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Hugeed, Mugle Cry

dal Wide-Band-GapeMateoriad Scapnine-Tunueling
Microscopy L thorraphy Tins

Cross-Beferenee o Related Applications

REHIEE Thus applreation olsims priovity o VS provisk

al patent application no.

284 fded on April 25, 2078, which 1 hereby mcorported by reforencs in iy entivery,

£rovernmant Fundine

02} Suppent for dns svork was provided by Kutvral Science Foundation ondser

ERCY {grant vo. BREO-O812056), Goan UT-Austin (NASCEN

)‘(

,«4

subeomivacts from B {LESA

ERO} {grat no. BEC-H &), and Hom a DARPA contract adaniniztered by AFRL {contract

na FA-SOSG- 180573421 The Government has cortain rights in the invention,
Backergund

B HRH A soanming tunneling nucroscope (5TM) s an instrument that provides umages

of safid surfnces with atomic reselution. The operstion of the 8TM is based on the tonneling

current which Bows when a very sharp fip blased refative to s condue ting sabstrate approaches

&

mounted ong

the conducting surface at a distance of approximately one ramaneter. The tip |

P

prewociecinie tube, which wmoves the tip vertically {porpendticularly to the sample surtace) and
honzonially {parsiiet & te sample swefave) by applyving voltages to #s elestrdes, Thereby, the
elgetromics of the STM systeny control the #ip position In sech 8 way that the wieling current
i distance between the up and the surface is kept constant, while st the same thne seansung

& soall aves of the sample surfuee. This movement i recorded by the coraputer, which csn
generate an vage of the surface topography, Under ideal ciroumstances, the mdividas! atons

ot 3 surface care be vesolved and displayed.
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LEHSN Iy oa swnlar way 8TM w0 used for su
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es One of the firyt

senvonaduetor surface allowing controfled nuo-patierning

demnnstrations was made by 7O Shep et all (Shen, T, 0., Wang, O abeln, G, O Tucker, L

x

R, Lyding LW, Avourds, Ph Walkug, B EL Atomic-Beals desorption through clectrsnsio and

vibrational exgiistion sechs 268, TSHEE582 (1998 ueing s 1M 1o contrl

surfave reactions will adzorbad mtonts and molecnies. Shen st gl domonsirated that 1t was

X,

possible 0w an STM dp to desorh hydrogen from byedrogen werovnated sibieon (1003

ai fow

subsirates, using 2 woltiple vibvational excitation tochnigue with nnweling ofes

appiied voliages, and proposed that single H stom desorption was possiisie. Howsver their

resubiy showed that - the high current densities emploved oftsn meant that both H
cte siticon dimer wers dessrted, Today when we discass surface modifieation

usiig 3TM tips, we veler o applications inclading

bt not hnoted foo regonstnuction of anneated

surface of semizondactors and wetals; modification through surface chomistry and anncaled

surfices of semiconducionand mstaly lshow

nermory sites for stomge snd
dygital informaton and quanium computing,

RSS! The recent techmical dovelopments in STM, however, have shown that this
technology does not allow lwrge areas of patterning with @ high visld The problem is that the
tp usually & modified by the large Bald apphed, with atoms nioving By response & the large
apphied ficlds thereby changing the stonte scale momphlogy md giving unconivolled shifis
and distortioms s the hthographie pattern. This moditios the atomis details of the STM tip apex
which tmpacts s ability 1o write conastenily

{36083 Through the yvears several methods of preparing STM Ups have besn developed,
Many dilforent materials have been used. Some of the most vosunon materdaly used today are
tungsten (W pletinum o (PUr) and godd (A Tips made with thosy satertals can ba

prepared by various wethods, Typically alsctrochemical stelung or wet eichings are emploved,

&
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i
fins

.

These are all rys

s o anorphous metels with refative high sfomie

mhiltites along the serface that show significans changes to e tp ander contied wrising
conditions, finiting the amwand of writing befiwe reconditioning of the tip i reguired

{8867} Thug, 2 heretolore unaddvessed veed oists i the indosiry to address the

aforewsentioned deft gs and nadeguacies.

SRMmary

HEE - According to mamples of the present disclonre, 8 composiie Hy for scanning

r .
AN ORGSO

o

funne

COOTM™Y & provided. The coteposite up coaaprises an cloctnsaliy

sonductive wire: and 2 Hp aifixed wo the electrioally conedictive wire, whey

the tp comprisgs

a single ervsial wide-band-gap semiconductor. b smpe examples, & st swrfaos st o first

longitudingl end of the tip ts afficed 10 8 seoond sarfaes ial end vl the electically

\

conductive wire. In some sxamples, the somposite Up has dimensions of from 0.5 to 4 g long

amd abont 81 10 1 g fecoted diameter and o resistivity of about 107 Obneem coming @

sharp prntat the end of the fp withoa radias of about or lees than 2 niw. In some exangles, the

clectrivally conductive wire conpmises platinum, ridiom, tungsien, and doped sibicon andfor

ombinations thereol In some exartples, the singly Grvetal wide-hand-gap ssmiconducior

Commnpriaes & group X nanowive wherein the group U sommpesition comprises ow of suore

gronen by selsotive ares epitaxy

of Gu, In, ov AL I soane examples, the group BN nanowire i

3

and the growth proesss iy controlied fo produce e sharp tpy with a vadios of aboot or tess than
I Inosome wxampdes, the electrically conductive wive and the tip are affixad baving a

Commnn oniRaiation within abot 2 1%

{B00%] Ascording to examples of the present discloswre, & msthod of forming 8
composite Mp for a sommung Swaelng microscope CUTMTY 38 provided, The method

COMPYISER USing & manvwosaipulsior o selent

b wide-hand-gap semiconducior
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frofn an

de arvsial wide-bandhgap semwconducions opitaxially grown

.

avlectively on a crystaliine substrats) preparing an electrically condhiotive wive to provide a

sutbstwrniadly fhat ond serface that % substantially prrpendivudar 1o the wive Jonpth divectiag

b ¢ ad wide-band

zap seruesnccior trom the growih substrats o the

gy

substintiaily fat ond serfuce of the slecyivally conduetive wire; and affining the single crystal

wide-hand- gap semieonductor b the substantially Jat eod surface of the electncaliv conductive

wire o forn the compostis tip. In some exanples, the affixing conprises welding using s B

et

on seures. i some oxamples, the single o

dal wide-bapd-gap semicontuchy somprises &
group BN mapowire wheran the groap U composition comprises one or more of Ga, In, or

Al To some examples, the composiia tp bas dimensions that ave firan about # ingth of 0.3 1

4 pomy, with v ficeted duaneter of abont 8.1 0 1 fum, a 1ip wadiug o about or fess than abow 2

win, and with g cortrolied doping to previde & restetivity of abowy 1 in some

examples, the slsctrically comluctive wive coraprizes plattmun, widinm, tngsten, and doped

siiicon and combinations thoreodl In some examples, the sleotrically conductive wire mwl the

3

gp s affied having 2 conunon octentatinn within abogt 4

3

LT Ascording fo exampdes of the presens diselosore, @ method of $orming anaray
of composie tps for use m seamung hrmeling microseopy s provided. The methad comprises

prepanag an sy of soanning tonneling nucmscope Hp provursos on i crvstalling subs

SHoH
providing an area for selociive arva growth of & wids handgap seaivonducting material on each
i precumen growing 8 HEN wade bandgap material ranowirs v cach seleclive growth ares

P

wheretn the navwewire has a faocted dimmetor of aboa 81 e 0.3 w8 fip radins of about ov

trrrs

lose than about 2w, aud with s controtled doping o provide a resisiivity of about 107 Ohie

"

ony separating the argy of scanning tuweling fip precursors hto subarays wherein sach

subarray comtaing at least one scanping tunneling dpy snd woonting the at fesst o of the

A

FOSOOPE Bp precursers RF ose R scanning wnnelag

subareays of scanning fwnnsding mi



WO 2018/022154 PCT/US2017/029180

aucroseops. In somme exmeplig, the wide bandpgap material s ove of GaNL AN, N, or allovs

thereet. i some exsaples, the growth weludgue s medad ovganic chemical vapor deposiiion

ard the growih is controlled fo provide the sharp tip of the sprenwive with a vastiug of less than

about T nmowi or processing. In arne examples, a seb-srray contains only & single

fad

somung unnehing

e

o prevarser o some examples, & subsamay contiuns move than sme

scanping mmelng tp preowssor and sesns de provided for relative moton hetween the

amdtiple scanning funneling tips to allow for @ degree of parallel application n 8 scansung

swmnehng sucroscogs

01 1]

ording by examples of the present diselosure, 8 compasite metabwide-hand-

gap semicondunior TWEBSTY tp for scanning tumeling microscopy (RTM™Y andfor scanning

mmeling Hthography ("8TL"} is provaded that comprises s stngle orystal WEBS dp affied o a

nofal wirg for wee in the STMSTL. In scme examples, the compos Uy hes

¥

dimrensions of front @3 10 4 i long and s freeted dinmeter of 111 0 1 pot voming o @ shamp

fip with a tip radius of abovt or less than 2 ren and & v v of about 107 Ohowom. The

resistiviny s controllied by doping durmy growth and san have @ wide range. For the 8713
application, the covpposite melab-Gald tp has ao electrieal conduotivity o allene a tonveling
current thow bebwsen the dp and the sampde. Insone examples, the composite metal-WES dp
s usadd under alivahigh vaoman conditions

{013 Avcordipg o oxamples of the present disclosure, & msthed of forming a
composite meahWEBR fip for a STM andior STL s provided, The method comprises growing
an array of WRS tps by selective-area metalborganic chemical vapor deposition on a gronwth

substrate; selocting o single WRES navowire from the arvay with s nanomanipulator, trareferring

the siagle WES nancwire from the growth subsiraie o a wire preparsd with a subsiantialh

sugface parpendicutar 10 she wire direction and welding the vople WERS nunowire 1o the flat

surface of the STM wire using an Pion soures. In sonw sxsnples, the timengdons of the WBS

93]
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nanowiirs gre fiom

tameter of abot G0 w 1.0

i, comyng 1o a sharp Hp radios of abott or less than aboat 2 nny, and with 3 costrs

A

o provide & resisiivity of showt WP Ghmeonm, I some examples, the composite metal-WHS

ed

ip 2 wsed under alinalugh vacuum conditions. In seane examples, the WES & oan AlGalaN

B R Accarding o

wrples of the present disclosuare, 8 methald of forming multipls

connpasite sihiee

WHS ups for & §TM andior STL & provided. The method comprises

preparing an aray of 81 STM tips with 30 silicon swnefactaring technhgps o all big

sefective growth arsas of the 51 8TM tips with o diclestrie fioy using selective wes metal

args

ae chennieal vapor deposition (MOCVD™) o grow WBS nenowiss from the seloctive

aveny; separaling individoal stheorn-WES stroetures Tor use in STM andfw sourmdng tunneling

pe

4y tong with o faceted dameter of from about 8.1 tr about L0 um (0.1 - 1yl with & up
radius of sbout 2w and doped o provide g resistivity of sbout 107 Ghissom, In some
oxamples, the compostte mutal-GaM tip 1 used under wlivabigh vaouun conditions.

{4} Ascording to examples of the prosest disclosure, @ mothod of fivroing of an

array of mdependently addressed tips for parallel applications of STM sudior 871

The method conyprises forming 2 3D silicon siroenwe with a Muear array of indspendently
scddressable stntures tu are individaally bent o of the plane of the S with applied felds;
protecting all but selective growth aveas of the 5 stmctores with a diclectric il wsing
selective ares metal vrgante chomical vapor deposition (MOCVD™ o grony WES nanowires
from the selective areas; providiog individually addressable elscirical omptacts to sach sloment

of the aveay; and mounting the armay in » ST or scanning tunneling Hthipaphy apparatus. In

soine exampdes, the dhmensions o the WBE

nowirss wre frove about 8 1o sbowt ¢ um long
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with @ faceted dismetes of from shout 001 ~ 1 pe witdus gy radins of abowt 2w and doped 10

provide & rsastivity of abont 109 Ghncmy
LGRS Acsording o examples of the present disclosire, & wethod of using an agsy of
compposite melab-WEBS dps for STM sndior STL is provided. The msthad congmises

§

mdividually wddvessing cach comprmite meab-WBS dp o provide s lithograpdue sapahiling

ung the mvay in one or more swrtece dircetdons of a substrate maving one o More

nal divections 1o Gwe one or move surfice divections & matniain

sdividual tps s orthagoe

constant vach vulbvidual tenneling curvent and writing bulividual pixsls.

8% Aceording W oeomples of the presere disclonee, 8 composite motal-WBE dyp

gaeling microscopy andlor soanvdeg neweling Rihography i provided

according to examplien of the prosent disclosure. According fo cxamples of the present

iaclosure, a roethod of forming s or more composite metal-GaN tps for seanning tunnehing

picroscopy andior searvung tueneking Hihography is provided. According to evampdes of the
present disclosure, a method for using oug or move metad-GaM tps for STM andior 83TL s

provided

Brief Description of the Brawines

UL The accompanyving drawings, which are incorporated in and constituie a part of

this specification, dlustraie embodiments of the present teachings and together with the
deacriphion, serve 1o explam the prisciples of the disclosure.

&Y FIG, 1A shows a BEM image of GaN nanowires grown on ALOh subsinaie by
MOV (metal-oxide chentical vapor depesition), where the insel shows zomm in on the op
of the nanowire, scoording o examples of the present disclosure,

EHEERS FiG. T8 shows g metaliic wive after milling 8 more or less fat sarface with an

FIB (focysed o bram ol secording (o examples of the prexent diselnsare,

kS

o
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UG FIGL IO stunes detaching From substeate by welding the NW i an omniprobe

needie, secording o examples of the present dsvlosare.

{8821 FRa. T shows sansferring snd positioning KW on the metallie wire surface
according by examples of the present sHeobisure,

e Fita 1 shows seating NW parpendienlar o the awface and welding by Py

deposition, acconding s examples of the present dselosure,

kS

I3 Pl IF shows welding all wround to staddlize §TM tip, according

of the prosees disolosurs.

HEERE FIG. 2 shows g 8T with a G

disciosure.

{35y FRE 3A s 2 ST mage of Si{(100) sl

i, secovding o examples of the

prosend dhselosure.

THIRO FIG. 3B 13 & §TM imsge of o St osurface showing surface reconstraciion,
aeoonHng 10 examples of the presont disclosurs. The verticabhwilnte Tine 308 was written by the
ST by Hedeprotection of the Stawrface.

BT} FEGO 30 e 2 §TM woage of & 81 surfsce showing surface revonstruction of @
boxey, avcovding to sxamples of the prosent disclosure.

{OR2R] FRG 3D 16 o STM bmage of a 8 surfice showing swiace rsoonstruction of
1O KD boxes, accrading to exampley of the present Haslosare,

LR FIG. 44 e o stlicon (111} wafer coated with 2 saceificial 8GNy laver and &
photoresist layer used for the fabrication of large nnbers of individual GaM tips, according ©

LR FIG. 4B shows the rewoval of the SNy faver exeept in areas that will

subsequently serve se nucleation sites for the Gal nanowires, according 1o examples of the

prasent diacioswe,

&
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{834 F1GL 40 shows etching of pillars to raise the Ga¥N nanowires above the plane of

the substrate, aecording 0 mmples of the prosews dischosurs

tegs

{32 G 4D shows oxidaton of the S and spening of windows exposing the

ST surfnce atop exch millar, socorling 1o cxamples of the present disclosure,
{0833] PG 4B shows growth of the GalN renowives on sach of the pillars, seconding

to examgdes of the present disclosure.

x

£ ok
)

oF the stHoon subsivais o solate individual manowires for

0634] FIG 4F shows die

monnting i STM/STL apparstus, sccording 1o examples of the present disclosurs,

BESCRIPTION OF TUE EMBODIMENTS

{8038 Reference will sonw be mude o detgil to ik

s

vesent embodiments, exaoples of

-
Ed
[

3 N T NS T JURTS N S
wpanying drowings. Whenevey possible, the same referencs

aumbers will be ased thronghout the drewings to rofor to the same oy

,n
-
o
E¢)
=
=
WA

(0636 N

withstanding that the sumerieal mnges and parametars setting forth the

broad soope of the ambodiments are approxunations, e mumerical vidoes set forth i the

¥

apecific syamples are reportad as precisely s Auny nomerical value, however,

iy contmns Cortmn orvovs necessarily resudting fromt the standard deviation found

thelr roepective feanng measurements, Moveowver, sl sangey dischsed herein are o he

D > &

anderstood W eacompass any and all asberanges subsomed therein. Por example, 8 range of

than 1" can inchude any and all sub-ranges between (and ohuding) the nioinngy value

rere amd e e vahee of 10, thet fs, any and all subranges having 2 minimom valye
of equal to or greater than zero and @ raagimn valve of vqual o or feas than 18, &, 110 5.
In cortain cases, the nunmnival valuey as stated for the panuooter can take on negative values,

b this case, the examypde value of range stated a9 “less that 17 can assune nog

S S R N T L A
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{83 The foliowing embodiments are descaibed for Hlustrative purpeses culy with

vetorence 1o the Figures. Thoss of skill in the an will appreciate that the fnllowing deseription

is exevoplary 1o ratire, and that varous moditications to the param st forth hevein could

7

ey
be mnade without derarting from the scope of the present embodiments. |t In intended that the

speibioation and oxamples by considived s axsroples anly. The various emybodiments sre nm

T

sarihy mutually exclusive, as somwe embodimernss san be contbined with cne or mors other

ernhodimenis o o new ¢ TS,

HEIRN Generally spraking, examples of the prosent disclosure provides a o

P

for w scanminy nmneling mivroseops CVTMT), methods of making

o Fives e
2 pEateg

7

ostie tip, and

various nsee By the composite tip, The composite Up comprises an olectrically conductive wirs

and & nip affised @ the electrinally conductive wire, wherein the Hp comgaises a single ¢

wide-band-gap seaticonducior. The single orvsial wide-hand-zap somizondactor ean comprise

ks

a group HEN nanowire, wherem the group N nanoy

cary vomprise GalN, AIN, alN|
InGak, AlGaN, or AllnGal. Other materiads ag disclosed heretn can alse be used oy the siugle

crystad wide-ban

ap semconductor. The wide-bandgap semivonductor maistial o be
formed o a single crystal nunowire. In one example, the single orestal sanowive tip i grows
epitaxially with a controlled dopant distribution w provide a controfled yesistivity, and witha

faceted orystal shaps that provides & Bp with a radius of less than about 2 v withont reguising
A { 1 §

tip sharpesing a do the medal tipy, The elecirically conductive wire can by compos

matenialy, moleding but are not Bmited o) platinum inidioey ungsten; doped semivonduciors:
> &

and condinaiions thevenf

B3y As exed berein, the tenn “masowirs” generally refers to any elongated

conductive of senucanductive material that invledes at least one minor dimension, for example,
one of the vross-sectonal dipensions such as width or diswmeter, of liss than or equal to about

W0 In vanons ambodiments, the ovinor dimension can be less tan about 100 nm In
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sations other erobodimenta, the mibor dimension can be less than abowt 10 s In variows

ploy, the dirneder can be about 8.1 10 1 pon, The nanowires

avt have an sapeat ratin L.y,

., In vario

fength width andior major dimension: minor Mmension} of aboot HiE or grea
cmbodiments, the aspect ratio tan be abowst 200 or greatsr, In various other vmbodiments, the
aspedt ratie can be aboul J000 or gromter Tnoan oxsmplary enibeeliment, G crosassention of
the nanowire can be bighly ssyrometrie such that in one divection of Qe cross-sentinal
o he

dimenston can be moch losgthan 100 amad nan o nal divection the dimensi

substantially greater than 1000 ot

(048] B fs aiso intended that the term "ranowires” alse snomopass other elongatsd
stuchirss o HRe sHmensions cluding, but act fieied o, nenoshafis, nanopitiars,
nanoneedies, nanorods, and nanstubes {o.g., single wall nancthes, or malitwall sanctubest.

HH Y The manowires can have various cross-sectionad shapes, such as,

for exaraple,

N

avgadar, hexagonal, polygoval, square, sval, or ciradar. Sccordingly, the nanowires can

fave evhindrival andfor cone-hike three dimensional (3-0) shapes. In vavious embodiments, ¢
phurality of nasowires can be, for exarople, substantially pavallel with respect to cach other.
MR tetallic bonds largely jonie and bond angles are not strongly sterfosily Hmited,

allowing W atoms o move on the surface, while the covalent bouds of WES awterials provide

womore sigaificant sterie lindranee to motion of individeal atoms along o serfce. Covalent

bonds and thedy sensitteity o bond sugle results wa bower surfhos wmobil iy thae for 1onig mead

bonds. This Ix the primary advaiage 1o the use of envalently bonded matert

¥

arials with comparahis bond strengths

STL apphications se opposad to the use of metallic mat
For examypde, sorface Siatoms (at least ones that are dimerized or we part of an ixland) are

stable st roont tenyprerature, while W atonms el move from slind edges w fower sarface susrgy

facels at oo mperatue, supposting the y

sposttion that Galkhwill be more stalle than Wags

an STM nip, A such, STM tips made of GaN or refated wide band gap semizonductors tend to
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boe more robust than W otips. Also, GaN ocan be grown with ¢ sharp fp not requiring oy

K

addivomsd process

ningsten toatenial most be
machised/milledieichediete, into a ip shope leaving complex faceting sd adstoms that sre

probahd ated into the latties

{0043 An sdditional advantage o the corrent invention is that the tp shape s aciually

raowsn Notonly at the apex but over the entive phyasiond range of the tp that sontributes 1o the

naging and Bthography

&

ging this mowgetsvery smail {on the arder

%

bty mode where the tp s

of a nm distanes from the apex) but fv Hdwgraphy o the b

&

effectively a vold fiold smither of electrony, the portion of the dp that comtrols the ST

e tip apex. The WBS tips have o well-defined shape thas

Frrr

on the srder of 3 milcrommisr frown

3

will give far mere reproducible Hihographio resiits In the high-blas made. fng

mieast the tip
shape for metal tips i almost nover known

{044 Aveording

o examples, the composite tip 15 copstracted & have one or more of

foe

the following atiributes i order o overcome the issoes of the conventional Hips, as desoriber

wrat, the cornposite Gy can be conductive o order o support the funngding aurrent,
coond, the composiie tiprcan have g shary apex, posstbly ending with & well-defined atomic
srrangement determinad by the local stomic strocture and booding, Within the contexd of this

disclosurs, the torm “sharg” will mean a dyp with 8 radius of leas than about 2 poy, for exampls,
£ :

a tadius between

ot b oo st abowt 2 v, Third, the composite tip can have stomic bonds

stronger than the stonuc bonds that novd 1o bo broken on the surfacs of the swnple where the

paitern 18 1o be created. Fowrth, the coaposite tp san be manufaetmed tn s very clean

enviromnent, 8518 knewn in the art,

{B845] Congared fo erystatiing, polvenssiailine, o amorphous metaly, single srvstal
¥

sitrides tend 1 bave exceptonally strong bonds and they can bo readily groven 1n & sigle

oryatal with 3 sharp termination defined by natuml coystad plaves. The provess sles alfows
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§

sontrnd, at the wa acale, of the xpe dimensions of the tp, as well the doping of e tip (L

reststyviiyd i orday fo regalate the corrent flow hetweon the §TM dp and the sample

jEEEAY I ovder to meet thess roquirements, oxampls composite Hps wers made and

teated by the Svventors that were fabricated using single « ¢ nancwire GaN bonded 1o

Piir wire holders, Alhough the direet growih of single covutalle GaN nannwive Hps on

substrates sutable for ase ina 8TM apparates is discassed further below, 3 composite fip

comprising Groups HEM sanowires bonded to metallie wires can be usad as discussed herein,

FHIS LA - 1F show o serfes of fmages depacting s method for the fabrication of the GaN §TM

tips, according to oxamples s FEGL TA shows an amray of GalN tips 14

avg gy

swn by selective-area Metal Orpante Chemisal Vapor Deposidon (MOOVD) ou s

sappiive (AhO:) substrte, 1o form of & sharp Up {8 radivs about € 2 nam, K example, & mdius

&

between abowt 1 oam and abon 2 noy, mwasuremens fnied by SEM s

X

s sapphirg, the substrate csn alse comprise

Alternativ material including, buy not houted

toy, sihicon (111) and sificon carbide. The GalN namowire s seferred o as the STM up from

herson. The growth was perforsed weing pulsed grivwth mode followed by condnuous flow

growil miode 1o enable a sharp tip. The asmowires were doped o
concaniration of aboat 2 x 1 cov?) which results in o resistivity of about D028 (e, The
Gal tpe wers designed o be SOO-7H0 na dlameter inoross sestion and 2000 nvn fong o assure
a resistance of abowr T REN

{47 As known o the an, navowires can be formed wing 2 vavtery of methods, Far

exampls, the nanowires can be fommed using any of the method disclosed in the following

oSy

refereresy; B B Hersex ef ol GaN nanowise emitting thodes based on templated and

svalable growth pwocess. Electronic Lerfers. Vol 435 Noo 1 (awsary 1 2000% AL K

Rishingramangalam of of, Controdied Geowtly of Ovdered H-K a-Shell Nanostructure

Arvays for Vistble Uptoclectronic Devices. Jewrnaf nf Bk

waie Matoriale {October 21, 2014
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oy et Taiines

{hon FOI00T 5 1 1A64-014-3480-) M. M et al. Tadoring the morp! LA

of GalNpGiaN core-shell nanowires uuing bottomeup selovtive-ares epitaxy. Nanatechnol

AR {Decamber 2, 26} {doly 10H0BRAO857 448

35 D Hevsee e The

Controllad Groswih of GalN Nanowires, N

L VRGEGIELT (2000)

bed i LS Patent No. 8,410,498 tithed “Pulved Growth

Hih48) i ove oxample as dexern

of Catalyvst-Free Growth of GaN Nanowies asd Application in Group 11 Nunde

Bepsteonductor Bulk Material” issued on April 2, 2013, which can be ased w form the present

HERTE e oW the namwrwires o be deselented sorfce

regrons where the nanowires ean be conneoted fo md extend {e.g., be grown) tromy, The support

L4 240

af e nanowires can also nelude w substrate Tormed from a varlety of materials including 81,

oy

S, sapplure, Y semiconducior compounds such as GaN, or Gads and refated conye

The support of the panowires i also Inchude s selentive growth nask formed on the substeate,

i vaniows svanaples, the support of the sanowires can further nchude s baffer laver dispos
Betwesn the selective growto mask and the substrate,
1084 9] b vartous examples, the nanowires sad/or nanowire artays can be formed vsing

3

a IV compoond semiconducior materys

als system, for example, te group HEN compeond
oratenials systern Exavaples of the group T olements can inchade Ga, In, or AL which can be

1 '

o {(TMGa)

furmed fromy exemplary group B precursors, s ax trimethylg

By

tristhylgaliiian {TEGa), truvethylindium {T8EG or trinet

hylabumim CTMAL Brxemplany N

precursors oan be, for sxample, svomonta (NHs ) Other group ¥V slements can also be used, for

¥

examnple, Por As, with axeweplary group ¥V precarsors, sucl

wyiphesshine (TRP), or

avsine {Askx),

{058] 1o the following deseription, grovp BE-M semivonducior alfoy compositions van
e deseribod by the combdnation of group HIN eloments, such as, for examyple, GaN, AIN,

TN, {niial

e

AHJaM, or AllnGaM, Generally, the clemments

s

a composition can by combloed
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with vanoss molar facnons, For exnple, the somiconductor alloy con

v
o
Sy
=
r
=
ooy
Foct
ooy
e
pucy
P}
e

o
port

stard for IndGaN, whore the modar fracton, x, oan be any mamber Jess than §.HL

o oon the modey faction vadue, various active devices can be made by sinular

Ceanpositons,
RELSE: It various embodinuents, the manowires andior vanowive arravs oan inchade o
dopant from a growp consisting of! @ poiype dopant from Group 1 of the pertodie table, for

exavnple. Mg, Zn, Cdand Hg: a petvpe dopast from SGroup Y of the periodic wble, for example,

Cor an udvps

sant selectod from a group comstating off 53, 3, Sn, 8, Seand Te
REEIA in various smbosdimenes, the naneneives andior panmwive armvys o have high-

gquality baterogeneous stractures and be formed by various

stal growih techengoes nelading,

bt onot Hmdud o, geteborganic chemisal vapor depost A0V {also known as

arganometallic vapor pha

oy {OMVPRY, molecolar-beam epilagy (MBE)Y, gas soee

MBE (GSMBE} ssctal-orgmve MBE (MOMBE), slomie laver eptiany (ALEL o vdeide

vapor phase epitaxy (HVPEL
HIS 3 I varous enthodinents, a oudtiple-phase growth mode, for example, & two-

phase gronvtl mode, can be used for the high-auslity covstal growth of namowires and's

27

nancwive arrays. For example, o fst phase growth mode such as a aclective growth mode can

be ased to provide s condiion for growth selectiv wi nucteation of the nanowires andior

nanowire arrays. In the selective growth mode, standard vrvsial grovsth methods, for sxangple,

standard MODCY D can be asod wonucleate the growth of the nenowires with a desired thicknesa

of, for sxample, about 1 nm or mors.
{G054] The second phase growth mode can Oresto 8 prooess (o continue the growth of

each pancevire and mainbon s orossesoctional featimes frown the firg vinede, and also

provide an wintrary desired fength. The sccond phase growth mode can be appHed by a grow

s
o
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@ the fest phas

miode-tinaitin, w van fonmbn

aronwtl mode. fn the second phasy groowth
mode, s pal wih rode, for exampde, a pudsed MOCOVE growth, can be used

RS

oretn, the tenm “polsed growih moede” refors (o 8 procses m which

group HY ared group V precussor

gases are miroduced shernitely g orystal mrowth reactoy

with & ¢ sosprencs. For example,

PMGa and NEz ombe used as the precarsors for an

v formahon of GaN manowirss andfor nanowire armyvs

- 3o tho pulsed gronvth sundds,

ThiGa and NH: can be intrehieed allerately bra sequence that introduces Ginowith @

~

destgned flow rate {e.g., about i seom) for a certaln period of tme {o.g

2 Sy

abouf 20 seconrds)

. about TMEE scony for o time

followed by mtroducing MHx with a designed Jow rate {ox

Lo &

wul {e.g., about 30 seconds). In various ewbodiments, one or more sequence foops can be

eomvhucted {o.g., repes apth ofesch ranowdre, by varions sndodiments, the

growih rate of each nammvire ean be orientation dependent.

&, the

{RS6] Additional growth phases can b wsed, forexan

arowth can be switched

fron pulsed growth by enndinuous growth © encowmgs the Rrmation of a sharp tp at the lat

itk

{BOST} in various smbvslivents, dicleciiic msterials can be i Tormations of

the disclosed nanowires sdior nanowiss ars

. Forexarople, the selective growih mask van
¥

be made of dicleetrie matenals dedny the formation of the phurabity of nanowires andfor

pavenwire arrays. As used horeln, the dielsetric matenials can inchude, but sre ey Hmited

stficon dioxide Sk}, silivon nuride (SLNL, silivon oxymitide (SHON), Duorinatesd sibicon

dioxide (80F), sibieor oxyearblle {($10C), hafisem oxide GHDLY, bafniumesibicate (HI%I0),

mitnide hafutom-sibicate (HIRI0NY, 24

aF

e oaide T8rCh 1 alumimun oxide {300, hanam
strontim Hanate (BT} lead shroonate tanate (PET) shreowum silioate (ZeSH00), tuahan

oxade {Tatldh) or other insclating materials. Acorading o various ofber embodiments, s
kS P &

15
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sronwth sk, suchas, forexg clovtive growth

a5 begn proparad

SN np Ulsenye s Focused Ton beam appansius (FU), the tp ol the wire was cut off 1o

pranvide s platean HLE with o diamster of about T o to host the STM tip 1200 FIG. B shows

the BTM ap T3 baing resoved from the sapphare (ALD:) sabstrate L

5 using an Unrsuprobs

pegdie 13 that s avatlable on g REMTFIBR ool Other knows suftable tools can be used o

reniove the STM tip from the substrate: The 8TM tp 12 was attached © the Omaiprobe needle

1380 by Pt depostiion and was detached froan the subntrate 133 by applving mechanical foresn.

o

FIG, 1D shows the 5TM ap 120 s thon transforved and positionsd on the top of the wire T

The STM ip 120 & affived woa substumtially perpendicalar orientation to the plateay

the wire 110, FIG 1 shows the STM sip 120 betng w

When the vertical condhition, mclnding shout & 19 forn trae vertical, was approached

R

moving the 5TM nip 120 around on the platean 1134 esichial roughness at the

anpacale), the BTM up 120 was welded o the plateau 113 asing P depositiont. To weld the

potl

BTM tip 120, & sovwiing electron microseops (SEMY was used to avold sither damage to the

naseneire doe to the high jou svergies or Ga-ingdaniation into the nanowive, which can modily

the elecitical properties of the overall structive, After welding one side of the STM up 120, the

sharaeal force, FIGLUAF

Omniprobe meedle 130 was detached from the ST np 120 using me

shenws the ther sides of the STM dp 120 after being welded by rotating M onaure

v

the BT fip 120 is secars for oporation insn 8TM apparstes. The combined semiconductor tip
P20 aftived w the wire 110 13 then termed 8 composiie i,

HED FHI 2 shows a BT 200 using the composite tip, such us the GaX up 2035,

aovordmg o exsmples of the prasent diaclosure. The ST 306 fncludes » seanning compostls

tp, . the GalN tip 208, 8 plezoelecuric controlled height and v scanner 218, a sample-to-
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ANy

tip contnd 213, and & comsputer 230 The STR 200 can inclede addivons] componers se

knewn i the ast In operation, & woltage blas 223 s applied and the Qs tip 208 &5 hrougle

close fo 3 sampde 230 by the ssmple-to-tip controd which is turned off when the GaN g

25 and the sample 230 are solficiently vlose. Atolose range, ne control of the GaN iy 208

in ! three dimensions when near the sample i & releolnie, maiois unng tp-saraphe

separating W otvpleally i the 4« o7& (0,407 nm} range, which s the eguilibsium position

between attractive 3<WIDAY and repmdsive A} tetersctions. In this sitvapon, the

voltage bias 235 will cause slectivons 235 to funng 3 stoms 240 of the GaN tip 240
and atoms 245 of the sample 2306, creating & bumeling corrent 250 thar ik amplified by a

tusibciing carrent wuplifier 230 and that can be measared by the coreputer 220, Once tunneling

s

ostabdished, the bas and position of the GaN tip 205 with respeot to the sample 236 van be
varied and date are obtained from the resalting changes in current. With the help of the

S

onehing current 280 the compater 220 canprovide foedback to the sample-to-tip somtrol 218

the distance betwesn the GalN tip 203 and the ssnple 230 consiant. I the ronneling

currerd 230 axvesady ts praset valoe, the distance betweey

po)

e GalN p 208 and the sample 230

5 decreased, Wi falls below s value, the foedback noreases the &

e, The Gali up 205

3
SIVEY 3%
LN A

e seanvied line by Hoe above the surfice of the sample 230 following the topogr

the saiopks
{68] Inexpeniments conducted by the vestors, asigle o g, pevpe, SO0

seater was used o tost, both imaging and writing modes usi

the Gal tip 205, The native oxide of the St walfer was removed using an HF schution, FIG. 34

the 8TM image of the 3 waler using one of the GaN tps showing a 231 dimer
vecomainetion, The quality of the image ¥ ws pood ss fiv the sendand metal dpe
Conseqenually, Hthegraphy was performed using the GaN fa Swrithng mode” FIG. 3B s &

negative sample bias STM wnage of an Hepasaivated St sarfoce taken following the ariting

18
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stop show 271 dimer recomstruction, The white Hne 305 was writen with a positive hiss

applied o the St with lgher camend, sompared & the maging swode, Howing betweon the 8T

& ey

tp and the sample, FIG. 30 s a oogative smnple bras 8TH tmage of ¥ borss, sachy vonsisting
of & fines, that were written in # similir way as was ased to write the single Hne of FIG. 3R,

testing the composite tip for durabilisy. FIG 3D shows the hthography rosolts afler writing

FLOGG boves on the Steurface. The results are very pronsising wrul they ave similar, i better,

te resulis with conventonad metal STM dps. TEM lnspection of the tip after this extending

writing shonwed that there was crbon contumination that had flowed 0 the hish Seid roginn it

tigy

the tip, bt the GeN material was unaffeotad. Cleaning protocals applied before use of the

syt penedically durinyg dp operation will extend finther the writing tme with a single tip.

HHH T According to some sxampdes, the composity tips can he

*

grown divently o Bi

on. Acenrding

pedestale, wiach sigdifiey the fabrication process allowing Yarge scal

to sone examples, 2 Eneswy aray of mdependently sontolled tips can be mounted to allow

3

parallel wnitng capainlities. Qecording to some examples, 2 woaterial with 2 farger bond

S

strongth st be used 1o provishe additinal robastngss, sach as AIN with & boad stronuth of |

ok
LA

SV iatm,

R Ascording to exawygsey of the present disclosure, a composite tip for scanning

e
rees

hurmeling mwicroseopy and soamdng tuancling hography s provided, which comprises a

X

stagle crysial GaM tip with dimensions of ~ 2 oo b and 00 5 pn fhosted diameter coming

to a sharp Hp with o tp radios of < 2 we and g conductivity of ~ P ohneony; and the GaN tip
weiderd o g metal wire Foruse v an 3TM appanius,

el Accrrding to examples of the prosest disclosure, a method of forming a
compesite tp for seanaby temmsding microscopy and scanning twmaling Bihography s

provided. The wethod can comprine growing an array of Gal tps by selective-ares metal-

orgame chentical vapor depasiin with dimensions o wove or Tess a fenpth of 2 pm. a facetad
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diseter of (13 muron, condng wea Hy sadiue of < 2 ran, and with 1 controlled doping t©

provide s sesiaiivily of < 1E Oboeon; selecting & single GaN nanowire from the armay with a

e umm‘.u::; slaton toansh rate 10 a wire

ring the single GalN nanowire from the pro

prepared for searoiing tnneling sudowacopy and sulled off o provide s movs or teas flat swrfioe

&

perpendicaiar & the wive dirsction; and welding te single GaN savwovire to the mitled off

srface of the STM wire using an organometallic Y source,

C{;
u

EEL Y cording tr examples of the prosens disclosure, 8 method of forming nwltiple

compontie Hps for sewuing funneling microscopy and scanning tonnsling Bthography is
prosvided. The method van comprise preparing s sray of GaN (or other ssvioonducton) BTM

tpe with 30 sihecon manaipcturing teehnigues: protecting all but sefective growth arems of the

3iSTM tips with o disleotrie film: using selective area MOCVD to grow Gall paaowires from

&

the sedective areay; dnensions of the GalN pansnviees sve move or Teas 2 o fong

1

and a faceted dianerar of 105 o with a tip radivs of more or Tess 2 o and doped to provide a

esisivity of < W Olaveom; sepavating the individeal silicon-GaN structures for ase in

sesnning bomehing microscopy of scanning tunncling Mthography appivan

REEERH FHES A - 4F shows an exmaple method of producing an arvay of STM tips.
PG, 4A shows a Sul11) waler 403 prepured with a sacrificial Slm of SiaNg 410 and &
photimesist layer 413, In FIG. 4B, the sacrificial layver 418 iy vomuoved in all arcas of the wafer

4V

405 exvept for those that will serve as a growth nucleating arss for » GaN tip. The remaining

Bi:s arcas ave used as & mask {6 oteh pedestals for the Gal tps. The formation of te

pedest

s neveseary 1o allew for small angular nusabigoments betwesn the dp and the 8TM

apparatus, As shown in FHG 40 the sacrificial oleh mask is removed after siohing of the pillars

5

430, In FIG. 415, the entive wafor is oxddized 425 and smalbareas 430 ave opened tothe or

1

B 111y awrface 405 on top of cach pillar 431 The height of the pillars 420 Is determined by

the alignment and mountng requivenents of the STM apparatus and is tvpleally foan 10 10
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~

am. The ST open arca 430 detormines the dlameter of the GaN nanowire 43
tvpteally from 0.1 {o 1w in diameter. Releotive mowth of the nanowires 435 & performed
next asing a suitabls process such as MOUVIY to provide the TlalN nanowires 43% gs tHuatrated

v FIGL 45 Finally the 51 wafer 405 s dived 1o provide ndividual nanowires 4338 as shown in

FIGL 4F. In some embodiments, an wvay of sanswizes can be provided for multiple 8TM tip

phicatons.

{{8nn] ft will be enderstood that thore sre many vartants of the process Hlostried

FH35. 48 - 4F mvalving different saorifiom! layers, difforent nanowive msterials, and difforent

ardering of the processes that ave well known to praciitioners of semiconduator prowth and
fabwication. Hach of these s incloded in this discloours

R According to examples of the mresent disclosure, the formaton of an aray of

independontly addressed composite tps

sricroseopy and scanvang tenneling Hthography i provided, The formation can comprise

frrning s 30 silicon srueBas with a Hoear semy of indepandently addressable steustures that

%

van be individually bent out of the plane of the 81 with applied fslds; protecting all but selsctive

s

groveth aress of the 81 stnutwres with @ diclectre Hlny using selective ares MOUVE to grvw

Cal nanenwire from the sefective amsas: whese 1w dimensions of the GalN nanowires are
LiaM panowire from th feciive arsas: wherein the dimensions the GaN nanowi ¥

iere or dess 2 pm tong and & SHoeted diameter of 0.1 10 1 Lo coanivg 1o 2 tp sadius of more or

P«

o
o

pea

ey 2 onm and doped o provide a resistivity of < 107 Ohmeony providing individually

addeessable electrical ootasts to cach element of the wray; and mounting the array in a

searping bumshing wicroscopy of scanning wunneling thograpby apparati.

{868] Secording to examples, the wse of the arrsy of composiie tips fov soamming

tureling mucroscopy O scanning funneliyg lithography, wherein: sach composite fip is
1

individually addressed to provide a hihographic vopability; the entire arvay is scanned in the

surtace divestions (v and v} of the subsirate: and individes! 8o are moved in the z-dircction
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sesentialy porpandicelar o the swrface o maintaln 8 conatay wrmeling current and o write
pusdivichual pixsds:

{308 Ascording o examples, the composite tips can be used for s

wcriscopy and scanning teaselng Hthography under ulivahigh vacwss conditions
{878 While the smbrdimenty have been iHostrated rospest w0 one or wore

inpleientations, alie

modihications can be made fo the Blusyated examplas

withd departing from the spivit and scope of the appended chims. In addition, while a
perticalar featars of the embodiments may have been disclosed with respeet to only ong of
several nplemenstations, such feature may be combined with one or o ather foatures of the

sther implemieniations as may be desired and sdvamtagesus for any given or partioular fenction,

EHIRSS Furthernure, o the extent that the toows “nclading”, “inchudes™, ™

“har”, wih”, o varians therentare used i sither the detailed deseripaon amd the clagms, such

terms ave intended 10 be nohisive moa manner stmilar o the term “Covnprising.” As used barein,

owing esther A,

o

the phease “ome or more of 7, for example, A, B, and € means any of the &
Boor Calone or cornbinations o by, siwh as A and B, B and O, and A and O or combinations
of thres A, B and {4

{2 Gty erobodiments will be appavent 1o those skilled i the art from
constteration of the spacification and practice of the descriptions dischued herein. It b

ttended that the specification and sxamples be considered as sxemplary only, with » true scops:

and spatit of the sbodimens being indivated by the follm wingy clatms,
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i. A cranposiie Hp for scanning tonelig nucroscops CETM™, cos it

5

ary electrically comductive wire; and
a ap atfised o the clecimioally conductive wirg, whersin the fip comprisss a single

ryatal wide-band-gap somonducior.

2 The composite tp of chaey 1, wherein o Orst serfice at @ first longtudingl end of the
i ks allixed to oo second surface ot a fongitudival end of the slectrioally conductive wire,
3. The compoatte tp of olabm 1, wherein the composiic tip bas dimensions of from 0.5 40

Pabout .1 o b um faceted diameter angd 3 resistivity of abonay 10 Ghmeom

Yrt

4 g long aw

St
s

7=

t (\ \
4 The compostte tip of clalm 1, wherain the clectrically condustive wire comprises
platinum, indiban, tungsten, and doped silivon anddor combinations thergof,

P2

The compostte tip of claw 1, wherein the single orystal wide-band-gap
serneonducior conyrises @ group HEN panowire wherein the group 1 compuosition

covaprises one or more of 033, I, orAl

&. The composite ip of vliiey §, whersin the group TN nanowire is grown by selective

arca eprtaxy and the growth process i controlled to produce the sharp tip with g radins of

S

2

abongt or less than 2 nn

1
L2
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§

EE The composta tip of claww 1, wherein the slectmionllyv ¢ ctive wire and the ip are

:”,

atfixed having & covunon oriamation wi

& A method of fming a Compasie tp for a sohoning

weling microscope STMTY,
comprising

wsing s nanomanipulaior o selec & singde orystal wide-hand-gap semiconducior from
an armay of frvmed single orestabwide-band-gsp somuconductors epttaxially groen selectively

siniling suhaats;

»an glectrically conduigtive wire fo ppovide & sebstantally fat ond surface

that s substotially perpendiondar 0 the wire ey

transfering the single erystal side-band-gap ssocondusior from the growth

suhetrate (o the substantiathy Hatend wueface of the electrically condagive wirer and

atfiving the stgde orystal wde-band-gap somivondudior o the substanially Hat snd

surtace of the slecincatly condociive wirs 1o form the composite tip.

Q. The method of olaim ], wherein the affining comprises welding asing a Pt ion soure.

G The method of clain 8, wherein the single orystal waide-band-gap semicondactor
comprses a group RN sapowire whersin the group HE vomposition comprises one or muore

of Ga, In, or AL

i% The method of vlaim & wheren the compostie Hip hay dimensions that ww from about
a longth of .5 to & i, with a faccted dismeter of abowt 0.3 0 1 i, 0 tp radivs of sbeat o

fess than abo D ow, and with a controlled doping o provide a resistivity of about 1 (lun-
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12, Themethod of claim ¥ whe syve comprises platinom,
indim, tungsten, and doped silicon and combanutias thersol

13, Thewothod of claim B, wherein the electrically condactive wive and the p s affived
having o conunon onteranion within sbout & 15

14, A method of fomaing sroaray of sompesite Gps for s W scanping diueling

MIETOSCORY, SOMPrising:

prepaning an arnty of scanming tunneling QUCIHSCHpe Hp precursors on g orysialiin

providing an srea for selective arsa growth of & wide handgap somicondueting
matenial on each Hp proguwsor
growiag a HI-N wide bandgap material nanowire on sach selective growth area

wheretn the nauowive bas a faceted dlameter ol about .1 0 0.3 tm, & G radbs of shovt or

fess thay aboart 2 v, andwith o controlled doping to prowvide a resiativiny of about 1 Obme

separating the arvay of scanning noweling Uy precussors into subarrays wherein sach
subwray containg o least one soanning tenneling Hp; and

mvunting the at least one of the subsrrays of somwing tunneling microscops dp

& seanving tusneling micsiscope.

ey

15 Thepwthead of clanm 14 whevedn the wids bandgap materis

cone of Gald, AN, Ind

ot ailoys therenfl

wy
2
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enuoal

6. The method of clam 14 whersdn the grovwih techmigue is metal organis

R

vapor deposition srd the growih s vontrlled o provide the sharp tip of the nanowirg with s

’w‘

sadius of lows than about withaut fwrther processing,

LR The wethod ol clabm 14 wheretn s subv-array contains ondy a8 sing

scanning bumeling

Y precarsor

29 The method of olsinn 14 wherstn a sub-arsay containg mors than ove scanning
tunneling Up precursor and means s provided for relative motion betwren the multiphe
searmung taneling dps to alliey for a degree of paraliel application in a svanwdag tenneling

s QW2
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