﬂﬁétﬂl’ ‘Lg(bgﬁﬁ gqféwiﬁ" %‘L}IJ Q‘&L’“Fﬁjt’y‘f s)’lggé‘i"’ff ngt bguple ED

packa L1iecan subs rate 155 i.s renoved by one or nore
ot hofar g R el Attt Bl REOwRORS Y5 dhediaulvistilvosions 8V amp hy!
anmmoni t un hédrom de,. or Iaser ablation, all. of which are well. known. to
t hos e“EHINEF ByPoRegakeinty the SEERIEpdE egio0\a80] Note Fhag eleetr @B holeqpiretact r i cal
contacts 435 and. bottomelectrical. contacts 440 are added. by standard
t echnicgobine agicadplyaiontadt thabimeading Hizldeatidne 3175 ah@ cddube Bl ERNERG LS 1340 May
al so reside wthin. the handle substrate 430.

solar cell. However, the structure mitigates this effect because the photons will pass through

what a primary light absorption region 390, which resides in the upper portion of the diode,

before they can reach the threading dislocations 373, The primary light absorption region 390

may absorb most of the photons because it is relatively large compared with the region occupied

by the threading dislocations 375, Recombination of electron-hole pairs at the threading

dislocations 375 may therefore be a secondary effect and not significantly reduce solar cell

efficicncy.

[01L28] A semiconductor material s conformally grown around the top and sides of the
active diode region 380 o create the top diode region 395. Again, coalescence defects 400 thay

appear m the top diode region 395 where the growth fronts from adjacent fins merge,

{0129 A top electrical contact 410 is grown onto the top surface of the top diode region 395
and a botiom electrical contact 415 s grown onto the bottom, of the silicon substrate 155, Tn o
solar cell, the influence of the coalescence defects 400 can be mitigated by covering them with
the fop electrical contact 414,
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[01.371It may be useful to select reflective materials for the contacts 435
and 440 in. order to induce light to exit the LED in the nost favorable
direction. [0138] The enbodi nrent shown in Figure 28 is a diode nmad.e from
conpound. sem conductors or other |attice m smatched, sem conduct or
material s and can conprise a layer of dielectric material 160 containing a

trenc t n i ng . stant i al ver si dewal k, and. the
ratio* fl’ &fhe Egﬁ" chﬁﬁ (ﬁnﬂflﬁﬁ W?’EEH F‘f"’t”()zé fié ‘H‘tIHa EOWWQW’P@ bei ng
greater .to or equal a. fin-shaped bottom di gde. relon. 170 of

sen ct?r‘i‘?i&fé’c‘iafmhsa?lé}”i]%lLﬂl”n‘F Iipatetee SEEARY 1Cteys PR &ﬁ*ﬂi%’@ splesgatsrrnd 7en wi t hi n.
the bottom di gde region. 170 wherein threading dislocation.s 1.80 intersect
the sqdeReersilsonspbstaiehth «:lavesof dinlgoirie mpterss éaOanvmwmmuumdmbmegm on
1.85 of sem ond.uctor material. grown conformally around the 'bottom di ode
r egi othe 1ay20pl dicletivp ditodd cvegiion; 48510013 58 erpoomoihe sorfagratieid $hcongr own
=formally around. the active diode region; a handle substrate 430; a. top

el ectyubeddte | sHnhakieddRiclande ddaatd 950 Rhvagld i 1@cadra@gqnt1a,qﬁ1,fﬂ14ib nalh@ﬂa%%}f' gure
29 illustrates a. nethod of fabricating the enbodi nent of Figure 28. The

met h . ng a |layer
of d?gmgg{?{ugaﬁ%%{w; p)!Isﬁ}é”ﬁ&glgﬁg?’g’l%éiéﬁtrd?gh#éterm%hqgg%cg&?a ft“ﬁ{é surface
of a such,..as | i con St ep,1405 i ncl udes
pat 1 el?fm"n%ﬂ“h??ﬁ Tt St ey ERa R ﬁwwﬁsnﬁwﬁemwPﬂ#w&u fic
naterlal t o, ex t he surface of the sili the trench haV|ng

Subs t STy RURRIP e pottopmiods ssiundlik s 1o HioR Hee O 195 QUROIBIRETMEIRIT of ¢ he
trench. to the width of the trench being greater than. or equal to 1. Step
1410 MHeTitldsevs shristnaly gioond the acdriiedongiont3iséha fandectgrdwertiact 410; and

per pendi cular to the plane of .the salm substrate and suppress growth

par ald BHiotoeletiecglcanecbd13.he silicon substrate. Step 141.5 includes grow ng
a. sem conduct or material to form a. bottom di ode region, such as bottom
di ode ifﬂlon 170, gh . fills the trench. and. extends upward. in the
shapd¥fta fifigures dlu&ﬂaawm%%a@@b’é@t@aﬁ%@nm\m@w doldt n e s. 1 hat
the sem conductor material for the active diode region, such as active

di odelheanetberl a®Bprisg Ithe fofpvinstersp ﬁhMSﬂ&umhyimﬂummm elgyarof didetiop of

the bottom diode region and. on the sides of the bottom di ode region. Step
1425 mhadetial, ghebss dgrebwitmgroatesiehd Kondiichiokncsmizey thah oe enfaded Tehdiprrtpimndo t he
top and sides of the bottom diode region. to create an. active diode

regi aie siBERP ol 4 30ichngliipan:, Qravk Blican SRRIAENGSC RS 18 @@ e g% Brpal Iy
around the top and sides of the active di ode regl on to creaté a top diode

r eg' QRS Ul ASwbRB isogdent F}%U 5F A9 Z&léﬁs}:lﬁ[zlkjlf X %ﬂg | fﬂg%{%d#) 9%1 1]1 Jll Jogtanglae

substrat €, such as hani:lle substrate ace 0

regl an, 1. 44( . \g,the sil te b che cal
o RRstE By L]THH%@&‘E“” SpBAE v PR 4]éb$‘°‘8atﬁﬁé‘”§a‘” 6@‘*1%?/@8&“?%‘?

cont act, such a p electrical, contact 435, on the exposed surface of the

di el &Epdtieny whigh fi ‘S%I é:p“‘miaw Pdiculey haplne af Megibeonpebinm sl sappressc al
contact" such as bottomelectrical. contact 440, on. the exposed. surface
of t HsoWdwrales b phane of [il’@lwl@fp@*reh@samt@ ¥ Sainciabiesermwive aret hod of
creating the enbodi ment of Figure 28 is to

semiconductor material to form a bottom diode region, such as bottom. diode region 365, which

fills the trench and extends upward in the shape of 4 fin. Step 1320 includes selecting growth

conditions so that the serniconductor material for the active diode repion, such as active diode

region 380, will grow at approximately equal rates on the top of the bottom diode region and on

the sides of the bottom diode region. Step 1325 includes growing a semiconductor material
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create the fin-shaped, structure shown in Figure 9 by the process
described. in. Figure :1,1. rather than the process described in Figure 7.
[01.41.1An alternative way to reduce or mnimze absorption of |ight 'by
the silicon substrate is to incorporate a reflector above the silicon
substrate. The enbodi nent shown in Figure 32 illustrates one way to do

thi s wsiforguadlydi@ohd thé to aad 6@k 6Che botidAUiRkS V&S 1 r| cal
contact. 1.01421To btlj)lbl d, this st I’Kl;let urg &%ﬁﬁ u;fr?ggt?gn ﬁs(gﬁmtd {' E

mat ergigp H’WH}deud@@gl%%ﬂglﬂ ﬁﬁi&%ﬁ»ﬁ%?l;i]ﬁ&gm%m &Hl Mgm,g %;1%)8 &F@&‘ L (é[stype

depending on the configuration shown.

in Figur i.electric as silicon,
i tad e ‘ﬁlmt“’&“lz‘?’ﬁi" R rélc{ﬁg)f]g’d(r‘ré‘t’ﬂéc . S *g!aéwdca%utwast%éw ’éﬁd a
secoqgl &( &L by di eiectrl c. material 530 are deposited or grown.

refracts ;ﬁ e (é‘l“)’hﬁt & Ol SRRy etiestn 8 20meS O, Gt mistoh,

chose f: se this layer 520 may withstand, the growth tenperature of the
subs &t E)ﬂi’t( HWARIERD St Jl'f'égtmqlﬂél%i“ﬂ@‘iﬂéﬂ[ﬂﬂ}iﬂmwlm plenckal enpat, tehnedoitemt he
structure by photolithography andJor reactive ion etch. [0144] D el ectric
spac &tusigRbcetect dd avedtic boltom béthsisdmvallistefe t he trench by conventi onal

132} In some applications, the presence of the gilicon substrate can degrade the
petformance of the device. For example, for lipht-ermtting diodes emitting in certain wavelength
ranges, the silicon may absorb the light. An exemplary device architectiure that can remove the
silicon substrate is shown in Figure 28. Steps in the process of making such a device are the steps
that Jead up to fabrication of the structure in Figure 3 as shown in Figure 27, which is simply the

structure in Figure 3 inverted, before application of the electrical contacts 200 and 203,

{0133) A “handle” substrate or surface 430 is bonded to the top diede region 195, as shown
in Figure 28. The handle substrate 430 could be part of an. LED packaping fixture. H may be
neecssary to planarize the surface of the top diode region 190, 193 by some suitable technigue
such ag, for example, chemical mechanical planarization in order to bond the handie substrate

430 to it sceurely.

[6134] The handle substrate 430 may be electrically conductive, or it may cantain conductor
clements which will serve as contacts for the top diode region 195, Bonding methods arc well
known in the arf, including methods used in flip-chip bonding where the “top” portion of an LED

iy bonded to a surface that is pact of an LED package.



rnethGds. In the spacer process, all exposed surfaces (sid.ewalls of the
second | ayer of dielectric material. 530, the refractory netal, 520, and,
the first layer of dielectric nmaterial. 510, and the exposed. surfitce of
the silicon substrate 500 at the bottom of the trench) are ccnitbrmally
coated. with a layer of dielectric material., such as SiQ2. The dielectric

mat er IS subj.ect to a.orief anise-tropic reactive ion etch., which

sel eclj[0 ?%/ell y rfe‘igrr‘ol\?/}]glsd?&'ﬁhfo% PbSEgte ) bbolé?’lovb‘f)‘%o‘?lf‘z%ﬁ?ﬂf’mcé]%ﬂ‘ SPIEE but | eaves
i ntact. tdhe S|I02 cgatl ng verti cal surfaces. This process Yl el ds dielectric
spac & Ldgigg eichigg vy Qf?fﬁﬂ%?}éi“ Ehypes ﬁmrlmlzrsar@rrcafm py lasgnpbiationpsk ed.
surface of the silicon. substrate 500 at the bottom of the trench may be

cl earbavhighargatelidas vads choss skillah ovie 4[t0146] Growt h. condi tions which favor
growt h perpendicular to the plane of the silicon substrate 500 and suppress

deserPbal. 7 iy "e‘%lal“?*’ﬁb@aﬁsﬁarﬁg*i e e

sem cond r nateria wn to form a free-standi bot t om di ode

reqi i ME‘%%FPHM il Pt e Reehipadnan toRoehd 0NEge. of a

f| n. The vvh of the sem conductor material. may be performed using
"“Th‘é‘ shwgke Rpitowbetaig 430¢ he conditions of tenperature and.

pressure) for this growh. step may be narrow because the sem conductor

nat ef 0?47 for Ifng\?bp QL LN, ngc&qﬁ{g%cq&%% (GAHNOL ngeu&ataf,té\oﬁs agg f‘% il Olét 18100n

e|th e dielectric space hé'“sedon

Egéfé I@%éﬁﬂ i R et TBBTEAISERE: bot Lom i bde regi on. 570 and

the silicon substrate 500, intersect the dielectric spacers 550, and.
ter migesse Wtk RodoliARRISAGWE RO ?ﬂ ¢ 28394 dforde ﬁﬁfa@rﬁotrrpccﬁfél appgubstantially all
[

of the t hreadi ng di sl ocati ons, s preferred aspect rati o of the

tr ap%@%ﬂﬁ@%‘t(@ﬁo{ B'Erﬁ‘él f’l}@it‘ide(?m ﬁlafcﬂc?c} %‘ﬁ{l&nadu&or }rggcéf)gls agﬁ%%lré%&gﬁ:p %"cﬁg aym oLy, to

t he e acers

equal;. to, 1.
q dletlectt'].c material 160 containing a trench. 163, the trench having substantially vertical sidewalls,

and. the ratio of the height of the trench ro the width of the trench being greater to or equal to 1; a
fin-shaped bottom diode region 170 of semiconductor material filling the trench; a trapping
region 175 within the bottom diode vegion 170 wherein threading dislocations 180 intersect the
sidewalls of the tench 160 and tenminate; an active diode region 185 of seraicondustor material
prowi conformally around the bottom diode region 170; a top diode region 195 of
sermconductor material grown conformally around the active diode region; a handle substrate

430; a top electrical contact 435; and a bottom. electrical contact 440,

[0139] Figure 29 illnstrates a method of fabricating the embodiment of Figure 28. The
method comprises the following steps. Step 1400 includes depositing a layer of dieleciric
rnaterial, such as dielectric material 160, onto the surface of a silicon substrate, such. as silicon
substrate 1535, Step 1405 includes patterning a trench, such ag trench 165, in the layer of

dielectric material to expose the surface of the silicon, the french baving substantially vertical
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[0148] Gowt h. conditions are selected so-that the sem conductor materi al
for the active diode region. 580 wll grow at approxi mately equal rates
on. the side of the fin, and on the top of the fin.. A sanicondlictor
material is conformall Y Wow') arontd. the top and. sides ("le bottom di ode
region to create an active diode region. 580. [0149] The sanple is renoved.

from tsiewatlactdrihe stio bl s i MOGVR:RAGK 8F thi MW%H%M% g8y g [,rma&il I8 or

second. l|ayer of dielectric naterlal 530 is renove ructure by a

wet  selgaltive 9%61PMI{) IE&M@%&@FIH >110I'vt]} %ﬁldmoﬂs @s@ i (gﬁuc?w?id)i gbqn%lé] - fo” O™

nitride, then hot phosphoric aC| et’c

fhéﬁcﬁ%éﬁséfnﬂfé@%ﬁﬂ*“ Btk fﬁgrunpa%s%h%ﬁ &ﬂ“@i"@&gﬂr dahon. P8865he shown i n
Fi gur @} X g n%ﬁ gr ow, - 38- at apprOX|nater equal rates on the
top aRtPoTiR b B8Rl iR duelgr rleriplio fans o bobern didde regiod,ace of
t he rqfractory metal 520. The top diode region 590 is created by growing a
seni c oYkt itonbdieds meionol 79y which dilly taomfrh mmd exioads upyvead ouhdshaphef § Gp. and.
sides of the active diode region 580. (it is not necessary to continue

gr owi Htent WeOtingudisodectimgirowih &adlitms ki diat tHeechnRndiasien iegiion: @e hemm
adj acent diodes nerge as in Figure 3, because the |ayer of refractory

met al dichi2Geyibh|suslesyatias dide +6Lec1 84, 6all f,ﬁﬁﬂl@ﬁﬁn&:@mtlihgf 4 QR 1%9% @ Jiglg' on
590.) Sinmultaneously, a horizontal Iayer of sem conductor materi al IS

o Pt A A Y5 L TR Ul o s
and t Qﬁ)wmg a semicondoetor material conformally around the top and sides of the bottorn. diode
region to create an active diode region. Step 1430 includes prowing a semiconductor material
conformally around the top and sides of the active diode region to ereate a top diode region, such
as top diode region 190. Step 1435 includes bonding a handle substrate, such as handle substrate
430, to the surface of the top diode region. Step 1440 includes removing the silicon substrate by
a chemical or mechanical process. Step 14435 includes fabricating a top electrical contact, such
as top electrical contact 435, an the exposed sutfuce of the dislsciric layer, step 1450 includes
fabricating a bottom electrical contact, such as bottom electrical contact 440, on the crposed

surface of the handle substrate.

01407 One example of an alternate roethod of creating the embodiment of Figure 28 is o
ereate the fin-shaped structure shown. in Figure 9 by the process described in Figare 11 rather
than the process described in Pigure 7.

[0141] An alternative way to reduce or minimize absorption of Light by the silicon substrate

18 to incorporate a reflector above the silicon substrate, The embodiment shown in Figure 32



hori zontal |ayer of sem conductor material 595 with, a third | ayer of
dielectric material 600 such. as silicon. dioxide. [0152] Standard.

techni ques are enployed to create a via 605 through the third, |ayer of
dielectric material 600 and through the horizontal |ayer of sem conductor
material 595, as shown in Fi gure 31. For best results, the via 605 may be

rel aty '6%?&%,5 die V\]:'c{qudtbqgm uaﬂl%ta cﬁoc?’c BoL e 1(5]@6 0L ﬁiaﬁ)dlﬂ‘g?%gf:q a8 ll_—:’lsf'&glﬂl (‘ég a pI ug

via 6 I's Tl a sui

of tungfﬁe or anot her swtable mat eri al such as woul d, be . known in, the
art nating in the top electrical contact 630, as shown in Figure 32.
The bottomelectrical contact 640 is also created.. [0154)In the

i1 uspuagied, RBAH MR- Sfurd, h}%u%ﬁﬂﬁé %(ﬁnﬁrtq?’glu a IHdLEﬂn%h&h 2 I‘?g} ~Quface

l'ight- emttlng di ode, the ref ractory nmet a yer 20 may se not onIy as

a topgely gCM}kﬂ%{'{heﬁﬁgﬁag%g dqg{m %cﬁ&;dﬁ% i ,[u i Ct]?d ratiog X 11&@%& {l‘ﬁé@ Ce T | con

generate agat e
subst at e er G, e of t t d1 rike. the refractory
et b Ggah Rk BRI 95 Bl mﬁwme%ldﬁ Wo e bisoopydfoal
| ayer, 520, refl ect V|rtuaII Si, that -39- ht upward. Th.e
r ef | derEQip i@fﬁ%ﬁ%ﬁﬁ? Ot frehgp #mm!@n,emér}dwwddwm bﬂt‘lelw it hetetieli SghRtress of .
the LED. Only a snall. percentage of the |ight generated within. the diode
may pleBesiich obatoghn. sl atioap piyegroreghlan 1§5Edarpnwia e dssuch @eningsihgs r at e 500,
where it may be absorbed and,. |l ost to the process.

chosen because this layer 520 may withstand the growth temperature of the subsequent layers

{

without meling,
[0143] A trench is patterned in the structure by photolithography and/or reactive ion etch.

{0144} Diglectric spacers 550 are ereated on the sidewalls of the trench by conventional
methods. In the spacer process, all exposed surfaces (sidewalls of the second layer of dielectric
material 530, the vefractory metal 520, and the first layer of dielectric material 510, and the
exposed surface of the silicon substrate 500 at the bottom of the trench) are conformally coated
with a ayer of dielectric material, such ag $102. The diclectric material is subjected to a brief
anisotropic reactive lon eteh, which selectively removes all the Si02 coating horizontal surfaces
but [eaves intact the Si02 coating vertical surfaces. This process yields dielectric spacers 550. It

leaves no metal exposed.

{0145] Optionally, the exposed surface of the silicon substrate 500 at the bottom of ihe

trench may be cleaned by methods described above.

[0146] Growth conditions which favor growth perpendicular to the plane of the silicon

substrate 500 and suppress growth parallel to the plane of the silicon substrate 500 are selected,
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[ 0155)013. 0 exanple of an. alternative to the enbodinment illustrated, in.
Figure 32 is to pattern a bolo in. place of the first trench and grow the
di odes in the shape of columms rather than fins. [01561The enbodi nent
shown. in. Figure 32 is a. diode nade from conpound sem conductors or
other lattice m smatched. sem em ductor materials and. can, conprise a

si | i candsuetibed athe YR ba Nod¥eke indhRl8 R &ﬁ,%}%xﬁab% A S EMQEE N9 the
silicon substrate 155; a | ayer of refractory meta 520 covering the

di el eﬂLtliuﬁxliﬁ}?I%n uﬁchﬁlrlﬁcq,“ﬁ% di a@!&[on 11{325@9%9{1?' 8 %@ﬁ 116-,8&]“1}{6 t hr ough

covering the Tayer of refractor

the | t t hr ou _h__the | ayer refractory
mat er i @y@ﬁ(&’qd“ﬁﬁmdl I(BE j(E\ﬁﬁ\t ﬁgaf' E(y{e’f)wé[? © Eﬁ%l"%’@’c‘f’i‘ UGg TaRtp ] U513’%“0 and.

t her eh S|n rf ce of the silicon. substrate 500, the first
trencHX & ﬁ‘@’]’gd@? Wi & w%‘eswww (et b tionsrif tempaatnestang of t he

hei ght of t| e first trench :to the width of the finit trench, being

gr eat %'r““l“l’féri"bﬂ“‘e@iﬂ”&’l“ ‘k‘«@i) may B sREeY brengpticsri@Ehludovsatig | foitthe Shitbewal | s
of the first trench; a. 'bottom diode region 570 of sem conductor nat er| al
fillifgdeiagid ot roaiohved an duclend endilg tepieicdriclspadches sshang o fin.

a, trapping region. 555 ui the | owest segnent of' die bottom di ode regi on
570 whekeiriv.lagdasdddi ng di sl ocations 560 intersect the dielectric spacers
550 and term nate; an active di ode region 580 of setniconductor materi al

gr own, ggnforn}éléh*% a nd the bottom di ode region. 570; a. top diod,e
regi o880 of % RBPRSRP BRI DRI VA m‘mrm/l’iwcgjmumdg fivle active
di od. e region 580 and. contacting the horizontal |ayer of sem conductor

nat erhainigdme tetwasinghe beijen dofle dipghretitrind thatiBcoebutefOc SOV fitRectiine top

di ode region 590 and the horizontal |ayer of sem conductor material 595; a

secondielecteinshampeifitngnd kragh Wlhma‘ﬂﬂ vink MGn 5oy 8k iGiyet eri al
600 and through the horizontal |ayer glf éer%l cz)nductlgﬁc#mtet])eﬁwhtﬁﬁﬂ?

eXPOSANGF thé hrsddif [%@lo@afm)tnbeit iaij\‘ 3&18{ t mﬁlhgdgﬁﬂw mg%tf‘fﬁiﬁ Uc%g%lﬁt Toglon ﬁ’dc p! UQ or

conductor 620 fil 1|ng t he sec trenc y5| ca t he

cont aety RE IR0 IR det ety KPS E i G SRR s

physi tacti ng th ilicon subst rate 640. [0157] Figure 33

il usffj%bibgélc‘g{lﬁﬁ{‘ﬁ&d 1‘1%1‘ ibri cating the enbodinent illustrated. in Figure
32. The nethod conprises the followng steps. Step 1.500 incI udes
depogbidg)g a (fxﬂoﬁﬁﬁcélﬁﬁﬁ%ns%u Q}'I&llﬂﬂ(%rﬂ:ﬁ[ tu%’hté}lcm OB ﬁ, o ?h ‘é fird ©

material. 510, onto the surface of i ‘con. 53 r'a ¥ Si i con

subst 5 i.ncl ud IRAN ‘ ref ractory netal .
uch ‘g‘g‘i“ﬁégggéﬁg‘?&mké VQ% Ly el E‘f“lg (tqﬁ ]S g f“‘F‘é’g ”a‘ i’/@%l ()‘ﬁ‘“(ﬁ“’é*l”@@’cli‘ liccopraf er i al .

St p”1511 ¢ ‘ﬁ ep05|t| ng a second. layer of dielectric material., such
s OB BB PO HERTER0S Ba) orEo gy [cayer dormd Eryiap rod yiderstfdle bdep 1515
i ncl ude patterning a first trench through the second. |ayer of dielectric
mat erige ICRIRR f ek pRac wdipdorgioatBict ory nmetal, and. through the first
layer of dielectric material, to expose the surface of the sili con

subs t R t: bstat al Ly vertical and
the JoROT ofhh% sShbRL FERG eOPY SRR LA S Bt G B Tlian o

es coat.i all exposed. surfaces (the second.
Iayetw’(‘(g‘%q gllc “’8{)(1’ %éd Pea]l(’iﬂ %“’tlﬂi‘—;\tmﬁlﬁg“a’f@@“’éf’ fome heistrgetuerbgiomet and. t he
sur hi ce of e silicon. substrate at the bottom of the first trench) with
a thr*"rla‘*"l"é 1. Bpr ge@)ndd i ihe dipackid rahterigtie pilise Sitiide Ithadsr phaphai: aidy t he
hori zont al . surfaces of the third layer of dielectric material, thereby
IeavﬂﬁgbﬂuﬂE‘Iﬂeb‘niﬁh&mispacers such as spacers 550, on the sid. ewal | s of the
first trench.. Step 1.530 includes selecting growth conditions which i)
favo wt h. Jer el di cu e plane of the silicon, substrate, ii)
suppi e§QPgr 0 Lﬂ)%l‘g'éﬂ(’ 1%16?‘93“&‘?&[1 1temer. Siropiecandiionsriv e inestadsodhadme iii) do
not ggrmt sem con ug‘? material, to nucleate on either the first |ayer of
di el BEPIEPRAUGHE srateral &pr theiwpdliededegion §98 pachown iSFaprdBR5vill not only grow
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i ncludes grow ng a. sem conductor material to fbrin a bottomdiod.c
region., such as bottom diode region 570, which, fills the first trench
and extends upward. in the shape of a fin. Step 1540 includes renoving the
second | ayer of dielectric nmaterial.,by a selective wet etch., Step 1545

i ncludes selecting growmh conditions so that the sem conductor material.

for th i ode.reqio il ow,at oxi rates on.

the t S5 BIOLHETLAIEH:TH Bue Waadwgﬁﬁﬂr Pt ARE baer Bede rtin U 6 eode
region. JrSte[f 15§_||ncludef ﬁ{ a sem conductor material conformty
arounﬁ“*ﬁh@ fhgeaados geel & ﬂhé“ﬁb@@@hﬁﬁhﬁd@oﬁ%ﬁﬁﬁﬁdbYéK@W@&ﬂe an active
di ode region, such. as active diod.e region 580. Step 1.555 includes
selecNﬁW@m@P6Mﬂﬁmﬂ@6ﬂ&Pvﬂwﬁbc@@mﬂhamlﬂh@ﬁgennmdMHUOpandmMm%wﬁh¢dmuh the top
di ode region, such as top diode region. 590, will 1) grow at approxinately
equal divdt epionithéltiomtabedshey actineudizodeng tRAEMHodPehyi@NsIche Biidgs of the
active diode region, and also ii) coat the surface of th.e refractory.

et al iop Rb@PeARA HLACANARS! BLAW NEc8 a; d : 1 & mty
arounéwghévté% an& S|égs of )hghég{?Jéﬁﬁ?%&%g 9%5?%A”@§9£#§§f§9§5§£p di od. e

regi Ofergho ®hl§ LLW%L%?&H?I di%()f?m e ﬂﬁ]rduﬁ]%g%@lm%b@(ﬁﬁ%xgmltépmné onductor

mat erial, “suc of sem’con Bd whi ch,

coats of .th refra t ep 1565 i ncl udes cpating t he
Top drbuBRLlERS: ibor wwﬁf %H{*éwqwﬁm&mw@w}waf IR | al
wth a“tg%ég | ayer of dielectric material, such. as dielectric; materi al
600. 8F¥p 4570 incl udes creating a via such as via. 605, through the third
| ayer of dielectric material, and through the horizontal Iayer of

som CARNC! Of OFBAEY Bl caPhe R BTl NELUES Ll L, Y5, B depost tng a

pl ug of netal, suc or con

ne T oileohf] fﬂ?f%‘cﬁr%gw o @BEte B DI i Bae g me il eBhuh 1"
el ectrical cont such as bottomelectrical, contact 640, on the bottom

of t HS SEiqop e %bstrate [0158] Figure 35 illustrates a further enbodi ment
intended primarily, but not necessarily, for Iight- em tting diodes, which,

Lakesionsant ol Ko Lo BAMNEE: 8L LM LTL A Rt Ut cof @ fol e

or atrench in a It na ural gro

Si X tal. .facetin To cr e this
oo Rk Ay 1?9‘3&%‘1 ﬂ%&lﬁiﬁ%@%&bm@ww RN Eer ST 50080 g 34, A
| ayer. of d| Iectrlc material, 71.0 is deposited. A hole 720 is created.

M | | @ndaaredd o baslanmlispie xia @Q%Jﬁ@gb%lbwV@}ydeeb,gmah@mr@rlu almentséh0, pHhcess,

t hereby exposing a. portion of the surface of the silicon. substrate. As
an. opW%ion, the surface of the silicon. substrate 700 at the bottom of the
hol e nay be cl eaned by the process cited earlier. [0159] A sem conduct or

mat er is gf. 9. & t.he .bott om di ode regi on .73 as_shown in

Fi gurfg??ig A S S Rt B 4ropHas Sahluateoho tapeh: 2 PPy’ be
III-n|tr|de nat rlals such., as galliumnitride.) The sem conduct or

mat er HEHSERGY spRRChgitbin wied %rl@g rowowddefppg in Rie aptcammpgnaitbedemr al | y
grows upward out of the hole in the formof a six-sided pyramd. [01601As
i n otdeitichbadiriddtsas shawniatiigros2 (e boepireidaridaheoripll 647 20alsocrt-tied.

di aneter of the

[0154]  Inthe illustrated embodiment of the structure shown in Figure 32 as a light-emitting
diode, the refractory metal layer 520 may serve not ohly as & top electrical contact but also as a
reflector. Some of the light generated within ihe diode may propagate downward, toward the
silicon subsirate 500. A high percentage of that Hght will strike the refractory metal layer 520.

For example, tungsten, when used for refractory metal layer 520, may reflect virtaally al] that
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hole ' 720 is preferably greater than. or equal to 1. in order fm the
structure to be able to trap threading dislocations. 'Threading

di sl ocations '740 may form at the interface between the bottom di ode
region 730 and. the silicon substrate 700. These threadi ng dislocations may
propagate upward at an angle, intersect the sidewal.ls of .1.1le dielectric

! ayerll;ﬁ@:}m@ﬂd Ihe FeTi Rt §ipht fb @xﬁ hl% &li{l?tgf?:' ﬂg (E)ﬁigfbﬂﬁ p ?ﬁ’cﬁm p@%ﬁ.@s LhgL there

may be relatively defect- free gal liumnit ortion of the
ar oun o oo & R b e o O R B dfoﬂmt %Bl'vﬁna SRR HE active

di od on..if [ nd mat eri s conformal |y grown
arouﬁ[d‘{pﬁjﬂl 5 1r(}gm%é ]ﬂ%%ﬁt *f\%‘é’“dﬁnhﬁé’«“r g‘@}f Wﬂ’“%b”’t%?&r‘l%‘éjﬁ e 1 Lo é"ﬁod, e
region 770. As an option, it may be possibl.e to grow the -43

seni dBAWEt or material for the top diode region. 770 in such a way that the
top di ode regions 770 on, adjacent diodes nerge. The advant age of this

stratjggys 7‘may Oe: Eﬂﬁ?)l{%l S {T'@l ﬁu% I %gxfn OB BLe IS fﬁ)\ﬁ%@ﬂy'ff’@t E)Ei-lii?-g%i;incal

contact 780 prOV|des current Iode

flow .t 0 on .77 _ e di od tothenext
107 64) PHERS 5 B0 B B0 TR e f@fet 30 hershipeotiolivem eibscins ba. cont act
790 are creat ed 'lve top electrical. contact 780 can. be, for exanple, a

strigobtssinet ar heQmmidfrhdiit Bhabn b BpeRAER dﬁﬁ@ﬂﬂﬁlk%oﬂ?&'&ﬂpo a5 indiumtin
oxide. It may be useful. to reduce or mnimze the area o]evoted to the top

el eCtﬁtm%hdunﬁ&ﬂt@%ihc} ﬁt@h&%ﬁi‘ﬁ%ﬁ:lLkh&naxf?cﬂxcﬁb%f Pnrdlc,?ﬁl«. anfdVah 3 & %@%?Cgbﬁqdl‘%ﬁt\nsl |t he

light emtted t he devi ce. Ot ae

not_ Qﬁbsﬂr&g LA %@& 8?{11%'%%111{(91]&9 ﬁ%‘?g%w@g&t I ¢ mﬁﬂﬁ%"ﬂl bl gurg, 38 of fers

vari ous a can be 2

refractory metal 520 covering the dielectric layer; a horizontal layer of semiconductor material
595 covering the layer of refractory metal 520; a first trench opening through the layer of
semiconductor materia) 595, through the layer of reffactory material 520, and through the layer
of diclectric material 510 and thereby exposing the swrface of the silicon substrate 500, the first
trench having substantially vertical sidewalls, snd the ratio of the height of the first trench 1o the
width of the fivst trench being, preater than or equal to 1; dieleciric spacers 550 covermy the
sidewalls of the first trench; a bottom diode region 570 of sermiconducior material filhing the fiest
trench. and extending upward in. the shape of a fin; a trapping region 555 in the lowest segment of
the bottom diode region 570 wherein threading dislocations 560 intersect the diclociric SPACELS
550 and terminate; an active diode region 580 of semiconductor material grown. conformally
around the bottom diode region 570; a top diode region 590 of semiconductor material rown
conformally around the active diode region 580 and contacting the horizontal layer of
sermeonductor material 595; 4 thick layer of dielectric material 600 covering the fop diode region

590 and the horizontal layer of semiconductor material 595; a second trench opening through the

-d{)-



grow t han, the other enbodi nents described in this disclosure because the
galliumnitride naturally grows in six-sided. pyramds. The surface area of
the p-n diode is larger than the surface area of the silicon substrate 700.
this advantage is inportant because it in,creases the photon output per
unit surface area. of the foot pri nt of the device. The bottom di ode

regi [

abovgﬂ((:lléé rlgjt%glgem Bot |éﬂeﬁpﬁ g % q)h‘(v%fm’bli)“?i‘ﬂ’f’} %‘It ‘1"9“%@%3?}01 Iélﬁli\?aﬁll’ age

over se enbodi,ment arrow bottom di ode region mght |ead. to

a del A R LA aﬂﬁ&ﬁ%@lmwﬁf 905 5 Rty e SFePassRTe O he
crystal . 81161COS of galliumnitride at the interface between the bottom

di oddilkigihs secrnd tispeh PHEDIswRlly étﬂdﬁfédlhéhﬂr lagirod refee ot snaid | R0astophe cryst al

surfaces of gallium nitride at '"the interface between the active di ode

r egi ctec®BB! emtict ) plopidiligdeniaeisothe Tedyl phpes26emd podtasn plearnes, cowatich nmeans

the internal quantumefficiency of the LED will be higher than it woul d. be
i f teophystdly duktaeemcatiidhes@uiant@of aces were pol ar c-planes. [0165] As
an alternate architecture, the enbodinent illustrated. in Figure 35 may be

confl(?ur ed creating AR T openings in the dielectric |ayer other than
hol e$¢1lich iw”‘f ot ﬂékﬁﬁbﬁéﬂwﬂénh(ﬁéébl (o1 BEJerdior g i lireted iahiptiess3 of
process paraneters lo formthe botto active, and top diode regions
accofliie ngthel @uipodenidatisiiowmng bicps.dbep [168bineludes dgiositiag adhatlsgt ef and, a
patterned. dielectric layer as known, in the art are provided. Exenplary
pr océffecp s MaRtiel Sudf as@icwbile neQRm El@@ﬁ!o(iﬁc, BurfaceVP) sfiRbn Btk sudgtal Ve,
and. top diode regions, for a. GaN and | nGaN based LED, according to the

emo@!h@&t‘i‘kulﬁfm@ﬂyr eiLe§51 %@?ﬂ(ﬂ&dJs(alcjo&W d Byd:ye ?ﬁ'ﬁ?ﬁﬁ n?efta]t gg:h pttom d' ode
fegion can have two | ayers. G owt h'conditions for a fir N Iayer as a

:O(r)\g::ur sor s'\%”;IIF\?/;\{1 (53&6 (gﬂ?\l}—%%“nmﬁ%{} o(flél ("lér?ﬂiéllg%}jfd) SQ(fPefT% 13?13% de@%@fﬂaﬁd iv)

dopant : pant is silic con |t| ons for. a second GaN | ayer
o Stsond T B ARBRT angertulsneh ﬂhﬁtﬁﬁ%l&)ﬂlﬁﬁﬁ‘é . 90 RS OETE RSO or {

ii) precursors: TM5 and NH3, diluted. in 112, iii) tenperature: 1030C and
iv) @8bhnbiepNdydEamchilss pettening a st kewoh thiowgl e sceddasiceof dinkscaiet i ve di ode
region. can have two layers. Gowh. conditions for a first |ayer of InGaN
as angeaiat, timouglethle Jafo of esfi@girp metd eang.thidu gimbicHired yy drin€ Histheuic mpegsisur e:
100 Torn, 1i) precursors: IMCHTM (Trinmethylindiumdituicd. in N2, 1ii)

t enpey @fpusethe EhGecaTdhe di%dota@Rant, (il 10 dRBENBLvIAT AMAnsARNddfQns for a
second, layer of GaN a.s a balmer l|ayer for carrier confinenent (e.g., 15

3 Ir :" ! ?Jgg%?]? u ﬂxz(%lé lr”lrggi’ g! e {Wl ﬁ“‘g ggc&ﬁ of g]g O IP{: { 11(,11 Hbli!‘)j L :-ﬁ&%]@\? Dy ecéaMoaln d. NH3,

I di od.
f'ay'e%%ﬁf&z i @@wmni Ford Ty '3@&& @% G ot Bt ﬁr@ﬁbh%e%' el ude
i) pr precursors: TMG and N1-13, diluted. inl12, iii)

‘Jé)i lé.s 1'1éh‘(’:[’]‘> fu\y%

t errpéW thgparfece @y plconfapamte plbahgirsiofite e t op
di ode r eg;l on can operate as a p contact |ayer.
trench) with a third layer of dielectric material. Step 1525 includes eiching away the horizontal
surfaces of the third layer of dielectric material, thereby leaving dieleciric spacers, such as
spacers 550, on the sidewalls of the first trench, Step 1530 includes ‘;clc:ctmg: growth conditions
which 1) favor prowth perpendicular fo the plane of the silicon substrate, ii) suppress growth

parallel to the plane of the silicon substrate and iii) do not permit semiconductor material to

nucleate on either the first layer of dielectric material or the dielectric spacers. Step 1535
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1: 0167] The enbodi mrent shown in. Figure 35 is a sernicondu.ctor diode
fronfil-nitride sem conductor materials such. as galliumnitride on a
silicon aid strate that can. conprise a silicon substrate 700; a dielectric
| ayer 710 containing a hole 720 whi ch exposes the surface of the silicon
substrate, the hole 720 having substantially vertical sidewalk, the ratio

of t hemdatﬁlismlo@fn{}d’l@uﬂ&hﬂucﬁ3@1’115@111'11*18 1?‘111?”% )E?&ngl fodeEailR! e %Q)npg'nncﬁ% eat er

than 1; a bottom di ode region. sem conduct or® nat erl al t he

hol e andon 870 SPALRGINMNALH thoh 15!‘&1 fﬁ&ﬁﬁ 1Bl S 08 B DY %BES#@Q on 730

trappi ng. region
wher ei; I slqc ntersect. the curved sidewalls of the
G of ccr i anb My eSS LO0% | ﬁﬁ*&ma&wa’ém REleftigeerct dgh ovie 7865 of
enlcoqg tor, material grown. confornlally around the bottom diode region
730; & L&f&*‘-‘df%b‘é‘ir g gnCorrBions se i benemkottie il for bancioonfiatonal |y
around. ;the _active diode region 760; a top electrical, contact 780; and a
bot t ofEPTWilt Broxy dptEepatzg@quyl @&f@e;xﬂi@upp o%ui:iouumtmatcesuan mwt fogheof
fabricating the enbodi ment of Figure 35 It is a nethod of creating a

| i ght sidas ek thagodowdiieimegienf Bemibse inhides fRvEaEL SONRMELRES niky, A Si | i con
substrate conprising the follow ng steps. Step 1600 includes depositing a.

| ayer caffothsilyesblinECthanbehd Bdides DUGR- bof ) ,onto the
surface of a silicon, slubst raLtHe sué %Hgggécieﬁ ]‘éj(l)ﬂorségﬁgt Pglt(‘te' (7%86{’ %@é’ﬂ

1. 605;dnn&!: I (o} | a er of
di el ect rlP{§ 1%?1?3«% h’?gmei%o?e& L@%ﬁ#?@%@%ﬂ”ﬂ%@og“%f ?‘E’gﬁm”é u‘bg‘ﬂ t he
hol e Si de and the ratio of the depth of
e ot AR T e o5 B e TetioR TR R oot eBion K HIbE0 2t 1o oo,
Ste 16110|nlude ﬂ|OWIn a Mnitride sem conductor material to forma
bot t of'ﬂl’d?’BH’“etYe&f FVCSRIERT ol e diidsdeniprghd an 230jes whthelactivd | s t he

hol e g extends upwar ds |n t he shape of a six-sided pyramd. Step 161.5
i ncl © Greal: gd alse i) contihd wefageofithonductony rrrmﬂeme@lisﬁﬂiﬂfcﬁm@ﬁ!gﬂo)dvngj@und
the top and sides of the bottom diode region, to create an active di ode
regi owmicanohioasaaertal venfdimndly swragidaic @de%ﬁ@@ of Q%Qmﬁ%cé[!‘ HAES o B ARG 2

R -nitride sem cond,uctor nmaterial conformally around t B and s des of

t he actop\Eodh iegonS Qﬂﬂ@ﬁhﬂuﬂa&foﬁﬁ&%t@uﬁl@r{h%'s 99ﬁaf ]elgélcq o ﬁgﬁ(ﬂ Cmif.zrhdﬁ %B i di ode

region 770. Step 1.625 includes fabricating PP such.

h di d
as t qﬂ(ﬁ'ﬂ@ﬁ@)]r}dﬁ@“ 1%?()? I]1Z(ﬁ%’lmlgpil']dn:?hlﬁg(ﬁ%gﬁklfé]rs#%ii (t;lt,,{i} L‘é}’ 0@1&]&14(&&_ | 0d€

region. Step 1630 i'ncl u abricatin felorg ych,

as b C con nthe botom of the silicon substrate.
(01 35‘}‘%{? “’%ﬁ%%‘é‘i ﬁ@h’é%'ﬁ&w he O acisen 151 o Pt oA ameDe oot mont

' F ‘ig e 5] r] the silicon substrate is renoved. to elimnate, the
possHB & ‘fymlthéf ”VU""W] Ui1“‘%1%%‘&@““%lglhbllt@eheh%itcedn ol 6@htSteni #70i ng di ode.
' The structure shown in Figure 34 is first provided. A seniconductor
mat erfR@pdgsg: TR o weleat ea 6% thotplbthedhind Guykegt dBledS0 mdsias hQWﬂJ dugpFigure
37. The sem conductor nmaterial for the bottom diode' region 730 f I[ I's the

hol e thidQoréneabtay dayes of sentiberdbonbmu@leriat, Sty $5 ﬂﬁﬁﬁoﬁlyiﬁé‘mlﬁ 1:%%39%‘1@10",;1&' t,ride
sem conductor material is conforthally ‘grown around

plug of metal, such as metal plug or conductor 620, which contacts the layer of refractory metal
and terminates in a top electrical contact, such as top clectrical contact 630. Step 1580 includes
prowing a bottom electrical contact, such as bottom electrical contact 640, on the bottom of the

silicon substrate.
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of the bottom diode region. 730 to create an.-active diode region '760.
[0171] A Iffnitride sem conductor material. is conformally grown. around
the top and. sides of the active diode region. 760 mthrill a top diode
region 800. Itn. this case, the top diode region 800 continues to grow
until the growth. fronts from adjacent di odes coal esce. An optional step
i.s tay nar i.ze.t he:f esul, wSur . of the.top.diede region. 800, which,
can bEBBTY oy Lhfat SEULSRHLL PR EhBE R R Rl A R RO 3 g
structure,is nded .to the surface

. i d ] handl b 810, i '
of th 'Dl‘é%“"&ﬁﬂ@ﬁﬁﬁ%@?% Wﬁﬁgb‘%{f%ﬁﬂ%ﬁgfﬂég SR B eReT e ﬁlﬁaﬁmﬂﬁ% RS ur e) |

as sho%[vn in. Figure 38, The handle substrate 810 can be part of an LED
packafi h§oeiok frach ing diglspisicdmsadl rEntady pravyiass Bupes obs sik sided gyrangdios

electrically conductive, and. in others it contains conductor elenents
whi cha wisilt of exsvial isclbontlacteid tis erhieodinpntdi sitleor edbiosic 7606, pri-@de 31 The
initial silicon substrate 700 is renoved by one or nore nethods such as
gr i ndilngyn @tIparag4wh tdhyer af ¢hemirtahaieguch ) iadepbeitdlanEidly 20 Rrp@RidUNhe

hydroxi de, or laser thiation.. 110:17411Top electrical contact 820 and

bot t of:Rl.8fd HASAl) lﬁfglirlgtﬁf%f& g@opﬁ'i:@ss GhERt 8detch BrodenehRicy %Qﬁ)&%ﬂ;ﬂﬂ?ﬁ)(ﬁﬂﬁg of

structure shown in
the surface of the silicon substrate. As an oplion, the surface of the silicon substrate 700 at the

bottor of the hole may be cleaned by the process cited earlier.

[0159] A semiconductor material is grown to create the bottom diode region 730, as shown
in Figure 35. (In this embodiment, all the semiconductor materials may be IN-nitride materials,
such as galliuta nitride.) The semconductor material for the bottom diode region 730 fills the

hole 720 and natarally grows upward out of the hole in the form of a six-sided pyramid.

(0160} As in other embodiments, the ratio of the depth 1o the hole 720 4o the diameier of the
hole 720 is preferably greater than or equal to ] in ovder for the structure to be able to trap
threading dislocations, Thieading diglocations 740 may form. at the interface between the bottom
diode region 730 and the silicon substrate 700, These threading dislocations may propagate
upward at an angle, wtersect the sidewalls of the dielectric layer 710, and terminate within the
trapping region 750, such that there may be velatively defect-fres gallivm nitride in the upper
portion of the bottom diode region 730.

j0101) A. semiconductor material is conformally grown around the pyramidal bottom diode
region 730 to form the active diode region 760,

[0162] A semiconductor material 15 conformally prown around the pyramidal active diode

region 760 to create the top diode region 770. As an option, it may be possible to grow the
43-



[ 01. 751 The enbodi ment of Figure 38 may offer the sane advantages as the
enbodi nent of Figure 35 and nmay additionally offers greater extraction,
efficiency as a light-emtting diod, e because it contains no silicon
substrate 700 to absorb any of the internally generated. light, [0176] The
enbodi ment shown in Figure 38 can include a sem conductor diode fromHI -

ni t ri senisenduwonduatidal forhetipalisdsysion 7ag ugﬂlohhl%mﬂ'hﬁﬁ thé@pQRod S} hh&@n}
substrate conprising a layer a dielectric material 710 contalni Ag a hol e

720, bhediaedne ddRs RVl 9hsaRahant hadnls nd the ratio
of the depth of tFIe hio el720 tlopt ﬁe 1d‘%ﬂ%{lrr\e lﬁ@i‘bcttﬁh’% “'%}I@” L@Bﬂgé}cﬁ% greater

to or , t t e re sem conduct or

rmt or L2 2 elfpricR Rl AT BHAG S AP pl il o BHe ET R GRHR RO, of a
SIXS X 750 within the bottom di ode regicm

" 730 ’mﬁiﬁ@."%f 0} ‘q%n Hé"*a‘rié‘l’“n%’é’t‘e‘gﬁé’”“;‘w@ 14 &gl dewal | of the hole (160
and. term nate; an active diode region 760 of sem conductor material, grown

coni bigitosl | y Bmalpdop B@uﬂ@’él’fd@fﬂd( Ldl’m% ﬁﬂ)‘it@ﬂl cidctfeal @oﬁu H IQ[)OifLeuEﬁ:&l on 800

dl
of sem conductor material, grown conl br| nal I'y aroun active di ode

T e A D

el ectrical contacts 83

the egh ur.e hod of creating a light-emtting
di ode” rragé'gmr‘%?n"" |”F 816, it bé?ﬁyc'an%nﬁ'ﬁ @dge OLETE i aretdypledtie
corrprhm ng lt he f ol ﬂ’@ steps., Step 1700 includes depositing a |ayer of

di el 0 PP Frattedt ba}ﬂdo Hﬁtﬂ%c thedpe sleptticalentact 280 bigde thokgls chtitedsiyr f ace of
a silicon substrate such as silicon substrate 700. Step 11705 i ncl udes

pat t ébpiieigea v lag asﬂmrcnaswhmmtymm y imill hbvebd BOes tradsndisgleect i ¢ materi al

to expose the surface of the silicon. substrate, the hole having

subst al |y th eralo of the depth of the hole
LTt e o*r““f%”ﬁ’&“eﬂlﬁ@%‘ﬁ@’*@P@g&"é@l P V“BV‘B‘e"qdh‘l*a”ﬂ?? shppler &t ep 1710

| ncI udes n tintride sem conductor material to forma bottom

di od,E‘é"‘P’é’%’” 5o l%ﬁm qdmsaiserar s dethieysdeosmy Beaustihe iellitiltigidehe hol e and

ext ends quard in the shape of a six-sid.ed pyramd. Step 1715 incl udes

gr owiPET DY growiin sixgyidedaumireidndlibe srlavatericdthapnidiodead leypcatiountk t he top

and sides of the bottomdiod.e region to create an active di ode region,

such sufaccyewy of i sdeon edistrate 760. lSts&ﬂdv.l;ﬁﬁQ ik DAHOIGRS bLEAAW P EhcReakdslhdi tride
sem conductor material conformally around the top and sides of the active

di odghoRgicut her GHealR@alkeBr Has plif N - 800.
Step 1725 | jﬁllcl ?J)des cont i nui ng to gr W QLQ&' déH%‘ I o g [’ﬁ"@g‘u“glr’n&ﬂeltq %gtwgfﬂ

gr oW 1f ‘t'fTQntfﬁ bk ELQT‘[};%QJ gfr% [ﬂ' 24 1%311(% %Vgs F%Hm i C@t"@é”ﬁ‘%ﬁ udes

pl anari zi ng the surace e re 15¢Pides bondi ng
a handl, ch a andle substrate 810, to the surface of the top
i odﬁgfﬁ“.ﬁ B GBS 0 AT SLOOI BT eteomsione bplons diadr reisen iz

chem 6} gec ani cal process. Step 11745 includes fabricating a top

el ectFfiap: e G IoNs peiigse psidapoe ppnadives highcaicabencadiong Abe comial shéicexbs ed
surface of the layer of the dielectric material. Step 1750 incl udes

f abr Befpmgirglens thoimesiiecbativeal the dntiantdiodesugion 450 bod tomsiel @eld tegRb,
contact 830, on the exposed. surface of the handl e substrate.

760, as well as the crystal surfaces of gallivm witride at the interface hetween the active diode
region 760 and the top diode region 770, are semi-polar planes, which means the internal
quantumn. efficiency of the LED will be higher than it would be if the crystal surfaces at those

interfaces were polar c-planes.

i) ]



10178] Enbodi nents of the disclosure provide novel, and, useful
architectures for diodes nmade from conpound. sem conductors or ot her

non-| atti ce-rnatched sem conductors deposited. on silicon substrates by
Aspect Ratio Trappi ng The sem conductor- diode i.s the fundanental buil ding
bl ock of solar cells, light-emtting diodes, resonant tunneling diodes,

sem CEAEYCt or Al 83 8k Sna@AFkniRLIS" tl%ec}{ﬁb%ﬂﬁmn[t AP A3ReLL 0f L he present
the costs of sol ar Ce]I&S, flg]lsz- mfﬂf}

di sclosure is to reduce )hg di odes,

and. of her compound sem conduct.or, devices. by. creating them on
n on- Qo ST L B s BERRE ot opaen Plst oh6t o Maimml 1 er

nore expensive substrates. [01801Another aspect of the present disclosure
is t MR OVEPHe extraction efficiency and the internal quantum
efficiency of light-em|Ithig diodes by exploiting, non-polar planes of In-

nitriges@em canust 5 cx iR LAS oS MG ONE. enPadl nent of the present
di scl I'osﬂt?]e is directed. Igﬁglgp@é%&g’gv%gﬂg{f]ﬁgp J%g&lglﬁ ité‘f[fr%éjtl‘e‘lfﬁ\g”c‘iﬁ%ﬁ@ct ric
ortion of the substrate, the

mat er j:.ak, L.neluding,.an, openi ng that exposes a..portion of the sub
opent Bt RRY BB ) o) BR3SEH 100 5P wiiGretiaver ol
di spogﬁq JA.n.and above the opening,. the bottomdiode material conprising a
sem CORGHEE S hist Eiomar indpaprt pe nrayided Exemp ket pIeess heramicts abgomdbe, a top
diode material proxinmate the upper region of the bottom diode material,
and. @nditiaes (o, @V B &rhedionn apetonerhioptdraletragionsn fr 68N and diGde bamtler i al s,
the active diode region. including a. surthee extending away fitnn the top
sur f d.lde, whonlig te tesamladdement of Figure 35 are as follows. In this example, the botiom

diode region. can have two layers. Growth conditions for a first GaN layer as a low-ternp buffer

(e.g., 30 nm thick) include 1) pressure: 100 Torr., ii) precursors: TMG and NH3, diluted in H2,

iii) temperature: 530C and iv) dopant: N-type dopant is silicon. Growth conditions for & second

GaN layer as a hi-temp buffer (e.g., 500 nm thick) include i) pressure: 100 Torr., #) precursors:

TMG and NH3, diluted m H2, iif) temperature: 1030C and iv) dopant: Ntype doping with silicon.

In this example, the active diode region can have two fayers. Growth conditions for a First tayer

of InGaN as & quantum. well for emission. (e.g., 2 nm thick) inchude ©) pressure: 1 00 Torr., ii)

precursors: TMOGHEMI (Trimethylindivm) +INH3, diluted in N2, iii) teraperature: 740C and iv)

dopant: no dopimg. Growth conditions for a second layer of GalN as a barrier layer for carrier

confinement (¢.g., 15 nm thick) include i) pressure: 100 ‘Torr,, i1) precursors: TMG and NH3,

diluted in H2, in) temperature: 860C and iv) dopant: N-type doping with. silicon. In this

example, the top diode region is at the active diode Jayer. Growth conditions for a layer of GaN

(6.8, 100 nm, thick) include 1) pressure: 100 T'on., ii) precursors: TMG and NH3, dituted in H12,

ii1) temperatare: 950C and iv) dopant: P-type: dopant is magnesiuny. ‘The top diode region can

operale as a p contact layer.
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[0182] The substrate nay be selected fromthe group consisting of silicon
sapphire, and silicon. carbide. The substrate may be a single crystal.
silicon, wathr, and. may have a crystal orientation of (110 or (100). the
dielectric material may conprise silicon dioxide or silicon nitride. The
sem conductor naterial may conprise a Group 111V conpound., a G oup

conpolffich7] a, GtewmbAlmhdr® Yhoved inCPIRIC WAL @ nénkt’!ﬁ&&@& chclicﬁjtﬁ?hj[m QiRgL1 ve
di od. e region nay conprise a p-n. Junctlon formed . junction of the

t op apdnoh&en: Hiedas Q@hear«_. 'Lfﬂlh%m x-lx_ngic%ﬁ .‘,Y]?mg sﬂ@&mﬂ. 1%tll mmg?é pnacmjufr ¢ a

material different fromthe ttom eri (i he
For héé*"“%@féﬁ’é’?ﬁ9%‘%%“%%{9&“ E‘f' 3 o PP BoseTineSaetodal i od. e

f d bet the top and,
5 YR B P x‘f%@mgcﬁmw@sgmu@ﬁwﬁm
hol e spect ratjio of at least |I. in. two perpendi cul ar axes.
[01 8@7%8%% lrlﬂrwéllhm@r/?(ébuﬁﬁyrmwuludel amoBorbaipl rdgpn 480 ofand t he

p diode material may include a p-type dopant. [0186] The upper region of
t he bestnieendugios desteral &illing the holy aho pxrimtifg mabdie tichB e fgsided

threading dislocations 740 intersect the curved sidewalls of the dielectric material 710 and
terrninate; an active diode region 760 of semiconductor material grown. conformally around the
bottom diode region 730; a top diode region 770 of semiconductor material grown conformally
around the active diode region 760; & top electrical contact 780; and a bottom electrical contact
790,

{01068] Figare 36 illustrates a method of fabricating the embodiment of Figure 35, s a
method of creating a light-emitting diode made from Ui-nitride semiconductors on & silcon
substrate comprising the following steps, tep 1600 includes depositing a layer of dielectric
material, such as dielectric material 710, onto the surface of & silicon substrate, such as silicon
substrate 700, Step 1605 includes patterning a hole, such as hole 720, in the layer of diclectric
material to expose the surface of the silicon substrate, the hole having substantially vertical
sidewalls, and the ratio of the depth of the hole to the dameter of the hole being greater than or
equal to one. Step 1610 includes growing a T-nifride semiconductor material to form a bottom
diode region, such as bottom diode region 730, which fills the hole and extends upwards in the
shape of a six-sided pyramid. Step 1615 includes growing a MI-nitride sermiconductor material

conformally around the top and sides of the bottom diode region to create an active diode region,

ot G



The upper region of the bottom diode nmaterial may forma pillar above the

openi ng. [01871The di ode may further conprises a contact formed over the

top di.od.e region. The contact may conprise a transparent conductor. The

di ode may further conprise a second contact forned adjacent the substrate.

10188] Anot her enbodi nent of the present disclosure is directed, to a diod, e

conprj t , mat er i.al cl.u peni ng that
xpos%’ghgg%%r\thmﬁ% ;ﬁ Bﬁ /6& c‘% 1%%5 incfudey, grayyipg @ &T &89‘ &@P?Iﬁﬁm‘i‘:’hcl udi ng a
ower re osed t eas art t he openi ng and an. upper

oo RHEEHRSRETREBLRE ?lrret%aléf S Ot iynedioe B bn o b Bamiiote.

plurality of msfi | sl ocations that termnate bel ow the upper region.

t he Hb@t’&rﬁ”& SHPPRtdsregionddhppich 1§28 incdeles donigadtion tentebiciridal copirat, i s

| attice m smatched to the substrate, a top diode material proximate the

uppersurledi ton chfolicabedydact GRY.dintie expBeEsirfics ofthd topdicdetdpica. [Stghto3en tting

di ode regi on between the top and bottom di ode naterials, the active diode

r egi ancluderdbiudiangg a heushage neoat ﬁnﬂl&rﬂl%ttamybitrcmm,kh@tcﬁlQﬂnﬁtw foacen gfe t he

substrate. 101891The active light enmtting di ode region may conprise a.

P- N jueaskl Mhd aLemtuBY@e.) unction. of the to and bottom di ode material s,

The active |light emtting, diode region. nay conprise a nateri al different

from the top and bottom diode materials, and. the active light emtting

di odd0k&yi on. ThegpboHingent almoWmtnrlrlgerdSrtegwemtum djiunetbahimtaro@dhesseen the

top and bottom diode materials. 'Me active light emtting di ode region may

conprid séhiaithe siphen sibamate s waldved fooslimitaloehapapibilith erd apviandsohaihom di ode

materials. [0:1.901The substrate nay be selected fromthe group consisting

of sigehaamd xean@mmuﬂw@m Sihk | Isﬁe?cttm g%ﬂb@h%?iqgﬂ@iﬂé??&t a%xﬁdétﬁy A be a single
crystal silicon. wafer.” The single crystal silicon vva er rray ave a crystal

orient ). ise Silicon

di oxr eidgﬁal&% |ré%%tﬁ%tlrl Ll‘:'((j)‘}ehq(8 e g@ﬁtﬁéﬁﬁﬁﬁﬁ( 7 E’Q@EZ 51,9 Sﬁ@‘% tortp “ég a Group

{ lhe)r/ 4 2 rrg)m] condtlcto% rr%tgrlilﬁ fm the lb()tlﬂlg%l uc{?, edion 7% ?’lﬂg the ho?e 71 andogrrm%rs? }rrﬂb tlhcral ations
form of a six-sided pyramid.

[0176] A Hll-nitide semiconductor materjal is conformally prown around the top and sides

of the bottom diode region 730 t create an active diode vegion 760.

[0171} A TiEaniiride serniconductor material is conformally grown around the top and. sides
of the active diode region 760 to form a top diode region 800, In this case, the top diode region
800 continues to grow wntil the growth fronts from adjacent diodes coalesce., An optional siep 18
to planarize the resultant surface of the top diode region 800, which can be preferable depending
o the quality of that surface.

[¢172] The structure is inverted, and a handle substrate 810 is bonded to the surface of the
top diode region 800 (which is now on the bottom of the structurc), as shown in Figure 38. The

handle substrate 810 can be part of an LED packaging fixture, In some embodiments the handle



1. 0191. ] The opening nmay be a trench, or may be 1 hole having an spect ratio
of at least 1 i. two perpendicul ar axes. 101921The bottom diod,e nmai i al
may include an. a-type dopant and. th.e top diode material includes a

nt ype dopant The upper region of the bottom diode material may totin a.
fin above the opening. The upper regioi:i of the bottom diode material may

brro. substpitt Ran iabexmec: ﬂlilfevoﬁ&ﬁn:'vfl gmcl [i® J:E?l%ﬂﬂb&m@ln% c%nq@{m cﬁ&ﬁlb}ﬁ{ ur(ft?crlTipWIllses a

contact forned over the top diode region,,

t r ansSRAFARLHERRE-HELRN, Iy y further corrprl se a second cont act
formed adj acent the 1su é‘g?g‘%% R}g%ﬂ4lAnot her enbodi ment of the present

dlsclosure is directed, to a. diode conprising a substrate, a dielectric
| ayertOhali ng "Bha initek sibissn ofbsmae 700 & mancabouiic @Ondy nafieve sthea;substrat e,
the dielectric layer including an opening that exposes a portion of the

substgratiag, atchoptwith dcogeicaratel hddettmehWcdinRgodhaWaros tﬁ*glnoﬂﬂ I BResed at
| east partly in the opening and an upper region. “extendi ng above the

openipg, ..t he pottom. di ode material conprising a senm conductor nateri al

t hat lﬁgmat ti ¢ HPSha craget tbemtdﬁé eligB ricatrmal contasp8H) odercnttien izalerge oxi mat e
the tipper regim of the bottom di ode material., and. an. active diode

regi e pERMeE stiuplera dpwann Figyot 3m  di ode materials, the active diode
region including a. surface extending; away from t he top surface of the

subst; U actiye di .ere ion ma. rise a p-n. junction
; or {jf}"vi _ hcucgnc :E@Hctﬁ 8]{ ﬁt‘ﬁléﬂa pay 0 1 the same ¢ IC?V:'L itages as the embodiment of
Figure 35 and may additionally offers preater extraction efficiency as a light-cmitting diode

because it contains no silicon. substrate 700 to absorb any of the mternally generated light,

[176] The embodiment shown in Figure 38 can include a senticonductor diode from 111
nitride semiconductor materials such as gallium nitride on a silicon substrate cormprising a layer
of dielectric material 710 containing a hole 720, the hole 720 having substantially vertical
sidewalls, and the ratio of the depth of the hole 720 to the diameter of the hole 720 being preater
to or equal to 15 a bottom diode region 730 of semiconductor material which fills the hole 720
and then fakes the configuration of a six-sided pyramid; a trapping region 750 within the bottom
diode region 730 wherein threading dislocations 740 fntersect the sidewall of the hole (160 and
terminate; an active diode region. 760 of semiconductor material grown conformally around the
bottom diode region 730; a top diode region 800 of sermiconductor material grown conformally
around the active diode region; a handle subsirate 810; top electrical contacts 820; and bottom

electrical contacts 830.

[0177] Figure 39 illustrates a method of fabricating the embodiment of Figure 38, Itiga

method of ¢reating a light-emitting diode made fiom D-nitride semiconductors on a silicon
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and bottom di ode materials. The active diode regi onmay conprise a 'materi al
different fromthe top and bottom di ode naterials, and the active di ode
region may forman intrinsic region of a p-in junction formed between the
top and bottom di ode naterials. The active diode region may. conprise

mul tiple quantum wel | s forrred between t he top and bottom di ode materi al s.

ng@i’ﬂ&?u@%ﬁrﬁl f&@ﬂéﬁo mé gtc fc,% 1()(5 mc, uc & ;P%gl mfgg lafg:git cgcgl&?l,i}éts ;: con.

sapphire, on car

S|I|con fer, The sjngle cry taI silic may have a cryst al

or i eREFREGR o Pelpgyc PIEHEIGIY, aiie T %wf%ef ﬁvﬁa fb‘”[’rﬁft”e%(’betlldiﬁﬂra"y%%mll“i%le
silicon dioxide or silicon. nitride. The sem conductor material ma
conprpgrae Wloupen RS inenpourdcmanG belpl ickvis kalagebna healamredgicloghal | oy, or
conbi nati ons thereof, [0197] The opening may be a trench or may be a hole
havim@ﬂamﬂaspemﬁcﬁmmhﬂh@fq%hemeagtm&mnmmﬂhmMM¢mQngmd®mm%mhyamesm

[01, 98) The bottom di ode material nay include an n-type dopant and the top

di odeidemtaiis,isall treaytie ofthudeph @ihyREe dopariamciherupperle begi ¢Ratk tHaher bot t om
di ode material may forma fin above the opening. The upper reg| on of the

bot ¢ eml a1 @‘181 ]hrmt(ﬁﬁat RSB MTBnitRHL b6 cARRY G Erh@uﬁ)@ﬁ% o991 The

d| ode 'may furt conprise a contact tbrined over o e region.

gt e N e

conpri se &'Sedony cont ac d'ad) Ot her

enbodj nent. of t di s¢l as is directe o a.di qde conpr.ising a.
fmpf. of a six- ‘ﬂgcd ].%’1‘&11111 Step F Fi m('jn(is ETOWING & | hnl(lji 11&(; sc,mlcmciuotm matuml g

conformally around the top and sides of the botiom, diode region to create an active diode region,
such as active diode region 760. Step 1720 includes growing a Ul-nitride sermiconductor material
cenformally around the top and sides of the active diode region to create a top diode region, such
as top diode region 800. Step 1725 includes continuing to grow the top diode region until the
growth [fonts from adjacent diodes coalesce. Step 1730 includes planarizing the surface of the
top diode region, Step 1735 includes bonding a handie substrate, such. as handle substrate 810, to
the surface of the top diode region. Step 1740 includes resmoving the silicon substrate by
chemical or mechamcal process. Step 1745 includes fabricating a top elecirical contact, such as
top electrical contact 820, on, the exposed surface of the layer of the diclectric marterial. Step
1750 includes fabricating a bottom elecirical contact, such as botiom electrical contact 830, on

the exposed surface of the handle substratc,

[0178] Embodiments of the disclosure provide novel and useful architectures for diodes
made from compound semiconductors or other non-lattice-matched sermiconductors deposited on

silicon substrates by Aspect Ratio Trapping. The semiconductor diode is the fundamental
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substrate, a dielectric material disposed above the sUbstrate, the
dielectric material including a plurality of openings that each, expose a
portion of the substrate, a plurality of bottom diode sections conprising
a. bottom diode material, each, section including a | ower region di sposed.
in an opening and an. upper region. extending above the opening, the bottom

di ode briudisg bick obmplent sillglight eariiogaties, 96sofBlehhdling Bated SehRbALEH:
m smat ched to the substrate, a contiguous top di ode sect1on proxinate the
upper laseg) omsothdr dehepott om di ode section, the top diode section,
conprising a top diode material, and a plurality of active diod.e regions
betwegﬂ Pe top and bottom di ode materials, the active di ode regions each.
i nclu Hé a st asiecest bnalovgtalimipsirasictbendeas sosts @aelaptelshpiguUbSt r at e.
[0201] The plurality of active diode regions may cot .prise a p-n. Sanction
f or uneditbie dioflemend oheofortiamd ambicgudisorkiopicadsl Rk &b Yo O yllb@ﬁ@g" di ode
materials. 'lle plurality OF active di ode regions may conpri sé a. terial
di {1 eketarta, doreobhidli@OniBY9MEeIRR sARMky. bW ahbiyyLlpagkiom di ode
materials, and the plurality of active di ode régl‘Ons' may Forman intrinsic
regi Oy f a ’Bllh junction, formed between, the contiguous top and.
pl ur al i-?@’ of BEPPENISLEr el dieritesnt dibdosung istio iphroratiictey vadtiondriivien )i de
regions may conprise multiple quantumwells formed. between the contiguous
top dheiiginakeuentyn officovy ofilightane imtitdcabs ex82AZhEhgory RaLEAL TRy be
sel ected fromthe group consisting of silicon, sapphire, and silicon
car birdeldc Fhaicoubiséioat e may be a single etystal silicon wafer. The single
crystal silicon wafer may have a crystal. orientation. of (111) or (100).
The cﬂa@{,ﬁct ric material nmay conprise -54- silicon dioxide or silicon
ni t rifde™The AbHBoMER B IReRt e il presenydisdonrs Belirc®l aup diof Yorgganesnd.
a. Goup Il-VI conpound,, a. Goup |V ahoy, or conbinations thereof.
[ 0203 sphErap arilivlgeivayndieizd ncludncin o@ningaNatkepases BObRioR NGB SRECT
ratio of at least | in two perpendicul ar axes. ' ’
opening having an aspect ratio of at least 1, a bottom diode material disposed in and above the

opening, the bottorn diode material comyprising a seniconductor material that is lattice
mismatched to the subsivate, a top diode material proximate the upper region. of the bottom, diode
matertal, and an active diode region between the top and bottom diode materials, the active diode

region meluding a surface extending away from the top surface of the substrate,

0182} The substrate may be selected from the group consisting of silicon, sapphire, and
silicon carbide. The substrate may be a single crystal silicon wafer, and may have a orystal
orientation of (111) or (100). The dielectric material may comprise sificon doxide or silicon
nitride, The semiconductor material may comprise & Group IV compound, & Group 11-V1

compound, a Group 1V alloy, or combinations thercof.

[0183] Ihe active diode region may comprise a p-n junction formed by a junction of the top

and bottom diode materials, The active diode 1egion may coimprise a material different from the
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[ 0204] The bottom chock material. may includ.e an n-type dopain and the top
di ode material may include a p-type &pant. The upper regions of the
plurality of bottom diode materials may forma fin, above the opening. The
upper regions of the plurality of bottom diode materials may forma pillar
above the opening. [0205] The di ode may further conprise a contact thrilled
over e nt.l ,.Lop. diode region... The contact may conprise a . .

0 ans S a0 dRHE sh 8841 YA R0 el Bl B P GRIBEGRESS ebhpriey
fornleq,qggaggny ghe suqstrate. [ 0206] Anot her enmbodi ment of the present

di scl BEGFER Lrged betvsgn thedop apg bedors dipge maivila. Thesighes digtlereeipnyset om di ode
materi‘al, that is lattice msmatched to the substrate extendi ng above the
top strRREs mtpicignewai wglsdoboed brved b &psedtliodnmuhdvisgatarialed dt h, acr oss
the top surface and a hei ght above the top surface, the hei ght being
greatgroihan the width . a top diode material proxinmate the pattom di ode
mat or (P ana el i LRBELTTTLTE ShufbePag b RbE uleat Ssl] Bb and.
bottom diode . materials, the active diode region including a surface
extenﬁ“ﬁ@”%ﬂﬁ?ﬂﬁVGHVLthe top surface of the substrate, [0207] The active
light emtting diod.e region may conprise a p-n junction fornmed. by a

junctigdpsiof  tMeEndi@mh &b8e mhkiPMadingh& a'ﬁ!?ltmﬁzgi: ab :%n#;ﬂﬁﬁ ‘tﬁtﬁ%}l} Visole @ vial

emtting diode region. nay conpriSe a materl er ent omthe top and.

bot t om.di ) JTBLEE hAlse and. the active light enmitting diode region may
form]a‘ﬁpalﬁﬁlrcgniﬁﬁgg 1‘1?)1}1‘ of a p-i-n junction forned between the top and

bottom di ode materials, Th.e active light emtting diode regi on may

conpritgssimul t Tipd vpparnapionrof thebdisord, Alote ehbeteen foiea fiapbandnbebéem, di ode
mat edal s. .1102081. 111w substrate may be selected fromthe group consisting

of sithCHper SARANIHE bt diode material may form a pillar above the opening.

[0187] The diode may further comprises a contact formed over the top diode region. The
contact may comprise a transparent conductor. The diode may further comprise a second contact

formed adjacent the substrate.

[0188] Another embodiment of the present disclosure is directed to a diode comprising a
substrale, a diclectric material including an opening that exposes a portion. of the substrate, &
botiorn diode material including a lower reglon disposed at least partly in the opening and an
upper region. extending above the opening, the lower vegion including a plurality of misfit
dislocations that terminate below the upper region, the bottom diode material comprising a
sermeonductor material that is lattice mismatched t the substrate, a top diode material proximate
the upiom‘ region of the bottom diode material, and an active lght emitting diode region between
the top and botiom diode materials, the active diode region including a surface extending away

from the top surface of the substrate.
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silicon. carbide. Tlie substrate may be a single crystal silicon wafer.
"the single crystal. silicon. wafer may have a. crystal orientation of
(111) or (100). The dielectric rnaterial may conprise silicon dioxide or
silicon nitride. [02091The bottom di ode material, may include an ni.type
dopant and. the top diode material may include a p-type dopant. 1021.01The
di ode[018y] f ur rhebetbRMEhE &ﬁit@l;fﬁl@@@&&gmﬁlgﬁe. &Jrrqﬂ*l]/sﬁra pt rz.‘ﬁ.u Lo ghﬁgﬂ) jion. The
__contact may conprise a transparent conductor. e 'di bde nay T or hér
Conprjisétich SEEORD nkiARk@Rt sl & MBdy . 8dirReent the substrate. [021. 1. 1Anot her
enbodil ment of t@ 3@2’2’%@ cﬁ“@&ﬁ%@ﬁ#’% i"@c"’ Eg?véé%ﬁh‘fm ‘8157%‘@ 3" Y making a

di ode, . t be et hod .copprising depositing a |ayer of a dielectric material.
onto & stﬂg’é’ '?Er% g{ﬂgﬂ H‘lp(ﬁp?"épﬁi&%g tiq 15% t”"“i\h‘g‘g’é’églﬁﬂﬁ aEE ARSIhE artivelighdi el ectri c
material .to _.e>§pp§e_p9rti,ons of the substrate, each of the openings having
an asgBiing Qogeragfongnay Exangniringig pgaion. Al Brifi justtiop dermoh betvadehe gi on by
growi ng .a. conpound. sem conductor material. that is lattice 'm smatched.
to t hUsIplsty dipde ngleginls. Thbevidve it Hinitgtg dipdniadon hey comgi@ rsegplad. bot t om
di ode region. by grow ng a conpound semi conductor material. that is lattice
m s medtahied wolls Rensdbsturcat ehd iop anthorpbonwdt herepgond. opening, fornming a
first active diod.e region adjacent the first bottom diode region, finning
a seclﬁnﬁl' act..'..‘vmel,lﬁji_‘_o_d__e“reg)i on adj acent the second. bottom di ode region, and
fanni MY si ngI P aEEdereigrieh Fomdhasanp consstingrofsilivon, sepphdicostel r egi on
and. the secqond active diode region,. [021.21Th.e first and second. active
di odeViogicaridamiheahsiate meibe asinglaurasitiubiioos waeer. [He213]Mestsudisdonat € may
be selected from the group consisting of silicon, sapphire, and silicon
car bivager Mg hswbstystbonmyaiibbe of (Kilngh @00V, Y ShddicBbikic @ﬂﬁkﬂ%@frﬁ? conPEssSubstrate
may have a crystal. orientation of (1.11) or (100). The dielectfic

mat ersiladon diveydeangiccpaiside] POkl 8oLhatlk ) ccﬂhﬁrﬁ.&’e%&tir(}u.]) v

compound, a Group IT-VI compound, & Group 1V alloy, or combinations thereof.

1 { "Iy 35t R T T m T " LY | + 1 1
[0191] Ihe opening may be a trench or may be a hole having an aspect ratio of at least 1 in
two perpendicular axes.

[0192} The bottom diode material may include an n-type dopant and the top diode material

-

meludes a p-type dopant. Vhe wpper repion of the botiom, diode material may form a fin above
the opening. Yhe upper region of the bottorn diode material may foirm a pillar above the
apening,

[0193] The diode may further comprises 2 contact formed over the top diode region, The
confact may comprises a transparent conductor. The diode may further cOmprise a second
comtact formed adjacent the substrate,

[0194] Another embodiment of the present disclosure is directed to a diode comprising a

substrate, a dielectric layer having a thickness of no more than about 20 nm shove the substrate,



[02141The first and second. openings nmay be trenches or may be holes. The
sem conductor material may conprise a Goup DI N conpound, a Goup JIVI
conmpound., a Goup IV alloy, or conbinations thereof. 102151Anot her

enbodi nent of the present disclosure is directed to a diode conprising a
substrate, a dielectric material above the substrate, the dielectric

coct | DRl Rl B AL AEYa e A TS o R uRen oo beie tiotae

section i.ncluding at |east ane sidewal | that extends away fromthe

di ol dBEEIE THERLRE ATowpHEBEE ABRT LAl Geet et Fiolis OB B 61 MgipaeB BB N dUCt or
material that is lattice msmtched to the substrate, a plurality of top

di odex&ddinosve e areningtiae bpiéorh diadsmuibd sowptsing nsmanddwipumatilt y of
active di ode regions between the top and bottom diode sections, the active
di odehategistis: remohtdhne toutle mghsarates utdy dicd: exteandirognanwedic (pePréhie, b0Be
surface of the substrate, [021.61Each openi ng may have an, aspect ratio of

at | eéasibn0dibde AltekieRshd & ad@ilve |(i§ﬁi§:tlf(;3%09 '[)e'iigs{c;@ﬁuﬂﬁzr'l;c)ﬁ BaMbRonE@Hhe nﬁ%ﬁﬁw di ode
e: wa y

section may include at | east one si t hat ‘extends substantia

ver bl IR ah ke BB S GuTRLAL 3l uERSDDALL o dLgde pect i on

may have an hexagodnal cross-secti an
hexagonal array. The top diode sections nmay be fornmed froma single,

cont ilBlARls | &ffwractive datierdgan mTheodpiode: praywizdon fbrnghtyerfimdion@f dicads.

| : 0217] Anot her enbodi nent of the present disclosure is directed to a di ode

conprmg ibngora sedeshatatiels. Bhd ddiist diidRleGb hyBYRFsebauRbhhErsHRs kbAlR: a
| ayer of a refractory netal above the first dielectric |ayer, an opening

t hr oyghand Bisttont BdHe SaRi8R! AlCihb "E’ci\!i‘l?ie (ﬁg : Itg?%‘ﬂltﬁ‘ésgﬁ)l’l faxﬁiﬁiiﬁ%}% 9@8% ?@u lg at he

openi ng having dielectric sidewalls, tom “di ode reqi

conp i CLOr rial_that.is |attice.smatched to the

subs;ﬁ ﬁgx?%&%%%ﬁm%?% Lg? E)Og’eanﬁ'ebé’lg'%ﬂl CHP@%%@%HT&W rﬁ{'ﬁﬁ‘&?w'afg‘b‘gé“’%lﬂ’é "Jeni ng, a
top diode re '”Olil &r,oxi rratﬁ‘{fpge &itt"om .diode region., and an active diode

r egi 8?‘“’88?%\)@8 1PlG HEDRE, WE b HpRme ng‘de"-"&HH? tap @Bk baiée flde sraterids. bot t om di ode
regi on. 0218] The openi ng may have an aspect ratio of at least :t, and may

be afgrogypch. -'l‘hmﬁbs(i‘liai%qﬁaﬁ@é’seﬁé&&ﬁﬁémg%z%%ﬁg@r%%%@g gf @h@k,gg@g@%@yef

covering at |east a portion of the t further

;O][rpg;fll.%gn B Bfle? n[‘i’le%ﬁl?ﬁ?ﬂg{lﬁrdt gﬁ%%ggﬁ:pcﬁﬂar’ﬁ%ﬁﬂg}l E}%}{%?ﬁ%f?&@%lﬁ%?ﬁ%&hc jayer and

i rst contact ¢o A8 second

opening and contacting .the |layer of refractory netal. The diode may further
conp y&iclg% J.Ié&yslélal(t; ﬁ&zﬁs&ﬁ gg@@iaﬂ g %/ih@ 11) or (100). "The diclectric material may coroprise

sihcon. droxide or silicon. nitvide. The semiconductor material may comprise a Group IV
compound, a Group 1=V compound, a Group 1V alloy, or combinations thereof,

[0197] "The opening may be a trench or may be a hole having an aspect ratio of at least 1 in
two perpendicular axes.

[0198] The bottom diode material may inchude an n-type dopant and the top diode material
may include a p-type dopant. The upper region of the bottorn diode material may form a fin
above the opening. The upper region of the bottom diode material may form a pillar above the

opening.
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bottom of the substrate. 1102191Anot her enbodi ment of the present
disclosure is directed. to a. nethod. of nmaking a diode, the nethod.
conprising depositing a first layer of dielectric material above a.
substrate, depositing a layer of a. refractory netal above the first |ayer
of dielectric material, depositing a second. |ayer of dielectric material,

above[giRe] | ayahe afodt 8 {ﬂﬁhf?ﬁﬁycoﬁ@h% A %{)m 1£tq{3lmmnl%v flI i}gﬁ:{npg &%{(‘) gfl ned by

sid.ewal | s extending throu fayer | ayer

of re ay f d|eI I‘IC mat eri al to expose a
ur f acersy i el é‘f‘g"P%f FERRGe s Thefioge iy iw“ Bt FEPisreicratd canict he

si de n form ng abottomdlode region by grow ng a.
conp%ﬁhbg %"“"é’éﬁ é‘!’ggﬁﬁaterl al that is lattice m smatched, to the

substrate in and. above the opening, renoving the second. dielectric | ayer,

form pgean achiny@edbaBetifem (ﬁ*‘i‘h@ﬂk@cﬁ?mwlﬁstﬂeﬁ dd i Lﬂ fo ﬂmdg %%;31 151 dpgge

region, and forming a top diode Tegion t € ac

regi OffihenaR; o d1[:9:g@1(3]11-[ nﬁlﬂ‘:ﬂ ‘1}1138(;!,{1”%?%@ ﬁ]{gbﬂ@it@@;\e qﬁébﬁ@ﬁgf 13?0'1 :éb???l@aiﬁﬁ; c}h ;/r ‘

| ayer of di ectr eria

cover e region. refractory netal, creating a via
throu@HJL ‘h‘/e‘a‘c NN H‘U—* Fih*gé%h Paicel r&&lwep @ﬂ ﬁ&ii%awckc:qpéﬁﬂluaoipwmwnmdcp the top
di ode region. that covers the refractory nmetal., filling the via with a.

pl ug SECHEEACIYGSHE & hpsiom fedpmatgripk eaah secoomt acluding ttHowhie: eliay eispofed in
refractory netal., and fabricating a bottomelectrical contact.
[0221]“Aﬁ?@t‘ﬂ’éirdl?éﬂﬁ@mwmngloomthmngri‘as»e:rlhc dpash s ietiom dbdeai@dal to a di ode
conprisin.g substrate, a. dielectric |ayer above the substrate, the

di el emimirsitgayemicomiutdt ngleR] thepetitig: Ry Adheat, n@%ﬁmlemf 2bdRid th) @E, | east
1, a bottom diod.e region. disposed. in and above the openi ng, Lt Bt t om

di odaiulicﬁgfle,@ﬂbiﬁﬁfmﬁm&é & Bk EEEE&HE‘Q\‘ ﬁé%gl Qﬁ&&t&?&u rﬁ?{h% i@?{hﬁg’qu'cg Uval K

hexagonal crystal latticeé, e region

defi r, 0 nd,s conduct or terial, a top
di od(reb% ﬁgg?é%lrz?oﬂoggio?riﬁtn@@ﬁg B td'tI% ‘IBFyogp rléfH‘?"e%‘ @W%QHH%%W"&% rﬁ?*\}‘ép aibde region
bet tvween mc{aoé J f{% bt ttom dI e regi ons., [0222] The substrate may be a
crysta PHEod U Be Al I A0 Yrgtiogte Tegions cachringlading Frulirsrerisoring aplasidwnmay be
an a tlne ar be an tit-plane. The Opening nay be a trench or may be a
hol e, he top surface of'the substrate.

[0201] The plurality of active diode repions may conprise a pen junction. formed by a
junction of the contiguous top and pluralily of bottorn diode materials. The Murality of active
diode regions may comprise a maferial different from. the contiguous top and plurality of botton
diode materials, and the plurality of active diode regions may form an. intrinsic region of a p-i-n
junction formed between the contiguous top and phurality of bottom diode materials, The
phurality of active dinde regions may comprise multiple quantum wells formed between the

contiguous top and plorality of bottom diode materials.

[02062] T'he subsirate may be selected from the group consisting of silicon, sapphire, and
silicon carbide. The substrate may be a single crystal silicon wafer. ‘The single crystal silicon
wafer may have a crystal orientation of (1119 or (100). The dielectric material may Comprise

.



[ 0223] Anot her enbodi nent of the present disclosure is directed to a diode
conprising a substrate, a dielectric |ayer above the substrate including an
openi ng, a sem conductor nmaterial that is lattice msmatched to the
substrate disposed. in the opening, and a pyram dal diode conprising a
pyranidal p-n junction di sposed above the opening 10224] The pyram dal

nel u ~Lop, dLod _; active.dio mat eri al ,
and. S IEH &C’mda.%ales%wﬁl o TR A e ol o B g o
greater t m crons or may have a height of greater than about 5
mi cr o(rﬁ%ﬂp E\%r ald ‘«&W%’é"hﬁ%’ﬁ"ﬁﬁ @lay.or t“@lﬁb%]éﬁ@lﬁd¥1ﬂlﬁa&/er havi ng a
t hi ckness of | ess than about 2 mcrons, or a top contact layer having a

thi ckipeas; of Hgss; 7&11?%%1«1)3{}5{0*‘%5&2)@]591%g %ﬂ?holo]ibﬁn[?)fﬁ egﬂl;mg o?ﬁqoeﬂ?}{ -{ ncl gde

a. bottom contac ayer ode ma ur t Her conp

pyr arn &m dlldoc &5 X@w ng the respective top di ode materi al s coal esced
toget diod™e may flatter include a transparent top contact |ayer.

' The d| ode nay further include a handl e substrate. 102261' The substrate may

be sdipgsdied 1 mﬂboﬂchﬁdlgﬂ@ﬂlﬂlo@@,ﬂﬁllc@tnh(ﬂ'lﬁl Qi nl1ye Qop@ RMHIE Sop 8106 Slaldiigon.
carbi de. The sem conduct or material ina.y be selected, from the group

consiishi DAIRE o GrOuBblik- e | G oup
v 1 AR s PSR s OEP s B R ol B d?‘%“éﬁgﬂuw £
met hqg,.Qt, ‘.{n. & ;oQ)]e 0o opening. The upper regions of the plurality of bottorn diode materials may

form a pillar above the opening.

[0205] The diode may further comprise a contact formed over the contignous top diode
region. The contact may comprise a transparent conductor. The diode may further comprise a

second contact formed adjacent the substrate.

T0206] Another embodiment of the present disclosure is directed to a diode COmPriSing a
substrate, a bottom diode material that is lattice mismatehed to the substrate extending above the
top surface and inchading & bottom diode section having a width across the top surface and a
height above the top surface, the heighi being greater than the widih, a top diode material
proximate the bottom diode material, and an active light emitting diode region between the top
and bottomn diode materials, the active diode repion including a surface extending away from the
top sucface of the substraie.
[0207] The active light emitting diode region may comprise a p-u junction formed by a
junction of the top and bottom diode materials. The active light emitting diode region may
comprise a material different from. the top and bottom diode materials, and the active light

emitiing diode region may form an intrinsic region of a p-i-n junction formed between the top

AR



di ode conprising providing a substrate, providing a dielectric including
an. opening having an aspect ratio of at |east 1 above the substrate,
form ng a conpound senm conductor material that is lattice msnmatched. to
the substrate in the opening, formng a diod.e conprising a p-n junction
above the opening, fmmng a dielectric material having a substantially

pl anaandsiptiacdiodbourribbe THE adeve RANLhNdnd diche R Waf &mbRetBSinie
substantially planar surface, ang?n?@ﬂ%ﬂ?ﬂgn?ﬁ%hguﬁg{§g¥%?mF%®3@§1The
openi (G ARY o ki BRSO TRY benahole . ' The. di ode may include a. top
diodéﬂggg?%ﬁ?ﬁiﬁﬁm%%??%%?ﬁ[Fgg%dgggﬁgﬁggﬁgﬁggﬂgﬁg'active di ode region. The
di ode may include a plurality of top diode regions, a. plurality of bottom
di odel0R@yi onslheanmtistentphmay akistigciof fimet the gradipedesispgiodelicoThapplite, add ty of
top di ode regions may be coal esced. together, 10229)Anot her ‘enbodi nent of
t he pilewantridis cTiesubeardsnady beat@hlic 69l HiHsy£9MLLSINE dyavbailate. a
dielectric | ayer above the substrate including an array of 0Openings, the
openiygsy May g fodt Bidessn e AR L ARl al bty of  nmostruct ores
oI R SRR LT OP S ot Pl Bl Bl TG e
substg 1.5posed. . in.and above the array of openings, the nanostructures
haviﬁgﬁ%ﬁéﬁgé'aﬁfﬁgph&ﬂﬁﬁgforn1height extending at |east 1.00 am above the
dielectric layer, and a plurality of diode junctions forned on the

nanoq gt ur e HonBrdliedk @afetiilihe BEhidRGh W ROdAGRET M8 1V ki
nanostructure sidewal k. [0230]Thépathnstbgg?ﬁgggﬁhayﬁbe i“#ﬁgngg%%? of a
fin ghaypinbh@t o p-fyPOdWMadt h, of the mmostructure may be selected from the
group consisting of about 5 inn, about 10 nm about 20 mai, and about 50
Din. The height of the nanostru.cture may be selected from the group
consil8t¥lg of hatsidarde meofunte: catymise :300ut frmedbauthe300 dvde ranch.abeut 1000
M 1. [0231] Anot her enbodi mnent of the present disclosure is directed to a
di od centacipay somgisa aftfansjparelitQUadwadb.e ritaldicRmMy (HHAG BriiRs kalohalbyag! anar
bottom surface and a top surface having a plurality of "cavities, a second
diodebﬂmmamm@bmgﬂ@mﬂﬁ§hﬂg a substantially planar top surface and a bottom
surface extending into the plurality of cavities in. the first diode
material., and an active diode region between the first and. second di ode
mat eddZl1§.  Another embodiment of the present disclosure is directed to a method of making &

diade, the method comprising depositing a layer of a diclectric material onto a subsirate,
patterning first and second openings in the dielectric material to expose portions of the substraie,
each of the openings having an agpect vatio of at feast 1, forming a first bottom diode vegion by
growing a compound semiconductor material that is lattice mismatehed to the substeate in and
above the fivst opening, forming a sccond botiom diode region by growing a conpound
semiconductor material that is lattice mismatohed to the substrate in and above the second
opening, forming a first active diode region adjacent the first bottom diode region, forring &
second active diode regron adjacent the second bottom diode region, and forining a single top

diode region adjacent the first active diode region and the second active diode repion,

[0212] The first and second active diode regions may contain maultiple quantum wells.
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[0232] "the di ode may further conprise a substrate having a substantially

pl anar surface adjacent the bottom surface of the first diod.e material or
the top surface of the second. diode material. [0233] The active diode
region may conprise a pm junction forned by a junction of the first and.
second. diode materials. 'The active diod.e region. may conprise a

mat er j di f f-e1 oLLomthe first and second. .diode materials, and th.e
(U318 Rl O DSl b A SRS SO TR i, R

active de re nma man intrinsi

forned.between the first and second diode naterials, The active, di ode
gt ORIRE PTG {Ee ST DY IRl VR S TR SESIVBHT BeY BV and
second diode materials 0234]1 A first diode material nmay conprise a Ill-V

mat er§rafal opfatron ol (Hile el 1881 eFhagichraiic covipial seycanprivhglicendioiids onay
include a polar (MN surface. [0235]The cavities may define trenches or may
def i nelityolnegidsavi ng an. aspect ratio of at least |. The surface area of the
cavities may exceed the surface area of the bottom surface of the first

di ode erial.,. ..The surface area of .the cavities may, be at |east 150% of
he” PP Ce Lo DR MR BB HES PR o SR o dB° e BT aF Y o
may be at. |east 200% of the surface area. of the bottom surface of the
first™MYPgHaRarErRae 2 Gipen 861 Ertraerirent §an FWEcappundat Genvpdvoliosieor

met hods, structures or apparatus described, wth respect to "fin"

conf i qpurbdertions erenfes based on growth. control. from trench orientations.
A.8 woul d. be recognized. by one skilled, in the art based on. the

di sc![ spre herein. . the tre ng Qr\i‘en(gg%i on coul d. .be gn ther shaped
openi ﬁ § duch 4 Hot e, ?‘éi@g 16 DIEGRE USApsrg gesisd iy ‘h’g? EORNR R woul d
result_in other three-djpmensional sem conductor structures or apparatus.
substrate, a (ﬁe].ﬁ-:c:tuc material above the substrate, the dielectiic material tncluding an array of
opemings, a plurality of bottomn diode sections formed in and above the array of openings, each
bottom diode section including at least one sidewall that extends away from the dielectric
material, the bottom, diode sections corprising a semiconductor material that is laitice
mismatched to the substrate, a plurality of top diode sections proximate the boitom diode
sections, and a plurality of active diode regions between the top and bottom diode sections, the
active drode regions each including a surface extending away from the top surface of the
substrate.
[0216] Each opening may have an agpect ratio of at Jeast 0.5, at least 1, at least 2 or preater
than 3. Each bottom diode section may include at least one sidewall that extends substantially
vertically upward above the dielectric material. Bach bottom diode section may have an
hexagonal cross-section. The openings may be arranged in an hexagonal array, The top diode
-sections may be formed from a single, contiguous layer of material. The diode may be a light

ermitting diode.
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[ 02371Enbodi nents of the application provide nethods, structures or
apparatus that may use and/or formby epitaxial gromh. Cu the |ike. For
exanpl e, ekenplary suitable epitaxial growth, systens may be a singl e-wafer
or nmultiple-wafer batch reactor. Various CVD techni ques nay be used..
Sui tag&te (ND Systens commonly used. for volunme epitaxy in manufacturing
appl i ¢@tli7dons  iAmothed embddimicnExRIP e Mottt (N80 (i dae . Ssystem
avail able from, Ai xtron, based. * n A, achen‘,] Gerlmany; an 4 ﬁ‘;@kﬁ%ﬁgd
si ngl eulwatr a M bl LNARes SYe BEBuRN AL aBL S or s cfRALLEY Miteri al s. of Santa
Clara, Calif; or EPSIL s]iﬂngl ewaf 31?' l?)l'{:)c"i" ? 2&? 5?%%’@2@8‘ sm(é{’f'\}/&}bf’ﬁbﬁ]é HEom
A. SM ht@ENaki@Na oR3aedpldtnn Bld RPYeN.The Net her | ands, [ 0238] An

L R 2 ol s R AR IBR 5 Syl mthe

reference in."t on'to

"exanpl e:enodi mant . ". " anot her enbodj,nent,” "ot her enbodiments," etc.,
rrean?&@gﬁﬂgggg%rr@quflﬁrm “géipﬁr‘lé{““’é’{]’r‘hg&ifiﬂ%’;‘m@ﬁm@ﬁﬁﬂ&étc@ii‘llxgil-fidc descri bed in.
connecti.on. With the enbodiment is included, in. at |east One enbodi nent of
the | FORRYIgSOL *ifwéﬁl%E@éﬁﬂéﬁ%ﬂ-@@fwﬂ-w@eﬁ.to Brersabstitd, rhevatioLdtiodd eges i n t he
specification are not necessarily all referring to the same enbodi nment.
Furt h@ﬁ}?osﬂ@_ﬂl andvitherie theppeningt @p diabtugion peihugt diehotef GHABE1A! kStdC | S
described. in connection w th any enbodiment, it is submtted that it is
wi t hi stivhdiqgursiewbatveantesép lioad rdgind hel &ﬂf)%\})&l@ioﬁfoﬁ ﬁfétboﬁzHﬁﬂii%(ﬁzalregfoﬁ.’
structure, or characteristic in connection th other ones of th
enbog’i %‘f ts. furthernore, tor ease of und.erstanding, certain nethod.
proceddf¥s natiGRRragaRyY ek icnaspestratinsetloast At erdpmocedunes). HbweNele, t hese
separately delineated, procedures should. not be construed as necessarily
or der™@epethgeermprise ashednd deleitbe lnen cevermibat leis o PRI BHRCEHUIRS 18Ry, be
abl e jtlo {)e performed in. an. alternative ordering, sinultaneously, etc. In
addi tTherdiodeeapfiathyr dimagienmscioldigichalexarin@ U TBt feds.ohA Bs595daNse Wi th,
enbodi nents of the present discl osurgﬁ' Such gxénp"ar'y netlﬁg%?%ﬁ%%@?%ents
are dedarfirbednoeshitisug OSeANFeMhe he: | 8d, 1.0 correspondi ng appar at us
embodi nent s, however'rfaL tﬁ'e‘ met hgdg’érﬁ%é | #Z)ﬁt%‘smgﬁ%thtr‘l%t(’&?“ﬁitoé’ﬁ@‘élﬂ B be 1inited
t her eByacfiB232) At heuah .4 enbadi nent s _of .the present invention have been
i |l ustrat eg” a‘nd@léegfgllrélg‘gggwn?{mmgfﬁ n@_u g‘ém.‘“éf)‘ﬁ p’é&?‘&f‘@éﬁc asgeandseatagkitithed, in
the art 1hat, changes may be nmade in these enbodi nents w thout departing
from%op’ﬂﬁe]'%gﬁli“‘n“bu?jBﬁg‘gss' and. spirit of the invention. The foregoing
enbodi nents are therefore to be considered. in all respects illustrative
rat hggzaoan. Avotid eRBo@ithchDE! thBBRALL I AESSE 18T N8r 8L N, g SEope of the
e PR ARaat UReq 0% R oy STRBA

invention is thus indicate e apl t he
t hr egRi RS ReEd O i AN 8kl changes which. come wirthm the neaning and.
range of 9(equi' v'zaclc'eﬁi(j':lgﬂ %’{‘“%'? ﬁgé‘%{,% rﬁ@ “’g?‘@’ i ﬂt‘ﬁﬁﬂ@ﬂ"’fx&“&gﬁ sy dcultttier ei n. As
used,. i n.this disclosure the term"®preferably" is non-exclusive and nmeans
"pr ef’%‘?‘%ﬂf’@’z ) jb]'g‘t]‘ Dr%&t“"#‘fcg‘?lﬁ’ é]&f;{""'lt@fw“ et ]'i‘-ﬁﬁ?l'f’%@'-@@Piéiiﬂrmﬂi'@ﬁréulﬂq}mib:eg gi ven
their ‘brggde\a_? i,g];e.r_,pr etati on consistent with the general. 'inventive
concEPPRA&VERe! PiEieeine ppteril gbenestbe layer ofrefradtor reatang) rmipe fiver ¢Enfipupl ed. "
and, "connect" (and derivations thereof) are used to connote both direct
and fefdldosidsonte crticating Suoplli ihgSicstAsyRDOLBREL RXATRES, Loy aY bRicuRpd
"including", derivatives thereof and sinmilar transitional, ternms ofr

metal, and second layer of dielectric material to expose a surface of the substrate, forming a layer

of diclectric material on the sidewalls of the opening, forming a bottom diode region by growing

a compound semiconductor material that is lattice mismatehed to the substrate in and above the
opening, removing the second dielectric layer, forming an active diode tegion adjacent a portion

of the bottom diode region, and forming a top diode repion, that adjacent the active diode region,
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phrases are used synonynmously with "conprising"” (i.e., all are considered
"012011 ended." terns) - only the phrases "consisting of' and "consisting
essentially of' should. be considered as "cl ose ended”. Clains are not
intended to be interpreted under 112 sixth paragraph. unless the Phrase
"means for" and an associated. function appear in. a claimand. the claim

fails eci siructure to erfom uch ction IS
cl ai d(%% HL fie it dgh%}m{c%ln%rn %Ps“lq?‘l&(“po ERRIS “‘Pg{ﬁz@m %\it(g&éf“@&ﬂ“lt%l terial
inclu Eﬁ[g Eenl 1?]iﬂtha oses portion of the substrate, the opening
havi ngeafP SOfa EBPLRRLd OIH’H Vé%‘é‘t"’ Tw agtIORIP B ol W ik rsfpelpty Mgkl di ng a
| ower region disposed at, | east. Partly in the opening and an upper region
ext entieHg b GH dpReh g hlgyer Haliglertriomativishiendmpetivabf tongr disdaggmn

sem conductor material that is lattice msmatched to the substrate; a top
di odetheritoaeisdhe prfioxiomatietdrid]idy §posedith atpdigad togtal Kam that shalgwgld inefmihhe
upper region O the bottom diode material; and an active diode region

bet weeith sheslnghedlrdfi: Lm‘imyhﬁ1<t]Oﬂicldhmﬂ%ﬁﬂfilh%bu@ih Bdidah gl ewal | of the upper
region of the bottomdiode material, the active diode region including a

surfa@ﬁ%fxtendl ng away froma top surface or the substrate. 2. The diode
whReie: ‘flﬁ‘é)d%?‘i'i\%“dﬁ et digtlonre bridrcciddo a dpdn cpupdsinpa f or ned
by a junction of the top and bottom di ode naterials. 3. The diode of claim
| wheitbhimig, |4 delactticveyed lode thegibenatcahpdicketiclapmtiatidhe th bf@hentaviiom t he
top and bottom diode naterials, and the active diode region (brills an

| nt r i amsdspedt egloost @lcagt Naiboointiedd @fioh l@lrd BeQ iBRhWEES Lol éﬁ&ga[})% fhhom
diode materials. 4. The diode of c alm wherein the act ve “di'ode region

CONDIiS Sy cﬁk')ln toR p?lsﬂlﬁ %QQ)H@OYJ‘%# L&n‘if)t?l{cpv\gﬁ dy REL WF’% Radif dg m& 8‘8&3@8&% w{dggﬁ(@:ﬁ O? re om

mat eri al s. . The diode alm erern

th g d I bi d . Ih
d &%ﬁﬁP&tﬁ‘fgﬂ%dﬁ% e fé{cﬁﬁipke B PRRE § %D%QM%I B B commPIRD . et or
e di oge of cl wherein the gpening. is atrench and wherein the

u ppe r“eP’éCé’i“ Hetgk mf“t‘rélﬂ}bat“ﬁbﬁ‘ﬁ’@ﬁ Blon P Ema f bpiendiqdercabivad ehactiveench.
diode region between the top and bottom diode regions.
10222] The substrate may be a crystalline substraie having a cubic lattice. The non-polar

plane may be an a-plane or may be an m-plane. The opening may be a trench or may be a hole.

[0223] Another embodiment of the present disclosure is directed to a diode comprising a
substrate, a diclectric layer above the substrate including an opening, a semiconductor material
that is lattice mismatched to the substrate disposed in the opening, and & pyramidal diode
comprising & pyramidal p-n junction disposed above the opening.

[0224] The pyranndal diode may further include a top diode matetial, an active diode
material, and a bottom diode material. The pyramidal diode may have a height of greater than
about 3 microns or may have a height of greater than about 5 microns. The pyramidal diode may

mclude a top contact layer having a thickness of less than about 2 microns, or a top contact tayer
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8. The. diode of claiml wherein the opening is a hole having the aspect
ratio in two perpendicul ar axes, and wherein the upper region of the
bottom di ode material 11)1'1.1.1:5 a pillar above the opening. 9. The diode
of claiml wherein the sem conductor material conprises a material selected
fromthe group consisting essentially Dia Goup I11-V conpound a Goup

| | - VI hoonpo tndsnecanst [@ss@@ubobM 8hhiodns | 1He M’lﬁmﬁh@@iﬁd@[] dg ]{yhm 4 1m%{ ein the
bottom di ode material incl udes an n-type dopant an di‘ode nht eri al

i ncl ugegadd jgct.ype dopant. . A diode conprising: a substrate a bottom
diode rrutterial that is Iattlce m smat ched to the substrate, the bottom
di ode, mat eri al extendi ng above 5t top suthice of the substrate and

i ncl udiZdyl a bbbe @mi@nr@mguw@m:wmmmawmgpkapwmmm diod@davinhend @pahvd ape and
a hei ght above the top surthce, the height being greater than the width; a

top diiodemmitielicablcpredtbmuetee. thedhat o [dipaendmiar i; ﬁnpméﬁﬂ%@ﬂnﬁ%' ve l'i ght
emtting diode region between the top and bottom di ode materials, th

acti vieydd g {Mﬂdm&y"ﬂutﬂbﬂﬂ@lmﬁ@ﬁﬂ)@;ﬂﬂi Qﬂls’d“yc ng a surface at an interf ace
bet ween the active light emtting diode region and the bottom di ode

materjal, the surllice extending away fromthe top surface. The di ode
of cl8FARl i whisr wibaratn mazdeiselecttd gt daiptaipngnditoge s#ighasasMmR] kges a p-n
junction thrmed by a junction of the top and bottom di ode materi al s.

siicon carbide, The semiconductor material may be selected from the ¢ frroup congisting of a

Group 13-V compound, a Group II-VI compound, and a Group 1V alloy.

[6227] Anather embodiment of the present disclosure is directed to 4 method of forming a
diode comprising providing a substrate, providing a dielectric including an opening having an
aspect ratio of at least 1 above the substrate, forming a compound semiconductor material that is
lattice mismatched to the substrate in the opening, forming a diode comprising a p-n junction
above the opening, forming a diclectric material having a substantiall y planar surface above the

diode, bonding a handle wafer fo the substantially plansr swrface, and remaving the substrate.

10228) The opening may be a french or may be ahole. The diode may include a top diode
fegion, a bottom diode region, and an active diode region. The diede may include & plurality of
top diode regions, a plurality of bottom diode regions, and a phurality of active diode regions.
The plurality of top diede regions may be coalesced together,

(02291 Another emabodiment of the present disclosurc is directed to a diode comprising a
substrate, a dielectric layer above the substrate including an array of openings, the openings
having a width less than 100 nm, a plurality of nanostructires comprising a semiconductor

material that is [aftice mismatched to the substrate disposed in and above the array of openings,
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1: 3. The diode of claimli wherein the active light emtting di ode region
conprises a material ditThrent fromthe top and bottom di ode materials, and
the active light emtting diode region fornms an intrinsic region of a p-in
junction thrilled between the top and bottom di ode materials. 14.The di ode
of clairn | | wherein the active | i ght em'tting di ode regi on Conprises

%l{ E:Ir ﬁgﬁgz%‘ﬁ@{cﬂmmy@eﬁ&e a{b mu ﬂl blﬁltl i hlﬂ’iélrl }r?{hncf ﬁ%a@bﬁ? g@ﬁ 1&%1& (ié‘(/gd_ eri al

i ncl ugde, ty 0 heto di ode material includes a p-type
dopan@’”ﬁ’(‘filbC lager %‘h‘b’g’%‘}‘@%ﬁfn‘ﬁ? ﬂsﬁ“ﬂﬂ‘““é Qs P e nanpsHiEPEeths lodat er i al

i ncludin ng.to a surl hee of the substrate; a bottom di ode materi al
i ncl uldi™f ”é‘ ’P ‘r” F‘é@Y@WFa‘QﬁHUé% ﬁﬁéﬁ"éﬁ“%‘é‘gi“@%‘ﬂd@\ﬁdf‘ﬂl ower region being

di sposed at least partly in the openlng, and the upper region haV|ng a

si dovghhkgpxt eqdi NG, AROME & ﬂﬁ%{%%ﬂlﬂq o B ?c: lf)%tug 3 QFG Wnﬁfé%%’ fhbst conpri si ng

a sem conductor materia m smat rate; an
activ ng .t he.,.s egi on of t ttom
i oae ek D S SF g ?*@@%Mawﬁa) ﬁpﬁewﬁw'Ipafrwﬁwﬂd. ora
fromthe Sng’f Ha ﬁg region of the bottomdiode material; and a
top dPBd®AEOEY H”“al‘&ﬁ;“ﬁ’ Sheasstugreohy besalseddiondha waipeensisizy The.
structure of claim 16, the opening having an aspect ratio of at |east 1.

18. Tolerbonk L mipeibotit 20 (i byt §ioreimdteheucii¥finng i s a trench, and wherein

t he. upper region of the bottom di ode. material forms a lin above the

trenc 231]19 [&SC E fure 1_}cldai_‘ é ! anre “B @l rlg is a hole

havi ng“a ‘ci r cularcyost %&Tb 6?‘?&3{“’%} selpsige by éﬁ’éldi‘ © CPEPEHBE &ur f ace
th Hxitrate and wherein the upper |t9lon or the bottom di ode materi al

| br i iSShABRE gferigherrapiies cbwémaﬁgdlly planar boftom surface and a top surface having a

plurality of cavities, a second diode material comprising a substantially planar top surface and a
bottom surface extending into the plurality of cavities in the first diode material, and an active

diode region between the first and second diode materials.

[0232] The diode may further conprise a substrate having a substantially plapar surface
adjacent the bottom surface of the first diode material or the top surface of the second diode

Tnaierial.

I.:(W.'SZ%] The active diode region may comprise a p-n junction formed by a junction of the first
lumjl. second diode materials. The active diode repion may comprise a material different from the
first and second diode materials, and the active diode region may form an intrinsic region of 2 [
i-n junc;tion formed between the first and second diode materials. The active-diode region may
comprise multiple quantum wells formed between the first and second diode materials,

[0234] A first diode aterial may compri'.‘;@ a -V material. The ﬁmt diode matertal may

comprise (GaN. The cavities may include a polar GaN surface.
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[0235] The cavities may define trenches or may define holes having an aspect ratio of at
leagt 1. "The surface area of the cavities may cxceed the surface area of the bottom surface of the
furst diode material. “The surface area of the cavitics may be at least 150% of the surface area of
the bottom surface of the [irst diode material, or may be at least 200% of the surface arca of the

bottom surface of the first diode material,

[0236] Embodiments of the application provide methods, structures or apparatus described
with respect fo “fin” configured structuwes based on growth control from trench orientations. As
would be recognized by one skilled in the art based on the disclosure herein, the trench

origntation could be another shaped opening such as a hole, recess, square or ring, for example,

which would result in other three-dimensional semiconductor slructures or apparatus.

[0237] Embodiments of the application provide methods, structures or apparatus that may
use and/or form. by epitaxial growth or the like. For example, exemplary suitable epitaxial
growth systems may be a single-wafer or multiple-wafer batch reactor, Various CVD techniques
may be used. Suitable CVD systerms commonly used for volume epitaxy in maofacturing
applications imelude, for example, an Aixtron 2600 mulii-wafer systern available from, Aixtron,
baged in Aachen, Germany; an EPL CENTURA single-wafer multi-chapber gysterns svailable
fror Applicd Materials of Santa Clara, Calif,; or EPSILON single-waler epitaxial reactors
available from ASM International based in Bilthoven, The Netherlands.

[0238] - Any reference in this specification to “one embodiment,” “an embodiment,”
“example embodiment,” “another embodiment,” “other ernbodiments,” cte,, means that a
particular feature, structure, or characteristic deseribed in connection with the embodiment is
included in at feast one embodiment of the invention. The appearances of such phrases in various
places in the specification are not necessarily all referring to the same embodiment, Further,
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when a particular feature, structure, or characteristic is described in connection with any
embodiment, it is subrnitted that it is within the purview of one skilled in the axt to affect such
feature, structure, or characteristic in connection with ather ones of the embodiments.
Furthermore, for ease of understanding, certain method procedures may have been delineated as
separate procedures; however, these separately delineated procedures should not be congtraed as
necessarily order dependent in their performance. That is, some procedores may be able to be
performed in an alternative ordering, simultaneously, etc. In addition, exemplary diagrams
illustrate various methods in accordance with embodiments of the present disclosure. Such
exemplary method ebodiments are desoribed herein using and can be applied to corresponding
apparatus embodiments, however, the method embodiments are not mtended to be limited
thereby.

[0239] Although few embodiments of the present invention have been illustrated and
described, it would be appreciated by those skilled in the art that changes may be made in these
embodiments withowt departing from the principles and spirit of the invention. The foregoing
embodiments are therefore to be considered in all respects illustrative rather than lmiting on the
invention described herein. Scope of the tnvention is s indicated by the appended clajms
rather than by the forepoing description, and all changes which come within the roeaning and
range of equivalency of the claims are intended to be embraced therein. As used in this
disciosure, the term "in‘e.fémbly" is non-exclusive and means "preferably, but not limited t0.”
Terms in the claims should be given their broadest interpretation consistent with the general
inventive concept as set forth i1i this description. For example, the terms “coupled” and “connect”
(and derivations thercof) are used to connote hoth divect and i]l.u;ii'rc-:c;t connections/couplings. As

another example, “having” and “including”, derivatives thereof and similar transitional tetms or
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phrases are used synonymously with “comprising” (i.¢., all are considered “open ended” {ermg) -
only the phrases “consisting of” and “consisting sssentially of” should be considered as “cloge
ended”. Claims are not intended to be interpreted under 1172 sixth pavagraph unless the phrase

“means for” and an associated function appesr in a claim and the claim fails to recite sufficient

gtracture to perform sach. function,



What is claimed is:

I A diode comprising: a substrate; a dicleetric material including an opening that
exposes a portion ol the substrate, the opening having an aspect ratio of af Jeast 15 a
bottom diode material including & lower region disposed at least partly in the opening and
an uppet region extending above the opening, the botlom diode material comprising a
semiconductor material that is tattice mismatched to the substrate; a top diode material
proximate and disposed laterally from a sidewall of the upper region of the bottom diode
material; and an active diode region between a sidewall of the top diode material and the
sidewall of the upper region of the bottom diode maierial, the active diode region

including a surface extending away from a top surlace of the substrate.

2. The diode of claim | wherein the active diode region comprises a p-n junction

formed by a junction ol the top and bottom diode materials,
3. The diode of claim 1 wherein the active diode region comprises a material
different from the top and bottom diode materials, and the active diode region forms an

intrinsic region ol a p-i-n junetion formed between the top and bottom diode materials.

4. Fhe diode of claim T wherein the active diode region comprises multiple quantum

walls Tormed between the top and bottom diode materials,

3. The diode of elaim 1 wherein the substrate is selected from the group consisting

of silicon, sapphire, and silicon carhide,

0. The diode of claim 1 wherein the substrate bs a sinple crystal silicon wafer,

7. The diode of claim | wherein the opening is a trench, and wherein the upper

region of the bottom diode material forms a fin above the trench,

8. The diode of claim T wherein the opening is a hole having the aspeet ratio in two

_65-



perpendicular axes, and wherein the upper region of the bottom diode material forms a

pillar above the opening.

9, The diode of claim 1 wherein the serniconductor material comprises a malerial
selected from the group consisting essentiatly of a Group 1HI-V compound, a Group H-VI

compound, and a Group TV alloy.

. “The diode of elaim | wherein the bottom diode material includes an n-type dopant

and the top diode material includes g p-type dopant.

(1. A diode comprising: a substrate; a bottom diode material that is lattice
mismatched to the substrate, the bottom diode material extending above a top surface of
the substrate and including a bottom diode seetion having a width across the top surface
and a height above the top surface, the height being greater than the width; a top diode
material proximate the bottom diode material; and an active light emitting diode region
between the top and bottom diode materials, the active light emitting diode region
including a surface at an interface between the active light emitting diode region and the

bottom diode material, the surface extending away [rom the Lop surlhce,

12, The diode of claim 11 wherein the active light emitting diode repion comprises a
& i s ]

P junction formed by a junction ol the top and bottom diode materials.

I3, The diode of claim 11 wherein the active fght emitting diode region comprises a
malerial different from the top and bottom diode materials, and the active light emitting
diode region forms an intrinsic region of a p-i-n junction formed between the wp and

hottom diode materials,

B4 The diode of claim 11 wherein the active light emitting diode reglon comprises

multiple guantum wells formed between the top and bottom diode materials.

15, The diode of claim T wherein the botlom diode material includes an n-type
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dopant and the top diode material includes a p-type dopant.

o, A structure comprising: a substrate; a diclectric material including an opening, to 4
surface ol the substrate; a bottom diode material including a lower region and an upper
region, the lower region being disposed at least partly in the opening, and the upper
region having a sidewall extending above the opening, the bottom diode material
comprising a semiconductor material that is lattice mismatehed 1o the substrate:; an active
ciode region along the sidewall of the upper region of the bottom diode material, the
active diode region having a sidewall laterally distal from the sidewall of the upper region
of the bottom diode material; and a op diode material along the sidewall of the active

diode region,

17, The structure of claim 106, the opening having an aspect ratio of at least 1,

8. The structure of claim 16, wherein the opening is a trench, and wherein the upper

region of the bottom diode material forms a fin above the trench.
9. The siructure of claim 16, wherein the opening is a hole having a circular cross

sectional arca in a plane paraltel to the surface of the substrate, and wherein the upper

region of the bottom diode material forms a pitlar above the opening,
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