Di ode- Based Devi ces and Met hods for Mking the Sane
TECHNI CAL FI ELD [0003] This patent application relates
to sem conductor di odes made from conpound
sem conductors or other lattice m smatched
sem conductors on silicon wafers, as well as nethods
of:éabricating such sem conductor di odes, and nore
parDicdé-Bdsed Deviddiaimhveiil forahi é}{]ﬁ ST ey i ght
emtting di odes (LEDs), Iasers,,%hotovo alcssggﬁ%
ot her optoel ectronic uses. BACKGROUND [0004] This
section provi des background i nformati on and i ntroduces
information related to various aspects of the
di scl osures that are described and/or clai med bel ow.
TEg&ﬁiﬁ”ﬁ?%h%ﬁgund statements are not adni ssions of
. 005] The majority of chip manufacturing
t akes advantage of silicon processing on high-
li ol 5 . ilicon wafers.
O Frver S AR wtion S B et conEfartodassinde from compound

mmrer ci al” man cturers

d sem canductars such as gallium arsenide and
s B OB en P sa Meusiors weh s ek wel
%g anlgégg of silicon wafers. They typically build
meg éﬁ Fatnggueh smeisondustis Yliodesnand imqre patiicolarlg ofoa photonic
cells, and other conpound seniconductor devices on
appEfaliqns segdperliahy emittiag diodentidDshflasees, photabsltsus kn@sther optoclectronic
sapphire, germanium gallium arsenide, or silicon

usegar bi de. -1 [0006] The chal | enge of maki ng conpound
sem conduct or devi ces on i nexpensive substrates has

wi despread econom c inplications. Conmpound
' ctors are an inportant conponent of our
BA@%@%i ons infrastructure because they can emt
and detect light. They are the materials in the

[0008ser STHDRcHES B9l bl 8 B4R aﬁg %ﬂt{CCﬁiélethi B! Sation related to

the sensors that recelrvé thoSe signa

Varigg%o%gp%%tg Blsthig '&is%ﬁ)lg{l%l? ﬂ%}ﬁ ér%l dgﬁcgl%gﬁ Eﬁd/gnh ﬁaﬁn@ 1ti)f:flci)m?,r’lg’heis(r-zl background

one base
statements are not admissions of prior art.
[6005] The majority of chip manufacturing takes advantage of silicon processing on high-
quality, large-ared, low-cost silicon wafers. Commercial manufacturers of devices made from
compound semiconductors such as gallium arsenide and indium phosphide generally have been
unable to take advantage of silicon wafers. They typically build light emitting diodes (LEDs),
multi junction solar cells, and other compound semiconductor devices on stmall, expensive

wafers made of materials such as sapphire, germanium, gallium arsenide, or silicon carbide.



circuits that transmt and receive mcrowave signals.
[0007] Light emtting diodes typically consist of
galliumnitride films deposited onto sapphire or
silicon carbide wafers. These exotic substrates
contribute to the high cost of LEDs. A sapphire wafer
4 inches in dianmeter typically costs around $130, and
a 2-inch silicon carbide wafer can cost about $2000.

c ne8-inch silicon wafer i ch provides,
1000y, - Pl Bthong® s el tofipp bl irtiotyTods B Repeve subsirtes
and 16 tines as much surface area as a 2-inch wafer,
has W@ﬁp{%ﬁ R raphcagans. LAFPPED0 sergewdIctors are an important component
High-effiqienc% mul ti junction solar cells typically
of oug senaiupichagnsrisrasftrugaraipeviouse theyednl dnifemad detedt dizht. dhey are the
i ndi um gal | i um phosphi de deposited onto germani um

matenalt a1 the lAsrsithattthaseAsEnaltlibupiebeil fibérs tEPSensors that receive those
germaniumwafers simlarly are smaller and

signaf, EH3l i BidiRkd 1% cBMIS: N hﬁp i) | f i
B O T b o (PIPROKS e oy e ih LAPBh IR Bk atations, and the
: [ 2, Syl ¢ fers facilitates market growth
cucuﬁﬁ%gg@%s%ﬁ %g};ége%%ﬁ@mv&v_e S9To] Two key techni cal
barriers have prevented the fabrication of conpound
[0007 em qupieestitihg dRMECEBicANly Sodsist ONcARER hitridd BBndH i
of Iat??ce co%stant§§an thesn?g%atch of therﬁ@ﬁﬁkﬁ%mnsthne

or siliBd#® @ﬁ%%d@ %aﬁ@r@f’fﬂeﬁé %ﬁ'su{)&%%e]s] coh btuitegtg rtﬁ%%ggtcgg:rog;%ﬁ. A sapphire

crystal, e atons sit I'n regular
as.a_latti.c The di st bet ween_ t he atons
waterdh es38 o Pimetdriftyeons berib 156, ey ihislipon cgde wafer o
ngst.r (1 "angstrom =10-10 neter). Siljicon has a
cost aeig §20P0 Tt Garisastc g deahesiHawaaHeh yhédkrirovidgs four times as much

sem conduct ors. Wien conpound seni conductors grow on
silicon, crystalline inperfections known as msfit

di sl ocations appear at the interface. The m sfit

di sl ocations create other crystalline defects known
as threadi ng dislocations, which propagate upward from
the interface. Threadi ng



di sl ocations di m nish the performance and the
reliability of conmpound sem conductor devices such as
| asers, solar cells, light-emtting diodes, etc.

[0012] Thermal Contraction M smatch: Conpound

sem conductors typically grow at high tenperatures,
whi ch can exceed 1000C. Wen the wafer cools, the

surface GRANE WNHINSE WaEQ Al 06 Bfimes a8 nfuch SR SO AL incHW:Sert HBlkally
the silicon wafer. As a result, the wafer nmay bow in a

manner, stressing and ultimately cracking the
costs lefsotﬁ&’wF%om] Unti | recently, the nobst prom sing
previous efforts to grow high-quality conpound
[0008] s enfhgindﬁﬁctancﬁ o pinstidn sodar cslibsipicatle sottaind ayeat bBgermanium,
t hree approaches: graded buffer |ayers, wafer

galliumbededidganddhdiesl @ChinY BhaipBidk Hep?jﬁltéﬁe&% geﬁﬁlﬁiﬁn&fvaﬁeﬁ@?&% is the case
appr oaches has achleved commercial success. [0014] In

with wil R4ga by | fm+ r“safeﬂs @&@ﬂg&g“ h éy;aaa gﬂﬁﬁmf&o@é expensive

anges gr from su pur
than silid iﬁ ﬁ conmpound sem conductor. Since the lattice
SUIEOHSEAAE al so changes gradual Iy, crystalline defects
are less likely to format the interface.
[0009] Unf Bhé sibiatyeloredid Comuad 8emRUAd1R%or RYRES oM 8ot Rafefs facilitates
relatively thick (about ten mcrons for a 4%/l attice

T buffer | ayer increases both the
marketglgg)t@ §Qg %E%fmbﬁtﬁ ood of cracking. [0015] Wafer

bondi ng i nvol ves grow ng devi ces on expensive
[0010] sub%ivodicesechhieahbdriitd hage mébenttdibthe dewicatsn afnebnndi ng
themto a silicon wafer. This approach rul es out nodem

semicor@ubiof @BviBEQRESBEIOwaRR: e rn%&h@tch 8f G@dde doB etk bRl the mismatch of
Furt hernore, bonding typically requires tenperatures

thermal%?%é’ 5 dp%@ﬁcztémsen the materials cool, the conpound
con ¥ors nay crack because they contract nore

than the silicon wafer. [0016] Selective growh on a
[0011] mesBamxpMikhaichni dwbithl] thy atknssiie ad&gﬂzﬁgﬁhbcﬁﬁ srrayl R as a

strategy 1is to deposit conpound sem conductors in
lattice, BPibtah QO BRSn(thE afoths 1R Wl £ 1BOS1atibelcBRA) is HIRREDY few
&ngstroms (1 dngstrom = 10~ meter). Silicon has a smaller lattice constant than many compound
semiconductors. When compound semiconductors grow on silicon, crystalline imperfections
known as misfit dislocations appear at the interface. The misfit dislocations create other crystalline
defects known as ihreading dislocations, which propagate upward from the interface. Threading

dislocations diminish the performance and the reliability of compound semiconductor devices

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

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

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



providing a short path where nobile dislocations can
glide to the edge of the region and renove thenselves
fromthe device. However, structures created by this
techni que typically have a high density of threading
di sl ocations (nore than 100 mllion per square
centineter). This _technique cannot renove inmmobile
film magicepigRca toghiban tsisdisop e naresuliienwaliempas bowde a concave
m smat ch exceeds 2% -4 [00171 Aspect Ratio Trapping
manner( greSsinPandkultitnagdly cradhe 8@, fi1662113 (2007), hereby
incorporated by reference in its entirety) is a

oped  technol ogy.t hat_nmakes it
10013] { & BBl b it TG TP Sine TR 4T End St BgeIny Sompound
) er mani um or other lattice m srratched materials on
semnicorgipptopsopioifieanssubstragsrhava relipd or threg apprqashespgiaded uféer dyers, wafer
Aspect Ratio Trapping (ART). A thin film of
bondingjioe bddedtive grovethenimé¢sa® N ofi these spiromdis bisachibeed GintRerkcial
or silicon nitride (SINX) is deposited onto a silicon
successwaf er 10. Those of skill in the art can select a
vari ety of dielectric materials such as SiO Ny, and
icates or oxides of material such as Hf and Zr,
[0014] suchl gigdpf Bfy0ensy. e cownesitignsoldhe matbtiehchanges gradually from
dielectric material, and then deposit a
substaniaty- et silicen wet pire domgmrtidcmnﬁhmﬁmtms Girsgahe Astice constant also
germani um or a conpound seni conductor in the trench.

changesTdteddaiyeaditiitine dbsbeea kaNgkeAlo Bh ‘é@th@%ntgﬁééee@nfdﬂﬂﬁa?tely, the
propagate upward, typically at approximately a

graded ‘tﬂﬁ%f %ﬂs 34 f?)t eI Eﬂﬂiﬁﬁ&ﬁ' ?ﬁnﬁcﬁﬁﬂ oY @%ﬁﬁﬁl}e ﬁlﬂglatch). The

e trenc

kLGP0 BRREb %@%gﬁiﬂxsiﬂssﬁfgfgﬁﬁpaa%@t ; d°$ﬂ| de

themto the sidewal | s. Reference is made to the region

[0015] | N Farlnnsh WRaTE: Hb&in dowal bs exﬂe'hﬁf% fsﬁﬁsﬁ%%k ”cﬁen lifting off the
di sl ocations as the ™trappi ng regi on' . The up

devices E)g(gb&ﬁit %th%ﬁlxeco qosﬂléoﬁ%df&eTglg%:ﬁl%g& 2 %yac{%? %iﬁ%}n 1110%11 ‘processing
as a rouffio er%r&%fhrﬁ%iﬂ@@awsm%ﬁ%#ﬁ%@ﬁa r%gﬁ%%ﬁéﬁﬁe%ﬁ%%ﬁ%%ewc

coefficients for these reasons: (1) the stresses are
When thempterialbeaghdee eqepapi semicenducioyemey arack bpganse {hpy contract more

than the silicon wafer.

[0016] Selective growth on a mesa exploits the mobility of some dislocations. The strategy
is to deposit compound semiconductors in small regions (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 squate centimeter). This technique
cannot remove immobile dislocations, which predominate when the lattice mismatch exceeds

2%.



the material can elastically accombdate the stresses
arising fromthermal expansion m snmatch because
di mensi ons of the ART openings are small; and (3) the
Si 02 pedestals, which are nore conpliant than the
sem conductor materials, may deformto acconmodate the
stress. -5 SUWARY OF THE DI SCLOSURE [ 0020] In

[0017] accasmtenBetioi tappag (@8bRatk wesit, ARL 80,dde 1 Lof2p07)s BareBy incorporated
substrate, a dielectric material including an opening

by referbittin € BOSRS)) 3 PRICEABNIREIHBEtSHRTbEAInes mbRQ IORRGHLIRGo deposit
having an aspect ratio of at least 1, a bottom di ode

high quﬂﬁ% @?Ihﬁ&uddrk%hgégnﬁgctﬁrsl Qé’iﬁ{gn% Elgblo&hgy 18 ﬁgsrﬁe{tcﬂe%g'ﬁitenals on

Int openi ng an upper region exten

ve Ihe t he bott
slicon %%" o Bl kel %S@F%ﬂfﬁ%%pﬁl@g (AR Gyt s
hedtothes ra a top diode
dielectrig F&F@Wﬁi@@ SpeheRs phion cﬁ %@I‘Bz) G ﬁ@lcﬁéfltt@ﬁ‘? @ﬁ%)és deposﬁed onto a
materi al, and an actlve di ode region between the top
silicon veafer Hbflhosn ofiskdleinthe erticent sslect hevarelyio dicttichbanategilosuch as
including a surface extending away fromthe top
SiON,, atid fiicge0dr dxities 90hataal sich hOBR Add Fi) sahcarrgimce with
anot her enbodi ment, a diode conprises a substrate, a
ottom dj ode rmterlal that is lattice m smatched t

(0018] ¢ he%%@lt Baiched fhthelinleciie mataal. sae &rensepesit - h@@lce-matched

~ above a top surface of the substrate and including a
semiconBattooi sich degsertivonotrasomyguad windcdndactoossthe trencht dpe threading
surface and a hei ght above the top surface, the hei ght

dislocatio@é 0Q sBo@aEE Hotidtalings NRowd dg‘ifethvﬂir@ i9A1D68 apBiorith@bly a 45 degree
proxinate the bottomdio material, and an active

angle frorh WY in ?eg?aké HGh ﬂ%&&%f {hsgi Q/allpgtﬁ’@@rgnékp @vh%fboth%p%rmmate.

ottom di ode materi a e active diode re

sl S B PRI T ——

a,di ode. The nethod canprise deposij ti ng
guide thf:rg);%F geoqqd%(vaglpeﬁ{%fg{elnp%mﬁ%dgrtp ggpr@glogsl% [b@é*fpepg]g @here tﬁe sidewalls
patterning an opening in the dielectric. material to

trap threagipg slslecapons dsghe Ofranping rsgiost FatBie upher rogien ohghe mavilatgee-
an aspect ratio of at |least 1,
matched semiconductor 30, above the trapping region 50, is a relatively defect-free region 60.

16019] ART addresses the issue of cracking caused from mismatch of thermal expansion.

coefficients for these reasoﬁs: (1) the stresses are small because the epitaxial layers are thin; (2)
the material can elastically accommodate the stresses arising from thermal expansion mismatch
because dimensions of the ART openings are small; and (3) the SiO, pedestals, which are more

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



formng a bottom di ode regi on by grow ng a conmpound
sem conductor material that is lattice msnmatched to
the substrate in and above the opening, form ng an
active diode region adjacent the bottom di ode region,
and formng a top diode region adjacent the active
di ode region. -6 BRI EF DESCRI PTI ON OF THE DRAW NGS

r onpl et e under st andi ng of
SWWﬁF@é?ﬁsgﬁr@eﬁmwam ages thereof, reference is
now made to the follow ng descriptions taken in _

2071 CON - ; . "
10020 Oogxg]wcbmﬁcmfﬁ ah ELBGERIPA dd%%orrﬁiﬁ%ﬁ g&oﬁgu%g,pag@tbﬁ&m

Fi gure ustrates the princi h
. Ratiag. T ' RT).. [0025]. Fi 2 t he .
e e A R T
aspect rg’[{g I%glatglggstéaf 8 éc?ﬂ%ég]d}oﬁg a ?@ﬁ@b@dggfgalgﬁeﬁ?e@g?%gogéd a?‘.fleast partly

) Figures 4 and 5 are exenplary stages in the formation

in the openipg endabertichragiorodxteriding dbovathe[aqporisy, the hortemflidds naaterial
al ternate enbodi nent of the enbodi nent of Figure 3;

comprififg) 2 9¢miebrdircenr Tnaenalialiat Zeisttiae hiisrsdtchitth otk aubeipateli atgp tiode
an enbodi ment for form ng the enbodinment of Figure 3;

materia] $93Matdi@upBerSe SUNHBNLE BEFord dD8S AR B LAt AGERIHR %egion
to an enbodinent for formng the enbodi nent of Figure

ol ' . | t. .
betweepio dp it IHIGS: adittls 1 SROBL AR BHEER i cpending
11 summarizes .a third nethod according to an
awayfrg%ﬁ%mﬁgmfgcre&f?]}e et he enbodi ment of Figure 3;
[0033] Figures 12 through 15 show exenpl ary stages for
[0021] f OF W &QoARNEWRE LAGRE: dnitlodihdRLHode comprises a substrate, 2 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 section having a width across the
top suiface 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 diode region including a surface extending

away from the top surface.

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

bottom diode region, and forming a top diode region adjacent the active diode region.

-6-



in Figure 16; [0034] Figure 16 is an enbodi nent of a
di ode configured in the shape of a colum; -7 [0035]
Figure 17 summarizes a first nmethod according to an
enbodi ment for formng the enbodinent in Figure 16;
[0036] Figures 18 and 19 illustrate steps in an
alternate nethod for form ng the enbodinent in Figure
BRIEF DESCROPBIN EIRJIHE IXOABUMNGY | zes the al ternate net hod
according to an embodi ment for formng the enbodinent
in Figure 16; [0038] Figure 21 shows a varijatjon
[0023] ¢ peF %’rﬁﬁB@ﬁerFQﬁtPE%? u e@%ﬁ@%ﬁ skgiEptERng ﬁh%@;ﬁivewages thereof,
col um-shaped di odes with circular cross sections is
referenca iy g edde o Hichelkagoadescaiptiays aboondiongineion wib thseccompanying
enbodi ment; [0039] Figure 22 shows a top view of the
drawinggribediigient in Figure 21; [0040] Figures 23 and 24
illustrate exenplary stages for formng an enbodi nent
illustrated in Figure 25; [0041 Fé?ure 25 is an

[0024] ondogieenidiugFates tBe Baecipls O\%Seﬁctt e LY ayer s
transm SSI ve rather than reflective; [0042] Figure 26

0025 LB Rt T DA% CEREALD0 LA AR Ul Bl o
bodi il ustrat es steps for form ng another embodi ment
embolmtst rated in Figure 28; [0044] Figure 28 is an
enbodi nent of a diode in which the silicon substrate

[0026] ha%@&%@ is b EFRVRhodRa4 oF a Bl BnBSurS Y THME kESS ofa fin;
methéd for formng the enbodi nent in Figure 28;

[0027] Figures 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 a first method _accbrding to an embodiment for forming the
embodiment of Figure 3;

[0030] Figure 8 summarizes a second method according to an embodiment for forming the
embodiment of Figure 3;

[0031] Figures 9 and 10 show alternate steps for fabricating the embodiment of Figure 3;
[0032] Figure 11 summarizes a third method according to an embodiment for forming the

embodiment of Figure 3;

[0633] Figures 12 through 15 show exemplary stages for forming an embodiment illustrated

in Figure 16;

[0034] Figure 16 is an embodiment of a diode configured in the shape of a column;

-7-



[0046] Figures 30 and 31 show steps for form ng an

enbodi nent in Figure 32; -8 [0047] Figure 32 is an

enbodi mrent of a diode in which the top electrica

contact also serves as a reflector; [0048] Figure 33

summari zes a nmethod according to an enbodi nent for

formng the enbodinent in Figure 32; [0049] Figure 34
[0035] sholigues Bpwmppiiges p fitvigneibpdeasordingdaten icnibod et def fpyming the

Figure 35; [0050] Figure 35 is an enbodi ment of a
embodighienidie Figire 6t akes advant ages of the fact that gallium

nitride and other Ill-nitride sem conductor materials

t 1 I, h h f i Xx- _si ded 1 d )

[0030] Cﬁ e {g?wé 8%.{181%9 gl:i}{stﬁatr% S pg gf@o@feg%aﬁc% ﬁ)@ﬁ%ﬁ%gﬁfo%nag%e embodiment
. .. dielectric layer; [0051] Figure 36 sunmarizes a nethod
in Figurgd@or di ng to an enbodi ment for forning the enbodi ment

in Figure 35; [0052] Figure 37 illustrate steps for

forgm enhadi in.Fia 38: ..1 005 Ei gur e .
10037] ; 3" el 20N ERPA FR ok T ok Sitd bl syt Spedb forming

Fi,gure.35 in ich the silicon substrate has been
theembf’gﬁi’ﬁ?gﬁﬁsw D054] Figure 39 summarizes a net hod

according to an enbodi nment for formng the enbodinment

[0038] | N FoG A B8wsaValldN bR DERERLEH mié}ggglg]in WAoh an array of

meki ng and using of the present enbodifrents are

column AEYIEHL o LGcRlok L ol iRy B ABREEHGY Sborcing o
anothergg&})i .cabl e inventive concepts that can be enbodied in

$i@<Phri ety of specific contexts. The specific
enbodi ments discussed are nerely illustrative of

[0039] PRl MY bl PR G diSoBniYERL oy and do

S5

[00440] Figures 23 and 24 illustrate exemplary stages for forming an embodiment illustrated
in Figure 25;
[0041] Figure 25 is an embodiment of a diode in which the dielectric layer is transmissive

rather than reflective;

{0042} Figure 26 summarizes a method according to an embodiment for forming the

embodiment in Figure 25;
[0043] Figure 27 illustrates steps for forming another embodiment illustrated in Figure 28;

[0044] Figure 28 is an embodiment of a diode in which the silicon substrate has been

removed;
[0045] Figure 29 summarizes a method for forming the embodiment in Figure 28;
[00406] Figures 30 and 31 show steps for forming an embodiment in Figure 32;

8



the scope of the invention. [0056] The exenplary 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 nultiple diodes, typically
integrated on a single chip. [0057] In general,
[0047] Serfig@Badues & erdbERent s chead which the &p@&mmodﬂﬁ&i also serves
the generic structure illustrated in Figure 2. The
cture conprises a substrate 101, a bottom di ode
asareﬂ&&&#on 102, an active diode region 103, a top diode
region 104, an electrical contact on the top of the
[0048] deWigee B%uma]adzara méteod 2dcoaling wranaotbodimdnh tor harrtingrihef
the device 106. Each region 102, 103, and 104 can
embodire@R iAFBuBN2t i pl e [ayers. [0058] The bottom di ode
regi on 102 and t he top diode region 104 have opposite
dopi ng For exanple, if_the bottom djode region
[0049] 1of1g1sre pééE@m staps foy farmigmen aropedimen ilisteated ia|fagire op;
donor such phosphorous, - arsenic, or antinony), then

[0050] o&el 9'10 Ig?}%g%iégltenﬂo% Mhd }ngech tﬁ!eﬁ‘?i&%g%géo !r)ﬁtggf&cm?at

ron accep or suc

. vi ce r in bo he .
gellior pARAAHSa ilwgaﬁ%ﬁﬂfe%diﬁ v r%’ll»? 5%@8@?@@? b shep of @ six-
provides a |owresistance pathway fpr current to
sided pyeamidrwlzmdhésegow autef ebolcss 2 topph &t diglspirivdatedvel s of
the top and bottomregions would be in the range of

1017-10 cm 3.. Typi cal , dopi evel of:- th
00517 85 BiHeab B b Schis iGeaeett (f ol e
' and "bottont for designating -10 regions is a
embOthtﬂéflgé?e ¥enveni ence and in sone frames of reference
a top region can be |located above a botton1reg|on
[0052] For%&é{@%'lﬁustr%?@ﬁéﬁi%x% oA LORRRhAPAEe DS T At €
region forne ove I'ts ott m regi on.
If the dlode 'S fI|p chip bonded to a handl e wafer and
[0053] t heFiglilagssulsémbidmen of e vanigithn dfhies émiimet i Bigereedfcie which
for viewing the diode typically is flipped. In this

the 5111c&@§ﬁsﬁ£@hh§%eh%%@%d%ﬁd be viewed as bei ng bel ow t he
bott om regi on.

[0054] Figure 39 summarizes a method according to an embodiment for forming the

embodiment in Figure 38,



[0059] The substrate 101 is typically a silicon wafer,
al though in different enbodinents a variety of other
substrates including sapphire and silicon carbide are
suitable. At |east sone portion of the substrate 101
wi |l have the same predom nant doping type (either n
or ) as the bottom diode region 102. As a result, it
Wi IﬁpSSIb|e to make good el ectrical contact
DET%JQ%Q&E%%: FREONot t om di ode region 102 and the substrate

101. [0060] The detailed structure of the active di ode

re a : .
[0055] ! ng*&gn %%ﬁ%{y | ﬁfg“&ge ptl B clilg%ﬁtslafrr]c, %ﬁsged 1%de{%lebeiow. It
active de re 103 s, for t he unc of |
should bf ﬁepfﬁﬁfﬁgéf%oa’ée‘fﬁg&wg SRR THETGEidih bR g g vonive
In this case, it can be desirable to vary the
Conwpfscréﬁﬁ %5 beembRdicd #ba HAdE Wetehnh speuiiopentpar Thiepecific embodiments
junction. In an LED, the active diode region 103 may
discussed etetratmlyningtratiay of spaCifat wiysdd mdke ot iscdbpadehtiye rsd dmdot limit
thin undoped quantum wells where el ectrons and hol es
the scope afthe @oeabome and generate photons. |n another
exanple of a solar cell, the active diode region 103
consist of a single |layer of noderately n- doped
[0056] or 6 qerap T dipldcaberasern &Qaﬁr@uzdmusmwhwom@ctaﬁssmgle
i nci dent photons and generate an electron-hole pair.
diode, alfhp 0@l jenTibenduatoe eighsersisetbthers tldled inhae dit vdB underisang that most

are well known to those of skill in the art. Typical
applicatiexamphiesmaltipksibids, 59Mato Ehﬁélg?rht@& oﬁﬁtsﬁfgle%kﬁ are: Goup
IV materials, such as Si, C Ge, or aIPoys of

these such as SiC or Si Ge Group I'1-VI conpounds
[0057) (i ke Bensralgsemtipradyictor diodey §isclossddn thisdenumenihdverthe generic
e.g., conpounds forned from Goup Il materials such as
structureZ}iustMg:d iB&igwe Zd The dttuamd cGmptipes\dl subsitas L@, 3 e disde region
Te, Se or S, such as ZnSe, ZnSTe, or ZnMySTe; and

102, an doi0éI@iolid tegioh TONR @:&iﬁ&iﬁdﬁ( B fnUd NG ALAAEN coRBENR He t the

guat ernary forrrs corrpounds formed from G odp
I
i ] LS S g G o g, 0,

As, Al GaN, |nAl GaAs, etc. Exanples of I11-N

104 can cS3tim AR 1oy Pls

[0058] 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
electron donor such phosphorous, arsenic, or antimony), 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-resistance 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% cm ™. Typical doping level of the active

region would be below 10" cm™. Note that the use of “top” and “bottom” for designating
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alumnumnitride (AIN), galliumnitride (GN), indium
nitride (InN), and their ternary and quaternary
conmpounds. Thus, the sem conductor material may

i nclude at | east -one of a group IV elenent or
conpound, a Ill1-V or Il1-N conpound, or a Il-VI
conpound. Those of skill in the art wunderstand how to

regions el ragter afl dorpenefssaniiie senafitaed af isfcbased gasiivadan be located
properties such as bandgaps, |lattice constants,

above a BORIN ARV BbSexafipfe, chbRG82]n FibQoBmsd SRRWS sBbstrate with its top
sem conductor di ode according to a first exenpl ary

region f%g%%%'b?? otE) %gﬁ(}ﬂiﬂ?ﬁ@%@%g?% dﬁfé):ﬂﬁg urglla%f %EAri%%wafer and
then the S5 E3y ﬁea}?é’eé Rt pterigite & iR el ot 0GP Fioped 1n

often may have a (111) crystal orientation, although
this casej the EpHeeion o b @F iiaves! i LREE bslaveedoitomgegigich as (100)
are selected. The substrate 155 can be either n-doped

[0059] 8r i G ecggase gﬁ @ ﬁagsﬁﬁébﬁﬁ vtvéfg %{[@t e e%nt eﬁl%omments a

incl ud hire.,and silicon carb d 006
variety o&o Eb gga}c HIPpgyT %110031 qaﬁlg? au&; aﬂlg Atc}east some
~ deposit a layer of dielectric material 160 ~such as
portion ofjtpsubstrasp [1) orl haverthelsenerpredernant dopesrtyputsithera @ phss the
by chem cal vapor deposition (CVD) or another
bottom degmoepiondif2t £¢hndsgligit wilhbel pydstids tonhelrsepaodfdletriidaboomdct between
light fromthe dielectric |ayer nay create a problem

the bottoph Hic@e Redidrd 1020hdi the S@REBERIN0Y. preferabl e because its
i ndex of refraction is closer to that of conmon

sem conductor materials. The thickness of the

[0060] di élhscietailed strudtwmeiof thegsiiza lioge 2e00on H0408Y degend wpon pumerous.
can be thicker or thinner. -12 [0064] A trench or

factors, ihcledmbelse ibEhdal sppliedtioar navhe\Ebin tisedasiv-adiodatdgyornvEstis Ganed by
sidewalls in the layer of dielectric material 160,

the Juncﬁd?ﬁff@l@é’toﬁ XRSHR 'r%o@l P B Rfork BRAS b c%cﬁ)drofn t'ﬂﬂ%ase it can be
[ i con Substra 155, as shown in Figure 4.

dmmg;@'xggr aBlighih ggﬂg Sl R, S ORPAE: Lﬂgg&c&ﬁﬁggg 135 e active
diode rega:tgg ll bf fantagz (c):cr)]ntam many lgyer gtl nelcluge goathtdg{)gd 1?1yérg nd ‘Hlin X.ndoped
quantum wells where electrons and holes can recombine and generate photons. In another
example of a solar cell, the active diode region 103 may consist of a single layer of moderately n-
doped or querately p-doped semiconductor material to absorb incident 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 are: Group IV materials, such as 8i, C, or
Ge, or alloys of these such as SiC or SiGe; Group II-VI compounds {including binary, ternary,
and quaternary forms), e.g., compounds formed from Group II materials such as Zn, Mg, Be or Cd

11~



conventional photolithography or reactive ion etch
techni ques. As woul d be recogni zed by one skilled in
the art based on the disclosure herein, the trench
coul d be anot her shaped opening such as a hole,
recess or ring, for exanple. The width of the trench
65 is preferably equal to or |less than the thickness
and GIOBP Vi peateriads grohas d endt @rd. arch FnSec adTe oo AnbiasSigeand Group III-
fromthe requirenments of Aspect Ratio Trapping: the
V compeuntdsdingtudinpebihaiygletoa, anh quateramytfof6d, ¢.g., tédrapeinds forafed from
the trench 165 is preferably greater than or equal to

Group 1T nidteriuldl@ichtag It APosGh stdpbla M Martikisbhideadid) @, Sb or N, such as
di sl ocations. This technique is disclosed in earlier

InP, Ga&Q@E?WIMAﬁ@SS iA9084, RAIGM s, @Qﬁgke&?ﬂﬁso%gﬂ(]g g&n})m}:&dgubc%ude

Patent’ Application Seri al

s B OO Ao P EL TR P

ITI AND LATED THODS F

it R Ex S RS TP ARBIEO! AR AL HED G RSN ofa group TV
12/ 180, 254, filed on June 25, 2008, entitled

element of pormp@Edyt HIATOHEDN GEVMPOChDUETER] STRUCTIREBoMIOFIKiIl in the art
REDUCED DI SLOCATI ON DEFECT DENSI TI ES AND RELATED

understabETHIERE sEER D W GlesHABRI AT DND dsedl HedibeB. préfai@sitsuch as bandgaps,
Application Serial No. 11/436,062, filed on May 17,

lattice codBfits, 8bihE [SQLs, &ATTI CE-M SMATCHED SEM CONDUCTOR
STRUCTURES W TH REDUCED DI SLOCATI ON DEFECT DENSI TI ES
AND RELATED METHODS FOR DEVI CE FABRI CATION; " U. S.

[0062] pr dligwedrihbws Appinicondiater dBeici agbomliong 16@/BetZxFmplary ehbatliment.
on Septenber 7, 2006, entitled "DEFECT REDUCTI ON OF

Figure 4 SEhECTh Yantte HRsToaM6uh dSRENGHRSe ONnlu(RQ b)suSldBRTHATESD as a
USI NG ASPECT RATI O TRAPPING " U.S. Patent Application

ilicon wadr &
silicon vaRé : l\r\erlg@h lgéé'?:ffé I%%?cﬁnc i 1@%@?&&%@%@8@@ _ﬁO%%QQle the Sk face

often ma&@é&g E y%e'tafcl %n@ﬁtgﬂ@l altgo rggll?%( othﬂep g Bc?cg{ﬁg%t% %gll‘fE ﬁtgl[g etf;u!,’mns

I rety erence peer -
I PL .90, 052113 [200/
such as (0} Gp é%{iétfﬂ@éﬁ’rﬁgfw@'ﬁ%l FAP 0 cher -Eespd EW Pr%’]ﬂ’éﬁi ey @ding 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 is to deposit a layer of dielectric
material 160, such as SiO; or silicon nitride onto the silicon substrate 155 by chemical vapor
deposition (CVD) or another deposition. technique. In devices where reflection of light from the
dielectric layer may create a problem, silicon nitride is generally preferable because its index of
refraction is closer to that of common semiconductor materials. The thickness of the dielectric

film is typically 200 to 400 nm, but it can be thicker or thinner.



[0065] In sonme cases, it may be advantageous to cl ean
the surface of the silicon substrate 155 at the
bottom of the trenches 165 by standard techniques to
prepare for epitaxial growth of the bottom diode
region. See, e.g., (Park et al., APL 90, 052113
[2007]). [0066] Another step is to grow the bottom

[0064] di oderdneliopticrches 16Nae phternedatthrgbdthriaiy veaeicalrstdewalls in the
shown in Figure 5. The material for the bottom di ode

layer of:r cﬁ&b&ﬁc 1B (A8 PET GSer Oy d:pBsiel8 Ui Briont&ih th@s&falcélbf the@llcon substrate
he bottom di odé regi'on 170 can be, for exanpl e,

: iU
155, %%@%ﬁ%@“& ?‘é%’?%%g%fg‘%“ S Pl Borsid 1ol 590.3,4.5.6.
i nar tern
or evenlis (Picamgpodh BeZeS R pﬁﬁﬁﬂaﬂf@w&@éﬁﬁ%é SR itk by
al so be made from many ot her sem conductor materials
conventiqre} phetolhesssrio s geashYR 108 FERRdEGmicaY. ¢hsivrudd BERogRiZed by one
bi nary, ternary, and quaternary conbi nations of at '
skilled ineixsdrt baved gn tgplidcldsuel lenemtth e osbrobld dmaaher shapedropsbipg such as
plus at | east one group V el enent chosen fromAs, P,

a hole, 106esStbr rindhiof Branae Tihs efith oftRnedich @65 fsqrefelai eﬁ;[aél t6 WE tbss than
as LEDs, |asers and resonant tunnel i ng di odes. [0067]

the thlcﬁcﬁesé 3f g %ﬁséléyﬁ?o ﬁﬁ’teﬁgf Thif1® Eﬁ’foh%%egéeg Gt ﬁlg' gtgzmgﬁ%ﬂis @5 Aspect

durln taxial grow

i gk B L% S T2 t%@%wg o 1651

regi ons, active diode regions, and toP i ode regdégons
preferal GEaE £afA OF CRALEO A% exd@m%ap supsaniially o thEseding|dasieptions. This

dope themeither in situ during epitaxial growmh or ex
techniqed Bulidsjosedin danlpdr antuadndnadsignp 0e8Nt dppliFitigns &.6, Uth&atent
bott om di ode region 170 has the configuration of a

Applicatib Seabiavslingi3bmos, diedioa Ni&p1 NA00s,] @sikad AhATMGE-MISMATCHED
col | eagues at Hol dcai do University have descri bed

smxc@i%ﬁ*@é?o@tf sTRUEW RES teerst enticED HesthsarieNvetpees

such as nanow res by netal -organi ¢ vapor phase epitaxy

DENSI?W&%@A&%W&@% Poplgpbiwbﬁ ABRREATIONS .S, Batent
Nk e

identified growth condltlons in which the crystal

SEMICPREZEE TR S hRECT IR P TEREREGEP DESLOCATION DEFECT

DENSITIES AND RELATED METHODS FOR DEVICE FABRICATION,” ;” U.S. Patent

Application Serial No. 11/436,062, filed on May 17, 2006, entitled “LATTICE-MISMATCHED

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, 20006, entitled “DEFECT REDUCTION
- OF SELECTIVE Ge EPITAXY IN TRENCHES ON Si(001) SUBSTRATES USING ASPECT

RATIO TRAPPING,” U.S. Patent Application Serial No. 11/852,078, filed on September 7, 2007,
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the structure grow nuch faster than the crystal phases
whi ch accunmul ate on its sides. In other words, these
growt h conditions favor growth. perpendicular to the
pl ane of the substrate while suppressing growth
paral l el to the plane of the substrate. To establish
~ these growth conditions, the Hokkaido group adjusted

entitled {RFF BET SEIRUEKIGN ST CpASPRGT RAYTESSURAPIBNG. Revhigisere all hereby
precursors, the ratio of elenents in the gas

mcorporpted du thetrentiramn ty réferehesyped at poeerofewdigosmbbiitialee (Park et al., APL
These nethods nmay be applied to grow the bottom di ode

90, 052718920071 1% Rich s hdieb§ Bicopefata if i€ endilcBN6Y Rerthdtyas shown
in Figure 5. Preferably, the dielectric S|demalls of
the trenches will have a {I 10) crystal orientation

[0065] so Inmamechiessit bredeadvandggepasdoaleanitie fraface bt the)silicon substrate
sidewal I s, which are stable and grow slowy or not at

155 at thelHotmgtethe inenchesoliSbystamdadditahsicdeso prdpatk By epitaxial growth of the
Noborisaka et al. [0069] The |ower region of the fin,

bottom MBdERgich. St LQUITHRG Y1 tA® yerishead Hz@o wal |'s of the
dlelectrlc material 160, may be cal he "trapping
region" 175 because it traps dislocations including

[0066] ¢ hef&mqih@aénpn@ tagrovoibabpers digie regitn €4y itingeldi skovmtthostsucture
originate at the interface between the fin-shaped

shown irbBigtiend. dhe dexterizb feemhbtdioandoddregisti D30 deicadd&btheaBdice. For a solar
they propagate upward at angles of approxinmately 45

cell, the B6E6RFodelb ?Hﬁ 878 o8 0Forlt BEmbY BRI galfil:s! gﬁﬁ%ﬁﬂl@@ﬁn@ﬁg For a

as dashed |nes The ‘portion of the bott

* L8D, SN AA0 NI 55 BRI CHPRI Y 0B By,
ot S RS oL 0L BB By Mgl L peotpund

| owcost silicon wafers. For some nmaterials, such as

many oty NemiGoRuckaNnatgFials dnafudive ermpauad semiserductosmisiterials ok as binary,
of these, a dislocation density of e.g. |less than or

ternary, mqiu:aiatdzmryl 0@hbinRtioms df etlcest onugrotip Ielauset thoskafroge@h,da, or Al,
applications. For sone other materials, such as GaAs

plus at leagrorePouvedimii ahoden \Wim Ak S Q6 8h1 %1&%%bh¥eﬂ1§pmpemes for
typically required to be useful for devices, e.

devices éu%ﬁsas e ﬁﬁerg%@ﬁszj%gﬁg@%dm#é [ 0070] Fi gur e 6

shows a step to grow ode regi on 185. The
detail ed structure of
[0067] It is possible to dope the bottom diode region 170 in sifu during epitaxial growth or

to dope it ex sifu by ion implantation. (As a general matter, it is generally preferable to dope the
bottom diode regions, active diode regions, and top diode regions mentioned in this disclosure,

and it is possible to dope them either in situ during epitaxial growth or ex sifu by ion implantation.)

[0068] In Figure 5, the bottom diode region 170 has the configuration of a free-standing fin,
Jinichiro Noborisaka and his colleagues at Hokkaido University have described methods of
growing free-standing vertical structures such as nanowires by metal-organic vapor phase epitaxy

(Noborisaka et al., Appl. Phys. Lett. 86, 213102 [2005]; Noborisaka ez al., Appl. Phys. Lett. 87,
14



the active diode region 185 depends on the device; for
exanple, it can include nmultiple quantum wells or a
single layer of noderately doped sem conductor. Before
grow ng the active device region 185, the growth
conditions may be adjusted so that the crystal phases
whi ch accunmul ate on the sides of the bottom di ode

093109 [EDSONwhil agd et indPpobexdd it @Fsfeidign Saientiadte. B Hdl&aido
phases which accunulate on the top of the bottom

group 1déhﬁ’ﬁ@d ERIHPPontltbnsAS w@udhetﬁé‘&ﬁfstaf SBEHhVE agéxﬁrqgaté 881 op of

cah grow conformally around the outsid

the strué%?rte ggﬂ;@v %u%ﬂ%a&&q nnth% zgfs’gb?g é%ﬁkc nlg_ﬁlg fe o gs sides. In other

agues have esc e gro

words, tﬁ%@&% : aI Cgi’fl?ils ahrq EAQE%%B%}%/ Let h’tﬂ’ pgatl‘)ﬁé)& the substrate while

enbodi rrents it is preferred that the active diode
Suppressnraggr@maiéahw thhplape pf dic sulestiatey iTorpsthbBshhose growth conditions, the

approximately the same |lattice constants as the
Hokkaidogtrbwpmdiuaetevarables suchadstiropagiie! tihssirabf thegas presirastt, shelmtio of
not have to be approxinately the sane. As a result of

elememéﬂav{h@ gasgﬂw@@@cmh@ the tbiBerai®of @b khiS@rakOTRsRH&hods@Mhy be
if any defects wll format the interfaces between

applied H%ﬁ%l écﬁ%f?o (ﬁrg H{&g% r?ﬁ[l&p 17 inifte fo%fg%‘v AR08 s‘nﬁﬂ:@ﬂ@fﬁx1 Bs shown in

ode regl on

S LY X N —
region 190 will be the ogpposite of the doping of the
so that thsubE AR RGNS 170) Sdovble WEcharcs{Abl, a0 edy or not at

will be n-type, and vice versa. [0073] In Figure 6,
all undet the gwavdthivooditivheddsopbadi pd¥otbenalonst 2190 is limted so
that an opening remmins between adjacent fins. This

itecture.is opri.ate for cel | [
10069] ¢ TheliGGb Temion s MERORUEH & shbuited Boithe Bbptsieres of the

that the top diode region 190 will absorb the ) )
dielectrip megarian §6Q.ivgbe @iled thegiapping rpsipw’s] Eresresg 1t apsidéslacsions

di ode region 190 will not generate any useful
including tecthrdading yisidcatidmsyl 80 eCiosdiimediblet aticas bligipateeathe itthdace between

active diode region 185. The anmount of -16
the fin-shaped bottom diode region 170 and the substrate 153, and they propagate upward at
angles of approximately 45 degrees. Figure 5 shows the threading dislocations 180 as dashed
lines. The portion of the bottom diode region 170 which lies above the trapping region 175
remains relatively free of defects. This low-defect region enables us to create high~quality
compound semiconductor devices on high-quality, large-area, low-cost silicon wafers. For some
materials, such as GaN, InN, AN, or ternary or quarternary combinations of these, a dislocation
density of e.g. 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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material in the top diode region 190 may be reduced or
m nimzed by | eaving free space between the fins and
by maki ng the top di ode region 190 as thin as
possible. In this case, the top diode region could
have a thickness in the range, e.g., of 10-500 ran.
[0074] When engineering a solar cell fromthe

[0070] 5 cRigkusch thows sismrio grpwrihg aptivealiodsiregion %% [ he datgilgsbstructure of
i ncreased by keeping the distance between adjacent

the actiecdipderediond®Srdegeraison 1BSdeymet foerxaple, it theinshre hegill quantum
of the incident light. This strategy nay prevent the

wells ori autngle tiyet bOMbIdraeM @g&@ﬁéﬂﬁgonduhﬁ)rflﬂ@@resgﬁéﬁﬁxg@é ¥RRA device
the active regions 185 and reaching the silicon

o S5PAL SR Gl SR I S RO o

e steSSEREREn AT, R R LSl i,
sccumiEk GORE lopr T BRI drab EeEs Behbafutlidie bt ih didd sgion 185 can

intersection 197 of the growmh fronts, represented by
grow copfemgly ewynd theeotitsideuighe otem dpdrregiohd§8. Melforistis and his
reside far fromthe active region of the diode, any
colleaguiesthasier dereribed fthedeuivttecopditibay fiRubogsakay: fie Appd Pees IQkt. 87, 093109
m nim zed. When continuing to grow the top diode
[2005]).region 195, it can be useful to select growh
condi tions which favor growmh parallel to the plane
of the silicon substrate 155 and suppress grow h
[0071] perlpdhidicolodimant andethpt ecmlmdifents, Heis préferahthsuths etteatiode
155. [0076] Figure 3 also shows the structure after
region 1BAknd dattop diddbecdion 120 Bk bp@kint0ell alkd saBamide coddhfits as the
bottom el ectrical contact 203 by standard techni ques.

bottom dﬁB@egl%gxl%lgi, AthRdah MelitBc@idnstid 86 AR 1d %&ﬁrﬂiﬁa@?&%ﬁ same. As a

suita materials for the electrical act s,

result 0@?}’@5 %?ﬁﬂo?in?a{tﬂ%%ﬁs%ﬁ}eilgtﬁce'%%tnﬁlants ,ngx%hf Eranzrtq%gegfss\{rﬂl form af the

1
or a or a layer or re

. t ranspar.ent. conducti ve oxide such as indiumtin

mterfaceﬁi’?@@%nlﬂ%ﬁ&l‘ﬁ C2101ke bottom el ectrical contact 203 is
preferably a highly reflective conductive materi al

0072] SUCKs AFudhdr4Rbwn W] hd 85! h & &Y,

{ | cr east ed |1i éht ‘gicl) | tfg?vlll _’ exil {)dsoﬁitgré@%bh%g%r%@%} bLeer

senﬁconrarvg‘%t{)/xa@gg;cgilffgﬁ ggﬁcgi'a lébl@t d gé grfoé Ee%eg(ﬁst onutﬂg %5\%%& %etcf?)%{neg o?‘cd?e top

diode region 190 will be the opposite of the doping of the bottom diode region 170; if one is p-

type, the other will be n-type, and vice versa.

[0073] In Figure 6, the width of the top diode regions 190 is limited so that an opening
remains 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. Electron-hole pairs created in the top diode region 190 will not generate any useful
electricity if they recombine before they reach the active diode region 185. The amount of
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-17 bottom el ectrical contact 203 to the bottom di ode
region 170 though the substrate 155 such as formng
contact vias to make such an electrical connection. A
single bottomelectrical contact 203 may serve
mul ti ple diode el enents. [0077] One feature of the
architecture shown in Figure 3, in which the top diode
materialrie gheotop HoEie régibh $0UMay e rehiced or miditniredlbgtiveéry free space between
adjacent fins, is that a single top diode region 195

the fins BRKEP maRRYIhERD EQRBEbn (0M8s hReL8i0RsiBleehakik theadhe top diode
contact) wth active diode regions 185 in nultiple

. i - Thi chit Ignl.S, particul arly
reglon Cg‘g\g zl%}’eadg{ehg%gésfséﬂ- %&@% gg ég)g tébl isfg 0 g%ﬁ reduce or
mnimze the area of the top electrical contacts 200,
[0074] wWhiWhert angibdeditils aanias selbfromfthe behiteghte shewe iaFedrad, efficiency
the active diode region 185. Wth a common top di ode

can be @808 b} ReepifAGR (kAR bEHRIE Bl 20BN 28@Fe diB@ERgichs 19Maller than
top electrical contact 200; a'single top electrical

e SRR AL Y50y L e TR Sl A B

Sém con eria
top diode region 195 o Fi.qure. 3, conmpared with_ .

the free Pl PG (S RIFEPRp - e RE BB NANGE Gl | ik con
The top diode region 195 generally will not absorb a

reduce th¢ gificianen af thagedseeelbf or any enitted photons, provided
that the bandgap of the semi conductor material in the

t op-;di 9de . regi ' i h . the -
o07s1 { oS RR b AFRPB AR RGP el s e
growm sdft 1 B 5 HGLUBE HoOp Ak B P e S B crystaline
wi th conventional LEDs. For exanple, the preferred
defects kreivar dsxioaleseent aefeetacamiprmant Bleusterention 1 ¥ ¢fithe grosttie fronts,

such as a single crystal silicon substrate, is gallium
representéd by the dotbad linenm Figire 3l Smcee vieise Hefears residuufiat fomahe active region of
crystal structure, naturally grows with its c-pl ane

the diod® @@ ihBdirheht bh8evi&d peraiariid Redy 1l @b opnshivdizell. Wihen continuing
m pl anes and a-pl anes normal to the silicon substrate

oo 885 e SREACT B ok 80y OB sy e s

parallel t%fth_e plane of the silicon substrate 155 and suppress growth perpendicular to the plane of

the silicon substrate 155.

[0076] Figure 3 also shows the structure after fabricating the top electrical contact 200 and
the bottom electrical contact 203 by standard techniques. 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 layer of relatively transparent conductive oxide such as
indiurn tin oxide. For LEDs, the bottom electrical contact 203 is preferably a highly reflective
conductive material such as silver, which can reflect the internally created light so 1t will exit the
LED from another surface. Those skilled in the art understand there are many ways to couple the
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galliumnitride faces the sem conductor diode. The
structures shown in Figures 3 and 6 may -18 deliver
hi gher internal quantum efficiency because non-pol ar
m pl anes or a-planes of gallium nitride face the
di ode. In one preferred LED structure, the bottom
di ode region_ 170, active diode. region 185, and to
bottom gleefaigal @giash20%ty the Botiaiy diofle wmegiqgal Tithaneh ithe sulteraim iS5 such as
indiumgalliumnitride, mplane or a-plane crystal
formingontagicass tofmakalshétuan dledtricall corieetintt Assiight botfoaceletistalearact 203
the bottom diode region 170 and the active di ode
may servegiutiipldl@ibde alathemspl ane or a-pl ane crystal surfaces of
galliumnitride formthe interface between the active
di ode 185 region and the top diode region_ 195. [0080].
[0077] Fyr PRefeaiyge s it Bigy e g meachathe fep Godenggion 195
al so be used for LEDs based on cubic materials such
fills up the cGtvksvodurde PetGRAs rdpG08fihs, Thibaf osibgwiapgliaderegioartdh esakes
of process paraneters to formthe bottom active, and
physical et (e thaglopnsleapicalrcdhag) vitherbeddiBatsgiond 18R iSmultiple other
di scl osure. First, a substrate and a patterned
diodes. %Ihi@ |aﬁ:ﬁ{tédt&eliﬁ%a§ficﬁ§rl)k£&%a Qub BR 1305 b%Eﬁlsg ft%\é% e %remininﬁze

rocess paraneters ftor bottom active, an

the ooy M BT el B AT, hil B BRRE Gt SR e within
. ex l e,.the bottom di ode regi on can_be a pillar or
the activg Cﬁg%c@ﬁ’toﬁdi%%l ifhefy COERMeR 1P dque TERINR 1%’5&\%@&19@ qjﬁpent may not
~dinmensions greater than width or radial dinensions
need its pwngop elictﬁ'tiﬁg corta¢t20ek gingle temeledtoioalmamiant 20 0dtan)serve multiple
Growth conditions (e.g., CVD) include i) pressure: 0.1
diode clamtsi ) precursors: TMS (Trimethylgalliunm and 20%
AsH3 (Arsine), diluted in H2, iii) tenperature: 750C
and _iv) .dopant: n-type. To, make the bottom di ode
[0078] | engbfhz@tt%%&Cf%‘ﬁ@ldd“)ég’aﬁtﬁqr@l i thy eFRMOTEIhitigAs Tegion 195 of
enhance vertical growth, the partial pressure of AsH3
Figure 3pagmpared stiththigute ¢, fepnpbimpatrite serépmancorfpaidiD. (heudpadiode
woul d normal Iy be used for GaAs growth as under st ood
region 1By gbhasiey Wil hotvubke®d significant 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.

[0079] The structures shown in both Figures 3 and 6 may offer various performance
advantages compared with conventional IEDs. For example, the preferred material for fabricating
a blue LED on a substrate, such as a single crystal silicon substrate, is gallium nitride. Gallium
nitride, which has a wurtzite crystal structure, naturally grows with its c-plane parallel to the
silicon substrate 155 and with its m-planes and a-planes normal to the silicon substrate 155. In
conventional LEDs, one factor limiting internal quantum efficiency is that the polar c-plane of
gallium nitride faces the semiconductor diode. The structures shown in Figures 3 and 6 may

18-



in the art. For exanple, the partial pressure of AsH3

coul d be 5-10X | ower than normal. Because this is a

react or - dependent val ue, no absol ute value is given

here. -19 [0083] Further in this exanple, the active

di ode region can include a plurality of |layers being

a first confinenent |ayer, a quantumwell |ayer and a
deliver ldgloarigtemahfianane officieayebe@iisd hen-phlat tropiamts ode-playe of gallium

[0084] Growmh conditions for an Al GaAs | ayer for

nitride f&@Ithé @lods ORfonB SRR e BED strudthrel et BdMosKdiodd REloMde0] dctive diode
pressure: 0.1 arm ii) precursors: TM5 TMA

. ri i- Ni 0 i - adi i .
region 1] IO HIBL WEAH WP Bl B3 BRI iR bk Bl miice,
is silicon. [0085 h conditions for.a GaAs
ru-plane, gl 4 RLEAR ST PR of B BSOS A ef TR ghe bottom
) include i) pressure: 0.1 aim ii) precursors: TMG and
diode regign, 1P snd dhe agfivetiode rogiaml 85, ppg n-plapeeti-Dieae cryyipbrurkaep of
iv) dopant: no doping. [0086] G owth conditions for an
gallium AltBIAbrinale midriace bamekr theaotiie dede 185 fegign gndifbe My diode region
thick) include i) pressure: 0.1 atm ii) precursors:
195. TMG5 TMA (Trinethyl al um nium, and 20% ar si ne,
diluted in H2, iii) tenperature: 850C and iv) dopant:
P-type dopant with zinc. [0087] Continuing in this
(00501 o cirpinet, SmEiIcs Shaioiebate Giames 546 o o aresed s D based
di ode layer (e.g., 0.5 mcron thick). Gowh
on cubiccnatdiitlis eueh £sdBass dndyEGaadfs. GaAs include i) pressure:
0.1 atm ii) precursors: TMG and 20% arsine, diluted

in ,.11i) tenperature; 720C and iv opant: P-type,
(00811 ot follevineset OO oL e BATRER O dMBARS b iy e, and

3 can conprise a sen conductor diode nade from
top diode eegionsrscendiniedo stbedivrentson teis §éclasatet Fiee, ahuhyaete laud a patterned
materials on a silicon substrate and nmay conprise a
dielectris ildyiec ankimvhsinrat &t &sSroddédaPescess pahmbestion wtwat, ectival and top
160 covering the silicon substrate 155, the |ayer of

diode re@ibBd, @€ b GaAsHRY AlGAAs-BH0d o abdbirdiggdo e ndtodimMi iatdhs
exposes the surface of the

follows.

[0082] In this example, the bottom diode region can be a pillar or fm (central pillar or fin) of
GaAs having height dimensions greater than width or radial dimensions (e.g.', 1 micron in height
and 100 nm in width). Growth conditions (e.g., CVD) include 1) pressure: 0.1 atm if) precursors:
TMG (Trimethylgallium) and 20% AsHj; (Arsine), diluted in Hy, iii) temperature: 750C and 1v)
dopant: n-type. To make the bottom diode region N-type, one dopant is silicon. To highly
enhance vertical growth, the partial pressure of AsH; may be relatively low for this step,
compared to what would normally be used for GaAs growth as understood by those well versed
in the art. For exarﬁple, the partial pressure of AsHj; could be 5-10X lower than normal. Because
this is a reactor-dependent value, no absolute value is given here.
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silicon substrate 155, the trench having substantially
vertical sidewalls, and the ratio of the height of
the trench to the width of the trench being greater to
or equal to 1; a bottom di ode region 170 -20 of
sem conductor material filling the trench and
extendi ng upward in the shape of a fin;, a_ trapping
[0083] | eg‘%&fﬂwi PR PRl Eistive eigfe Fricy cap Aeclylsta padinoeldayers
) region 170 wherein threading dislocations 180
being a {irf gprfnemenhlayer, d guariting vofll laye adil elsemtndicon fignemit Eyel8ahe
and termnate (e.g., at a reduced defect area); an
bottom diotl¢ lagedi ode regi on 185 of semniconductor nateri al
grown conformally around the bottom di ode region 170;
a top djode region 195 of sem conductor material grown
[0084] ePRditions fagag ﬁgG%% by far ereercagfinpment (¢.6p 15 nm thick)
. el ectrical contact 200; and a bottom el ectrica
include Ppresaee: 003 iPogedursirg Gy T nffinmabylamoneiuhg dandf20% arsine,
fabricating the sem conductor diode shown in Figure 3
diluted in Hyp@Ditdrpabiuye: 8800ehdbg departalirysaddpag: ia siicogle made
from conmpound sem conductors or other lattice
m satched materjials on a silicon substrate conprisin
[0085] 1 1 agopith gmciepns fierpsCalsy gpntwgppell fypifoe gmes@pw-g.i,wgnnathgwk)
_ l'ayer of dielectric material, such as dielectric
include frprassiral 0.160y, irrecurdves: TG fand 80%f arsing idilutedrin Hy, iii) temperature:
substrate, such as silicon substrate 155. Step 905
720C andnie) digest: patdbgingl ng a trench in the |ayer of
dielectric material, such as trench 165 in dielectric
material 160, to expose the surface of the silicon
[0086] 5 fnopak sondifenstipea Al lnger fobesraericoafingmens (¢.g.c 49 nm thick)
sidewal I's, and the ratio of the height to the width
include ip pressuee:tr emoh i preagrsgs EBME, TR T dmethgiamimibion, anStdeps arsine,
910 includes selecting growth conditions which favor
diluted 18 FRYET) tHLFRLALH: §S0@End &) UBFark! RBHAbpdh &vit 2hgon
substrate and suppress growth paraIFeI to the plane
of the silicon substrate. Step 915 includes growing a
[0087] sefranbnginetio thipatasnialthe t@pfcia@cﬁa ragionis asior ¢ deberctivgtiore layer
such as bottom di ode region 170, which fills the
(e.g., 0.Stmierphthzky Geutvenamditionafod ailayet bEGshadeludt i)aprédstre: St elpm, ii)
920 includes selecting growth conditions so that the
precursoBe MMGRFY OO arBBb &dituddd thot,, 5l ferAgdriiie: ARI8nd RIUSHnt: P-type
such as active di ode

dopant is zinc,

[0088] The embodiment shown in Figure 3 can comprise a semiconductor diode made from
compound semiconductors or other lattice mismatched materials on a silicon substrate and may
comprise a silicon substrate 155; a layer of dielectric material 160 covering the silicon substrate
155, the layer of dielectric material 160 containing a trench 165, which exposes the surface of the
silicon substrate 155, the trench having substantially vertical sidewalls, and the ratio of the height

of the trench to the width of the trench being greater to or equal to 1; a bottorn diode region 170
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region 185, will grow at approxi mately equal rates on
the top of the bottom di ode region and on the sides
of the bottom di ode region. Step 925 includes grow ng
a sem conductor material conformally around the top
of the bottom di ode region and the sides of the bottom
di ode region to -21 create an active di ode region,

of semicmdhictasmattiaVilidg daeardnely baded&alingtiepard30 thershbpoes fin; a
growm ng a sem conductor material conformally around

’trappmgt IléglthQS 9f iHehswae kégteentd bogR vofEinQRc@Ndaione 78 iR EiPfhreading

active diode region to create a top diode region,

d1slocat1?>ﬂ% PS@ﬁxtetr&Qt AL 6 ?ggwél gif Jaal (ﬂi%écmgrﬁ?er%% Ped %ﬁd fégﬁﬁ%tg (e.g.,ata

catlng a electric cont act

cont t 200, e su ce of th 0
reduced el me& p RENeEoeGRgoR 187 e PaE b Rfaices b sqpformally
el ectrical contact, such as bottomelectrical contact
around the BOtterH dagle TBRIOR SrY:GFIOP Hiods regie kO abemEsanducipngisrial grown
anot her enbodi nent shown in Figure 8, step 950
conformiatig lermbed tooativa diodg regiorg mawp t]hetﬁcah@ntﬁcba@; redhbnttem electrical
that the top di ode regions from adjacent di odes nerge,
contact bdmereby creating a single top diode regi on which
connects together nultiple diodes. [0091] In a further
alternative enbodi nent, a nethod takes into

[0089] conEpasr/-aunsrarizhes Matpd phibricating thesamirendaconioge gwvgn

free-standing vertical structures as described by
Figure INadpecifisalkyg aandhdd o faloddatiea g dasiemagdenfodm wombownsicemieinkiuctors or
conditions. For exanple, it wll not generally be

other 1a’d@£@§ ﬁh&hﬁcm m&ERM b 86iiisbaRdisngte\Ohiprial tBd folletiMgesersl Step
the silicon substrate.has a (100) cryst aI surface.

900 mclh@%gcge%oéqﬁh% ?@% giddigg&has i At @B Q@%@%@Hﬁ%@clﬁ%ﬂqgge&to the

n su own 1N ure

surface gtﬁ.%/ .?1&8 %%Et%ﬂg,cséﬁllp gsc% éoer EW%? 25§ 1%1%13 3&% 1115021%%%3 patterning a trench

enbodi ments, the preferred material for the fir
in the lagiereafeielpqinic majeaiel, 211@1 gsdrepeh Lo diglecricgaateral léofﬁOreéiPose the
di el ectric layer 210 should be thick enou?h to trap

surface dthe stlisomkttstraier datiengh havimnshbetsniially vertienl gidgwalhe and the ratio of
thi ckness of the first dielectric layer 210 shoul d be
the heigBfidahe HvItRLS tetRhel béil@ Breateh thawi ol eBudlfio 1 hStdprognghesades selecting
growth conditions which favor growth perpendicular to the plane of the silicon substrate and
suppress growth parallel to the plane of the silicon substrate. Step 915 includes growing a
semiconductor material to form a bottom diode region, such as bottom diode region 170, which
fills the trench and extends upward in the shape of a fin. Step 920 includes selecting growth
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
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[0093] A second dielectric layer 215 is grown on top
of the first dielectric layer 210. In sone
enbodi ments, the preferred material for this second
dielectric layer is silicon dioxide (SiQ2). -22
[0094] Trenches 220 are patterned with substantially
vertical sidewalls through both dielectric |ayers 210
create angolifve digde g3aieys SHE a8 5BYS iofde BRIPHS Ss Siaratd fludeserowing a
~silicon substrate 155. An optional step is to clean
semicongieiosritrgeconfortially siouind the top b the atteveldisdategichend tictsates of the
of the trenches 220, such as by the cl eani ng nethod
active didésegiohes ciabe\eaop [000REichhaichat tpmistieadgior 895, 08ted 895 inludes
grown by filling the trenches with a sem conductor

fabricatiA@h @ Qbotrics cBRAVWNsicA aEitc%Uéii@cit%%rl] c&lﬁ&&%@ &Re g?lig%;g%f the top

lattice m smatch between 'si e bottom
: 20 1 teri.al isfit dj ti .
iodereff, STpSATAANASHILATL P Ed s ol SO TR oot
5 d.t b .di od [ 170. Th di
contact 743 prs et ﬁ@%é%g%ngﬁﬂg?‘gﬁgf’ggtgnur)mrd at an gggl e,

intersect the sidewalls of the first dielectric |ayer

[0090] 2%% adfter dR8dTiARL WA i ﬂg{’%?éts{e@g?% nﬁ&{@%@é indifiidto grow the

The segnment of the bottom ove e

top diodd SRR AL B, R KBa Fu et it ien o8 eq oty gocting o
. ,,_conpound sem conduct or devjces on silicon
single toﬁﬁ@?ﬁ%gl WO geBnesageger Yf‘@]@gadlﬁ?é- second

dielectric layer 215 is renoved with a process such as

[0091] 2@ Wb Agkih la}&éﬁlﬁﬁv%oﬁﬁﬁ&&! Aﬁle%i{l d,;30 %&’@@ﬁi@@}&he fact that

process w sel ectively renpbve the secon

el ric aver 215 wi.thout attacking.either. the .
the teohufip B bloips Y Sradie vl dihodin 35 et S by Righoriveka and his

sem conductor materials that may conprise the bottom
colleagues iygpenetayrspmdonall cppditions diof srammle.itiwillnet eoagpnbe possible to

Figure 5. Thus, this method describes a different way
grow freg-glandipg ivericel sttwetupestif thesdicod substratyi lom ad bOM)icgestae durifare.

the shape of a fin. [0097] This nethod continues as

desgrib ove a illustrated in, Fj.gures 3 and 6: X
00921 RS0 fBORIE, PO ot mtiert B anptasliiriabes B paeshown in
) region 190 _a{1d the top and bottomelectrical contacts
Figure 9. A Tirst layer of dielectric material 210 is grown on the surface of the silicon substrate
155. In some embodiments, the preferred material for the first dielectric layer 210 is silicon
nitride. This first dielectric layer 210 should be thick enough to trap defects after creating
trenches in it; e.g., the thickness of the first dielectric layer 210 should be equal to or greater than

the width of the trenches.

[0093] A second dielectric layer 215 is grown on top of the first dielectric layer 210. In some

embodiments, the preferred material for this second dielectric layer is silicon dioxide (SiOy).
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200 and 203. [0098] Figure 11 summarizes this
alternative nethod that is depicted, at | east
partially by Figures 9 and 10, which conprises the
follow ng steps. Step 1000 i ncludes depositing a first
-23 layer of dielectric material, such as first
dielectric layer 210, onto the surface of a silicon

[0094] SubBtdichiee 226 efpafsmed Witk aubssattially ateicibidevaille thrdOfiBboth
i ncl udes depositing a second | ayer of dielectric

dleleommy%fs'ﬁlo’an@ﬁb Eoﬁﬁggegni@h%k%tsﬁmcé 886 sPAon sRlfre 155. An
hé surface of e first layer of dielectric

I
o P O RN o Sy S RS s 2,
of . di Iectr C eri,al.. . Step 1010 i ncludes patternin
SuChaSléiWthlé @nggllafg,ho ‘is?r:ﬂéeﬁicalk?oﬁg thrloughubothpt he fi :rstg

| ayer of dielectric naterial and the second | ayer of

10095] d' ehRHoktbfn ABAELRY 170 is S¥RAIR A8y Y t@CReQlit Aemiconductor

il |con substrate, the trench’ havi ng substantial ly

material 45 sgno m %0%%/\% éfeﬁaus}p 5 ﬁt 1911:&%% %Qﬁm‘&ﬁ 'b%eieﬁ) %ﬂl%lc?the bottom

trenc t renc eln
greater than 1 .g., . he first
diode reggop |S%te%cppéu%rﬂa%fr«*%% inisty gislopficnsi ey {9&%@ i RieHesbetween the
senm conductor material into the trench to forma

silicon shlrtate i andehe beftasm diodasticns! BotlbensdigigsirlosesgnohsOmay

Step 1020 includes selectively renoving the remaining
propagafeaipbiaahst af anplee insesanthelsadesnllobf thedrataticleariottyer 2 €, and
Step 1025 includes growing a sem conductor materi al

terrmnat@ QR Rty ?wﬂ@lﬂ i e TheRe@sht S BRSbdont MBdPREIAMT0 above the

di ode regioh to create an active diode region, such as

trappmc%g{;nbf{ 7810 9’%(:: r&gﬂtnéé?y gr?esof d%?&& 311]9%9&&619 fdrgnfj@ﬁpegfo%&g él@mces. In

conduc cont ornma aroun

this waydéc%rgé)u?lfg dit:tgfpo% %E%edggl%{eggf ﬂglgcgbs@,g%?ts%g eat ecra tt%(g p 1035

includes fabricating a top electrical cont act, such

[0096] aS Tk%&e@éxﬁl‘-‘&zéi'e&ﬁb 162PY B 1&98vedaRith BYrsoesd ReER 208 weh@ch with
di ode region. "Step 1040 includeS fabricating a

hydroﬂu%%%t g?t 8%3%1" ffﬁﬁ g%qgcg%sai%tll sefe%ﬁﬁel?‘?erﬁ@&et t‘ﬂ@seq@h? ?élﬂéfﬁglecmc

tomo e"silrcon’s
layer 21%@9& Bfn%bggjgg eé:g%r&gg %’Est @ﬁh (E%}thgi?; ayer TEB oT anthﬁh the

semiconductor materials that may comprise the bottom diode region 225. The resultant structure
appears in Figure 5. Thus, this method describes a different way to fabricate the bottom diode

region configured in the shape of a fin,

[0097] 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.

16098) Figure 11 summarizes this alternative method that is depicted, at least partially by

Figures 9 and 10, which comprises the following steps. Step 1000 includes depositing a first
23



as a columm, rather than as a fin. A layer of
dielectric material 160, such as SiQ2 or SINX, is
grown onto the surface of an appropriately doped
silicon substrate 155. [0100] A hole 250 is patterned
with substantially vertical sidewalls in the
electric terial . 160 by standard photolithographic
layer Ofgiﬂeel%‘iﬁaﬁ magEKinisyekds firsbdighghicdasen é L homto thsguifzse aﬁﬁicon
substantially -24 all threading dislocations, the
substratpgiuch absilicdresubsisain 165. Step 1005 ércRE6s depostieg disecvetidayephf
the hole 250 is preferably equal to or greater than
dielectrit. maibxéal haich ae xposé diddaislaydane, afto thaushtd 6QRe first layer of
substrate 155. [0101] G owth conditions (such as the

dielectrRi RS £thd Rebon h 82720 BP@SIcbh R AEridl REviRE AAHLSA foh%écgﬁsﬁcs than. the
and the tenperature of the substrate) are selecte

o0 00 PRGBS A 3620,

h | ane.of the si]icon substrate 155, as . described .
throughith B BT ier b fiebisaRmeRdlaat Mioveomian S s it mrigrial to
fggpgg sem conductor material is grown that fills the
expose {hg puidacg i thooheonrsubgaie, belirenghdevingsebstantiolly, vbmsictisidealls, the
~ to create the bottom diode region 260, as shown in
ratio of i genght df3he frokB2) thageilith, oftibe rersod beheregualso ar battet €N 1 (e.g., in
m smat ch between silicon the sem conductor diode
the first tfeeof diklecticshdtbridl). S$106 ab1 PRMSIUABY or0Ge a &mitdiRluctor maﬁarial into
interface between the bottom di ode region 260 and the
1 I f :
he e e o Py et ot ot RS £ 1B 020 fgotudes
selectivE iR A e noP i i FegRbRFion ey Retenal. Step 1029
. t hreadi ng di sl ocations, origi nate and term nate may
includes SipRIME S{FBEERRMPIRT Mpteripf eomtornally arpind theopiand sides of the bottom
_ the.dielectric layer and therefore may not be visible
diode regign i guerts anRctiThéiode ragione spdrasisotiveodiofdreghnt 86 MStipokis 0
region 260 visible in Figure 13 exi sts above the
includestgrawigngsenti@gidactor fHatesial@pEsrnR i d Me fof And SHEOHR the active
di ode region 260 may be relatively free of crystalline

i oSS A ol AL My L SETRP Rt
fabricatigé) Eittcﬂf'?flgétﬂgﬁ coffb Bk t(')ps el%ctrqlgaltl Lokt io"d, Ot surface of the top

diode region. Step 1040 includes fabricating a bottom electrical contact, such as bottom

electrical contact 203 on the bottom of the silicon substrate.

10099] Figure 12 shows another embodiment in which the semiconductor diode is configured
as a columm, rather than as a fin. A layer of dielectric material 160, such as SiQ, or SiNy, 18

grown onio the surface of an appropriately doped silicon substrate 155.

[0160} A hole 250 1s patterned with substantially vertical sidewalls in the dielectric material

160 by standard photolithographic or etch techniques. To enable the hole 250 to trap substantially
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smal | diameter, well below 100 manoneters, the
sem conductor material in the bottom di ode region 260
can undergo conplete elastic relaxation wthout the
formation of any lattice msmatch defects. In this
case, there may be no threading dislocations for the
sidewalls of the dielectric layer to trap, and the
all threadlip dslovagomothecamt of the depth phfhpihnl 258gbohe dipmeRS of Gk @4d]e 250 is
The growt h conditions are adjusted so that the
preferablfRigalitalor @feafmtihi 1aiTse holk ckfdeatie svfacslbOte siliegh Qubs2E8 155.
w Il grow at approximately equal rates on the top and
on the sides of the bottom diode region 260.
[0101] sefirewHuemRdBoNF AU patheipsesssr RO HiEl GOPRPSHIRR od thaiecures) gases
and the sides of the bottom diode region 260 to
and the tempartierd bfthactbsireted pedeleceditton {266 gsivaiuperpendicglar ® thd plane of
[ 0105] Semnmi conductor material is conformally grown on

the siliconR@béteiee 85Warfi @ppresd crblve pabllel o theipiae dfapé 8lcababkate 155, as
create the top diode region 270, as shown in Figure

st L ANSTES USSR 5200, ALBIEEH LA BB

i growm R e nBT ARG bl st RBLE PO o Bo REghds e potom

. 275 _as shown in_ Figure 16. [0106] The top electrical
diode regigmeolb s sy © JigwRd 3on t he exposed surface of the top
di ode region 275, and the bottom el ectrical contact

285 i S _ _ _
0102] 2 Agef, Sl AEt N 1eifo Sl HOGE S S0 soliBonductor diode
. .16 can conprise a silicon substrate 155; di el ectric
material, 35 PR 58 s s i SRS bR R oo fibof 260 and
. surface of the silicon substrate, the hole 250 havin
the silicogsgbiteaia 131 (yrepding dgpcatipasiay Pypagie upyeidliom thevaterface and
depth of the hole 250 to the dianeter of the hole 250
intersect tie cugvagk 2davenlistofi nledn the dde¢toemayientied ambicomin280Thé¢ trapping
sem conductor material filling the hole and extending

region inWAVEH thel thrchliaig INARR1OASs IR teBninh BPRANSrERYhMRtahally
the | owest segnment of the bottom di ode region 260

ithi 150 ih e 09 il ' LidiBlE 1 3. Th
Wi hm‘ th\g:ﬂgfee\?aspl lgl tﬂ%e]?@itgﬁgtgﬁgér%k QPRSI SI ot BE Lidit1e i FIHBRM 3. The
entire portion of the bottom 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 crystaliine

defects and suitable for creating high-performance devices.

[0103] (For the special case in which the bottom diode region 260 is a column with very
small diameter, well below 100 manometers, the semiconductor material in the bottom diode
region 260 can undergo complete elastic relaxation without the formation of any lattice

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

dielectric layer to trap, and the diode may not contain a “trapping region.”)
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250 in the dielectric material 160 and term nate; an
active diode region 265 of sem conductor materi al
grown conformally around the bottom di ode regi on 260;
a top diode region 275 grown confornmally around the
active diode region 265; a top electrical contact 280;
and bottom electrical contact 285. -26 [0108] The
[0104] ¢ o [ W@jﬂﬁé? H%nsaﬁr%a%wﬁegﬁ%%! thF {nafgsioah aa%a@fial]s for the active
, fabricating the enbodi ment shown in Figure 16. [0109]
diode reuion26S witl sowrd eppresinetey v setes hibe oo the sidehef the bottom
follow ng steps. Step 1100 includes depositing a
diode rdganrel60o Bemim@indwdion matortlds calforsallylyrasn dh eheiop Bhd the sides of the
material 160 onto the surface of a silicon substrate,
bottom 81édB réSorB 260 AR HHBS AT EdidaSrepRneIB s khORN iNBigURes!
patterning a hole, such as hole 250, in thelayer of
dielectric material to expose the surface of the
{0105] sj | Pepisondissarmaaterial iheorfoioenllylpaeimngn $ubiep and sidéd of the active
vertical sidewalls, and the ratio of the depth of the
diode rdgoive2 @5cto tchamtetiha ngt divdofegicnB0had sholraim §iggresl. ¢ miPBApossible to
or equal to one. Step 1110 includes selecting growth
grow eifens ﬂisb&ﬁﬁluotﬁﬂo? hiid RvBEioH DO tRE HRedeHi SdHdakof @ioﬁik%ave the
pl ane of the silicon substrate and suppress grow
ral f . Skl | trate. .St :
configo iR 0F Rep tRnbiE BLANE L SubIFUThnE S, S SR G G TBe region
275 Sﬁlor m.anottP%di ode, region, such as bottom di ode
a3 SIRYP O EBE ‘hich fills the hole and extends upwards
in the shape of a colum. Step 1120 includes sel ecting

10106] ?r OV op Qb daPBsnt SR 286 t@éro%%n%ﬁé@:@%%&ﬁ’ie %g tdpfdiode

or the active diode region, such as active di

eon 1501 B SO L TR RG890 o

b A %e bg tom di ode region. Step 1125 includes growing a
SROWN B aHEBntuct or naterial conformally around the top and
sides of the bottom diode region to create an active

[0107] di OHR: 4i6G HHwiTnGRgy 33@ chﬁgnl)ﬂ{?rxgﬁ a Y sﬁgst{’aﬁ% 1355 3 diglectric layer

sem conductor nmateri al confor y aroun

0 onf 52818 PEHALELO08 ol B8P R RS, gl
Substantiiaqﬁzl v%?t?csal gi%g\%ialfs?gliienrgﬁo of the depth of the hole 250 to the diameter of the hole
250 being greater than 1; a bottom diode region 260 of semiconductor material filling the hole
and extending upward in the shape of a columm,; a trapping region in the lowest segment of the
bottom diode region 260 wherein threading dislocations intersect the curved sidewalls of the hole
250 in the dielectric material 160 and terminate; an active diode region 265 of semiconductor
material grown conformally around the bottom diode region 260; a top diode region 275 grown

conformally around the active diode region 263; a top electrical contact 280; and a bottom

electrical contact 285.
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a top electrical contact, such as top electrica
contact 280, on the surface of the top diode region.
Step 1140 includes fabricating a bottomelectrica
contact, such as bottomelectrical contact 285, on
the bottomof the silicon substrate. [01101 Anot her
nmet hod does not depend on the ability to grow a
[0108] fr ekheSbHoeimonebbdst diodemplaginihéds dffsbrithapethefentbodiment
colum. It begins with an appropriately doped silicon
shown 1S Hestd 8 e 155, as -27 shown in Figure 18. A first
dielectric layer 210, such as SiNx, is grown on the
surface of the silicon substrate 155. [0111] A second
[0109] di diigeerli7cuayesizePus hethod, ovincloeorapepses thet foBowingsteps. Step 1100
dielectric layer 210. In some enbodi nents, the
includespicpbstitiged lavat ef didkctiiomadtdias saec andlcbeicaniteia lbayeio the surface
215 is silicon dioxide Si2. [0112] A hole 300 is

ofa sﬂwsatsa%laeed s 43 sBHBS atdagl 15%. \g%ptu@%lmah ‘é@lttleﬁung a hole, such as
hrough both dielectric layers 210 and exposi ng

hole 250t Ehethg {Je??? d1% {‘J&%l&%%[él%g Ex(ﬁ%lég %&%&ﬁc@lgfsthe 1111051? substrate, the hole

vari ou

echnl u has ta rdp toli phy )

naving G508 SRpRE R R oRtstew Y g P@argéf%@ E‘PWH heiggpeter of
the first dielectric |ayer 210 may be greater than or

‘the hole bgjggigreaerithanondgual tdioaseder 1610 ivaidss beedDg. cromdieenditions
these conditions, the curved sidewalls of the first

which fadbegesth perpkadierlar 13 10: playe ¢fithp siiodys hdntra@lahy sagpressfgrowth
the threadi ng dislocations. [0114] The surface of the

parallel @l ithé gﬁﬁe sERStsiRLE sdfdaftl el Natihanusy dgrt)ﬂ'ﬁl gdethidfBuctor

e cleaned by the cleaning nethod referred to

material E@fdfxﬁeaf botEoQ% éﬂdﬁ I{éﬁ rgg%éhoﬁlb%'ttggledlf)@@ﬂ %g)uc fbvﬁmgrfﬂl}@@he hole and

a semco

extends Gt i 6 Aoy *ro i Toh o 7 HEePH A S sepaety rgaditions so

siliicon substrate 155 and _ the bottom di ode region
that the segrcontyeior magialifos tartrtive AipdrEseipn opelat @Uﬁrﬁmd@ Tegep 265, will

intersect the
grow at approximately equal rates on the top of the bottom diode region and on the sides of the

bottom diode region. Step 1125 includes growing a semiconductor material conformally around
the top and sides of the bottom diode region to create an active diode region. Step 1130 includes
growing a semiconductor material conformally around the top and sides of the active diode

region. to create a top diode region, such as top diode region 275. Step 1135 iﬁcludes fabricating
a top electrical contact, such as top electrical contact 280, on the surface of the top diode region.
Step 1140 includes fabricating a bottom electrical contact, such as bottom electrical 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 i the shape of a column. It begins with an appropriately doped silicon substrate 155, as

27-



sidewal I s of the first dielectric layer 210, and may

termnate within trapping regions, which reside at

the bottomof the filled holes 300 and therefore are

not visible in Figure 19. The segnment of the bottom

di ode region 310 above the trapping region my be

,retativ free of defects and therefore suitable for
shown ig; 1‘Bé§f%r’f’ﬁﬁﬁiéf'é®€a%@ japeis2 10, suphag AT, iy B vedrelhp sydece of the

portions of the second dielectric layer 215 (e.g., the
silicon sobeipatt 4%%Br) are renoved by means of a wet etch with

hydrofluoric acid and water. This process nay

sel ctl I second e g [ el ectri
(0111 |ay§r AeipFERTS: iR RGP ok ﬂiaeeis e?&% SE A
Si lectric |layer 210 or any
some el% @%&Jgt B‘feff‘r‘fﬁqdéﬁtta’tl%l forthgs %tﬁ@nddts%wrl@ &Y@hél%létsﬂwﬁn dioxide
di ode region 260. [0118] The resultant structure
Si02. appears in Figure 13. The process then continues as
descrlbed |n the nethod descri bed above Wi th respect

[0112] gg D i§5 S 5 Eﬁfg ﬁﬁém{: él gﬁ b %q’é’&‘t diglectrio

{i)r 275 as shovvn in Figure 15 or %gre 16, and
layers 21191%“ B SR B TSR A S1essilagn sHbHrebol Lo iBPetsiDls torattern the
contacts 285 as shown in Figure 16. [0119] Figure 20

hole 30@ yrwarkdus éechnhypestohes deadari ipadtolitbhughy whicattieaopeick @socesses.
the following steps. Step 1200 includes depositing a

o131 1 Pk BE R PSRBT B B g o o
trate, such as silicon substrate 155. Step 1205
dtametet %qhg dale S@nggdqr,thc@;e &0 el theapperedgidenialis @Etthp ifigst dielectric layer

material, such as second dielectric |layer 215, onto
210 mayt trap sllnsifaaﬁdlyoeﬂl ofitke fliretingldisloesttonkc | ayer. Step 1210
i ncl udes patterning a hole, such as hole 300 in both

o115 et BB )80 01 LS TEEE e

silicon substrate, the hole having substantially
by the Cl?é’fﬂtﬂg@ﬁilt asl rg&wsr it carfiffe ratio of the depth of the
hole to the dianeter of the hole (300) being greater

[0115] thag, afo S auahad § egtlbn Z%t()eg grown5by filling the hole 300 with a semiconductor

material, as shown in Figure 19.

[0116] Misfit dislocations may form at the interface between the silicon substrate 155 and
the bottom diode 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
segment of the bottom diode region 310 above the trapping region may be relatively free of

defects and therefore suitable for high-performance devices.
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i ncludes growi ng a sem conductor material into the

hole to forma bottom di ode regi on, such as bottom

di ode regi on 260. Step 1220 includes sel ectively

renovi ng the remai ning portions of the second |ayer

of dielectric material. Step 1225 includes growing a

sem conductor material conformally around the top and
[0117] si dEs refnaidieg petibanythhe deone dieoticoagsredtee.an taciOPdayer) are

di ode region, such as active diode region 265. Step
removecﬂ%gﬁlehﬁh%ﬂhd@& SEOWR Gy Ao BT CANIMGE QhtelBIES hiBbesd Shay selectively

conformal |y around the top and sides of the active

remove &Je%ggpt{d‘g[g.g?;%lbg%&ﬁgg& 19%&%2?5 %ktﬂgﬁf;‘%%ﬁgc tﬁeg%ll?e £8P (e.g., SINx)

ng a elect i cal such as
dielectrig it & bt Sho bt BB P g BBl e re b fotprf ety Bottom diode
di ode region. Step 1240 includes fabricating a bottom
region 26f.ectri cal contact, such as bottom el ectrical contact

285, on the bottom of the silicon substrate. [0120]

[0118] bg%aﬁ‘gérﬂl%ﬂ epofs#;%tag’r %%%\ ?ﬁimﬂ% 6{5 g%kﬂfﬁ%ggtgﬁle%as ciescribed
i the R AEEFS FSHEIn oHerct 1 BRUET MBI HGER F GHPe AR g diode

out of the round holes to forn1hexagona| col umms;
region 263 gs shoptrein Kigirasthe éomediede rez®0 A7R oF2gh ee s el lpematl5 or
265 in Figure 14, and elenent 270 in Figure 15) have
Figure [hexmigha&lp dedssal senthitoa80 it hetont tlactricauwodtacts 285 as shown in
cross-sections. Reference is nade to a sem conductor
Figure 1¢i ode like in Figures 12 through 16, except with
colums that have hexagonal cross sections, as
di scussed. [0121] The hexagonal colums nmay be

[0119] advEamraglsusimerizsethetabovardserind rdtkod azdm‘fh]g)mmm the following

of the sem conductor diodes by configuring themin a
steps. StepX2Q0 iadludes dayoditiigefivst haer & dietarie nataray, suclhofimsediglbetric
shows several sem conductor diodes, of which only the

layer 21@ QREHIRARrE RHONSRF OB e, Wi R licoRLBRARI AN Be 1205
hexagonal array rather than a square array. (Note If

mcludes'sdégﬁl%ﬁ 1 a%%)nd ﬁa{ﬂrgr ofcﬂ!e é@g élgaﬁe\grél %}ugljé éé: %éle ?’{“.1 %ﬁfe_%ﬁ}i layer 215, onto
the surfa%g of %%r%%lst flre&ic layer. Step 1210 includes patterning a hole, such as hole 300, in
both the first layer of dielectric material and the second layer of dielectric material to expose the
surface 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 growing a semiconductor material into the hole to form a bottom diode region, such as
bottom diede region 260. Step 1220 includes selectively removing the remaining portions of the
second layer of dielectric material. Step 1225 includes growing a semiconductor material

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

such as active diode region 265, Step 1230 includes growing a semiconductor material
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of holes 250 is created in the dielectric material 160
rather than a square array. [0122] Figure 22, a top
vi ew of the hexagonal array, shows the dense packi ng
of sem conductor di odes which a hexagonal array
al l ows. The hexagonal features in Figure 22 are the
tops of the top diode regions 270 with hexagonal cross
confo PFOme theriop apd gidenef Be aoliberdiodraesionta gisala e diods egion, such
are the exposed portions of the dielectric materi al
as top dipge regiero? Heer Bibb StimEN6 ind0dasdlpidasies a soppdlentrdsl tyniadt, such as
di odes such as those described in above, arranged in a
top electrexbepoiteat 280, loaythe wirfe of iheroplitivdesegidiatSigl SLI0NANRdes fabricating -
hexagonal cross sections in order to achieve dense
a bottonP alekiking- I ' | i
o S A Al Ve S8 i e b 068 sficon
substratowever, in nmulti junction solar cells, reflection of
ight fromthe dielectric layer 160 may reduce
conversion efficiency. Suppose, for exanple, the
[0120] si |S@ansestibaiduaioe mblebialaRhingSatd ubile beedr @Ry deposited into the
intended to capture relatively | owenergy photons.

round hdiBES 4rfll Abiagabdtiy ﬁ%%fﬁ%dﬁtgo&ﬁfr&% {é]}%% te%i(iﬁq% %Bgﬁgggﬁcaﬂy, the

top of the structure, transmt” thi N I
R G it LT e R e S

boito jode. region 170, then strike the dielectric
cotumng G iR £ i e LRGSR HIEN b o Ben B Figure 15
reflect fromthe dielectric layer 160, transmt
have hesagpopl grpss Bectionhrather Mparteundgrosst 8Stionmn Befedice dndadexbh
through the top surface of the device. The sol ar cell
semiconduaibicdiodd llebmdii gurthEdnhraupt 1d)eyoeppwitd chRmpk @5k hiv@ Heh&sonal
process. [0124] Figure 25 illustrates one exenplary

cross sediiomk 68 daceedecture. This structure can provide a
dielectric layer with a reduced thickness (e.g., |less

than 20 nanoneters)-thin enough to transmt the
[0121] phdthehsxaepnhleoluhemmeebs edtantageousgnused oo buidage thhipscking density
structure, the silicon substrate 155 shown in Figure

of the seBcdnsu@ondiodechy donfigusing thier MG ek OForaPiredy 6@kt thhla square array.
which the silicon |ayer contains one of the junctions

Figure 2VeRGv R AE1 RibhibindubRE didkd, G2 SURsHLY HeSor BB AL HsB90 are
doped appropriately. A diéelectric
visible, arranged in a hexagonal array rather than a square array. (Note that in Figure 21, the

columns have a circular cross section rather than a hexagonal cross section). A hexagonal array

of holes 250 is created in the dielectric material 160 rather than a square array.

[0122] Figure 22, a top view of the hexagonal array, shows the dense packing of
semiconductor diodes which a hexagonal array allows. The hexagonal features in Figure 22 are
the tops of the top diode regions 270 with hexagonal cross sections. The regions between the

hexagonal features are the exposed portions of the dielectric material 160. Another embodiment
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| ayer 350 is grown on the silicon substrate 155 thin
enough (less than 20 nanoneters) to transmt
substantially all of the incident light. Trenches 355
are patterned in the dielectric layer. [0125] The
deposition conditions are adjusted in the reactor to
favor vertical growh and to suppress horizontal
comprisgt ophinglitasf dieles slvhds algy desciibel habbomatizngel inadie®ihonal array
365 is grown in the shape of a free-standing fin, as
with othi2P @ided ﬂhaﬁklgdlﬁﬁve%xa%o'ﬁh {r9&26Ltiohher SRRPE) éc'hﬁ:'%e dense packing.
conditions are adjusted in the reactor so that
vertical growmh and horizontal growth occur at
[0123] appFexdinge sryctuhehesamin Figuuss, is Auitdid oo hdilisteod oteer photahic
is conformally grown around the top and sides of the
devices ddéwewer,dh edeétifegition sdabcdl, efleaion difighafibintie didicod®: layer 160
region 380, as shown in Figure 25. [0127] Since the

may reddbSéRRbRIG drB¥RACY. Suﬁ?bs% hioP exdnlife, Q&Pﬁﬁ&oﬂ s"%ﬂab@at@f}ﬁ B&ntains a pn
trenches (the ratio height ‘to wdth Is |ess

j unctionl 1$%Hdédstg§3}gmd e%lﬂ ;/telgl l'bgfl en%tggrga\?@fogg P@{fbé Feh ﬁl 5}* ﬂ%}‘t}; éljfe%gy photons
sl s g A SR o 31 o The R0, i

active diode region 380. Note that eI ectron-hol e pairs

on their pgii) perdeRmphBanfrahthiquah teorrtiae diodp segion &3dnythe bottom diode
di sl ocations 375 and reduce the efficiency of the

region 1§0) then stelkb theHbwlewtelc lasteh €66 tSonetpsreentipt bfjfieespidion would reflect
ef fect because the photons will pass through what a

from thdPdibIEBEY 1hyed b0 RS QfRtth@Agh 8 38Qrs WU ¢85 1881198 Sanid exit
t he upper portlon of the di ode, before they can reach

| I {
throughtt eto%; Ettﬁt?%c% dr}gh?%e;&h%g S‘Bé Q412 c%gls voul T@ﬁ%tga{bs%@ t%{%rh zgﬁ tpear would be
lost t tbecause it is relatively Iarge conpared with the
ost to theJIPeiS-occupi ed by the threading disl ocations 375.

Reconbi nati on of electron-hole pairs at the threading

| [0124] dl Stttg@@tzsqnﬁs@&e% dmRYex MRS QFEcRecBteSBEO B ¥ruffuk&&dn provide a

not S|gn|f|cantly reduce solar cell  efficiency.
dlelectmL: Q%%? %}qtﬁh o%ag%g&e% lf%gs tﬁlm lid n&]%%{e%r@ Jcﬁfn Qﬂo%‘é’ﬂ to transmit

the photons rather than reflecting them. To build this structure, the silicon substrate 155 shown in
Figure 23 is provided. If a multi junction solar cell in which the silicon layer contzing one of the
junctions were being built, the silicon substrate 155 would be doped approyxiatety. A dielectric
layer 350 is grown on the silicon substrate 155 thin enough (less than 20 nanometers) to transmit

substantially all of the incident light. Trenches 355 are patterned in the dielectric layer.

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

shape of a free-standing fin, as shown in Figure 24.
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active diode region 380 to create the top di ode region
395. Again, coal escence defects 400 may appear in the
top di ode region 395 where the gromh fronts from
adj acent fins nerge. [0129] A top electrical contact
410 is grown onto the top surface of the top diode
region 395  and a bottomelectrical contact 415 is

[0126] o olibe dwesition sonbiiensrivordivsied &1 the seatos gb diet wertical gBwthand

- a_ solar cell, the influence of the coal escence

horizong gwtl 0a at appriyémaicds Gasene ptes dveniiomdutommaietinl is
the top electrical contact 410. -32 [0130] The

conforrrely geibwe mousdh dwrtop Andiiges of tRObotfonR didie eerisss thcRlte the active
conmpound sem conductors or other l|attice m smatched

diode repRM IRONAUELAMSH PThude 4.1 | con substrate and can
conprise a silicon substrate 155; a | ayer of
dielectric material 350 covering the silicon

[0127] subSinecthe dieledydc laggrds sofhinited spectivetionaf de ahches (the ratio of height
containing a trench 355 exposing the surface of the

to width3 BbS txdess tharbbtAed RsdlfShe tiheviRYEthOdiclb@lcesier BSO may not be able
mat eri al 350 having a thickness of |ess than 20

to trap sUBIRARIGLE of (1R t%ﬁ&iﬁ@dﬁﬁ%ﬁoﬁ@ﬁ@ T’hg’ﬁ?eég%ng?’qggogaﬁigns 375 may

sem conductor material filling the tren
: t ingd 0t h fin: tiwv
consuS ISR mbER L 155 30RRR otk PoafB P i
recombigg gt RGO B e B orRons 78 i B D anes B e

conformal |y around the active diode region 380; a top
solar celf | Haweven dhe eoistue mitigetes thisefeat ivstuserhebimdonsivalipass through
contact 415. [01311 Figure 26 illustrates a nethod of
what a priatary Ggliti abgorptien sxghodiodewhidiepdiddsdd theufpegstiodof thEddde,
nmet hod conprises the followi ng steps. Step 1300

before theRGatidRsh mﬁéaaijnggﬁs@odaawslr 30 THE Bigfaly light aﬁﬁgiqnglggon 390

such as dielectric material 350, wth thrcknes

may absélit?)qiﬂos‘? o BRYRotdn? behu (?g"i%ia%{v?llygnggg Sca%-@?reﬁ l{vg{h%g%e%én:%cupied

I'1con substrate, such as s Irat

1305 includes erni tpench, ch as trench .
by tho tisdog iSpi5Ps 28 16O Ben bl Eerieinefolgpeiton depbsedione
' surface of the silicon substrate, the trench having
dislocatiggifoaney Brersforpdieta seaamdsrortist pad naisignifi@ntly redubesidar cell
sel ecting growth
efficiency.

[0128] A semiconductor material is conformally grown around the top and sides of the
active diode region 380 to create the top diode region 395. Again, coalescence defects 400 may

appear in 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 bottom electrical contact 415 is grown onto the bottom of the silicon substrate 155. In a
solar cell, the mfluence of the coalescence defects 400 can be mitigated by covering them with
the top electrical contact 410.
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condi tions which favor grow h perpendicular to the

pl ane of the silicon substrate and suppress growth

parallel to the plane of the silicon substrate. Step

1315 includes growi ng a sem conductor material to form

a bottom di ode region, such as bottom di ode region

365, which fills the trench and extends upward in the
[0130] shdpe ohbaiifen shGven F320: 256 lauldek rseledtdm rgmgoawt h

conditions so that the sem conductor material for the

semicor@Géto¥eor GtRg eatti €UinBihat 148 ReBRodictor€ol b @R on EGHHAR 238 Qan
wi Il grow at approximately equal rates on the top of

compri 1STREASEAR IS, 00 0Bl i 088 Db iFion susr

the loyef FELERHL b Botiaiiis i Bl S bire sl SPLRE oD% SRR
active diode regigon. Step 1330 includes growing a

substrate &1, Sisnigue Wrditiettas mer@bﬁﬁ%hma ayf?%klca@ﬁw 1956 theg Ugrpgometers;

sides of the active diode region to create a top ‘
a bottondlfioderageyyi 309, ofsemicoaduttopmeticvaldilling ihoriredel 35 Seepeig8hng
includes fabricating a top electrical contact, such as

upward fofhe ehaetofiadhl;, ag api@cliodel@gion 380 besnitbahiei@imatédd chadim
di ode region. Step 1340 includes fabricating a bottom

conforrrﬁhg Giduhg Ae GRRRAGHLde fittdh 73, RIS BMe RbRMIIFS(RlscHRRh&%kor
415, on the bottom of “the si |I(?0n subStrate. [0132] In

. S0 i i ons h re C e silikcon )
e S0 PAPLERY GB5A 2% RE SR PaBhahlce Bb 8 ealgorgaen 410 nd
Fgr exﬂnpl e, jé%r light-emtting diodes emtting in
a bottonpelp¢thret cRBFEI gt h  ranges, the silicon may absorb the
l'ight. An exenplary device architecture that can

re t il 0 i; i oy
[0131] o é‘%@%eﬁ%?ﬁléﬁfaltésc‘a%etﬁlﬂ ot fa%@aé;fng lﬁi&é@b&ilﬂeﬁﬂ iedi Figure 5.

process o maki n evice are the

teps. that, |l ead up to fabri i. 0 f the.structure. i .
The merfpd Emors e B sy S 590 e oA GO S difleomc
. Structure in Figure 3 inverted, before application of
materialy feh gp é@ﬁffqﬁé%ma%aﬁ{ 3% ¥mohicksgs Hast a{l@ig%}aii.@ 2 Bgmeters onto
: substrate or surface 430 is bonded to the top diode
the surface gf e 8ilitos sulssashewh. asistici gubstraizd 55 TReephidAd liecludes patterning a
substrate 430 could be part of an LED packagi ng
trench, subXkdifrénchl 35 5Maythd Biyenefdsisariy nlaterial fnaspbzetheRerfadsr dfalkesilicon

of the top diode region 190, 195 by sone suitable
substraté,%@é&ﬁ%aving substantially vertical sidewalls. Step 1310 includes selecting growth
conditions which favor growth perpendicular to the plane of the silicon substrate and suppress
growth parallel to the plane of the silicon substrate. Step 1315 includes growing a
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 a fin. Step 1320 includes selecting growth
conditions so that the semiconductor material for the active diode region, 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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such as, for exanple, chem cal nmechani cal

pl anari zation in order to bond the handl e substrate
430 to it securely. [0134] The handl e substrate 430
may be electrically conductive, or it may contain
conductor elenents which will serve as contacts for

the to i ode region_195. Bonding nethods are well i

COﬂfom?éEVo%Huf%%F fep &k sides of g dhogrmaipdrotsgionde ¢reate ) dchvedipge region.
bondi ng where the "top" portion of an LED is bonded

Step 133p ancludpgigreriag eisamidogdysdermatrizvon fobmp iy kwged the3dp and sides of
[0135] The initial silicon substrate 155 is renoved by

the activedderegimt ® aretthodp dotdzhreg®dn, @ich adiopddiodd @RioAG I Slepa33s
chem cal such as tetranethyl anmoni um hydroxi de, or

includes FasRAtIRDA B ddbiridl hontzg;fi, é‘%l']ﬁ‘}h & toB e cRlal c&ﬂé&ﬁﬂlé,%&%ﬁ?ﬁgfme of

skilled in"the art. [ As shown in Figure
e o SUESH REER R A DL EL S Gl SRR onom

. _aboye e t1 el ectri.cal contacts 440 may al so
elecm@a@é’&ﬁ&%‘*%f’ﬁ?ﬁe bR HF SSRGS 430, [01371 It may
be useful to select reflective materials for the

[0132] CON &GhSarhiRa@id, H4Brdithc8 ro?'ﬁ{e ditfeonl RHUES: %dg%%gﬁahg %He?:Xi t

the LED i'n the nost favorable direction.

. ' : M), Qui g .28 . .di ode .nade from

performn Bt o8 I s tb P S B G R e Bifpevclonet
sem.conduct.or terjals and can conprise a |ayer of

ranges, (G UHCERURICIRATEP HEDi 6 AT ARHITaoCaTEhissRRe Btcenpaove the

. trench having substantially vertical sidewalls, and

silicon sybgfgate it shevefin Fiirn &3 giepsdn thaqoease nEmakingisheh alavide avé the steps
the trench being greater to or equal to 1; a

that lead fimis febpedidnoifitomstdichdein giners dk&Bowh is Eigueol wdiidris simply the
material filling the trench; a trapping region 175

structure M Flpiufe 3 hereRed, e dintiati R0 AR dE0r1Medoataltstnb aAdL Y
di sl ocations 180 intersect the sidewalls of the
trench 160 and term nate; an active di ode region 185

[0133] of Asdapdiensuhstafe onsittéack 4B0 isgromviad toothe demdibtigregiondd, as shown
the bottom di ode region 170; a top diode region 195 of

in Figure 28. The handle substrate 430 could be part of an LED packaging fixture. ¥ may be

necessary to planarize the surface of the top diode region 190, 195 by some suitable technique
such as, for example, chemical mechanical planarization in order to bond the handle substrate

/

430 to it securely.

[0134] The handle substrate 430 may be electrically conductive, or it may contain conductor
elements which will serve as contacts for the top diode region 195. Bonding methods are well
known in the art, including methods used in flip-chip bonding where the “top” portion of an LED

is bonded to a surface that is part of an LED package.
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sem conductor material grown conformally around the

active diode region; a handle substrate 430; a top

el ectrical contact 435; and a bottom el ectri cal

contact 440. [0139] Figure 29 illustrates a nethod of

fabricating the enbodi nent of Figure 28. The nethod

conprises the follow ng steps. Step 1400 incl udes
[0135] depdsiititinbsiAcdnaynbstraé I ff slrembydddy amatoe mieat meshock sach as

dielectric material 160, onto the surface of a silicon

grindingS&tBIShE ki & SieehicASudd 4l t6@ImetBURSI@iem HedroxRlee Br & ublation, all
I ncl udes patterning a trench, such as trench 165, in

. 1t f ' ' erial to expose the
Ofwmms%??‘}ggg&g?&ttﬂé&yéfgplag%#nc%l e trench having
substantially vertical -35 sidewalls, and the ratio of
[0136] t hesssdbghtin Gigurd 28 ttogplebtrica dohiaciaiddt hndbotidre eteceimahcontacts 440
bei ng greater than or equal to 1. Step 1410 incl udes

are adde8 8k 8&hiNg tgd}ﬁ%u@s.mﬂpldimsabm, el BoroRd clgéevtitontacts 440 may
per pendi cular to the plane of the silicon substrate

-@ér].ﬁ,j . allel to the plane of the
also Y |t§1{gﬁ%s§%§dt1€%®§ﬁﬁglta§% 1415 includes growi ng a
sem conductor material to forma bottom di ode region,
[0137] sudbhmag bbatdfonodeledeacflegive matatis fohitereohiactsst3tad 440 in order to
trench and extends upward in the shape of a fin. Step
induce 1328 kREhIOES 8 UBabdtTRv IR iRRdI tions so that the
- Sem conductor material for the active diode region,
such as active diode region 185, w | grow at
[0138] apphexintmtishsnt spra) i Bigers 26ns & Hode opude dfor pampindom
di ode regi on and on the sides of the bottom di ode
semicond@@brobr ot Pittlcd2bismaghod @snic@tdavion ghateriand@ad ¢6indtise a layer of
material conformally around the top and sides of the
dielectriORatep %@Qﬁmaiﬁﬁg L QRnbR 165,88 Sorth hB¢hE 8L H ARGy VBl Al kidewalls,
Step 1430 1 ncludés grow ng a sem conductor materi al
nf I n . [ . [
and the §REHETRctoh BF UG HORIBREr BsdReD behO Bl W froual o 14
top diode region 190, Step .1435 includes honding a .
fin-shapghbgitom 1196%?%%}71%%%%0“%%’1 J@a@%@ﬂﬁ% 518 tieggt: ¢ fepping
~ the surface of the top diode region. Step 1440 .
region 17 hwithiebe betivvidigletregion il 79 odrwrgndyesdinediplpcatipns H8Ritatarsect the
or mechani cal process. Step 1445 includes fabricating
sidewall@of thp tehelc1 60 aal tegontiacin acive diodasediop 189 etdeniicmlductor material
contact 435, on the exposed surface of the dielectric

grown cdA¥@Rally A6 dlhe BohHih iR S egion 170; a top diode region 195 of

semiconductor 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 illustrates a method of fabricating the embodiment of Figure 28. The
method comprises the following steps. Step 1400 includes depositing a layer of dielectric
material, such as dielectric material 160, onto the surface of a silicon substrate, such as silicon
substrate 155. Step 1405 includes patterning a trench, such as trench 165, in the layer of

dielectric material to expose the surface of the silicon, the trench having substantially vertical
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fabricating a bottomelectrical contact, such as
bottom el ectrical contact 440, on the exposed surface
of the handl e substrate. [0140) One exanple of an
alternate nethod of creating the enbodi nent of Figure
28 is to create the fin-shaped structure shown in

, Fi qu 9 b e _proce descri bed | Figure 11 rather

sidewally, 4n ﬁﬁéﬁﬁ 8@5& £PgBEet e wendhio ﬁf@g‘md@i of the renebybeigg greater than or
alternative way to reduce or mnimnze absorption of

equal t¢ { gRterdgf1Q melugies plesiing ghwvihgoaditipss whichdewr gorveh pemendicular to
refl ector above the silicon substrate. The enbodi nent

the plargdtie sihicdsi pbsteat82nd su@breiss Lrosith pireleldn ehayslymd of thositidvins
using a diode with a reflector that also serves as the

substrateO St BQbiadtades pdiinaalsemiddddctorhAatbMiil i f6fM 8 bottom diode region,
structure, a substrate 500 made froma nmateri al such

such as%%ﬁél%%dgg‘g%i%gqgo whibh ﬁﬁ@theﬂ%ﬂ@l‘f‘ at‘r:ti éﬂ@ﬂds%p%ﬁﬁgﬁ%e - shape of a fin,

n-type, ing on the configuration of “the

| ce, i rovi ded shown in Figure,30. A first )
step 149 chisp Slr eV pafiBeRae Baishe sitofuittinrisgi Fo the otive
. niitride, a |ayer of a refractory nmetal 520, such as
diode regigfy §?<‘§1nﬂ,s agHge é@@%&gm Ve will growintapawsipetelyedsalirates on the top
530 are deposited or grown. A refractory
of the bpegmdiodtregipabnden thefsidres pbihy butivaml disBOregRuC [Btapst 425 includes
tungsten, is chosen because this [ayer 520 may

growingk bdrsicamthctorengerinobnbanglsr abuidethe tord fifl SdRDEaUStom diode
| ayers w thout nelting. [01431 A trench is patterned

region th RrdalEanSdckive Eifzig 5 o @E}? hf@ﬁd‘fﬂgﬁlag{%rog% £ §en5i@9rﬁﬁ1%tégmaterial

ion etch. [0 el ectric spac are crea
t [ [l f r.enc conventional .. .
conforrfil el e WD R ol b B b RACodR BRI Dkt Cp g csion,such
sj dewal of t econd layer of dielectric material
as top d ,fealﬂ%llé%f bgid £33 ingielsy Daswiine phndlebiyte uphgimgle substrate
dielectric material 510, and the exposed surface of
430, to thgsugige of dbe wpiskadeaegionoBteatl 44hachuies ovmofing the stlicemstbptrate by
are conformally coated wth a |ayer of dielectric
a chemingltoe meahanisal pivcass. St€P144Fhacldiesl feleidatiag mabesliealicdl Sontact, such
subjected to a brief
as top electrical contact 435, on the exposed surface of the dielectric layer. Step 1450 includes
fabricating a bottom electrical contact, such as bottom electrical contact 440, on the exposed

surface of the handle substrate,

[0140] One example of an alternate method of creating the embodiment of Figure 28 is fo
create the fin-shaped structure shown in Figure 9 by the process described in Figure 11 rather

than the process described in Figure 7.

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

is to incorporate a reflector above the silicon substrate. The embodiment shown in Figure 32
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ani sotropic reactive ion etch, which selectively
renoves all the SiQ2 coating horizontal surfaces but
| eaves intact the Si2 coating vertical surfaces. This
process yields dielectric spacers 550. It |eaves no
met al exposed. [0145] Optionally, the exposed surface
of the silicon substrate 500 at the bottom of the
illustratdsroan ehayriayio bleis ckiegreliodeywittes tedidstod &me nish eevadxavie top electrical
[01461 G owt h conditions which favor growth
contact. per pendi cul ar to the plane of the silicon substrate
500 and suppress growh parallel to the plane of the
silicon substrate 500 are selected, 37 as described
[0142] j n honluilsltpisrstiygtur 8oEb Sekeas Wridadsi forg ol hategal egcleis (@ 41)-surface
above. A sem conductor material is grown to forma
silicon, dapeé eshandiypg obottymmdepadmgroaghecorGiflradonctl tid dibde ddvéce, is
trench and extends upward in the shape of a fin. The

provided bOWow M 1iBereSONAGRBAUFIOF dBBcRid RhtefBYS 108 sudhek kDichR ditride, a
usi ng MOCVD. The process w ndow (e.g., the conditions

I f i r
layer of § oL 2038 AR RERRNE hd b ok 1By P Mok Bl BN 530 are
.. bottom diode regjon,cannat be. all owed .t nucleate on .

deposite Bt 13 o HfaaroBEl Pt R ar Sl e D0otohas bnesien, is
dielectric layer 53Q. [0147] Threadi ng di sl ocations

chosen bg@mwﬁgys W@I’O V4 %mﬁt,a@c,i the’ gPwthdempeiatirey @%ﬁh@ subgpgcat layers
from the interface between the bottom di ode region

without B2Bingnd the silicon substrate 500, intersect the
di el ectric spacers 550, and termnate within a

tr ing .region 555 |In order to trap substantially .
0143] 5 PPRpRRS PRhTRedhe sachine By bR B aply ands agiee fon etch
that the aspect ratio of the trapping region (the
[0144) tr ﬁ@i@l_e@tfrictsﬁﬁceli‘ﬁﬁmre @fea%e'&%n%@!;i@&%llscoﬁﬁ@&&{c‘ﬁgggé)gnﬁéehﬁonai

e wdth of the trelnch bet ween the spacers 50)
metiocs 5P Sfchl e85 ARURopk Pk BN AR EOREIA PP
. [ di od [ 580 will _ .
materisl 158 B feéory vt APy s dee Bt e S ECGRo pigeria A1 Qg the

on the top of
exposed surface of the silicon substrate 500 at the bottom of the trench) are conformally coated

with. a layer of dielectric material, such as Si02. The dielectric material is subjected to a brief
anisotropic reactive ion etch, which selectively removes all the SiO2 coating horizontal surfaces
but leaves intact the SiO2 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 the

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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the fin. A sem conductor material is conformally grown
around the top and sides of the bottom diode region
to create an active diode region 580. [0149] The
sanple is renoved fromthe reactor, such as a MOCVD
reactor if MOCVD is wused, and the second | ayer of
djelectric material 530 is renoved fromthe structure
as deS%{}eJam\%t pangs Py Bloperisake gl hipgpllenguespited appve. esemiconductor
~dielectric material is silicon nitride, then hot
materiapisggphntt Hradi fiee-ganditgebatorodidde tepitant 70 WHiEh6]1s Fearench and
structure is returned to the reactor. G owth
extendsapmdid in0hs skpe of e fiacTiedg®o/ i bithe sBBicob &IBiGANENEL Ay be
material for the top diode region 590, as shown in

perfonﬂéﬂ%ilh% MOCV | ThdQbelD Imb{ncgﬁxpg&ég.; 88 cBhdi &ﬁ}déf’%%g?e%rﬁb% and

equal rates on the top and t Si desfo f om
' . ' h t he .
pesur ) 3L 881 A B 880 i A 25l for e b
o g e P e T St Bl S 2L 18 o pegecond

. of the active diode region 580. (It is not necessary
dielectricdayes#®Pnue growing the top di ode region 590 so that
the top diode regions from adjacent di odes nerge as

in K e 3; the |layer of refractary t al
10147 g g B B SR Pt e 45 A5t el from
. diode regipn 590.). Sinultapneously, a horizontal |ayer
the lme%ﬁ*ceﬂ@mf‘gﬁgﬁ boban fiofl Foein BESAche pibapaheiisie Sobristeect the
: the surface of the refractory netal 520. [01511
diclectrigsprestad 30y and termvipatebeithin v drppige sesion 65 duerder betrapoqubstantially
di ode region 590 and the horizontal |ayer of

all of the tneathmgldiskoostionsy ieisipadfeObthat the agpdchiatiad dfalyeaming region (the
dielectric material 600 such as silicon dioxide.

tio of [ RZht SF ARARIELHE A0 Y8s « | ;
OO a 605t hr ough oG rd%%lgﬁﬁg@&ﬁ%ﬁe%hﬁeg%ﬁ%Spacers

550)1’3?2%%%@80%@?32@# hrough the horizontal |ayer of

conduct erial 595, as shown in Figure 31.
For best results, the via 605 may be relatively far
[0148] f r ofirdvhk cohditdensehemata] oAbat th8Smiconductor material for the active
diode region 580 will grow at approximately equal rates on the side of the fin and on the top of

the fin. A semiconductor material is conformally grown around the top and sides of the bottom

diode region to create an active diode region 580.

[0149] The sample is removed from the reactor, such as a MOCVD reactor if MOCVD is
used, and the second layer of diclectric material 530 is removed from the structure by a wet
selective etch. For example, if the dielectric material is silicon nitride, then hot phosphoric acid

can be a good etchant,

[0150] The structure is returned to the reactor. Growth conditions are selected so that the

semiconductor material for the top diode region 590, as shown in Figure 31, will not only grow
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590. [01531 Finally, the via 605 is filled by
depositing a suitable material 620, such as a plug of
tungsten or another suitable material such as woul d be
known in the art, termnating in the top electrica
contact 630, as shown in Figure 32. The bottom

el ectrical contact 640 is also created. [01541 In the

at approkinhdtsly et £ldarybe derep tindthetshies 6f thdGotive dEddawdgion, but also coat the
Figure 32 as a light-emtting diode, the refractory

 surface 6Ethe keﬂa%&’cfr? Al SQ@YTI%%F %16?1%6:@8& OB c@ea&&%f&rs%fg £al

contact b al so as eflector. Some of the [ight

semicorfGHEE AR tbab { oA BB R G %n@?s‘@%né%g%@ active

. of t t wll strike the refractor t al

diode feS’QB.S%#éPS%QE\ﬂ?ﬂ%W?{ {BrrgEtiate SraivEie oy dig Sigrratl ot yhat the
netal |ayer 520, may refl ect V|rtuaIIy all that -39

top diodp ﬂ@wn&m:ad]acmﬁehq%s msegeeds 1 iFegvee fehipceuse the lgger of refractory
structure and contribute to the brightness of the

metal SA0B0]] enteyasansimitticap esdantate iof dibbe rdgighiolgeSimubitetbusly, a
within the di ode nay pass through the trapping region

horizontePRaydrtifQefnlt@ndhdtbCaRteS SIS aERated that WHAS ﬁle'shrfﬁf&)bfk%@e refractory

absorbed and |ost to the process. [01551 One exanple

f-an alternative to the enbodinment illustrated in

igure 32 is to pattern a hole in place of the first

trench and grow the diodes in the shape of col umms

[0151] r atMygionahignt tdmise advRkgaihs Therventiedomeivide sdpdmn5dnand the
Figure 32 is a diode nade from conpound

horizontSEIH &UTQEG Db 8udbr ﬁ&t@ﬁﬁl d%tvhup@thﬁ@dqa%r%h @fblectric material 600 such
seni.conductor materials and can conprise a silicon

ass111coﬁldﬁ>§§tic{ ate 500; a layer of dielectric material 510
covéering the silicon substrate 155; a |ayer of
refractory netal 520 covering the dielectric layer; a

[0152] horStzehtdicchaiyeds D¢ copliyed nstedtot vilnd (B thatugh ¥A5third layer of
covering the layer of refractory nmetal 520; a first

dielectrib h%ﬂﬁrﬁl @9@ Qﬁd‘&r&tbrh‘%lﬂlcg Hoﬁﬂ)%tél X eF o OfemiSHMEBPAMEHAT 595, as shown

materi al 595, through th e ayer of refractory materi al
in Flgu.r?%g Fogggset sﬂ@tﬁ gtgx% vinégédts Slbe R atwelgfffgf%éﬁﬁh?ag% L8herd %70, 580,
substrate 500 the first

metal 5

590.

{0153] Finally, the via 605 is filled by depositing a suitable material 620, such as a plug of
tungsten or another suitable material such as would be known in the art, terminating m the top

electrical contact 630, as shown in Figure 32. The bottom electrical contact 640 is also created.

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

For example, tungsten, when used for refractory metal layer 520, may reflect virtnally ali that
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trench having substantially vertical sidewalls, and
the ratio of the height of the first trench to the
width of the first trench being greater than or equal
to 1; dielectric spacers 550 covering the sidewalls
of the first trench; a bottom di ode region 570 of
. sem condyctor material filling the first trench and
light upWRRe B FRSCGEAEER TH Phichs HRMEITGRNA cpRFbUE to Faegpihgoss of the
region 555 in the | owest segnent of the bottom di ode
LED. Onlggi soreligeocentege of thetightmaierateddighiodat diods ma§@ass through the
intersect the dielectric spacers 550 and term nate;
trappingangiat 55§ intd itedtlidoa gilsnamdD0opivher i eande abibiraheldstto the
grown conformally around the bottom di ode regi on 570;
process.@ top di ode region 590 of semi conductor material grown
conformal |y around the active di ode regi on 580 and
contacting the horizontal |ayer of seni conductor
[0155] rat(end exlampdsof aa dltinekvd @ythe ewbodimeheitinstiratediatgiral32 GOM pattern
covering the top diode region 590 and the horizontal
a hole inl{Ay®mrofeke Sanirahdud tarw tRtdsdeslin B33hame SRLAREIsIHA®BBCHRan fins.
openi ng through the -40 thick |layer of dielectric
materi al 600 and thrqugh the horizontal |ayer of
[0156] 5emlgsahedirarmt saaver inditgure 3Rt edipdeawdsifingn torep@uads ace
~of the layer of refractory netal 520; a nmetal plug or
semicondurions ot othes p@ticefnistnatoged dveiseclondr taatmiabs @ddan comprise a silicon
physically contacting the |ayer of refractory netal

substratebSMl); a dayledpf dieleeicmfaial SONLEE,MOIR: ANYSH fdkirdte 155; a layer of
contacting the netal plug 620; and a bottom el ectri cal

Fract . i t i LEi . .
et S B By K L PN B A eEbL i bnptgrmateia
f ' ing the e Lent illystrated,in Figure
595 covellng R L S BB rETHOR0TE Rl sl eRlyispieh g of
X 500 incl.udes depositing a first |layer of dielectric
sesnicon gl HOERh 2 B s Faplosy PAErG 620 e ghpheh the layer
. surface of a silicon substrate, such as silicon
of dieleckiymaterielss I90od 8wy ckbosSng Helsudes: ditposilicomsutatritafed, the first
of refractory netal, such as refractory netal 520,

trench heot subkanfialtystertiay sdewdllsdigl ®ietriticome asigh of (Bt B8Rt £84 to the
i ncl udes depositing a second |layer of dielectric

i o B o ) BB Bl 0389 g
sidewalléé?ite 1?1% gl?%t i@t%néh; faibro%mtcfigdlcrggitoﬁ 59 %? setn%%or?c?u%%r} (%nz{tear}/a‘f E‘lllglfg the first
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 diclectric spacers
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 grown
conformally around the active diode region 580 and contacting the horizontal layer of

semiconductor material 595; a thick layer of dielectric material 600 covering the top diode region

590 and the horizontal layer of semiconductor material 595; a second trench opening through the
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material, through the |ayer of refractory netal, and
through the first |layer of dielectric material, to
expose the surface of the silicon substrate, this
first trench having substantially vertical sidewalls,
and the ratio of height to width of this first trench
bei ng greater than or equal to 1. Step 1520 incl udes
thick lay@Qaldigdg-nat haexpos@asiuhfagh shy idizoseriang dfayaicoafluctor material,
dielectric material, the sidewalls of the first

thereby e%ES‘é‘Eé‘bhe abdadns tﬁyragracc% rBfradthte ridthll 20N, FIBS LEALR c@ﬁductor 620

e bottomof the first trench) with a third layer of

filling th¢ S@bSELLAS: 45%1 Bk, SRR AR L AR BPING s Wiop

toricapeEPkl) SRS BE bAoA DL S O Al SR i g
first trench., Step 1530 includes selecting growth

640 physieRulicentaing thhsidkon JubbEge©48r owt h perpendi cul ar to the

pl ane of the sil | con substrate, ii) suppress growh
[0157] f’f‘ﬁ%'uidagh b us%!& ghg)%%g i Ewaﬁx'éé,{h%%{hb%ﬁ 18 ﬁh@tﬁ%ﬁg?m Figure 32.

‘ on either |rst aye ele cnaterlal
The meltoRgomPERDT FRUSHREEFRY e ULBE o IPART e ST A
a sem conductor material to forma bottom di ode
dielectricrraaferal, susheh diadedtne meterial Dk ontodls Brfas7 of 2 gificehswbisirats, such as
the first trench and extends upward in the shape of a
silicon subistate S0@PSHAGOS invildes esposttinga lagertofi ec fseton chekdysich a$
dielectric material by a selective wet etch. Step 1545

refractory Rt 986 o3&l %tﬂr&gaﬂ:& QiR eBtthhiQ4)S t10tindihes depositing a
sem conduct or material for the active diode region

second 1a\t§\/'ﬁ fbcgél?%&legﬁlag%garl XL gfeye &f&%&tﬁﬁﬁ%@ﬁ d&ﬂo {t{!%q%)?]eg Bf Pgﬁ'actory

’relon on t

W SRR R S RRISERS toe g

~_sides of the bottomdiode region to create an active .
material, dirodgh thedesh of refisstorametnds Wghr@p&hj@e degileyer 98 diclegtrggymatenal,
1555 includes selecting growth conditions so that the
to exposesthrisedndudttior sitietrenubsitaté,dhistfing tteoph btvockesubegioa]y waugénl
as top diode region 590, will i) grow at

sidewall2RRE O% ir iR &f Dei S UG i dRLE Shi®Arst BedhOR RS predier B4 biv&jual to 1.
di ode region and on the sides of the active diode

s 152094 PO s 00 R UG ki i,

sidewalls of the first trench, anc? the surface of the silicon substrate at the bottom of the first
trench) with a third layer of dielectric material. Step 1525 includes etching away the horizontal
surfaces of the third layer of dielectric material, thereby leaving dielectric spacers, such as
spacers 550, on the sidewalls of the first trench. Step 1530 includes selecting. growth conditions
which 1) favor growth perpendicular to 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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sem conductor material conformally around the top and
sides of the active diode region to create a top
di ode region, while simultaneously grow ng a
hori zontal |ayer of sem conductor material, such as
hori zontal |ayer of sem conductor material 595, which
coats the surface of the refractory netal. Step 1565
ncludep gEqWiaG & Segendiptar ﬁ)@&t@l@é teiforates hastpimodiodn tegidme such as bottom diode
hori zontal |ayer of sem conductor material with a
region §H), miidheflby the fird treh@hctdies temels epwadd,in shecshapsofti B eStep il 640
material 600. Step 1570 includes creating a via, such

includeasenvdvin®B seddnd aay@hof dielethicrahtéddl &% aCHele‘élh% \%@tt il Step 1545
material and through the horizontal |ayer of

include$ %&ﬁ@%ﬂ&&ﬂrcoﬁ&h@ﬁé & that%h@ n%%gl%}dc{b‘} ln‘ﬁﬁ&%al Fddehd tb ?&15%: @gode

via by ep03|t|ng a plug o

region Pl SERCS ELSRuBRRely K Pubei BFed o1iRabB bk rraion and on he
4 fcﬁ f}act ch as t p electrjcal contact 630. Step 1580
sides ofRE piish diodeasinn Sob Ly oM bR ECEPER © soweaustos fsFerish
bottom el ectrical contact 640, on the bottom of the
conformegllyj sgerndethp taprandlsides abthp bossh dFodpuegiod o bichiesh natiestiade region,
further enbodi nent intended primarily, but not

such as netivestadd tegion 8O Stepdlsss emhides BgectinadeewtiNtnghiohakeat the
advant age of the fact that when galliumnitride grows

semicor@Mttor @fatd@idelrehdiop @16(1%%%‘%1&1 'sﬂcl@aéjéogld‘?&ée r‘eégﬁ 3YE 'will éj grow at

naturally grows in the ape of a Six-sid pyr’am
approxngl n%g%fwﬂfeal Pgtesgcfrﬁs/tlﬁ% & o&@tgeu%cugg dio %.7%%81? ; r?cb%p%@-;le §islgs ofhe active
ot R BnE SR e L e e b TS bt i

. material b I|thography process and/or an etch
semicongugiopgte @?kawﬂ adly peginddghatopontlisisies of thetahévesdiodearseionfto create
the silicon substrate. As an option, the surface of
a top diedeeregivch] white sutrcatgy goBviap athoeizottol lnpmodkerhitendiele® material,
may be cleaned by the process cited earlier. [0159] A

such as B0 et of soRtRIduabr nSteBiaPYIs, tadi s &ﬁ%sq‘hé Elfrfakégbf B vefractory
di ode region 730, as shown in Figure hi's

O i e -
materlalsw n;} a{]#ll%r&rof rgiatle%[cllicama‘feﬂgl tsgc a%o 1é1gorpr1g Im%ge%a ‘5{% og’]tep7 %5070
includes creating a via, such as via 603, through the third layer of dielectric material and through
the horizontal layer of semiconductor material. Step 1575 includes filling the via by depositing a
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 electrical contact 630. Step 1580 includes

growing a bottom electrical contact, such as bottom electrical contact 640, on the bottom of the

silicon substrate.
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hole 720 and naturally grows upward out of the hole in
the formof a six-sided pyramd. [0160] As in other

enbodi ments, the ratio of the depth to the hole 720 to
the dianmeter of the hole 720 is preferably greater

than or equal to 1 in order for the structure to be

able to trap threading dislocations. Threading

[0158] di sFigeatisaiigstided afuythérosmbatimedtantendedrfraceilpdtneemeacbsarily,

bottom diode region 730 and the silicon substrate

for light{@RittinbhB6&est WhRAdhIRG a8 ShQeAIrtR S ct M WHRRANAIenitride grows out
upvvaro'l’ at an angle, intersect the sidewall s of t he

ofa hol?bteé §E1hI1E ol BUES g%a@e gtr}gatﬁrﬁfﬁ[%@}s‘?n Wiel Rl 1x s1ded P;ranud as

rapplng reglon here may e re

t tri.d th
o esult oS i b0 gre@'ée"gt%ﬁ%ﬁgéﬁ %féiﬁw X syé%ﬁa@%ﬁ%df@tpawded s
material is conformal] g% own around .the pyramd
shown ip &%%%.Pe kger 9%@?1@%?31@& FarL 116 i demesiiser MBI 2ocie created i the

region 760. [0162] A sem conductor material is

dielectric ardftarairay layitgrmewhyarrocsss atdier pyetemprdatss aberiete extiosthg a portion of
region 760 to create the top diode region 770. As an

the surfARlIf @i silidonRPstRee, PSS (?Jtl@n} Be Gtirdawe toi ehe-sdideon substrate 700 at the
sem conductor material for the top diode region 770 in

bottom Qh@e%ﬁ%& %E% %1@b@s@% £egeRs 770 on adjacent

des age o I's strategy may be
that a si ngle strlp of nmet al serV| ng as a top
[0159] el estsemcahduomt materizl80 gproviodes:teire betidmfdordemragion @B@ as shown
di odes because current can flow through the top di ode

in Figurk 88I ﬁtpmthw&nﬁdscﬁmenﬂ BE i RELcdduttbEmaRKhls B3N I-nitride materials,
Fi na top electrical contact 780 and a bottom

such as g%lﬁﬁﬁlrﬂlt?lak 1§48 ts@:‘fﬂco%@%t 3 anatbﬁﬁﬁnefﬂe ot dﬁ&i% re%mn 730 ﬁ}ls the

ectrical “contact or exanp

wolo 72{ g AR e R B ale 1 e %ﬂ%gﬁgﬁ byramid.

mnimze the area devoted to the top electrical

[0160] CONA@RLotHSQrRREAHSE s, tRErdioRf &l Lfehil ©ahe KABYAG to th8Qiameter of the
bI ocks the light emtted by the device. Even a

e o AR UKL P b €0 o
threading d1s?ocat1v &, %%Jgad%l%vcﬁgloca 10118 711(5 m%? I%orm atsrﬁgglterﬁace %etween the bottom
diode region 730 and the silicon substrate 700. These threading dislocations may propagate
upward at an angle, intersect the sidewalls of the dielectric layer 710, and terminate within the

trapping region 750, such that there may be relatively defect-free gallium nitride in the upper

portion of the bottom diode region 730,

[0161] A semiconductor material is conformally grown around the pyramidal bottom diode

region 730 to form the active diode region 760.

[0162] A semiconductor material is conformally grown around the pyramidal active diode

region 760 to create the top diode region 770. As an option, it may be possible to grow the
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grow than the ot her. enbodi ments described in this
di scl osure because the galliumnitride naturally
grows in six-sided pyram ds. 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 increases the photon output per unit ]
semicongyeios aaterred o1 ke opdigdsaegipn Ai0 v suche vergthadhe Ppeliode regions 770
_ bottomdiode region is not constrained to be a narrow
on adjagsint fiadeomefan Thesadvantegreotthbsaadep orybedhs nisogiawerip 9f metal
This could potentially be an advantage over those
serving esrbashi ¢testtissl codteste 88 prand@wuhehd forditledibed Reawle @trent can
|l ead to a del eterious series resistance penalty at

flow thrgh the b Bidkle AREGAT A0 om BHE dHhY &) @'e ek faces of

alliumnitride at the interface between the bottom
di ode region 730 and the active diode region 760, as
[0163] wel Finaky.ttteclestyistl abniscr T8cad adbtigml dicatnvah conthad g Oltard dreated.
interface between the active diode region 760 and the
The top elyptribaboents® g8 O Ban/bE) forak@mPRNE 5P| APl |30 & FilmMTit&Bsparent
neans the internal quantum efficiency of the LED wil |

conduct?xﬁsd&h QB ELdid AR dxldeVRthA, %ﬁsbful £ %dﬁé%&tr@%ﬁ%%g%gﬁ%%@évoted to

ose interfaces were“pol ar c-plane

. ter rchitegture,, the enbodi t. i lluyustrated
the top ik R RALET DA e petB B 26 BB asab el iteea by
h .ofgg;(i ngs‘.i n the dielectric |ayer other than holes,
the devigq, fyen & “tppsparcaly fopfast pkabn el nothes 0 YEBrIsHisiG: ar e
exanpl es of process paraneters to formthe bottom
0164] actip i ' ' -
(0164] T U maREe bR P28 b7 IBRS-AREPLNaREs L ML pan el 0
tterned .dielectric_ layer .as known in the art are
grow thh B8l IR Bod oRls R e P omPe Pbabfe 7 Golfion bte
condi ti ons 'ﬁg’&% g., CVD) for bottom_active, and top
naturallyigrgws ip sgr v rgpide Ehnsufge prreaitinize diodepplarger than the
accor di n%vto the enbodi nent of Figure 35 are as
surface greg phils stlican swhistratex@fip Téis adwentiygyt is ampomting Hecausgit dwreaes the
have two |ayers. Gowth conditions for a first GaN
photon dustyig peasniasirfiee teapf el fbethrin( & tHe devdbe. MRS HHHSK diode region is not

include i) pressure: 100 Torr., ii) precursors: TMG
constrai®ido N@%;nagﬂow'giﬁ% dr @“m','@s in the above-described embodiments. This could
potentially be an advantage over those embodiments, where a narrow bottom diode region might
lead to a deleterious series resistance penalty at high current operation. The crystal surfaces of
gallium nitride at the interface between the bottom diode region 730 and the active diode region
760, as well as the crystal surfaces of gallium nitride at the interface between 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.
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iii) tenperature: 530C and iv) dopant: N-type dopant
is silicon. Gowh conditions for a second GN | ayer
as a hi-tenp buffer (e.g., 500 rimthick) include i)
pressure: 100 Torr., ii) precursors: TMG and NH3,
diluted in H2, iii) tenperature: 1030C and iv) dopant:
Nt ype doping with silicon. In this exanple, the

[0165] acCtAyvd dicate: Helitnreane baveditist lllaytensl in@igwk 5 may be
conditions for a first layer of InGN as a quantum

configurd®bl cFeQ{m@ﬁIR ‘P%Bm%@ :xgthe dfelimid ﬁ&&@thér@ﬁiﬂﬂﬁeé Yuch as, for

pressure: i) precursors:
(Tri thyllndlum +NI -13, diluted in N2, |||)
e}mnpletr{mc}g%ature 740C and iv) dopant: no doping. Gowth

cond|t| ons for a second |layer of GaN as a barrier

0166} | a%ﬂotvﬁfg ROExd@fles SIHERE PRAnetns 19.forrd el bittobd) acive, and top
include i) pressure: 100 Torr., ii) precursors: TMG

diode re@@?s dingol iR izhhed B thls dzgcldsﬁf@ ehal 4 51935&%@04%1 AR tterned
opant” N-type doping with silicon.

dlelectn? g 9/8? 38%%9%\’%]&81% tthcep aﬁ'gr!nrg I%e /i S%l'o ?1&? e{f,rglgffss @éll f:r§l 019 gr%wth

1 hi I 100, T

com*li‘ei();f},sr @tﬁurg\%‘)& %or gﬁgz%n gc%% dgtpeﬁfsogla r?gﬁo%for%:q(ﬁarlj ancl InGaN-based
tenperat ure: 950C and |v) dopant: P-type: dopant is

LED, acomgmgdd theenttedimen of Fighee p2giecs folkaws. dp dhiaearapleathp bottom
contact layer. -45 [0167] The enbodi ment shown in.

diode regib@uirehBk tiws layese Wrowtitktmidaions fordefibt GaN ldyler ad & tdveleemnp buffer
sem conductor materials such as galliumnitride on a

308k ERDIRHRS LY Aeuthabo aaR. GOMRESSrA TG BN, diluted in H2,
8- substthe 7oom§ élll electric ?%r 7?[0 contaal ni ng zlalue "

iif} tempe bﬁ% Zat%g%fﬁg) cﬁoégﬁfs %Qﬁaﬁ %ﬁégsgsﬁjlgcoggg}%%hlcﬁhé%1§?§£og 2 second
ST TR R R T D YL

bot t om di ode_r egi on 730 of sem conductor materi al o
TMG anfliNH3, dgjutetlén Big) 8D derapesiesi d0AC andvr dopanttNeps dapias stith silicon.
: a six-sided pyramd; a trapping. region 750 in the
In this exaomes tths agive diodefregibe clohivemvdilages. GegwthncondBionk drrei fwst layer
t hreadi ng di sl ocations 740 intersect the curved

of InGal¥ b §l@Wadrosm fell iB?el‘iﬁs@ioﬁc{é ki, © riRies) ahclfdkQ) pRGsure: 100 Toxr., ii)
term'nate; an active odeé region 760 of sem conduct or’

precurso@tﬁ&’i@@’!r ) T?Me&%ﬁ@lﬁﬂﬁl ll\YI—IBa, R i ﬂ]@, 111) temperature: 740C and iv)
dopant: no doping. Growth conditions for a second layer of GaN as a barrier layer for carrier
confinement (e.g., 15 nm thick) include 1) pressure: 100 Torr., ii) precursors: TMG and NH3,
diluted in H2, iii) temperature: 860C and iv) dopant: N-type doping with silicon. In this
example, the top diode region is at the active diode layer. Growth conditions for a layer of GaN
(e.g., 100 nm thick) include 1) pressure: 100 Touw., ii) precursors: TMG and NH3, diluted in H2,
i) temperature: 950C and iv) dopant; P-type: dopant is magnesium. The top diode region can

operate as a p contact layer.
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bottom di ode region 730; a top diode region 770 of
sem conductor material grown conformally around the
active diode region 760; a top electrical contact 780;
and a bottomelectrical contact 790. [0168] Figure 36
iIIustrat es a nethod of fabricating the enbodi nent of
ure 35. It is a nmethod of creating a
[0167] | | gﬁhﬁ embedimeyt thopadn.igiee 87 éhe samicpnductatdiode from l-nitride
sem conductors on a silicon substrate conprising the
semicorfdgicton wiateyiadt wiok as SilBpn 1GHide bnelsilttos soleypati thatregn aotpwiera silicon
of dielectric material, such as dielectric materi al
substraté ¥00; OditRctriteary Wﬂ@@@tﬂﬁm@ aSold TXWwhIth SkhctbOihe SWEHAT the
silicon substrate 700. Step 1605 includes patterning

silicon IbBPAE, th§ HGR 728 hQ\%? sﬂ%%nﬁ%lg&rcxtré}ﬁ?dl %ﬁcf%(vaﬂ% .tﬁje' 1%l1§ 6F {he‘ﬁepth of the

mat erla t o expose he sur

subspanti a
hote 72§ {185 dPhferel J}Eh@'ﬁo ATV Re e RER A ﬁl‘°8¥°1{‘ﬁé°dlﬁ6?%°‘i‘ oot
. di aneter. of the hole being greater than or  equa

Smcoqdjgw@ﬁ giategial Glingthe hole padiedensiingwnmgerd e the-hpne qfdesix- e

sem conductor material to forma bottom diode region,
pyramids gdrppingiogivn APl iokie laveagt sgn280of thirbotorh ididds redien A wherein

and extends upwards in the shape of a six-sided
threadinpydisiotadionST¢Pintdrddnt ihnchvde sidgwaid arha diddetit hbtedsl 710 and

sem conductor material conformally around the top and

termina®@ S€8ctRfe G Bebh 9P Qf QB8 cdRYbBP rrfa@érﬁt[ ERALE, c%ﬁfo@ﬁxtaﬂj‘/ round the

di ode region, -46 such as active diode"region 7

M L %gc?»%&ﬁomauy

mat er I"a op an

around @ﬁ%ﬁt\{gesglpggree@{oe %%j:‘pdaie eat a ! O%ﬁg,lz%%ea,mthgg ectncal contact

fabricating a top electri caI cont act, such as top
790.  electrical contact 780, on the exposed surface of the
top diode region. Step 1630 includes fabricating a

[0168] bm}%%ﬂi{ ei;?g:glhé&a‘% %;%&ﬂé@{faﬁfé‘a%mg e bofa{)@%nﬁﬁé cﬁ%étirg?é it is a
method GFiaineh LeF TR At AT fi%n%%?i% S icoRtast ea iigon

silicon substrate is rermved to elimnate the
substratpeepapising the follewingsteps.| StepBet ncludgh tlepositing a layer of dielectric

material, such as dielectric material 710, onto the surface of a silicon substrate, such as silicon
substrate 700. Step 1605 includes patterning a hole, such as hole 720, in the layer of dielectric
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 diameter of the hole being greater than or
equal to one. Step 1610 includes growing a Ill-nitride semiconductor material to form a botiom
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 ITI-nitride semiconductor material

conformally around the top and sides of the bottom diode region to create an active diode region,
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generated in a light-emtting diode. The structure
shown in Figure 34 is first provided. A semnm conductor
material is grown to create the bottom di ode region
730, as shown in Figure 37. The sem conductor
material for the bottom diode region 730 fills the
hole 710 and grows in the formof a six-sided

such as f¥ivadode rddddy 940. A8tkp I 620 fnkivdes somihgoNIUa1ade stiesidatior
is conformally grown around the top and sides of the

material RBhfoAHAL 6%}51@?% %1%'{?’;57 ar?cﬁ&dés%f‘%ﬁ@%ttﬁe DR eLdiNLiolrOHEa top diode

region Alll-nitride sem conductor

. terial,i onf r t . S

region, P Y loBgideR sEE QU Vi8S HRbREE RIS 4 BB oBRBisR! Hier
regjon 800. In IS case, the to I ode r.egi on, 800

such as gB ﬁl‘?@?ﬂf@s"%"& / %%ﬁﬁ@ ?xn%J éjﬁf-’%ﬁ? HF 128 i 658 Gion. Step 1630

adj acent di odes coal esce. An optional step is to

includes p?aﬂamhng@bomn elsticebemtantrobiele s wittophelegtapaldioni@et 790, on the
regi on 800, which can be preferable depending on the

bottom oftlad dikigonadubsihag, surface. [0172] The structure is
inverted, and a handl e substrate 810 is bonded to the

surface_of the top, diode region 800 (which is now qgn
[0169]  hel s SPERITRIE ElhvIs iy iR Rig38)1S 2 Xarialipsvit m%erﬁ?ﬁﬁm@tﬁ%lgm 35

' ~ The handl e substrate 810 can be part of an LED )
in whichghe kilighmepbsirate s wmolvad sostmioatedhl pessibdity ket Havid| absorb Aight
substrate 810 is electrically conductive, and in

generate@ @ tight-dmicthy dbds Thertuahershewai® iipghradd BHfirvdgrbvided. A
serve as contacts for the top diode region 800. [0173]

semicondiXor kAl is BlorCBrSMOSE HRESm e S8 MBY,SH sR¥wR REFiRHre 37,
nore nethods such as grinding, etching wth a

The PR B, 87 S5 T M MR gl

bott om el ectrical contact 830 are created to generate
form of § HX-SIHPVEAEE- structure shown in Figure 38. [0175] The
enbodi nent of Figure 38 may offer the sane advant ages

[0170] gfs f% en8RROmeOt dfor nfE i & SmfGRAN Yod Soth @BRltbY and sides

rs greater extraction efficlency
of the bc!tgogqh&ibgen}etg}()inn% 04h QWGie an active diode region 760.
(0171} A Hl-nitride semiconductor 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 until the growth fronts from adjacent diodes coalesce. An optional step 1s
to planarize the resultant surface of the top diode region 800, which can be preferable depending

on the quality of that surface.

[0172] 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 structure), as shown in Figure 38. The

handle substrate 810 can be part of an LED packaging fixture. In some embodiments the handle
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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 fromlIll- nitride sem conductor

materials such as galliumnitride on a silicon

substrate conprising a |layer of dielectric materi al
substraterd i) is sHickialln gordusbye and o) others iteentimx@nfesidrriements which will

substantially vertical sidewalls, and the ratio of
serve as chetacte fotthefopt diedeopion 320. t o t he di ameter of the hole
720 being greater to or equal to 1; a bottom di ode

on 73 f s cror rial V\,hlchflllsthe
[0173] o) 671%’61&9%@80% W@W¥%€ lstrﬁﬁ%f‘&ﬁ?y SR misthogs such as
si x-si ded pyram d; trapping region 750 within the
grindingefehiggwidh @@i@mlé@swh apIeTapesh i ammonivadiydtpxide, or laser ablation.
di sl ocations 740 intersect the SI dewal | of the hoI e

N YA LM i X p—

ot to i od n 730; a top diode region 800 of
thecomfg%ﬁ‘?fiég]ﬁ% SglPWHgT%E}%]‘% 3%rown conformally around the
active diode region; a handle substrate 810; top

{01751 el qq{ere'n%%ldﬁﬁ&ﬁ'b?ﬂ r% ?8&%18&% F%H% i géé £3h pmbodiment of

contacts 830. ure trate

Figure 33 a?%h%@tafﬁ%% RS pelisioe gﬁ{m%%a;% o i diode
beceuse L phing .rliqgfleq%??p@a%%%%hég Ships oS TRomei TR heb:

depositing a layer of dielectric material, such as

(0176 di qlhg ChftoRidiB dv@{ mﬁgure @@tcgn L&ﬁcﬁ%@e%cﬁ)nﬁ@qt&‘ &i%%&% nI-

substrat e, suc as silrcon ate
ch as .hole 720, in the

nitride S%“%é&g“" or g B 1o o el “é‘i“%ﬂ? nd s el fope g eyer
il c_? substrate, the hole having substantially
of dicteclprietip @aiEIS? helsd20ri8e palei/B0dRVipEsubRERLLL Feting
hole to the dianeter of the hole being greater than or
sidewalls qud thetratia of Seaiopth pf e ndd Tleto the disinetpr af thielhotd T20 ibing greater
sem conductor material to forma bottom diode region,

0 or cquskiohl; abokiotnt didctiegide 78 OF S EAucih intlerfal WhShtAIB thohsle 720
and extends upward in the shape of a six-sided

and then PMed McbonShRRtidd dPa iRGH A4 SSraHiaW, B 150!

Bied MoonThbRtion er%a o9 Gpiing teleiddi 15019 8hin the bottom
diode region 730 wherein threading dislocations 740 intersect 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 semiconductor material grown conformally

around the active diode region; a handle substrate 810; top electrical contacts 820; and bottom

electrical contacts 830.

[0177] Figure 39 illustrates a method of fabricating the embodiment of Figure 38. Itis a

method of creating a light-emitting diode made from ITf-nitride semiconductors on a silicon
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conformal |y around the top and sides of the bottom

di ode region to create an active diode region, such
as active diode region 760. Step 1720 incl udes grow ng
alll-nitride sem conductor material conformally
around the top and sides of the active diode region to
create a top diode region, such as top diode region

substraté% dprﬁﬁz@othé ?@&)mﬁ% bﬂéﬂ@SStép DYO0iciged deposiong bt ofdielectric
e region unti grom h fronts from adj acent

matenalfjéuglf:é 8s d&fé%{rf’csiﬁ&enétﬂg c]x?t@ Ghd fehudes, ﬁh@&?ﬁbﬁ‘rﬁ@, shEl?as silicon

surface of the top di ode reglon Step 1735 incl udes

substra‘ce*‘lg?(g)?I $%) ?7(%%8@1&%5 ReLn rtnf 01{% %Eg dz g@@ ?gg %g%ﬁjeb%%é’r%tf%mlecmc
1740 | b
e

fabricating a top electrical contact, such as
sidewallg|and thd 1t of tmtchp‘th &2l hala ta the dismpasered ih%hqlab@nggretaiﬁé than or

| ayer of the dielectric material. Step 1750 includes
- equal to flaBtep 4A10 nghaebgictamng elldeitride atmcondwmetr maertth tafrm a bottom
bottom el ectrical contact 830, on the exposed surface

diode legtm t d‘&@h Babstn 8188 teade73d, QhidH filne dbRenl $x@hdd iRvard in the

di scl osure provide novel and useful architectures for

shape ofda' s%g %ﬁ?‘% ?@9&1& rs‘? £ATROUNR.S Wﬁdlglg LB é%gm&}nlaﬁ&or material

et C ed 'Sem con OSI te

oA ATBL ) S U S P e FafRglode region

bl ock of solar cells, light-emtting di odes, resonant
such as actifin dioda geaivto dels Stepeli28 dnriudas growmgedilsmtidesepnqoaductor material
: devices. [0179] One aspect of the present disclosure
conformbiy troundthecep tibsidasifshoictveldardeaegibs fo ¢reghr-topdiotit raggpn, such
di odes, and ot her conpound sem conduct or devices by

as top dlﬁﬂ@iétglcﬁhgimh SRPI7 i 8k ndRsdohtiduing kAHO6-1BE 6 dib@egdBtuntil the
licon wafers instead of smaller, nore expensive

growth ﬁé’rﬁs':'frf)ﬁta cem QSR HNQaek;, PB@tm&ﬁdés %‘?arﬁﬁ%ﬁ% Me surface of the

di sc osur I'sS to I nprove th extraction efficrency and
top diodca F%E %Eeyr@lggq%&tuﬁeﬁ ?oﬁ%%lg %glleagﬁl% r?}%%ﬁ‘? lceg htchlealrsr}hta}u%ig ?li;bsaraie 810, to
the surfacee rc?f ‘Eh% rggpu gfo?lé region. Step 1740 includes removing the silicon substrate by a
chemical or mechanical process. Step 1745 includes fabricating a top electrical contact, such as
top electrical confact 820, on the exposed surface of the layer of the dielectric material. Step

1750 includes fabricating a bottom electrical contact, such as bottom electrical contact 830, on

the exposed surface of the handle substrate.

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

silicon substrates by Aspect Ratio Trapping. The semiconductor diode is the fundamental
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[0181] As such, one enbodi nent of the present
di sclosure is directed to a diode conprising a
substrate, a dielectric material including an opening
t hat exposes a portion of the substrate, the opening
havi ng an aspect ratio of at |least 1, a bottom di ode
e terial disPosed in_and above the opening, the
buﬂdmgg@f’% Mlyge lﬁd’tgé’[fp@ﬁﬂ%ﬁiﬁﬁﬁﬁssr(ﬁgn@t@Whm&ué@sosmﬁconductor
material that is lattice msmatched to the substrate,
lasers, agdothsr devides. mat eri al proxi mate the upper region of the
bottom di ode material, and an active di ode region

bet ween th and hottom di ode,material s, the active
101791 g I8 Baros R R AR ST G P SELE st i salbige e -
s gt-.ﬂﬂe top%éurface of the substrate. [0182] The substrate
ernitting 19 dyse aaothet ropBhseHeoRsiustas devines kst ¢reajingfther bi bigh-quality,
sapphire, and silicon carbide. The substrate may be a
large-ared, igv-sosirsjioniwadirs irstrad wé frealier amdreney eindneasudsteaiysst al
orientation of (111) or (100). The dielectric materi al

may , C rise.si.l.icon digoxide or silicon nitride. The
0180] SO ASGHR s Shitieairoat She)SDemip o smpavese ptiop offctency and
., compound, a Goup Il-VI conpound, a Goup IV alloy,
the intergpl QepBIhaiickRsy phidghswmitting 188les Phexploitingmoutipotie planes of T11-
.. region may conprise a p-n junction formed by a
nitride spmronilettonsf the top and bottom di ode materials. The
active diode region nmay conprise a material different
froj@th -50 top and _hottom diode materials, and the
actM/E G '%?Ptﬁg?‘efﬂi?wfaﬁsqiﬁﬁqﬂ? Hinected ¢ Aloge camprising
pi- n junction formed between the top and bottom di ode
a Subsh'%taéil?fs%lp mgeriad ddludingidroeleningghairexpases agortipmicfehe substrate, the
~ multiple quantum wel I's fornmed between the top and
opening bavingrndipueraiatodet labs 1, § Bt dde nepeil ABpsRY iPendabove the
trench or may be a hole having an aspect ratio of at

opening] tRadbttdmidibdetriiedg rc@ﬁlﬁfﬂ;iﬁg' |a§émf&6ﬁ§uct&1gﬁ§c§ﬂial-{ﬁh§ ﬁ%ﬁrtft#glze m

di ode material may includé an n-type dopant,

mi C . b dio .e ! d '
fomaich DGO FRTHCE 10 diodPte b B8 B By i Bl B REb e pptiom ciode

. forma.fi,n above the eni ng.
material ,na@é anAchv & diodd region between t?lg fop an% bottom diode materials, the active diode

[0181]

region including a surface extending away from the top surface of the substrate.

[8182] The substrate may be selected from the group consisting of silicon, sapphire, and
siticon carbide. The substrate may be a single crystal silicon wafer, and may have a crystal
orientation of (111) or (100). The dielectric material may comprise silicon dioxide or silicon
nitride. The semiconductor material may comprise a Group IV compound, a Group II-VI

compound, a Group IV alloy, or combinations thereof.

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

and bottom diode materials. The active diode region may comprise a material different from the
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The upper region of the bottom di ode material may form
a pillar above the opening. [0187] The di ode may
further conprises a contact forned over the top di ode
region. The contact may conprise a transparent
conductor. The diode may further conprise a second
contact fornmed adjacent the substrate. [0188] Another

top and @FhedidiRBtmAérdid) anpriesiive dicde kassH Bal Soreh :{n.emtrﬁﬁlotr@%lan of a p-i-
di ode conprising a substrate, a dielectric materia

n Junctlbﬁ‘ Edrihdl BOwRBn QBQ&'{ Bed bbedm aiRe %ﬁﬁerﬁtlso Oftel &%ﬁV@HlOHQ feogion may

_ substrate, a omdlode material 1 ncluding a | ower
t t e n
compmse%%lﬁﬂe h?rgu%ﬁe a5 ng aﬁ%%é’en 1%1% td ndrb%ttggl c{lh@egﬁngiggalg
reg| on i ncl udi ng a pI urality of m sflt d| sl ocati ons
[0184] t hathd efefinpgate; heed @vhdhhg iPries a helghoving bl @spoof daBeLS at least 1 in
di ode material conprising a sem conductor materi al
two pe éiﬂ‘icu&a%aké};“' ce mismatched to the substrate, a top
lode naterial proximate the upper region of the
bott om di ode material, and an active light emtting
[0185] di ofles bogpinodiofetweeeinl rmjﬂ endiole sandtyipo dopmmt,dinddiee top diode material
materials, the active diode region including a surface
mayincﬁ)ﬁb%qﬂifgd  fromthe top surface of the substrate.
- he active light emtting di ode region may
co rise a p-n junction fornmed by a junction of the
[0186] t opllauppenregm ditheieotian diodakunteriphmag deny @ finjagpye the opening.
emtt| ng di ode region may conprise a materi al
The uppai fdgameanttthd baiont Gede aptaid ragthom dilladebovettes opdnsyg. and
the active i ght emtti ng di ode regi on may form an
intrin re of a j unc |onformsd bef ween .
[0187] theT%cfao 8 BENEE APHPBRfE o FRREE| JFScd 9 P fiode rggipn. The
emtting di ode region may conprise nultiple quantum
contact way cemposareigatspagesrndhetor. opheagiodbhmeay Sirthgi oetaprise a second contact
materials. [0190] The substrate may be selected from
formed hdjecegt hepulssaasl. sting of silicon, sapphire, and
silicon carbide. The substrate rmy be a single crystal
Sili con waf er, The single crystal i co waf er nmay
[0188] payaneiherephodimentiof Hheaateesht gipclpgurg Js %}f@%@%@ﬁ diofggomprising a
dielectric material may conprise
substrate, a diclectric material including an opening that exposes a portion of the substrate, a

bottom diode material including a lower region disposed at least partly in the opening and an
upper region extending above the opening, the lower region including a plurality of misfit
dislocations that terminate below the upper region, the bottom diode material comprising a
semiconductor material that is lattice mismatched to the substrate, a top diode material proximate
the upper region of the bottom diode material, and an active light emitting diode region between
the top and bottom diode materials, the active diode region including a surface extending away

from the top surface of the substrate.
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silicon dioxide or silicon nitride. The sem conduct or

material may conprise a Goup IV conmpound, a G oup

I1-VI conmpound, a Goup IV alloy, or conbinations

thereof. [0191] The opening nay be a trench or may be

a hol e having an aspect ratio of at least | in two

per pendi cul ar axes. [0192] The bottom di ode materi al
[0189] nayThdedtive &ghiremmittingpdodiopaion neaydcontpeist e p-rdjuoden formed by a

material includes a p-type dopant. The upper region
Junctionaff thévepbat! bottordidimtie mmedals. alhamyive tiphd anifting ddivegioh Rgay

openi ng. The upper region of the bottom di ode nateri al

comprisBYndt@idNdRREA fFm BRAYEakdBo AP BN Shatd-BEIRd B Scii Qi
may further conprises a contact forned over the top

emiting 04SSR, o SRS TN 0T SRR e o

and o R e R et AP S0P e G e S
di o?e conprising a substrate, a dielectric |ayer

quantunyweilyfprmed heteepethe ton antobatignediocdamatasielst 20 nm above

the substrate, -52 the dielectric |ayer including an
opefu tion of th bstrate, a.,..
o190) SESDNOELRL o5 ROSER BOEL Db S BIATLRY b, md

. di.sposed at |east partly.in the. openi d an upper. ..

silicon C?%‘?% aficatbatiic ngY 5186&6@%@’%%&%%,‘/‘/ e Wil Ggksilicon
material conprising a sem conductor material that is

wafer mpy payeectysigrrtcatdian oo (1A osUR8). r Brediclgotrio parind say comprise
mat eri al proxi mate the upper region of the bottom

silicon difixodeomali@miratride dite emiactiister diztedel megtanpieta@enp THY
top and bottom di ode nmaterials, the active diode

compouti @ Gidup ML VU dbrgormdsy G&-@Lﬁﬂ\/eaqu/n et BmEnalonk i drhe top
surface of the substrate. [O01 5] The active di ode
region may conprise a p-n junction formed by a

[0191] j undiciapsnige mayderaoirnch o map e grhodl adénga aspeetratio attee least 1 in
active diode regionmy conprise a material different

two perpendigulahexest op and bottom di ode materials, and the
active diode region may forman intrinsic region of a

i - . . .
[0192] P “The bottom diode material may include an n-type dopant and the top diode material
includes a p-type dopant. The upper region of the bottom diode material may form a fin above
the opening. The upper region of the bottom diode material may form a pillar above the

opening.

[0193] The diode may further corprises a contact formed over the top diode region. The
contact may comprises a transparent conductor. The diode may further comprise a second

contact 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 above the substrate,
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n junction forned between the top and bottom di ode
materials. The active diode region may. conprise
mul ti pl e quantum wel | s formed between the top and
bottom di ode nmaterials. [0196] The substrate may be
selected fromthe group consisting of silicon,
sapphire, and silicon carbide. The substrate may be a

the dieleSirRdheer eichsdial arsopenaenthuedbses Bhertkdnngl tBe aibysital a bottom diode
silicon wafer may have a crystal orientation of (111)

material %clﬁcﬂiﬁ)é) 3 lowd?8e dg%r?!ii%ﬁ&sreﬁ Gt FRYSEHR in TBY o130 dnd &n upper region

i coh di oxi or silicon nitrirde. The sem condggtor
extendmg%g)&/fel ng%nr% Wd&?)grb gio%%ﬂ%da-lq \{g}?r?s?% ?Igdﬁlg()? WRterial
that s efieppgmivehattig Bhe S ERe Rt e w%o&ci%%r% Rl on of the

er pendi cul ar axes. [0198] The bottom di ode materi al

bottom hefetialdendaan astivy gede spsaen baween e terpgddiodige diode materials,
material rmay include a p-type dopant. The upper

the active dgidemegidn inkkmdingta sunfadé extending ewiafronsyie fopramfacd ofithe substrate.
above t he openi ng The upper region of the bottom

mat e y forma pillar. abagve_.the openin

[0195] . %%F@i@éﬂ dinfre eaﬁoaa?éaynwnwﬁ@wew%m foumo4 by G RaHEn of the top
formed over the top diode region. The contact m

and botteyp dindeseaterialy aﬂmh@ﬁ tiioglo melien wey chinprier uetenaldifferent from the
further conprise a second contact formed adjacent the

top and iswtioat diatlemafedZOndAhobitere dadradpior atayaboh be igriesendgion of a p-i-
di sclosure is directed to a diode conprising a

n junctioB YBShdPBredd th Bt MotoRBdiSdd Iﬁhteﬁa@p %@ BetARAN&ictBBion may
substrate, the dielectric material including a

I
comprisRUIBHL ol PRSI PS4 bRl RRLIOE KR53 BRI QR
conprising a bottom di ode material, each section
[0196] i nQlhudisgras thowes sel@gidotlitispases cousistiap of pikiobn) Ga@gte, and
an upper region extending above the opening, the

silicon cBBIdeOMhE i@l IBLSS bl sinERMPYA IsNBoR vaeiF qaadL) %Icocrrystal silicon
material that is’latticé msmatched to the substrate

wafer m?%r £QAL c%?alf SritRRtion of {111) or (100). The dielectric material may comprise

silicon dioxide or silicon nitride. The semiconductor material may comprise a Group IV

compound, a Group H-VI compound, a Group IV alioy, or combinations thereof.

{0197} The opening may be a trench or may be a hole having an aspect ratio of at ieast 1 in

two perpendicular axes.

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

opening.
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di ode section proximate the upper regions of the
bott om di ode section, the top diode section
conprising a top diode material, and a plurality of
active di ode regions between the top and bottom di ode
materials, the active diode regions each including a
surface extending away from the top surface of the
[0199] sub&he diede njap Fartler Thppibas edritaoy fomed oventbe tipotiede region. The
regi ons may conprise a p-n junction forned by a
contact magchinprisod trhimpacantinguons Tiepdiadempy Qitlet tompPiiseROcb&M contact
di ode materials. The plurality of active diode
formed héjgt@Pheayste@nPri se a material different fromthe
contiguous top and plurality of bottom diode
materials, and the plurality of active diode regions
[0200] pyAnefhen apbadimentedithe prespnbdisdbsuae p-dirented jtaim dioide nomprising a
formed between the contiguous top and plurality of
substratat dielevidic adderim disposd aboiidite spbdta), ileylidEctae iategiainoBding a
regions may conprise nultiple quantumwells forned
hurali finet Rt BN i | 4 ; '
D et ar o p BSOS SR d pirtly SRk L gjoce
vl i : i SL: e hire, and. .
sections SoRPELAR <ol SOBPLSELAR o2 SHid RBua R RGPy Gsgpsca in
siligon wafer.. The si.ngle crystal ,silicon fer may
an openife ot &t wBer Tition PRIEREIAE FBRYE RS propine. Hie totigny dlodggalerial
.dielectric material may conprise -54 silicon dioxide
comprisgie asienpieadueior prabaial thakis dahisemimshed thike spbsilatermypontiguous top
) conprise a Goup 111V conpound, a Goup I1-VI
diode seciiorppontyatathGrupppr legloas bbihe bottomatidiierattiom trettbiediedé section
[0203] The opening may be a trench or may be a hole
comprisih@\d 1o divde asREE], dndtd Pulfinddf d.8asliode fdg_ion'é Wetween the top and
per pendi cul ar axes. [0204] The bottom di ode materi al
s y 0 - - ode ;.
bottorn d1BYe m%#b!ﬂ,elh@ Betivd 40% I‘ég%ﬁt@ %%@qﬂ%ﬁﬁ@lﬁ% Fd%{%ﬁgdeucﬁ‘ tending away from

mat eri a may | ncl ude a

. IO f .t plurality of bottom di ode materials may
themps};%g‘lf‘ﬁ%ﬁpgns%bgggtgthe openi ng. The upper regions of the

plurality of bottomdiode materials may forma pillar
[0201] abome ghbeligREMIAEs diode regions may comprise a p-n junction formed by a

Junction of the contiguous top and piurality of bottom diode materials. The plurality of active
diode regions may comprise a material different from the contiguous top and plurality of bottom
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 plurality of bottom diode materials. The
plurality of active diode regions may comprise multiple quantum wells formed between the

contiguous top and plurality of bottom diode materials.

[0262] The substrate may be selected from the group consisting of silicon, sapphire, and
silicon carbide. The substrate may be a single orystal silicon wafer. The single crystal silicon
wafer may have a crystal orientation of (111) or (100). The dielectric material may comprise
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[ 0205] The diode may further conprise a contact forned
over the contiguous top diode region. The contact may
conprise a transparent conductor. The di ode may
further conprise a second contact formed adjacent the
substrate. [0206] Anot her enbodi nent of the present
di sclosure is directed to a diode conprising a
silicon GBRRIE bakiéicorBniltiet AMhedeOtdnER:EN naterikinady dompraetal G@up IITV
m smat ched to the substrate extendi ng above the top
r [ [ ng a
R e I A R S S
top surface, the height being greater than the w dth,
[0203] a t Oe dpamdiey mest By & tbnchprromayntet ®helhdating toaspecadso of at least 1 in
material, and an active light emtting diode region
two perp@idi@esn akbe top and bottom diode materials, the
active di ode region including a surface extendi ng away
the top surface of the substrate. [0207] The :
[0204] act Tb@bq»ttcgm fhogermetarishmay dedudecyi oy PRdypas apd thedop djedp material
junction formed by a junction of the top and bottom
may inctlidedep-typt dopat.sTheTippcaciions of thghflurehtivtafibngomi dete materials may
region may conprise a material different fromthe top

form a &D%d%@ttﬁ@%@eﬁh@d ThERbBEI 8kidns 8Nlle bigalas bF ¥sidrh dde materials may
|

emttin ode region may forman intrinsic region of

formed between the top -55 and
fomai@%ﬁdg%(}%fhgg@%ﬁ?erl als. The active light enmtting

di ode region may conprise nmultiple quantumwells
[0205] f or Tedldibét wae furthee coraprisovdcdmndct donvetd otter thatedtigabss top diode
[ 0208] The substrate may be sel ected fromthe group

region. %@%bﬁﬂabﬂﬁaﬁéonﬁidsb GRS SRBRRLAGICtAN Ahe Yidde GRHY BARY @enprise a
he substrate nmay be a single crystal silicon wafer.

second cd}l?acsf,’ eﬁ aﬁfa?&% %f}?lbgtkﬁ? 10 Ovvaf er may have a crystal

ori en Ion The dielectric materi al
may conprlse S|I|con‘d|OX|de or silicon nitride.
10206] [ 0288pthHhentadithamodtiedecsmt dikélaturatyditdortiuse divderrohippeing a

dopant and the top diode material may include a
substrat®;d BRRnH@BANmaterial that is lattice mismatched to the substrate extending sbove the
top surface and including a bottom diode section having a width across the top surface and a
height above the fop 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 diode region including a surface extending away from the

top surface of the substrate.

[0207] The active light emitting diode region may comprise a p-n 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

emitting diode region may form an intrinsic region of a p-i-n junction formed between the top
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[0210] The diode may further conprise a contact forned
over the top diode region. The contact nay conprise a
transparent conductor. The diode may further conprise
a second contact forned adjacent the substrate.
[0211] Anot her enbodi nent of the present disclosure is
directed to a nethod of nmaking a diode, the method
and botteyipdesppigrislepdhe aotivg light apitingdiode tigtsnavas ¢agnprise enltiple
onto a substrate, patterning first and second
qummnnowehsﬂgmw&hmnhenﬂmebpaﬁ&%mﬁomawedéahnimmexpose portions
of the substrate, each of t he openi ngs havi ng an
aspect tio of  at Iea formng a first _bottom
[0208] i %&%t%%msy b8 g ekiEh oF the B S o] lpGER-GRDPhire, and
. material that is lattice msmatched to the substrate
silicon cpipidg dlhesbstente mey br e singhpemistalsilidosrwiferg The stglmetystal silicon
bottom di ode regi on by growi ng a conpound
wafer mge hivcondysttlorienttion o1 itthat (108).| Bhd diclectrit somdriahattytcomprise
the substrate in and above the second opening,
silicon di®fidd aGilgcohiisideact i ve di ode regi on adj acent the first
bottontdiode region, formng a second active diode
I on adj acent the second bottom di ode region, and
{0209] f or ergtiamsdiods waterpl may bwbideey noppadiraviesnd thivepfdieds material
active diode region and the second active diode
may includgrorypg O&LAL. The first and second active diode
regions may contain nultiple quantumwells. -56

e su rate may be sel ected fromthe, group
[0210] corz{@h%tl?% Elétﬁirv‘t TS AR EIOTRAGOVES eBfiaregie, The
The substrate may be a single crystal silicon wafer.
contact e cepEterdtaspragntivavdudor. ciesiiele rony @rihert doorprise a Gadob)l contact
or (100). The dielectric material may conprise silicon

formed adijamenidie ubstrsel i con nitride. [0214] The first and
second openi ngs nay be trenches or may be holes. The

(02111 ory0Ha oo ovprsomstith T eis Grotip! o Fheg of eking a
conbi nati ons thereof [0215] Anot her enbodi nent of the
diode, thymessleort cadipyisinpsiepesitisg dilayec v dietechicdnaeial oatpr subisingtea
patterning first and second openings in the dielectric material to expose portions of the substrate,
each of the openings having an aspect ratio of at least 1, forming a first bottom diode region by
growing a compound semiconductor material that is lattice mismatched to the substrate in and
above the first opening, forming a second bottom diode region by growing a compound
semiconductor material that is lattice mismatched to the substrate in and above the second
opening, forming a first active diode region adjacent the first bottom diode region, forming a

second active diode region adjacent the second bottorn diode region, and forming a single top

diode region adjacent the first active diode region and the second active diode region.

[0212] The first and second active diode regions may contain multiple quantum wells.
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substrate, a dielectric material above the substrate,
the dielectric material including an array of
openings, a plurality of bottom di ode sections forned
in and above the array of openings, each bottom diode
section including at | east one sidewall that extends
away fromthe dielectric material, the bottom di ode
[6213] SecCThevubstenapial bt bgeaed &oinctha gump@bnmhgmfaﬂzcbm&hppmre and
lattice msmatched to the substrate, a plurality of
silicon chRd4l P Qedtd 1@1@? be ﬁ%iﬂg'[@ér?sthl@h&%tdraﬁ&‘ diiRd@bstrate may have a

sections, and a plural |ty active diode regions
licdhCdibi
o RIS ARG AU S
mthe top surface of the substrate. [0216] Each
1ng may have an aspect ratio of at least 0.5, at
|l east 1, at least 2 or greater than 3. Each bottom

[0214] di O $RCIIIABcIMbpbRabHRy B tlef@RE 0PARy Db UBWARI Thé Bliconductor
ext ends substanti aI 'y vert| cally upward above the

matenal%%%} (?0%&51 S ea@%‘g% g.? @J{gkg% E}%deq,ﬂfjgor%@gﬁxﬂg%% Ik\)/ealloy, or

arr r}g i n an hexagonal array. The top di ode
combinagiops f fray be formed froma single, contiguous |ayer
of material. The diode may be a light emtting diode.

[0215] 57&&3&@1}&%@%@1@ bf tﬁq’%‘gﬁégeﬁ@dﬁciéguré ReIRERS &Y diode comprising a

di sclosure is direc to a diode conmprising a

substrat% Lébds r%lle%g ma?eqa gbsotvegl{g eéau%‘rgtré%t!e ch% a?é?ecﬁ?cbﬁ%ftgn%lqﬁclu?iﬁ% an array of

ayer

e ectrl ni n hrough the_ first
openinggiag ek & BoRgeronFertiers Ay aRt B abeuara ek cpenings, cach
the opening having dielectric sidewalls, a bottom
bottom dipdeisectiony uwﬂxdmm dgast ong sdevebiiburratende pven eamchedielectric
material that is lattice msmatched to the substrate,
materiall the Hoabinaliodh sedtons egimprisind iasposeddicioanecaldc® it étice
opening, a top diode region proximte the bottom di ode

nusmatdh@& kPihe sAhgkaRNa pREdlity 8f HipQHSdd REIGHR PEtinReNhE BettdBRiode
di ode region and a top portl on of the bottom di ode

seoﬁonsbfrgfae? nrald %fgiga%lwér gl%dg P&E&&%eﬂ?y@n@ﬁé’f@ﬂa@dgﬁﬁgﬁtdﬂ&ts'e&mns the

renc

silicon n6

active diode regions each including a surface extending away from the top surface of the

substrate.

[6216] Each opening may have an aspect ratio of at least 0.5, at least 1, at least 2 or greater
than 3. Each bottom diode section may include at Jeast one sidewall that extends substantially
vertically upward above the dielectric material. Each 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

emitting diode.

57-



may further conprise a second dielectric |ayer
covering at least a portion of the top diode region.
The di ode nay further conprise a second opening
extendi ng through the second dielectric layer and a
first contact conprising a netal plug, the netal plug
filling the second opening and contacting the |ayer
[0217] of pasthgaphodipet of themyeseat digelosng istdiicethd fo & divge Pemprising a
second contact at the bottom of the substrate. [0219]
substratarofiisiedicleptvio disiee atovsfthe ibspatesehyerdifsativatore nietal above the first
directed to a nethod of nmaking a diode, the nethod
dielectric dayor,i #8i apgnidg pasigh e fastidislsdtrit Byef amdfthdliabafFtréfifotory metal, the
mat eri al above a substrate, depositing a |ayer of a
opening MR TB3CE QBN SGHAN 1B Q%@tt&ﬁ%ic;deﬁ%%ioﬁ %ﬁ%lﬁé?lg%' éejicnglé g (F:l' c

material, depositing a second Tayer
- 1 . I of .refractor erial,, ,
soicorfBL B LRGeS HE 50 IR o roion
. xtendin hrough the fjrst | ayer of dielectrig i
disposed iyl ehpve {18 9BeHTa, oriap Hid GPEION RROWENLLS i Goseaieiaagien, and an

i of dielectric material to expose a surface of the
active digdp gegion ketweay the tp dodwnegion asid adpe betion pf thedbtiomatioderegion.
the sidewalls of the opening, form ng a bottom di ode
mat er i al

r egy . Qr ow a_conpound .sen conduct or .
02181 ¢ PO Y of oSRTERHD e R T ORH B iRl The diode
. bove the opening, repoving the second djelectric )
may furigg COmpriis o 8P LR S AT (AT CEFBENE B aeft e @R thedop diode region.
. portion of the bottom diode region, and formng a top
The dioqg rpapefirdigr enmprirgte sqejralometingresteadingvirougitiie seomgi divlectric layer
-58 [0220] The nmethod may further conprise depositing

and a first cohtacticdraytsingd meiabpleg] thi enavalipdid fillling he sb&Brdiopenidh ade
region that conformally covers the active diode region

contactig@elihRr bﬁeﬁ@@tbg{ Me@B U Pho dio8E BAY HReheR cdhatidh QUG (%oﬁﬁact at the

third | ayer of electric material and a portion o

t dlode region that covers the refractory
bo Om&rgel%ft?ea%@g?%}e'l ing the via with a plug a netal such that

the plug is in contact wth the layer of refractory

[0219] netéalotharehbbaidtene af 1ho reyeiaditdburd i dlrtdts@lo £ABMBE b making a
[0221] Anot her enbodi nent of the present disclosure is

diode, thd SRS EEhnkRisth ot PHGHEO TR 4134 oPdief%H@ﬁtr{@ér?l a?ove a substrate,

dielectric |ayer above the substrate, the dielectric
depositiﬂgary faler a4l r@ﬂ'&&&y@ﬂetglpa%g'vg %ehf?r\é% igger of dielectric material, depositing a
second layer of dielectric material above the layer of refractory material, forming a first opening
defined by sidewalls extending through the first layer of dielectric material, layer of refractory
metal, and second layer of dielectric material to expose a surface of the substrate, forming a layer
of dielectric material on the sidewalls of the opening, forming a bottom diode region by growing
a compound semiconductor material that is lattice mismatched to the substrate in and above the

opening, removing the second dielectric layer, forming an active diode region adjacent a portion

of the bottom diode region, and forming a top diode region that adjacent the active diode region.
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an aspect ratio of at least 1, a bottom di ode region

di sposed in and above the opening, the bottom diode
regi on conprising a conpound seni conductor materi al

havi ng an hexagonal crystal lattice, the bottom di ode
region including sidewalls defined by non-pol ar pl anes

of the conpound sem conductor material, a top diode

[0220] r egiToa neEtleximat farthecongirise depbstttte o @Ot Gyer af@icRBtric material on

active diode region between the top and bottom di ode

the top EREE 8Son hAPdAtortR8y SHRSE HRLLHPBYioBE TR i MRl te'ﬁ‘&@tory metal,
substrate having a cubic lattice. The 'non-pol ar plane

creatin 1aktﬁ:roﬁ§h ﬂze%tﬁd‘ﬁy@f ofr@ e&ﬁc éHa'P LI?LB%B%% H&ﬁ?ﬁ%%ﬂ diode region

tr enc

I
that coVgy tﬁs %Eef&%e 2%1% %tt T MR T —-
above t he substrate i ncl.udi ng an openi ng
with the @ie s AEfGRATY TR cHICRDTieRiag 4 botipriQlecsacPamestched t o
t he substrate disposed in the openi ng, and a pyram dal

(0221} di ogﬁothﬁlogﬂtﬁéd?ﬁlgﬁ o%flﬁ%’;%%{@nﬁﬁ!sol@sﬂehs ctegq%g 8 e ycompn3mg a

e open| ng pyr am

e e rial, an i ve di ode
Substfatﬁaﬁt %Fﬁa‘imq OL%O 5obe i SH?%&@% RAS g&ﬁqoa%tgng having
di ode may have a height of greater than about 3
an aspetﬁr%fﬂfbﬁ%afgb?%hhﬁhﬁv@ %O%t@@m dfpogedeiataad abgerthabperting the bottom
m crons. The pyram dal diode may include a top
diode regomt @ciprisager cohgwing semichndichessatafal hesiag b hexagboalterital lattice,
mcrons, or a top contact |layer -59 having a thickness

the bott6th di@ESesiiAMOARRNE si@eballs dFiabsby AbEp @Mf gxmlétaiftﬁé ound
may i ncl ude a bottom contact Iayer 0225] The di ode

semicond@@¥tof Hatd}8l a %?EBH@ ?e&'i@rﬂ JoR n?at@ﬂte%gﬁl 16jde°1gg1%nh§1d' Hctive

t he respect iv materi al's co esce

t her rther i nclude a transparent
diode retg%?g‘ebegﬁ?eg %Pﬁy@?’mﬁ?edl “08e°Riy further include a

~handl e substrate. [0226] The substrate may be sel ected

[0222] fronhd i@ s@4iOHRY BRRAP:AINAe QibsShtb heARg 2 2APRMALIS:. ﬁ@mn—potar
silicon carbide. The seniconductor material may be .

plane mﬁtggﬁ 9%15&6%%9%@%5%—%1&%@.”%@ Bbaﬂn&tna?be a trench or may be a hole.

[0223] Another embodiment of the present disclosure is directed to a diode comprising a
substrate, a dielectric layer above the substrate including an opening, a semiconductor material
that is lattice mismatched to the substrate disposed in the opening, and a pyramidal diode

comprising a pyramidal p-n junction disposed above the opening.

[0224] The pyramidal diode majr further include a top diode material, 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

include a top contact layer having a thickness of less than about 2 microns, or a top contact layer
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Goup I11-V conpound, a Goup TT-VI conpound, and a
Goup IV alloy. [0227] Anot her enbodi nent of the
present disclosure is directed to a nethod of form ng
a diode conprising providing a substrate, providing a
di el ectric including an openi ng having an aspect
. ratio of at |east | above the substrate, formng a
having ks ef enthep nbowtlot misoes i Bie pyemidakdiodemey elude a bottom
m smat ched to the substrate in the opening, formng a
coutact @yede conprising a p-n junction above the opening,
formng a dielectric material having a substantially

| apar ..surfac bove the i.ode, bondi a_handl e )
[0225] \a/a?@fe c{u& G HAY gﬁﬁng{ gq{p?réqemtﬂapgﬁm‘a@ggkcgg ’shgwag the respective top
_ r enovi n% the substrate. [0228] The opening may be a
diode mptedplg Kowpscatipasthen e dodamey M inpkyleiaritinspieend tapogontact
di ode region, a bottom di ode region, and an active
layer. THe dibele meyi fortheriheludt obbmdimsubistrattude a plural ity of
top diode regions, a plurality of bottom di ode
regi.ons, and a plural.i of  active di,ode regions. _The
[0226] 1 T Supsfrat mey ea‘?i%fd%& %{B’@i B SRR OBESRE A s sapphirs, and
. together. [0229] Another enbodi nent of the present
silicon cgrbady. okhgrsemicondigtemalgrislonay b¢ sdesteioipn sl grgumconsisting of a
substrate, a dielectric |ayer above the substrate
Group THHE berdpmgrdan Gasupelj-\dfconpenndigad attheuppeéniligs having a
width | ess than 100 nm a plurality of nanostructures
conprising.a . sem conductor _nmaterial that is lattice
[0227] . Kb EibogiaRs0 s Sresarictizhlopyeris dipsedioe meHod of feming a
) array of openings, -60 the nanostructures having a
diode cogpristngrreifling apubstetaphwiding aakdlentds inghding smapeningbaving an
urn above the dielectric layer, and a plurality of
aspect ratioadet jeastdtdbons tHeaubgats forhtieg AaBASbUNIGEI @S dudthinaterial that is
di ode junctions including active regions using the

lattice MMM Y6 tHe s QbhgeMahd Spenii2 3mitHe dPAR %&h{aﬁﬁgg B ?‘;n ej'aﬁéftion

be in the formof a fin or pillar: The wd
. t g o
-t N
above hg gﬂ%ﬁ%%,:iﬁ%fﬁ%g aérig%%c?ﬁ%ﬁmgijﬁeﬁ@i %g%{té 9 %sﬁﬁ?ﬁ@b@%ﬂm spyfacg r@%Jove: the
. a abput.. 50 | The height of the npanostructure may
diode, bR BRI bl i SufrolElie Bliabaitres oo resotie tapgibstrate
nm about 200 nm about 500 nrr, and about 1000 nm
[0228] The opening may be a trench or may be a hole. The diode may include a top diode
region, a bottom diode region, and an active diode region. The diode may include a plurality of

top diode regions, a plurality of bottom diode regions, and a plurality of active diode regions.

The plurality of top diode regions may be coalesced together.

[0229] Another embodiment of the present disclosure 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 nanostructures comprising a semiconductor

material that is Jattice mismatched to the substrate disposed in and above the array of openings,
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[0231] Anot her enbodi nent of the present disclosure is
directed to a diode conprising a first diode nateri al
conprising a substantially planar bottom surface and a
top surface having a plurality of cavities, a second
di ode material conprising a substantially planar top
surface and a bottom surface extending into the

the nanddticalréd mVﬁ% LABbthh @31y RifoRE hbiohs xthBELatTBE 1 0Phm a@@% the

an active ode regi on between the first and second

dielectrfl lgﬂeg’st k a?%lh%'l of[(ﬂgd?% H8s %rﬂ%ﬁ JhBe Béjrfots{f‘&c!‘qfu%g TRE 128

ng 2 SUbst ant | Iy "planar"sur

oL A SO R hiE bl 0%,

material. [0233] The active diode region may conprise

[0230] @ PTRe hatdetrhQfret ﬁfa%@ iP¥heFolrk BEA FADY 9(112& hend Widh of aled
second di ode materi al s The active diode regi on may

nanostr& iR %{eﬁrﬂcﬁﬁ el Sishih @0F LG 5 hbd %oxﬁqg i, about 20
B G isinglt

Seco materi a ive di ode reg

o o BB e R B DS e oo

The active diode region may conprise nultiple quantum
of aboutulq ms dhonbd drepvabent 1Herp augtabawdl We8ashd di ode

materials. [0234] A first diode material may conprise

[0231] a ! JAL‘[(_)MG %Hl hnt o-gli,]'r?e éregeﬁ{ dlgélggﬁ‘e E@acg?gclce% j¥o) g@[’od&é;ﬂnpnsmg a

s i oI e SOt B8 LTSS i

| east 1 The surface area of the cavities may exceed
plurality pfecaifios crcrecenbdiods meataiabrmstig ¢ subsanadliy plenarfioy grface and a
di ode material. The surface area of the cavities may
bottom hefaat ckieading 180 theafluahty eatitieeinthe dirsifdiodeheatbidd]f aomh an active
surface of the first diode material, or may be at

diode resRATetRODUNO fird: BRd SdebhdgBdafRerRls, t he bottom surface
of the first diode material. [0236] Enbodi hrents of the

ication provide nethods, structures or apparatus
[0232] desElaﬁr tede map firthes sprapise aosubsirate hewing pgubssentetly pbmer eisface
based on growth control fromtrench orientations. As
adjacent the bottom surface of the first diode material or the top surface of the second diode

material.

{0233} The active diode region may comprise a p-n junction formed by a junction of the first
land second diode materials. The active diode region may comprise a material different from the
first and second diode materials, and the active diode region may form an intrinsic region of a p-
i-n junction 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 material may compﬁse a I1I-V material. The first diode material may

comprise GaN. The cavities may include a polar GaN surface.
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woul d be recogni zed by one skilled in the art based on
the di sclosure herein, the trench orientation could be
anot her shaped openi ng such as a hole, recess, square
or ring, for exanple, which would result in other
t hr ee- di nensi onal sem conductor structures or
appar at us. [0237¥ Enbodi nents of the application
[0235] pr obheleavitiss igagielise fraeahes esmey dafinmbcies imvingan avpart raioef at
and/or formby epitaxial gromh or the |like. For
least 1. Shanpifece seseariphacayitbasiniabdecapiht anifade argradwWidb@ioat @iface of the
may be a single-wafer or nultiple-wafer batch reactor.

first dio¥@iageuial. OV Jueebiir@y 88the FBYItiIBEmUES 86 at 1Sk 1 869, F @Rurface area of
systens commonly used for volunme epitaxy in

the bottc‘i[ﬁ @Htf t%lg@ﬂrst @BBJ: tn%fe'i #2038+ Tlag%le L t%aftfz@p % e@%%u?fac@@rea of the

Al Xtron tr- er sys m aval

i ~ D chen, CGermany; an EPlI CENTURA
bottom @11%5 8-9@55#3@?3&3%%@5{8@%& systems available from
Applied Materials of Santa Clara, Calif.; or EPSILON

[0236] Si M@BodRkEH o@ﬂieta@éh@eluoh%@&haé ﬁtetr@tt@'s&aaﬁ%s bF PR desoribed
I nternati onal based in Bilthoven, The Net her | ands.

with resg&% 35 ﬁtﬁ‘%mﬁﬁ'&%ﬁ @Hﬁgtmlgg b&é&g %nsg‘?&%thf do‘ﬁﬁ %Bttrgncho&fentations. As

nbodi nment, an e exa

ot FEBERSASTBECL R ) LS SRR AR o ol
aracter| stic described in connect| on with the
orientatigRSEAf e HPOEr SRR QRIBEIE HOBES h Bt 90T, SAHBB AT nieatfongxample,
the invention. The appearances of such phrases in
which weald iesigt ingither dwe¢-dirhdisionpewnficoriibonstarctreotr apparatus.
necessarily all referring to the same enbodi nent.
ur articul, ature, structure, or
10237 coilfodiveds o MR doRiBbh et e B PRt #PDgFRjuS that may
enbodiment, it is submtted that it is within the
use and/pifpmey pitagakerawit pithe fike.thes caampleceremblacy switable opitaxial
feature, structure, or characteristic in connection
growth awsttemsmnetyém mege{wafdzrme neuttipldiwetet iatch deastdh é’ratmamCVf)qtachmques
ease of understanding, certain nethod procedures nay

may be @Y eSIRER Cebi ng@m@ do@fmonBLRRl 3y diAe @;ﬂt&&?% m@ﬁ’lﬂ’@é’tﬁfmg
these separately delineated procedures should not be

applicatifl§] ﬁltcfddg Ao §xa,_FﬂﬁQ,ed§1Sf?i§( by 28681611 HGRRY g}fraém {?alfagﬁl fft%m Aixtron,

per formance at’ 1's, sone procedures
based mq/&achen, Germany; an EPT CENTURA single-wafer multi-chamber systems available

from Applied Materials of Santa Clara, Calif.; or EPSILON single-wafer epitaxial reactors

available from ASM International based in Bilthoven, The Netherlands.

[0238] Any reference in this specification to “one embodiment,” “an embodiment,”

3% <L % <

“example embodiment,” “another embodiment,” “other embodiments,” etc., means that a
particular feature, structure, or characteristic described in connection with the embodiment is
included in at least 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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performed in an alternative ordering, simnultaneously,
etc. In addition, exenplary diagrans illustrate
various nethods in accordance with enbodi mrents of the
present disclosure. Such exenplary nethod.
enbodi nents are described herein using and can be
applied to correspondi ng apparatus enbodi nents,

when a hatiesler featube snwdte doraliibedicient 8 das@ibeatin tahestadyitioabe
l[imted thereby. [0239) Although few enbodi nents of

embodithBf, RILASHittdd MBI 1sQRHAUR Re@BwdrlHs LAt e Ao Qrt o affect such
described, it would be appreci ated by those skil

feature, Et?l? outo%ﬁx%facfe HH%’ gﬁ BAGH b 0ES ee&%@gxﬁ{ rﬁfsnt S

arting princrples an

Furtherr{l?fgr n\égsg:tc{f glggeggtglgq%g? (rfg rﬁ%ﬁhﬁropgﬁ%m S@rahave been delineated as

illustrative rather than limting on the invention
separateaacsditse dhavever, hesspentdy dpwatq%@qums skoulthpet be construed as

i ndi cated by the appended clains rather than by the
necessaiflgroedmyidepediestcin ithetit mmf{oraad-caThatahange prodeitaies ongtbe able to be

wi thin the neaning and range of equival ency of the
performéd B dial@iritive bRRERE sidulbfcBiEl, 368 th hiBHEH, RxeflabSdorafs

this disclosure, the term"™ preferabl y" is

ﬂlustraté‘&ﬂqo% MR Q&ﬁrcﬁﬁ 1th @ F%Htsyof tﬁ%reggﬂ% dis%l%ﬁr@.qsuch

erns in the c
exempl%%ﬁ\oﬁt&@lb@téﬁ% eér%?%@abg? E?f%ﬁltw%ﬁlt& %Vﬁdtscga gé?ﬁbﬁﬁﬁéﬁgmsponding
For _exanp the ternms "coupl ed" and "connect"

apparatug éFI}bS’Q{m%ﬁ% howeyeadhs H&F@dlmdﬁ@e%ﬁﬁscw@wdﬁd 2t b%%mlted

and indirect connections/couplings. As another
thereby.exanpl e, "having" and "including", derivatives thereof
and simlar transitional terrrs or -63 phrases are used

yn r|S|n i.e., all _are,
02991 ¢ TERERATY sfbhclmtaar AkRep: bhisign Bite bR dlsed and
conS| sting of ' and "consisting essentially of '
described i goglddes pprsiadst athase skillegsn thesrdigt changes may he madoin these
intended to be interpreted under 112 sixth paragraph

embodimmtewghoitelepitiag font' the anscip s Andmdribof the soenate dhe foregoing
function appear in a claimand the claimfails to
embodiri &€t &1 thdtbforCloeRtconsilidrbe iridlBrebSecReillhiffaive YaRef tHNCENAhe on the
mvention described herein. Scope of the invention is thus indicated by the appended claims
rather than by the foregoing description, and all changes which come within the meaning and
range of equivalency of the claims are intended to be embraced therein. As used in this
disclosure, the term ".preferably" 1s non-exclusive and means "preferably, but not limited to."
Terms in the claims should be given their broadest interpretation consistent with the general
‘ventive concept as set forth m this description. For example, the terms “coupled” and “connect”

(and derivations thereof) are used to connote both direct and indirect conmections/couplings. As

another example, “having” and “including”, derivatives thereof and similar transitional terms or
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-64 WHAT IS CLAIMED I'S: 1. A diode conprising: a
substrate; a first dielectric material including at
| east one opening that exposes a portion of the
substrate; a bottom di ode material including a | ower
regi on di sposed at least partially in the at |east
one oHening and an upper region extendi ng above the at
phrases pEeised SMONFHEntF §/ith lanpEsing i id cdaraemeiderdd “open ended” terms) -
conprising a sem conductor material that is lattice
only therjthaprgs Chvadisting offend (bstsisting pssantialytof ehatildbeconeideed as “close
di sposed adj acent the bottom di ode material; and a
ended”. t@pindiapgieotintrdddab beinposas agieac wgixthnﬁr@gﬁéﬁhw&@g RS hrase
region. 2. The diode of claim1l1l, wherein the active
“mean ; 2 by .
R s RS g i kit L B A TER Bego gyfcien
o) j wherein the active diode region
ﬁumhu?%@ﬁ%fg%sg&?ﬁ@%%?%l different fromthe top and bottom
di ode materials, and the active diode material is
configured to serve as an intrinsic region of a p-i-n
junction between the top and bottom di ode materi al s.
4. The diode of claim11l, wherein the active diode
regi on conprises nmultiple quantumwells forned
between the top and bottom di ode nmaterials. 5. The
di ode of claim1, wherein the at | east one opening
having a height-to- wwdth (HW aspect ratio of about
1 or nore, and the |Iower region of the bottom diode
mat eri al includes threadi ng dislocations.
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6. The diode of claim1l1, the at |east one opening
having a height-to-width (HW aspect ratio | ess than
1, and the bottom di ode material includes threading

di sl ocations that extend over the opening. -65 7. The

VV‘HRQLGIS)tLCAI'MFﬂ jswherein the bottom di ode materi al
has a fin structure, a pillar structure, a hexagonal

colum, or a pyramdal structure. 8. The di ode of
1.cl aiAndiodd conpeisirgpnpri ses: a second dielectric

mat eri gl di sposed adj acent the top diode nmaterial,

wherdefHPstiRéf i rst diel ectric material adj acent

si d%v‘ﬁllslt %11(9& Jh@%ét%%‘iﬁf 1r{gﬁ,g:hgg a?ieagpgne ? éﬁlﬁgtﬁ%to&iolgct—?s a

mat er i the secon

pcﬁ‘hdﬁ\bﬁ&h@s@lﬁsud’cbe upper region of the bottom di ode
material. 9. The diode of claim1, further conprises:

a r @fb@&m@Od@mteﬂalgp@h@ﬂngaﬁm’@hreglth@ disposed at least

ri a S r on sidewalls of, th
pafighy S i T o P alpeRiih aq ra PaRr SSHoh piepels abave the at
1@&%@%@1&{8@%& bSttBﬂ&%ﬁ@'m&%ﬁ@P&ﬁﬁ A gcaeg&mwﬁ uctor
refractory fetal and the top dlode nmat ;
meteeiat thiad &4 lathee misma fohed gb thewubsemend diel ectric
mat eri al , erein the, electrical contact is

el edracEyrIdode ieaien diirased Rejacent téﬂ@thsﬁg%éme mapterigh and
di oqxecgf)ng a% ?x{uﬂgrl ladlsggééd Qd}ﬁé&%ﬁ%&ﬁ%t dgl Eég:{on

i nclu east openi‘ng;
materi al including a Iomer regi on dlsposed at | east

2. par tiitaldigde of thémdl, wieasin heecapedicd: fatbraforipiiets a p-n
regi on extendi ng above the at |east one openi n

junction formed by a junction of the top and bottom diode materials.

3. The diode of claim 1, wherein the active diode region includes a material
different from the top and bottom diode materials, and the active diode material
is configured to serve as an intrinsic region of a p-i-n junction between the top

and bottom diode materiais.

4. The diode of claim 1, wherein the active diode region comprises multiple

quantum wells formed between the top and bottom diode materials.

5. The diode of claim 1, wherein the at least one opening having a height-to-
width (H/W) aspect ratio of about 1 or more, and the lower region of the bottom

diode material includes threading dislocations.

6. The diode of claim 1, the at least one opening having a height-to-width
(H/W) aspect ratio less than 1, and the bottom diode material includes threading

dislocations that extend over the opening,
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an active diode region disposed adjacent the bottom
di ode material; a top diode material disposed

adj acent the active diode region; a second dielectric
mat eri al di sposed adj acent the top diode material,
wherein the first dielectric material adjacent

7.5i deyg) améfoftcmqn{ﬂwe%ﬁgL@b&tormﬁoa@ﬁ{a%@ﬁ%gf&%%ﬁn

materi al, and the second dielectric materi a acent
stsiidewallsllef stridtera) pexagegi]aolufint bea petdmidadisodeture.
materi al; and a handl e substrate di sposed adj acent the

t ' f teri al -66 11. The di od f clai 10,
o L8 PhSR oL g Mgpnceode of ol m
ek LBl LATEL S0 90 IR b,

whbgeiachd iest diclderic egitorial Aghtde sidwaRlesi Bk lowkf Fiembf the
fromthe top and bottomdiode materials, and the
bajtarmnylode swdenit and the sacgnd shelefuicavatesial adjneenissidewalls of

intrinsic region of a p-i,-n junction between the top
‘bSﬁﬁﬁﬁ%F?%ﬁPd?6@%bﬁ%f%wﬁﬁﬁ§F“#%@a#he di ode of claim 10
wherein the active diode region conprises multiple
9. quantkielel f cf-@mmeduitBbresipkiies:t op and bottom di ode
materials. 14. The diode of claim 10, wherein the at
| east redrestayentagdispesead adjaneitghe firstod eledtric (atasjal;
aspect ratio of about 18 re, and the wer regi on
of P Eh PR PR Sl R i BrvanehE R dee i thighefigetory metal;
di sl peabhQRBeled; o e ? %} hfeast :
one openi ng %gé?ﬁéﬁggﬁg}g%??g%%&#g$ﬁﬂgtEf g%%%@ct and the
topatidbde hegeridlhand 1, and the bottom di ode materi al
i ncl udes threadin di sl ocations_that extend over the

operfitgjectigal crméacditiaepstedy theisarend diclogias aratexinle Whsreiorhe
IR0 IRLRE 5saéie&?i%aﬁy E:J)l?pled with the refractory metal.

10. A diode comprising:

a first dielectric material including at least one opening;

a bottom diode material including a lower region disposed at least
partially in the at least one opening and an upper region extending above the at
least one opening;

an active diode region disposed adjacent the bottom diode material;

a top diode material disposed adjacent the active diode region;

a second dielectric material disposed adjacent the top diode material,
wherein the first dielectric material adjacent sidewalls of the lower region of the
bottom diode material, and the second dielectric material adjacent sidewalls of
the upper region of the bottom diode material; and

a handle substrate disposed adjacent the top diode material.
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structure, a pillar structure, a hexagonal colum, or
a pyramdal structure. 17. The di ode of claim10,
further conprises: a refractory netal disposed

adj acent the first dielectric material and the second
dielectric material; a spacer on sidewalls of the

1161 1 Stheili@ie & el ﬁ)/%héfﬁﬁil &6k HAIOr Y 1(5?%&&1@15@&913 n

an electrical contact through the second®dielectric
junetiar faimedie r ¢iunctidreof thled¢op anddlotloontiaste materials.
electrically coupled with the refractory netal. -67

12. The diode of claim 10, wherein the active diode region includes a material
different from the top and bottom diode materials, and the active diode material
is configured to serve as an intrinsic region of a p-i-n junction between the top

and bottom diode materials.

13.  The diode of claim 10, wherein the active diode region comprises multiple

quantum wells formed between the top and bottom diode materials.

14.  The diode of claim 10, wherein the at least one opening having a height-
to-width (H/ W) aspect ratio of about 1 or more, and the lower region of the

bottom diode material includes threading dislocations.

15, The diode of claim 10, the at least one opening having a height-to-width
(H/W) aspect ratio less than 1, and the bottom diode material includes threading

dislocations that extend over the opening.

16.  The diode of claim 10, wherein the bottom diode material has a fin

structure, a pillar structure, a hexagonal column, or a pyramidal structure.

17.  The diode of claim 10, further comprises:

a refractory metal disposed adjacent the first dielectric material and the
second dielectric material;

a spacer on sidewalls of the first dielectric layer and the refractory metal;
and

an electrical contact through the second dielectric material, wherein the

electrical contact is electrically coupled with the refractory metal.

-]~



