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Preface 

Thl' world is cha ngiug qui Ll' rapidly. Dt'wlopm<.>nJs iu infonnatiou wchno lo
gi<•s, based on rcct'nt progress in sem.iconcl<<r tor technology. accelerate t.lw 
dramat.ic ch anges in ou r life. ,. Nanotcclwolog.v" mqJ lores the fundamental 
plJ 'S ics and engiu<'eriD g of na.uomet rr to atomic-scale solid s late materiaL~. 
Til~· nanot<•ch:nology will pro,·icl <.> us of much powerful romputing em·iron
n<cnl, ult ra-u ig li density storag~ system, and etc. 

Iu r('ceut years. rapid progress has been made iu tlw controll ed and re
prodtwibk• mau ipulal ion of at.ums wit h tlw scn1ming t uunclin g microscope 
(STI\ 1). T l1 atom 111auipulat iou i. ,-rry pnmlisiug Lt'Clmiqu<' iu both scien
tific· aud cugiuc·cring poiu ts of Yi<'w. lt i. quitr promising that rnauy m•w 
pli_vsics wi ll be found iu arlificial atomic st rul'lmrs aud contribute to our 
[uturc d>l ily life . 

Jn orciN to iu vc-sl igafc- atom ic-scale devices, " ·c nrcd to dPsil','T< approp riate 
devic(' , t.rnct nrcs and materials as well as to improve <ttomic-scale fabricatiou 
l chniques. A Si( I 00) ~urfacc is <'Specially important in t hcs<" days been us<" 
it is us('d lo r f';lbriud ing scinicoudnclor de,·ic-es. \\'hen minialmization of 
struct nrc•s iJl S(' lllicondu dor dc\"i{·<•s proc<·ed , muwscopi<.: und r rst.and ing of 
this snrf;tc(' lwtonws l.ll (>rc important. Sinn• I ill' trend of miniaJurizal iou 
is an rss('ntiaJ st rcmu iu (']ecl.ronics, uauolcchu ology on lhis surface i. now 
a,ltracl. ing int ens ive a ! ten! ions. 

The 7J1Wpose of fhi. stndy is l.o obtnin _qnidrliue,q fm· fabr-ication of con
iluctinrJ atomic wims. In 1 his dissr·rlal ion. c-hanl.ctcrislic:; of atomic- calt> 
st mrtnrl'S ~re lirsl di,e<<Ss<•cl. Thrrc arc wany studies ou fabrication of 
<tlontic slrul"i nrrs, how<:'\'N . Lh<' charart(• ri 7alions of t he :trnclnres a rc sti ll 
nncxplored. Tbc- alo <nic-scalr dilngling-houd (DB) s t.ruct Hr!'~ on a l<ydrog<'TI 
Icrmin<LLCd Si( I00 )2 x l ii llt-l"ncl' iB di sc- ussrd based ou ST\1 n'sult.;; nml first
princ-iples ·alcnlalio us. \\ ·c· l"OIICludcd I hat il'Jigth aud \\·idth or the DO 
sl rud ru rr•s S<'JJsit iv<'i_v a [fcrt tlw C'i<'ct ronic st rudun-•s in tlt1• a l.omic-sc;LIP D[l 
strud ure~. This DO s t rue lure it self JU ay be too rcac Li H' dwmicaLJ_,. tu uHr 
in pracl.intl atomic-srale dc·,-irt's. howcH'r, \\"f' LhiHk that it st'rvf's as an iu
struct iw Pxamplr of au atomic-sc-ale struc-tu re on a sernicouduc ling su rfacr. 



Purlhcr, 111 Olllic-scalc migrat ion j)il( h or adsorlJai,(' (l\()U l is disc us~ed. 

~ l o re dcLail<'d st ucii('S 0 11 migration ar(' cle•naudcd from Lhc l'abricat iou of 
films a nd atomi · 't ructures. Ato•nic-scalr surface migration ol' a Ga atom on 
a hydrog<' n-t<'rminatcd Si(l 00)2 x l su1·fa e is studied using STrvJ a nd first
principl e~ calcul~.l.ions. QuantitativE' st udi e.· of ad orption frrc-encgy varia
tion iR poss ible us ing a Ga migra.tion a~~ local probe. We point out thil.t the 
migration pat.h may [)(• varied by the sub-surface defects. 

This di;srrl ali OJ) is orgauizrd as follows. ln hapl er l, the mot iw~tions 

<tncl backgrounds of this study are brie fl y drscribed. :\lisccllan<•ous topics re
lat·cd lo thi. dissertation a re introduced in Chap(Pr 2. Detailed d('scriptions 
of our new STi\1 and proc0dures f experiments me prcsen~ed in Cl.aptcr 3. 
The rX"perimenl,a.l rc~ults are prcscnt.ed and disru. sed in Chapt er 4, and fi
nally, in Chaplr r 5. comprchensi,·c couclusiow Rnd state future prospects 
of tl1is study a rr prcsrnter.l. In this disscrtatiou, I invite the read ·r to t iJC 
entraHcr of vasl ll<'W nanometer/ angstrom world filled 11•ith curious physics. 
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List of abbreviations 

DB 
D13s 
DO 
FT:vl 
LDA 
LDOS 
LT 
PC 
PES 
RT 
SP!\l 
STi\'1 
STS 
UHV 
EF 
I, 
\ :, 
lD 

dangLing bond 
dangling bonds 
density of sla tes 
fi eld ion 111i.croscopc 
Joe .. ! dlc'n sity fun ct ioM I approach 
local dPnsity of sf ate,~ 
low tornprrat.un' 
pt' rsunal computer 
pote ntial energy surface 
room ll' lllperat.ur0 
. cauuing probe microscopy 
S(·anniug lnnneuog microscopy 
sranuiug lnnneling spPrtroscopy 
ultra high vacuum 
Fermi energy 
tunneling current 
sa.mplP bias voltag · 
one dimensional 
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Chapter 1 

Motivations 

Phys ics iu muJolll eLt>r-sraJe structure has been attracting much at.Lention, 
since the mi11ill1UHJ Rtrntturc in semiconductor dedres are in a few hundreds 
of umlomPL<"r region. Even if the phys ical properti es of a particular structure 
are well k.noll"ll for a ·izP or tllf" order of 10 1m1 or larger. its properties may be 
greatly altPred il" it.s size is rec.lnred to an alomic scale. Many of the pllysical 
and dwu1ical lim it s in miuiatlll·i~>.at ion are pointed out a11cl proposals of new 
dc\"i(·f>s arP Jlf"gcnt issues. The tnotivntion of th-is dissel'lfltion is to study 
physi!"s in a.t,omic leur.l in order l.o ohl a·in gttiding pr·inci)Jles f or designing 
mctier·ials and st·ructur·es of a/omir-sca.le devices. 

Tltc future goal n[ t!Lis study is to fa bricate conducting aLomic-sca le wire, 
cout.acLcd IYit.h macroscopic leads . The major Cjllf'Stiun . related t.o this goal. 
which is cliscuss<•d in this dissertation are: 

l. How does an atomir·-swle slructrtre trlo .r. Which atom.·ic configura
tion does /he atomir: strnctu·m hav finite den,;·ity of tate (DOS} a/. th 
Fermi meryy (Ev). 
Ewn if there is '' 1110~hod t,o l"abrica t<• a tomic- cale , tructurf', ~he sta
bilizu t ion of th st.ruet Hrt• mar blcl to scmicondu ting prop rtics and 
may hind •r the electroHic cond11<"tiou. ncl rstand ing the n.tomi -. cale 
r<' laxa tiou is e~s<•utial in fabricating any atomic- calc s t r11ct ur0. 

2. How does nn n.dso-rlmle nlom migml.e in nlll'lnic scale. 
A sc lecliw cl<'position is t hP III OSt pr0111i. ing process in fabricatin g 
atomic st rnt1"11r<•s . :\mHJS(:opic obse rn1tions ol" arlsorb>lir 111igral·iou. 
cl!'l.cnnincd b,1· tlw adsorpt ion po~('JJfi:'tl t'IIPrgv smfar·p (PES). is unex-
p lnrP( l. To 11nclersl and llligratiott <Uld growth at atomic scale is also 
molinu d by rcquirenwms ou ultra-high quality Lhi n films. 
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'v\i<> usc·rl a11 r \pga nl a nd so ph b t.ic;tt ('( \ too l, t he STf\1, 1 o iuvest iga t c t he 
;t\ ovc open quc·s tious. In r<•te11 t, yNtrs , rapid progr~~s has beeu made in 
manip1 ilat.ing a. IOIUS with til · STM. This hig h- reso lu t ion cxpcrim nta l t cch
niqu ' S ena ble us to s tudy t he ntrious b bav iors of atoms and elec tronic prop
crt ies in a tomk st.ru ctmc. 

In t his clJ<!J)(('J', I will bri<'fly dcscri b<' t ho ma in backgrounds of t his, tud y. 

1.1 Limits in miniaturization of semiconduc
tor device 

Ach·anr·es o l' seuli couduetor sci!'nce a 11d tcclmology h ave prop ' lied dras~i c n' v
o lut.icm in om lil'r. Tt is no doubt t.hat t,be cl igit.a l Leeh11 o logies have impro,·ed 
011r lifr illiU ~he work! ecouorn.1·. Hi gh-speed digi1'al procc•ssing. h igh-speed 
digita l CO I1 tmu11ica ti on, and ultra-h igh t!Pnsity sLontgc a rc t he key t.("chu ol.ogy 
of t hr conlin g " informa tion Cl'tt t ury." HeccnLiy, e lectronic money a nd ele ·
l roni c t·omtncrce has been in great ach ·an cc. The d r regulati.o n in financia l 
m a rket. so call t•d as " Big ba ug" is a lso a resul t: o f d e\'clopment. of informa
l ion i.<'dJU o.l ogy. All th ese f'\'O lu t ions an • dn r to lit e COJJt iuuous progrt'ss in 
scmicontlu ,;Lor scienct' and t.echno l.ogy. 

l'igurP l.l s how~ Uw s izl' u [ miuinltllrt s tructurPS in DRA :-t (dy namic 
ra udont anTss tni'IU )t'.v) al Lh • product ion If' \'(' \. T he ut.in i<\l nrizat ion and 
pl' rfonnauce of a dE•viCl' pro ·0ed fo ll owing the scaling rule [1. 2]. in which all 
the dint C'ns ions an' s hrunk by a .. sca li ng f<1c to r. " T he p erfornt fl ncr of sc· micon
ducto1· dr·vil'f'S doub les every 18 mout hs and this t re nd or d r velopmf'nt seems 
co11Liuuing st ill in l'a rl y 21st ern l nry. An exi Ung pa l lC'rning t.echn ology 
u<'yo ud O.lfttn if' a d irect elec tron-bea m writ in g. H owew r. Sellli coudu clor 
lndust. ry r\ssociaLitllt 's (SJA) Nal.i.onul Tr.chnology RoadmCIJJ jo·r Sem:iconduc
to·rs (finali;,t' d in 19!)8) [3] d a im$ tha t s t.il l a l I his tagc in 1999, t lt \' re i no 
kn own solul ion to fa bricat<' dc,·icrs. at <tpplication if' vcl, wltich !J;n·e i\ fca
t un• s i:.:P of 130 unt a.nd srnal ll'r. A numlw r of pos t.-op tical Lf'dtuologics sh ow 
promist•. II 0\1'<' \'I'r. no ~ .i ng le technology has yet become clear choiu :>. WP may 
l'at·c• til <' lit.nil of l'Ort\'<' ltlional H<•nlicondn rl r dc·,·il' l'S in lO to 20 years (LlmL 
is . 20 LO Lo 2020! ). 

Brsid es t hr limils .in fabricatio n processes, it L~ ·a.icl that. Ll.t cr r exist man~' 

ph,1·sica l li tni ta lions [·1, 5]. Examples a re: 

I . P hysic·s in lml'-clitn t'ns ional "·' ·stem become domina nt whc·u t:hc miuia
t nri za t.iou pro('ercls. T !t Psc phcn ometm a lter I it t• phys ics in tnm·em ion.;l] 
SC' Itti l'oncln ri.nr d 'V ites. 
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2. Pr esence• or absence of ind ividual atoms, a well as their behav ior (diff'u
sion), will b~come significant. A stalisti ea l error of tlt c dovant distribu-
1 ion in a small doping <·trca, I.Pacl lo f:lnct uation of device perfo rmances. 

3. Ius ula tor tunneling may breom ' a ppa rent below Lh0 in, ulato r thickness 
of 4 nm. 

-l. T-leaL dis~ipal ion bcconJt's proiMUJ wlwn inlegmtion proccPcls. Dev'ices 
lwconw totJ high I crnpera tnrr llmt I he dn··ices a rc dc:troyed by tii e 
heat . 

l'rom 1 be abov(' reru;ous. nc"' dr> ,·ic·c•s, such i\S quamum c.ffcct de,· ices [6, 1] 
(l nd sing! elc~c t ron 1 nt nsiMor [ ], have rc·c·e nf ly bPl'n !Htral' t ing much arlen
! iou: as r;ludidat t•s to r<' plarc sili ro n int cgTal ~d cicuil de" ices. 

Thosc• tll' ll' do\'i('rs HI'(' fabri tated by tlw preh<' lll srntiCollrlunor lithogra
Ph." L('(:hniquc:-; . Th e~><' tll C' tiJuds are c·<tiiPrl ' top dowu,' whicJ, is to fabricatr 
devices by ropcaliug et dtiug aud dr•po:,it ion procc:-;sc•:; . A no tit r fa hricat i<!U 
technique ca iJc.cl ' bot tolll UJl,' \\' lticl.t is to compo~c a nd mray atom:; 0110 by 
one. is a not l1r r way to rNtli :r.<' n 'W l r1• i ce~ . Ill t br next . cction. i ltc ' bottom 
up ' f'<\ hrin llion L<•cltuique u:;ing ST~ J a.rr urid l.v reviewed. 
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1.2 Investigation of artificial atomic structures 

An STi'vl bas hccOLli P indi ~pf• nsa bl c appa ratus to manipulate atoms one by 
ou c. <Uid bas OJWued up importam oew fields iu both science and technology. 
In the following ~cct ions, fabrication of a tomic structures using STM and 
attempt to chan1clerizc the fabri<:a tcd st ructures arc bric fiy reviewed. 

1.2.1 Scanning tunneling microscope (STM) 

An STM [9] can i1nnge surface o f a conducti ng materi<LI ou an atomic scale. 
De tail ed rcl'i!'WS of t his elegant technique and theories are described else
wh!'rc [10, ll]. 

T lit' high spatial resolution of lite STl\'1 or iginates from the extreme seusi
liYiLy of a t unnel.ing cutT(' Ilt to change in a tip-sample distance. A sbarpPn •d 
ST1-l tip , tungsten in I b.is study, is brought to approximately lnm from 
a surface under investigation. Tlw wavefnnctions of lhc STl\1 tip Rnd th.c 
sur[acc• o\·cdap at surh rlislanr~s. allowing the l •mneling rtuTcnL to How be
hvcc•n 1 hrm. T hP tunn li ug current p1w lom inant l_v flows through t;he t ip 
a pex aloms that ;trr elosest Lo tlw sample• smfac!'. y ir ldiJig lrigu l<ttcra l and 
w rtical resolu t ion . F'or typic~tl '"''luPs o f w rk run tions. typica lly -leV. the 
I unn l' ling current. ch augt·~ by a lmost an order of nmgni l udc for a dumge in 
~Li p-sample dist~tnc of onl y O.lnm (l A). 

A positiw bias ,·oltagf' nppli rd lo a sample ( 1 ~,> 0) <tllows clcrt rons to How 
rron1 fill d statr on an ST;>. l t.ip to empt y s aLr on t he sam pl<:'. For ·imple 
metal ·, t.b ·•re is ty pica ll y no strong variation of tbe local den ily of stat(•s 
(L DOS) nC'ar Er·- As a result 1 his polarity pro,·icle iuronrwt ion on elll pty
sl.;tl(' LDOS of t.lw ~<t lllplc [11 ]. \\-hen a n<-'galivt• bias ,·oltnge i. applied to 
a samplr (I :,<0), the S'T'l\ 1 ran extract iu[onnaliou on fillc>rl-siate LDOS or 
llw sa mple . 

. -'1 u ST:\J iul<tgc coni a ins infonnat ion on smfacc topography, LDOS. and 
t iwf' <lYerag<' or t h o~r lwo r<lctqt-s. Purl her. t lw STi\1 ilmtgc reflects lbt• roo
vol u l!'cl inl'ormaLion ou an STl\1 tip <lncl " ti url'acc. ln lh r• con~tant-current 
imaging lllOclr, 1 hcs(' infornwtiou a rc refl cdcd bv variations ol' >Lu ST\1 tijJ 
hr ighl position. ConscquPnll .''· thr STM doc.< nol neress<rrily re?Jctd lhtJ posi
tion.~ of ."tL'tfare aloiJL8. For rxmn p! C', th0 clmrg<' t ransfer bC'Iween sites will 
can~(' t ]J C' fill ed ;wd ''"'PLc· stal es to loc·a lizC' in dif[Prrnt. regions in tlllit cell , 
snell as in Ga.r\s(ll D) sn rfar·r· [.1 2]. On those surfac('s. l h<' ST!I·I i1nages rhangu 
rlep<•udinp, on t l1e po lari.ly or bi~s ,·o il ag<'s, and t.he imag('~ d<> not corrt•spond 
to tlw positious o[surl'ace alon1s . 



An irnport.a11l li:at.tm• of t. lt e ST .\J is 1 It t• a bi'lil y Lo perform scanning t·nn
nl'iing s rwcl roscopy (ST S). T hP d <t l a a re u!Jt a it ti'd by posit ioning a.n STM- lip 
al a ii_xecl 1\('ight a bo"e the surface and rPcOrtling t he change of a twmeling 
curreul (1,) as a S<Uuplc bias vo ltag<' ( 1 ~ ) is swept wit.hin some ra.ngc ncar 
Ep . Tlw rn casurr d ronductanr·<' (dl1/ d1 ~ ) roughly c'orrcspond to the LDOS 
of tit (' snntplc [II ]. This rrquir<'s that t lw ST M tip DOS docs uot s t.rongly 
vary or l'x!tibi t prououii C'<'d structur<• ovN t.h e r ucrgy r;tnge of th r sp<'ctrum. 

fn order Lt) cons truct surface s trud nne or ~tu-fac· r ('!ta rge cl istribuliou front 
ST ~ l images, tlt ccm·t.ical n lintla tions pl ay an esseu tia l role. Allllos t any or 
t lH' T ~ l dat.a Jl('cds to be supportc>cl by t he thcon ·tical calculat ions , s i11 ce 
what ST!'vl obs rve is a t ime a,·cragc of th • very local charge distribu tion. 

T her0 exist many t dllliqu c~ rcla Lr d to scaUJtiug prob · microscopy (S P ill) , 
s udJ as. atolllic fore microscop r (r\ F\IJ) , scauning QUID micros ·ope, mag
nN ic forcf• min s<·op ' (l\ I F~· I ) , and etc [13] . T it a bility of :cauning p robe 
minoocop('s (S P ~vl s) to intagc a ut! n t<utipulatc mall cr ou the nanom eter scale 
mnd0 cl ra r tha t SP il ls h >tvP <1 pot,rnt ia l as a tool to fa bricat.e nanoscal de
vit'Ps. The st.udi rs usiug SP J\ [ will surdy iucr(•asc in t he fu t ure. 

1.2 .2 Fabrication and characterization of atomic struc
t ures 

Long before thr inveuliou of th r Tfl l , iu 1959. Rjchard Feynman gan• a 
visioua ry speech eut.it led "Th er<' \ PIPtlt y of Room at t lw Bot tom ,'· im·i ting 
sc it> nt ists to cnl<'l' a uew fi Pid of pbysic·s, a world in 1dtich dc1·ices would be 
l'Oils i rue ted out of co tl!po.n r nts each madP of onl.1· a fc\1· hundred atoms or 
\' \' Crt mad e of si ngi<· atoms [14]. 

r\ s one PX>Uliplc, iiC' ('OliSiden•d " ·hat 1\'0Uid lut ppPJt if hit s of information 
could be slor0d in a cubes f 5 x 5 x 5 a toms. that is. a d us ter of 125 a toms. 
IJ r cOiwludrd Llt<tt .if t lt<'~P bits of in fo nmd ion co uld [)(' st.or!'d i11 ~ lltrcc•
dimr lls iona l a rmy, t.lt c> cont·I'III S of ;dl 1.!10 books in all th e• 1m tiona l libraries 
<tro und tlt r world (sow e 10 10 bit s acco rding to lti s cst im aLion iu .1 959). could 
be s\.ored in a Yolu me of a s izt> of a dus t! 

A controlled fa bricat ion and cha rac teri7.11Lion of ato m.ic sl ructurr•s on sil
im·n S'll.'l jar;f' will fac-i l.i t;ctc tht' fa hri n1tion OJ' llCW ty p <'S of elc•c· trorti c devices . 
ln pa.r t ic nl a r. n;cno11'i rl's [15] h;cw at t.ra.c tcd consid N abll' aHl'ntion. Prom 
a tcchni t'>tl poin t of ,·i<' ll'. it is used HS a conclud in g wire in scmiw nductor 
de ,· ices. On tit <' nt;hrr ha nd. from It s!'ie nl ifi c point o f 1·ic\\'. wch . mall a 
onP-rli mrnsimwl (lD) strttt·tltr<'s Hn' Pxpec rcx l w exhi bit iJJttigning phvsical 
propc• ttics, sttd t as a q uanLizPcl coud ucl anc<> [lG] or a t nu1si1 ion to Tom onaga-
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LuttingN liquid [L7] aLlow temperature. 

fn ordr-r to inn•sligatP thes(' rlt·vie<'S we ll l'('ci to design appropriate' ci<'v icc 
struct.urrs ;UJci rMtt rinls Hs W!' ll as to improw Rlonrie-sc<Jle rabricaliou l.ech
lliqu •s . On HH"tallic subsrraleli, t lw lD <' l<'ctronic states or such slru<:tures 
arr usuall .v strongly mixed wit lr t he bulk metal states. 111 order to stud~· un
p('rturbcli lD cf!'crts. Sl'flric nduct iug or insulat ing material ·hould be ns('d 
as su bstratc. 

Thr chal!('ng(' LlwrC'forP is to fab 7'icatr un aiowic-scale metallic wire on 
n M!micondnciiug .miJ.s imU. Recently, not only fabl'icating atomic stmcture.s 
but a.lso chamdi'rizing tJw phy.jiccd prope1·tie8 of !.hose .lirnctur-e.s have been 
key i-'-"1tes. Our att Prnpt to .rtH'asurc STS or atomic structure and inves tigatC' 
electronic properti es is also along lhis direct ion . 

ln tlris sect ion, I briei!y rcYiew th fabri cat ion u. ing STl\.1 and the char
aclrrizalion of atomi s nrcturc. ·. 

Fabrication of nanostructure 

Tll<' idea of noanipula ling atom one by oue was reali zed not so a fter the 
ill\'l'nlio" of STM. Tlr orou~h reviews of tlris fif'ld carl be found elsewhere [ 
18-20] . 

.-\n inLrmction b('tW'Cn au adsorbate and <\JJ STl\ 1 tip ran be controll ed . 
and i u$<•d to rnauipulatt• atoms. ThC' firs t dC'rnoustratiou or a coutrol.letl 
at omic omuripui<Jtion with au STM was t.lrc dcposirion or a :;ingle G(' atom 
ont.o a Gd Ill ) stn·f'ace from an ST?-.·1 Lip iu 1987 [21]. T he most beauti
frtl ([(onronst rat ion r a c:o nt ro lh' d atomic-stale fabri cati 11 wa accomplislred 
by Eigkr el nl .. 11$ing a vcr,v st;tblc • 'Ti\ l opcratc·d <tt ·11\:. They laterally 
rmtnipuht lr.d Xr at.orus adsorbed " a Ni(lOO) surface. aliCIa. sembled struc
tures [22]. Snbsrqucutl.v, t bey mov<'d at m. of PL and Fe and molecules of 
CO on various nwt,al surfac . [23] . 

For llo(• invc'st.igation of nall nC' I~nronic de,·i ('. and model system .. an 
inrportanr a ·pcct of tlrr fnbricat. ion nwlir Is is tli(• ;tbility t.o prodnc<' atom
ic;t!ly ordc•n•d stnr t ttii'C'> of d!'sirc•cl gconwtry. T h<' rnanipnla lions on sm'l:acr 
incinde d<·position. dnso rpt io11. >Hld l;~trral sliding of atoms. Combinations 
of the:~(' >ltom rnanipnla.t in11 pnJcC'sses >lnd ~l'i('rti,·c· adsorb<ltC' tl cposih "po
trul ially CHII l>l' uHed Ill assernblc• nrhitrar,v strrwt nr<•s or t.o add cornporH'nts 
to prr,·iously fabri catc•cl " tntcturc'H. T!Jc four main ca te~oric• of fahri carion 
h)· using the STi\1, and rei<•i<'d studies arc: 

I. :\rrungo aclttLOm. into a p<tLiem b.,. sliding lht' ulon1. 
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(a) 1\ lany example~ of latt' ral alo111 i(' nwuipnlal iou have ber n accom
plished. such as: di~;pl>tciug acb orlwd Si atoms on Si( Ill ) <tncl Cl 
ou Si(lOO) [2-.t], >tml moving vacancirs ou GaP(JJ 0) [25]. lu some 
ca~rs uanoscal slmt t urcs have been aHsem bl<'d: hy form ing l D 
islands of Cs atoms ou GaA~(l1.0) [26] and by accuurulalinp; Si 
atoms und er Lh ST !\11 t ip to cr ate nauocolumn. [27, 28]. 

(b) rushiug or pulling Lhr adsorlmtcs wcrr di st inguished by monilor
iug an STM tip b('igllt while. lidiug Lhc alotn. [29]. 

2. Pattcwing hy drposit iug al'orus ou o t lw surface from au STJ\1 tip or 
by decomposing precursor gaseou. mol<>eulcs. 

(a) Clust. r:; of HLOms [rout a gold STil l I ip wrrr reliably deposirrd 
out o va rious sud'act>s by lnntin et al. in ., 090 [30]. Tb<' fabri cated 
IliOn nels had H n<trrow distribution of si zPs and wen• crPated aL 
Pv<' nly spacer! po~itio ns to \\Titc mu10sr·a!e patt r rns. 

(b) Strueturrs, 10- 3011111 in size. Wf'rC fabricated using organometallic 
gases [31) and u. ing aqueous si ln •r flu oride [32]. 

(c) Tndil·iduu.l at.oms of hyd ro '\'II wrre d('positecl Oil to Si( l l l )7x 7 :ur
face, fmm a P l/lr tip [33]. Tltl' hydrogen atoms were snpp! [cd 
frum surrounding lh gas. 

(d) Si aWill~ wrn• rxt.racted and rcdepositc•d on a Si(lll )7x 7 sur
face [34, 35]. 

3. Csc> '"' ST:vr to create an rlch mask (not iJ tOmic scale but na no.metcr 
scale ). 

(a) P:u.teru geu.er;tt ion 011 silicoii by Pxposttrc of resist [36]. 

(b) Chl'mi ·a! modificat ion of hydrogr ii-te>nniiial ed Si(lll) surfo('e c\J t.d 
se lcctiY etching [37). 

(e) An >UTay oi'GaAs dots wl'n' 1-(row nusiiig IIilrid<'d mask ou GaAs [3 ]. 

·1. De fin<' n ask p>ti i<'rii s nsing desorption of a toms fro111 t hP surfa.c:e . T!tr 
alumic sl rtl<'LIIl '<' is fa!Jri caLc·d with subsequeut srl<•c·t ivr dt' Jlllsition. 

(a) ll osoki ct a/. rrtuowd inrli,·id ua l S atoms in ro11·s from ~· J oS2 

surf>lcr a~ roolll l<'lllperat.un· iJI <tutbi<'III air [39]. 

(b) IIIdiviuual hydr gr11 atol11:; a rr d . orbrd from a hydrogcn-tcnninatrd 
Si( I00)2xl ~urfacc. and pa•l<'nting of Dl3 (DB Ht ructnrc) 11'<1<; 

delll m:tmtNI [·10]. 
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(r ) llns hi zunJ <' r·t al. repo1·lcd on thr forma tion o[ atomic- calc Ga 
s truc1,urrs on l hb S•11·farc u sing DB wire. [41]. Details a re d e
scrib d la v •r iu this ~ccli o u . E'e ["12], AI [43], and Ag [44] win~s nre 
fabri cated U$ing Lite sa1110 priJ tr iplo. Further, selective dcposit,ion 

of 0 [45, 46] is oLudicd 

In ord c•1· I o connect <Jtom nnwipula ti on Lcclm i.ques t;o applica tions . the 
m.osl p-rom.isiny w b.>l,m te is silicon. A hy brid st ructure, m ade from prcscnl 
scmicoudu cl o r lit hograpby ledllliqucs a nd a to ru manipulation techniqt1cs. 
is I liP Jn os t \'i sionmy way for L!J c applicaLiou. T lJ e admnla.ges of studying 
Si ( 100)2 x 1 smface are s un1marizcd as follows: 

From a n Png inc•ering poinl of view: 

• \los t of the S(' J11iconductor dev ices ;~re formed CHI tlw Si(JOO ) s urfaul . 
T !Jc ua nofabricaLi on t r clnliqucli can b(· a pplied to t!J c fabrication of 
semiconductor d 0\'i ces (hy brid dc,·ice) . 

Froru a seicntific poin t of view: 

• ll.wJrogen ;t loms on a hydrogcn-tcnnin a l.crl S i(100)2x l s urface• can br 
d esorbed by nsing an STI\1 [-W]. Tli~ desorption lca\·es i atom wi l h 
onr DB on th e surface. Iu tlliR way, DB st ru c ture can be fa bricated by 
pa~l.erning rla.ngling boods (DBs) . 

• Atomically fhtt surface i · routinely obtained. 

• Bnlk w nrlu ·ti,·il.y can be rr duccd e nough fo r charact·c ri zi.ug pl1ysical 
prop<'r t ies of Llw alo r11i c .' l.ruct ures. Tl1is is accOJnpli heel by using a 
low dopanL-Icwl s:\Jllplf• and / or by r~ducing temperat ure of t he sample. 

• Surf<\<:<' s t.a1 cs n 's Jdt ed (rom the DBs o f the Si dint~r. can b!' passh·a lcd 
by hy drogen adso rpt.ion. 

• . hydrogr•JJ -tenuimucd :<urf;~t·~ is l rs~ rr ndi,·c and can be kept dc;t n 
<'vcn for S<'\'r ral days in H\ ' . 

• Rr<trti vity to ~onw of l hP llH'taJ a w m s are low aJtd Lht' s urfact' m obil it;> 
of thosP mr·t;tl a LOJJJS arC' rx 1w~ t cd Lo hr high ou a h~·rlrogr n-l rnnin>1t.ed 

s urfact' . A DB s l J'JJ CI urr is mo rt' chvmi<'a lly rr act iYr 1 h:uJ h~·drogc n
(l'nnina lr d omf:tc(•, in gcnrral. Con ('qnently. sr ic'cli v<' adsorption onto 
thr DB sLructuJ·r is possibl<' . 



Hashiznm e e/. al. rcporwd on luP [onMI ion of awmic-scalc Ga wires on a 
bydrogPn-tPrrniuau•d Si( L00)2x l ·urfa<:f'. A Ga al 1n wire was fabr icated by 
depositing G<t atolll aner fabricat ing a DB wire [41]. At room lelllpPratme, 
dcposit,ed G<'l atoms arc 111obilc 0 11 h.l'd rogcn-lermioated surface ao.d desorb 
ouly t.o DBs. Tlw G>\ adsorlnlte is . lab ilizP-d by 1110rc than 1 cV on the DJ3 
s itr ['17]. Pigurc 1.2 s ho11·~ t.hc STill in1agc of fabrimtcd Ga wire and its 
I all-~tkk mod f• l. Width of t.l1e Ga win· is one to two atOI1JS , and (.he length 
is nJorc t,IHUI 10 nnt. The difl' rene~ bW•wcn tiH' DB wire and the Ga wire 
obs •rvrd in ST:\1 iJJl agc· is tlJrir h ight. Th(• Ga wir' has a height of about 
().3nJJJ, but Llw DB wire has on ly approxiJJJ::ttrly 0.1 nm. Wh<.'thcr litis Ga 
wire is clrct,ric:ally condnct,ing or not is a very intcrc~ting pr blcm. 

Fip,urc 1.2: Fabric·atiou f GA ;J(om wirr on hyd rogcn-t ('rminatcd Si(100)2 1 
smfacc. (a) and (b). how I h0 1 hrc('-d imrnsiomll ST;'\1 imagr of DD IYirc <:UJd 
its ball-stick nJOdrl, rC'~p cdil·('[y. (e) ;t nd (d) :~h ow tlw G<l win• and its b<tll
't ick model, r<'sp<•ctiwly. 'TIH' Ca atom win• was l';tbricaled by d~pos iting 

:a atom aftC'r f~tbricatiup, DB ll'in'. Tl1e C:a witT' is ob~erwd higher tuau th(' 
DB 11·irf' . ~ote thal STil l images <~rr fron1 difl~·rcnr sHJnpl<• areas. 
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Characterization of nanost.ructure 

Tbf'l"r an• only >l few experirneut<tl results 011 the characteri zat ion c f physical 
properties , toDcerning artifitial atomic structures. 

The first dwxadPrizatiou of a.u artificial atomic st ructure and its effect t o 
11 substrate arc st udied by romn1ie el al. Thr.y measured a tunneling spec-
1 ro. copy of ftttificial Fe corral on Cu( 111 ) [4 ], and obscrvrri tlw wave na t nrc 
of clcc·trons rlirt•ctly from standiug-waw patl <' rfl ti . pat inlly reso lved on the 

u surf;tC<'. A hurf;tc·e resis t i\·it;y was mcasu n •d using artifici;tlly fabricated 
insula ting trteucll es on a Si(ll1)7x7 surface b.r l-leike et CLI. [49]. Aono ct 
rd. cleV(' Ioped "phot.On STi\11 ,' an ST~I rombined with photou multiplier, a nd 
dc•t ect cd 1 he photon frolll a artificial DB s tru c·t urc o u a !tydrog~n-l.enniuated 

Si(l00)2x l . mf>tn' [50]. Ph oton ST :Vl and spin-pola ri zed ST~1 an? Ll w ex
amplrs of approad1ing pby~iral propel'! ies in mUIOSC<tle st ruct urc usiug SPi\1 
t.cchnirpws. Attcntpls to rharact~r izc ar t ifi cia l >\tom ic st ructures " ·i ll crr
lai nJy i.ncre;t. c in t,he ncar future. 

T here are . PYeraJ 1 hcorct ical r0stdts which predict proper t ie of ato mic
wires I y using lhc first-principles calcula t ion. b>t eel on a local den. ity fun c
lional appmach. 

\\"ata babr Pl. rd. s tudied r lcdronic struc tures of DB wires and Ga-atmn 
wirf's on a hyd rogen-terlllinatcd Si(l00)2 l surface b.1· using the first-principles 
c-al<-n lai ions [;:i l ]. T he Ga-aLom wire was found to be semiconductil·c at t he 
cm·erage or one Ga atom per one DB. Fwthcr, a ferromagnetism in this 
Ga-aLom wire i.s pointed oul [52]. 

Haye et a.l.. invrsl igatcd \'»-doped DB win~ on a hydrogrn-trrntinated 
Si(J.00)2 x l surface [53]. T hey n•portc·d ll111l iu low cowrages , :\a atoms 
simply a ·t a~ cleeLron donor. Th.i. rPsnlt s iu llllfilled surface band, as are ·ult. 
the metallic brh;ll"ior i~ t··xpPded. First-wi.ncipiPs calculations by Brocks et 
a.l. show that a liJH'<ll" chaiu of AI a t.o1nS on Si(lOO) i. sc• rni coudueting [54]. 

BeHides on Si s u r fa~:c. Lang cal ·nl al\'d a r 'Sistancc• of atou1it wire con
nrc ! ing two st•mi-inlin.i t.!' nl<' l.allic l'i l'cl rOd<'s [55. 5G]. Ca lcul alcd leugth
dept• nclcnl. resistance .is vr ry inlt'rr:t ing. [la nd s lructun•s of a JD >tlomic: 
cha in, I wo-d imPnsio tml squan' aiTH)', and I 1ro paralll'l atomic cha ins are cal
ntlat Pel for Hlrious atoms <15 a fuu d ion or lattice const.aut. usi.ng t,ight.-hinding 
llwory with uni ve rsal parameters [57]. 

Bouju el 11.l. st udil'd Au at.o n1ic wires o u :.:aCl surface [58] . Accord in' to 
llwir molrcnlar-d.ntamics C<tlcu lat.ious. a si.n glP-aton1 rm1· of go ld on a i\aCl 
. u!Jst ratewas fonwll o I c unstabk. while a go ld wircwillt much Jargcrll'icil h 
is ap parent!)· s tahlr. VOII . lii ii Cn 1'1. al. s t.ndic•d Si atolllic wire· [59] . 
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. ,; de scribed nl.Jove, atomic wi res on S\'miconductor snrfaC\'s rc1·ral Uw 
poss il.Ji lit y 1 o exhibit a widr varirty of physiwlpropcrti s. However. t herr an• 
on ly a frw cxperintrutal results on dmraeteri zat.ion of t he atomic st ructures, 
so far. 

SomP st ndies aim eont.act to ;Vcnnic struc tn.res. One of llw attempts is 
to llS\' bond iug pad w h.icl.t is fabritat.ed by usiug ma~k [60, en]. Anotlwr ap
proadl is to construct a u ST~ l which has nllll t iplP Tlvl tips [G L 62]. T be 
indh·icluall.' · movable STi\J tips are t·o he conta.ct!'cl to the nanowire [or two
point or [olll·-p oint rcsistidty measurcm<'m. In these way, high-resolu tion 
Pxp cri ment.a l tccllll iqucs for detcrmiHiJlg t he electronic properties of atomic 
st ructm f'. will be possible. \1\'li cthcr atomic s tructures a rc clcclrica lly c:on
ductive or nol is ,·cr,v interes ting issue. 

~ot hiu g is known a bout a contact between ruacrosropic structure aud 
nauost.ructure. A st udy of contact. was Lhe first. s tep t.o understand sem.icon
duct.o r physics. Laler on . juuctioa became import<UJt element for 5cmicon
d.uctor cl cYi ccs. I am qui le conlidcnt that t IH' con i act bet. ween a macroscopic 
st ruct.urc aJlcl a n;w ostructurc will bt' a trcas urr box of new pb,·sics [63] . 



Chapter 2 

Introduction 

This cliapt.er d<'$cribcs t he mi:;ccllaneon basic understanding of this study. 

2.1 Principles of Si(lOO) surface relaxation 
and reconstruction 

Funclanwntal priudplrs rrlat rei to rrla .. xatiou and r<'COHSt ru Lion on Si :ur .. 
fac<•s an• brkfly intwducrd iu this srct ion. \\ .. hr n a smJace form. iJltcruc
tions a111o ng ato1 us in thr first .. Jay<'r ,llld :ul;-lay<'f ,ltoms arc modified , clue 
w the absence of n<' ighboriug <lLoms 011 on<' side. [n ord~r to reach a new 
cqu iliuriuni configurHt.ion , the r<.'<\i' rangPml'nl s/clisplac<"'ll1Cnts of t he atom 
occ.:nr. The arraugcnwn ts u~<ly n•:nlt in a pun· tom pn• ·Riou or cxp;uiS.ion of 
in lrr-plcLllC ~<'parat ions oft he snrfac<' layp rs. Th is proc<•ss is cal! Pel surface 
rela.xation. Surface n·lax>lt iw1 locs not ncc<•ssarily iuduce a chan g<:' iu I he 
surface periodiGit.y. Surfil~e rcco11st mrt ion ref~ r!i to a mort" compLicated piLP
nomcnon in which a tqllliC rearraugenl ('nt s iittnJdu <' 11 iali'ra l d l<\llge in f he 
surfacr periodicity and sinuiltan<'ons rt• ln.xation as well. In thi. diss<•rtatiou, 
the t<-nn. "-r!'lo.a:o. tion'· i.i nM·d a,, a ilispli!CC7ll. nls of lh e al.oms in orrter to ycti71 
loto.l enm yy of I he sysl:t!m. 

Thr inl cr .. atomic bonds in Si nrr l(•tnt!t<•dral du r lo t lw hybridizMiou of 
atomic oriJi la l. which is rl' fr rr!'d lo as 8p3 hybrid bond. This direcl iomtl 
r<md<' lll bout! del cnnin r liH' st met urr of bulk i and i smJacr . T here are 
t11·o spin-paired <'i<'clrunfi on C<ICh ini <'HtlOtnic bond. On forma tion of a 
surfnrr , iLf. iP<L~t. Oil <' IJo ud [or rat:h cllom is C1II. prod11ri11g dangling bonds 
(DBs ). Thr lark o[ <'il'nroll p<ti ri11g nmk"s IIICS<• DJ3s <'nerg~t i ca Liy unstable. 
and r<'sul ts iu a large fnw Pu<'rgy. Th.P surhu:r atoms. thus. rt•mran g<> 1.0 

lllini11Iize 1 h.<' nu1nbl'r r till' DBs. ln I hi. way. t·hu [r<'e energy of LiH· sys t<' m 



reaclres i t~ nri.uiruum. 

O n 1·be rton-rPia.'<<'ri Si(lDO) ::; urfat:e, cadr Si atom has I wo DDs. ThrrP 
is oo ad nml.agc for t ilP DBs t:o bP iu t ir e origina l s7i' lry brid or bita ls. ft is 
eJJ <'rgct.icn ll y [aYora bl<' Lo dehybridizP this configuratiou hack into i l~ ori ginal 
8 and 71 orbi tals. 1t is uow well esta blished t hat Lhis surfa.c!' forn.rs a 2x l 
rccousl. ruct.iou [6·1, G5]. Si dimcrs arc formed bt' twecu neighboring Si atoms 
along tlr<> ( 1.10) dirr d .ion in order l.o redu ce lire number of unsatisfi ed DBs. 
As <1 rrs rdi , r acb Si a lomluts a singlr DB on the rcconsLrnctccl surface. 

Orbi1.>1 1 dr hybriclizal ion is an important mechanism in covalent scnricon
dr rctor rw·ortS irnctiou . . ln thr simpii'SI image, lhP surfaec 'buckles' as atoms 
ttltcm ateJy ri sr abo"e aHd sink below I he surfacP pla ne. The cl chybridizalion 
I riggers thi s molion and llr t• sp'1 hylwid orhiral is aiLerccl l.o I he original s 
(Is)) a nd p (lp)) comporr<•nts. 

HaJH' Jnan discussed l.he clcdronic cuer ()' when the angle between the 
d fl ngling bond (DB) and back bo.ud (defined as fJ in Fig 2.. J (a)) i: altered [66] . 
The D13 orbital ID) can bt" rxpressed as followiJJg equat ion. 

ID) = sin Ois) +cos Olp,) (2.J ) 

The axes a nd subscrip t~ an• defined as sb01m in Fig. 2.1. The angle IJ 
character i ~<'S 1·Jw DB orbi ta l. 1'\' lr <•n 0 clw ugf'S from (! = 0 10 I) = 'ff /2. t iJP 
Dl3 orbi tal drturg('S fro111 u pure I' orbi ta l to a pure s orbil a l. ConsidPriug 
I ha l the back bond orbi taL 113 1) . IB2), a ud IBJ) arc orl lrogoua l each ol h('r 
and also orthogonal Lo Lhr DB orbi lA I, the rcl>t( iou between f) and 0 can be 
r\cri vcd as following cqLr>\tion [61]. 

(2 .2) 

T he buckling l:urm; lllf' Si alums iul·o dill'creul. el ctroui(· coufigurations. 
lc is sunuJJa riz('(i as: 

• Si a tom which 1'iSI' (LbO'IIf' tlr<' surf;tcr plane (larger 0 ) 

T hl' DB orbi ta l bf•ronu·s s -like orbi la l. 

T lrr ·r backbondo i;N· nle• pa- lik houds. 

• ' i a lo rn wiJidJ sink !Jr~ low I hr ~w·fnrc pl<tu C' (. mali<•r $ ) 

The DB orbilal il<'C'Omes J! - like . 

13ackhonds lwn> rn r fl nt. lc·r .SJ}- like honds. 

Sinrr a n " -/'ike orhi t;1llras low('r energy tba u thai of >l p- like. a n eknron 
is 1 ransfPrred from a DB of tlw lat;ter Lo t hc• fonm)r DB. T his is hOI\' llr (' total 
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(a) 

F'igm c 2.1 : (a ) Schcmal.ir \"i<' IV of the .<;p3 hy brid orbital. The e is defined 
cls ilw anglp lwt.wcPn dangling orbital JO) and backbond orbi tal. (b) Plot of 
I ·os BJ ati a fun r tiou of(). 

energy is low(•rccl by the buckling. In hi: C<·h~e, the rr ul t iug s tructures no 
longer are eleclronically degenera te. 

Tb<' energy gain of Lhc asymmetric buckliug dimer on Si (lOO) surfacC' is 
expla ined based on a bo,·r discns ion . Dctallcd el i ·cu. sions of genera l princi
pk•s on rela:-xmion i\!1(] r C'conxtTud iou can i>c found clsPwhcr<' (6 . 69]. 

2.2 Si(100)2 xl surface 

lut nxi·vc s tudic~< baYc been performed to Jtnderstaud Ute fund<mwutal proper
Li <'S of" Si( lOO) sur face. sin ce most s ili con de,· ices are rormed on this surface. 

Schematic stmctm P of 1,he Si(100)2x l smfoC<:' a lld an STM image is 
ob 0 \1'11 iu F'ig. 2.2 (a) <tnd (h), rPs pPc: l.in, ly. An at omicalh· fl a t terrace ma de of 
cocoou-shapC'cl Si dinw r is ohs<' ITC'd a nd dimcr rows, made of S i dimNS, a rc 
o bsen •ed as brig ltt liues ruuuing di agoua lly. ThP di>~taJJ C<:' between adj acent 
diu wrs in a r w is :3.85 A. and ilu> spacing IH 'LWl'CJI aclj ace m climer rows is 
7. 7 A. The clark spoL ou lit <' surliwP <·orrespo nd to Si defec ts . 

T lw Si(l00)2x l sur\·,l~e consist.s nf I.PIT<tces S<'parated by mon oat.ou,jc 
·teps (step lwigln is 1.3 1 A ). Tl11· nri enl >IL ion of the ditUer ro"·s altcrua tes 
bN wP<'B Lwo p<' rpcndicular rlirec ti nus frorn ouc t errace to the ocxt. bPcause 
of s lli r·on 's dia BJOnd c r~·s t a l s i ru c-wn•. 

L;: ing !.ight -binding t<lkula tious. C hadi [-0] poiul cd oul the C'X is tcntc 
of buckl <•d clint <' rs. T lw lir~ t ST !-. 1 obsN,·a l ions of tlw Si(J 00)2x 'I smf;tc(' by 
Tmm p rl. al. I'C\'t'>tled t ]J(' pr<·sc·nrc' or boill bliCkled a nclunbnckl cd cliuwrs (71 ]. 
T h<' unbuckl~d dilil('r appNlrS s~·mmetri c in ST il·l i1m1ge, but it is actu-



Fig-ure 2.2: (a) Schematic view of a lean Si(l00)2 x I ~urface. Hatched cir las 
denote first-layer Si atom.. Large and smaLl empty circl · denote econd- and 
third-layer Si atOtnl) , TPSpec l.i voly. (b) ' chPmal.i c view or buckled dimer . 
(t) An ST~ l irnag<' or clean i(l00)2 x l . ur racP (8nrn x nm. 1 ~=-2.0\', 
11 =20pA) 

ally flu rt uat ing bNw<•ou t.he two equivalent buckled configuration . Buck
led cliul<'rs arc obscrvPd only in 1 hn ,· i c iui t~· or d<•f<'cts and st<:'ps. Tromp 
suggr·sr<'d tlmt dimrrs 011 this surface arr, dynamically buck!Pd Ji kP flip-flop 
and that dw obsrrwd symmN ric dimer st rnctur" is a time awrage over two 
bucklNI <·o rd1gunlli tms. T it <' clcl'<K·ts serw to pin the dimcr in a bucklrd con
fig ur>\li n [Tl]. St udirb by Wolkow support this dyuamic buckling model, and 
bhO\n'd 1111 incrNJS<'d uurubrr of budd<'d dirncr~ at lo\\'er tempPratures (belo"' 
120 K) that. rcsult<'d iu the formation of W<' ll-orclercd c(4 x 2) domains [72]. 

!3oth photo<'n tiss ioJJ and STS stndics revealtltc prrsencc of an coer~· gap 
at £ 1. on a clcaJJ Si( lflO)-x I smfacc. Fig. 2.3 shows LhP STS re ul t obLaincd 
Oil a clean Si(l00)2 x l surfllt'f' at room t.c•mpemture. T he en"g gap and 
pt'ak st ruct url!>i are rono i:;u•nt 1\"i!'.h tlw pn•Yious stndie~ [73]. The llDrrmtlized 
condn c·t<l ll ('(' showH a fi lled- and an r•mpt~·-s t at!' peak !orated aL O.!J c\' below 
and at 0.5t• abo,·p 8 1, . T hc•sr stal es arr dt·ri,·cd rr m lh~ 7i intNae ti OJ J 
brtwten 1 ht' DBs of t l1 e 'i atorm; Oil a dint <•r tlll ri tlt E•y rcprt•:c ll t tht• boudillg 
ttud autii> ttding eumhinatiolls. n'S JWCii,·t' iy [G:>. 73]. Tb talculatc•d spl itting 
lwt.w t' ll (.ilC' htmd CPnters is rl'portcd to be approxirnatc l.Y 0.7rV [3-l]. 

OliH'r posoibJ,. t•xplamtli 11. COil<:Cmillg the origin of <"ncrgy gap urc rc
portc·<l. In the brreklcJ dim<>r case. it is dut> lu the pair of surl~tcr st:u.e: 
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figure 2.3: NornHJJizt·d conductancC' cu rv<'S and curr0n t-voltagc (!,- \ ~ )char
acteristics of clPa n Si(100)2 x l surface. The tunnrliug junction i stabilized 
at l ~=-2.0 and f,= l OOpA. 

r<?Hults from charge tmnsfer bNwC<'ll the 013s on Lhc lo11·c r and upper atom 
or the l>nc-klerl dinwr [1-1). The elrctron COlTPlation cfrccts between electrons 
itt 013s 111ay l;c tile origin of the energy gap [15] . The important fact is tbat 
t he Dfls on thr S'i(JOO) swjace are not. independent but intemct to •·educe 
the .<urjace jr·ee ener-gy. 

At prcsem, tbC>re is st ill cuntrowrsy <tbom t.hr rl t> tail ed st rucl'l tre of 2 x l 
su1-face [76]. Whrtlll'r c(4x 2) or p(2 x 2) has lower energy is still debated. 

2.3 Hydrogen-terminated Si(100)2 x l surface 

The h_vdrog<'tt-t.erminat.<'d Si(l00)2 x l surl'acl' bas bc•c•n studied exteusi,·cly 
!'or ntany ycnt.K This surfae<' is Ol tl' of llu· utosl pront.ising substmt·es for 
fa bri<"at-i ng- at.ontic-seaiP sl.rurl rtn·s ily ('Xtracting hyd rog('n atoms wit h <u t 

ST\ f >IS d!'scribecl in Sl'Cl.i on 1..2.2. Then' >1H' three types of b_,·d.rid<' sl ruct un•s 
on >1 Si( 1. 00) surface [71]: a. mwtob.nlridP wilh 2x l symruet ry (Fig. 2.·1(a)), a 
di hytl ritl e wit h bu lk-li ke J. x J. s.nlllll lr_v (F'ig. 2. J(b)). a.utl a mixed struct ure 
with alte rna tl' ruw. of tll <l tlll lr ,n lricif' a nd dih _ydridc· (3 I S.)' llllllel ry) (Pip, . 
2.-l(c)). lu l his stud y, ilt c• tnonuh_vdrid <• surface was used as a substmlc. 
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(a) (b) (c) 

F igure 2.4 : Sch mati c- vi w~ of Lhre~ types of hyd ride st ructures. (a) l\llono
hyd ridc. (b) Dibydridr•. (c) Trihvdridc. 1-la t.chcd , filled , and blank circle: 
de note. fir t- laycr Si a toms, hydrogen atoms, and Si a toms, rc:pcci ively. 

Figure 2.3: (a) SdtPmalic:s of a u ttupa ired and <t pa ired DB on a h.,·d rogc n-
1 enn inatcd Si(l0ll)2xl monoh.vdridl' snrf<KC. The bla tlk circ:lcs (la rgr and 
stna ll) r<'prescnl ~ i licou aLo nts . (c) Filled-sta tr Tfl l imagr of <U1 unpair<'d 
DIJ . '\'ot~ t hat Ut e• pl'ak i ~ inta.grd oH· cc td t'rcd (on the I ft idr ) of a dim r 
row. (3 utn x3 nm .) (d) F illed-sLa t,<' T:\ l itnagr of a pa ired DB. Tlte pl'ak is 
illl agnd iu center of a dilllrr row. (3 11111 a 11111 ). 
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FigurP 2.6: (a) Filled-state gray-scale STM itnagt> of a h~·d rogcn- t.ermi nated 

Si(100)2 x 1 surfac-e (061\, nrn x nm. I ~= -2.0\1, {1 =20p.A). \\'bite pro
tru~ions are DBs. (b)En tpty-st.are gray-sca le STil l image (40 K. 7 nm x 7 nm. 
l :, = -2.0 \ ', ! 1 = 20 pA). Not.<• t har STi'li images arc !i·o tn di[!"crent sarnplP 
arNts. 

,\n adso rptinu of atomic hydrog<·n to fh<' . i(100)2 x l surfac0 at approxi
ma.td~· 650 K is known to yil' ld the 2 ltnonohydridr surface [78]. 1-l ydrogrn 
at.oms read with tlw DB$ of t.hr 2>- 1 surface hut the dinwr st ruct nre rcmai.u 
int>l.Ct (Fig. 2.5(a)). The cl~tailt·' I prcpan1tiou method is de cribccl i11 sectiou 
3.3. 

Figure 2.6(a) shows a fill~d-stal<' ST\1 imag<' of the ltydrogrn-trrminatPci 
Si(l 00)2 x 1 utonolt.vdrid(' s nrf~C<'. An atomil:a.lly !iat te rrace ma lc of cocoon
s!t;tprJ hydrogt•n-f.t'nnin at<'d . i dimrr is oh. Pn•ed and dimer roll's, mildc of 
Si dinwrs, are ob::;Pnwl as bright lines ruuniu g diagonally. The topographic 
maxin.1a. wltielt app a.r >~9 (white) prot ru~ ion~ in the gray- calc filled- tate 
ST!\1 intag;r arc aHsoria.t.Nl with Dl3s at t it(• surfacr. T he hydrogcn-tcnn iuatecl 
dimers are obsN,·cd to bt• ap1 roxima.trly 0.1 11111 lowrr in bci ··ht than th · 
DBs b<••·a11sr t lt c ,' urfacr slatr.s f tltr Si dint<'rs a rt' pas~ivaLrcl by hyd rogen 
adso rpf iou. The dark re~ i o n on the· su rf<·I<'C cotw pond to missing-. i defccl.li. 
Figure 2.G(!,) show:; tltc <'mpty-~t at<' ST\l in taw· of th hydrog n-tNminate I 
smfac:t'. A Si climer app<·ar:; to I>(' t"·o protrusion.· . The DBs ;t ill appear as 
protrusions in empty-Ht.at<· ST!\1 itnug<'. 

Tll<' ST:-J itnngr iu F ig. 2.6(a) i:; :;i ntilar to that of a C'kan Si(J00)2 x l 
. urfacc. ·iltc(· tlw main part of I Itt' itnagr is the cocoon-shaped Si t]jmr r trnc
turr. Ott lit<· dr.an Si(.IOO) su rfar·c al room icmper:lturc, tlw unckl t•d dilllrrs 
arc• obsrrwd onl y tH'ar the sf rps and <k fcds. OH t!t c conrrctry, no buckled 
rlint<•r is oil ·prwd ott Litt' ltydn>p;cn-l.cnui ttat<•d surface . .-\not her import;1ut 
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Pigurt' 2.7: Nonnrtliz\•d conductance cun·c ·and current-voltage (I,- \~ ) char-
8C!Prislics of (a) a hyd rogrn-Lerminatcd dimcr mid (b) an unpaired DB on 
a hydrog<'n-tcrminalcd Si(100):2 x 1 su rface. The Lunnding junction is stabi
li zed :<t I'. =-2.0 V ::tnd 11. = 100 pA. 

diA'('rrnee is the ~ lcrlro nic SLl'UCLtLre of the sur fan•. 

ln tl e C:\se of the hydrogen-tPnninatocl snr[acc. a wide lJand gap approx
inull<'iy l eV is obs<'rvrd (Fig. 2. 7(a)). The energy gap is murh larger on 
tlw bydrogen-tenninai.C'd surface tban ou llic clcau surface (Fig. 2.:3). The 
peak of Uw rionuali'lNI condut'LmlC<' ncar +1.1 e\' is assigucd to itntibondiug 
slates of tltf' Si.-H ch rnirnl bond [73]. Tbc smface-state peaks observed orr a 
tle<Ul Si eli Iller havf' disappcart'd due• l.o I he passivation by hyurogen atoms. 

ThP DB st ruct m cs 011 tbis surface a r<' made up of Lwo typ •s of DBs, that 
is, rrnpair:ed and paired 013 (Fig. 2.3(a)). Onr·' lr.l'drogen alo rn d\'sorbcd from 
a Si dimer is ca.ll r.d an uupai.tw l DB [79]. >JJtd .it is imagC'd ofl~crnLer on a 
diurc r row (Fig. 2.5(!J)). Whrtt two hydrogen aLo rns arc dr•sorb<'d front a Si 
dintr•r. ir is call('(} a paired DB. Sirw<' puirPrl DB is imaged a r Lhr cPnter: of 
a dirucr ro1r (Fig. 2.3(c)). 1\'e can casil .v distiugnis lr the urrpai.rC'd a.ncl Llw 
paired Dl3s. 

Arr isolatNI l.lllp<tir:Pcl on ~ !r Oll'S fiuilc (rt ll-71"1'0) DOS at Ev aud slrows 
LWO DOS peaks at -0.-1 and +0.2£'\' (Pig. 2.7(h)). Tires<' peaks eorrl'spond 
lo tit<' D S r('sulting (rom arr urrpa ircd DB sl.a.l'e. Arr unpaired DB has a 
lralf-fi ii NI <'n<• rg_,, ICY('( and resu lt. irr thf' fiuir.e DOS tH'>er E1.•. Tlresr' rt'sults 
agn•c w II with t !10sc rcporl;€'d by Boland [73, 19]. 
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2.4 First-principles calculations 

In the STM st.ud.r of solid sur races. Lhe first-principles C<1 l.culat iou is au io
di~ pc nsable met.l10d to precisely analyze t.bc cxprrimcutal data. A syncrgism 
bctwPru the t'xperimrnl ancllhc t.heMy t·rcn1cndousJy improvPd our undN
st<tuding. lu 111 <1 11,1' ~:asrs, ;111 STJ\ l image refiN·Is the Lime average of local 
cll'clronic DO. , a · de. cribcd in sect iou L2.1. T hns, the in terpretation of 
Rn ST i'v l image Bho,t!d be carefully paid a twutio n. Fu rt.her difficulty is L!Jat. 
Lilr physie;tl prop<'rlies of a fabricated atomic stru ctme can not be mea
S l\J'<'<i us ing cu twcnLional snrfar·r analysis methods, sucL as photoemission , 
a tom di!Tract.ion , clccr.ron diiTract ion, awl x-ray dif[radion methods. Tiles<' 
n1 i'l hocb mc•asurc Lhc ~patially avr•raged ill format ion of tbe surf<1C·c, a nd tlu' 
f<tbrie<llccl s lrnct.nre is bc·yond their s pa tial resolution. 

From above reason., lite comparison with tbe first-princ-ipl.rs calculations 
hccomc a.Jt esseuti <t l10ol LO <Utalyze ST!\1 imag(•s <1t1d STS data. \\·~ C'omparcd 
our STli!/STS results with the fi.rst-pri.ncipl e. calculations based 011 a local 
density f1111 CLion approximation (LDA). 

The• hydrogrn-t.!'rntiua1.rd Si(J00)2xl surface was represente I b.1· slab 
models conta ining five layers of Si atoms (Fig. 2.8(a)). TLe bottom sur
fac ·c \Yas terminated wiL !J ltyclmg[•u, and thl' position of the bottom Si al.oms 
a rc cons lTaiurd Lo be in bnlk likP posit. ion . . TIJe smfaCl' supPrcell s u. t>d iu 
t.he ca l ·ufa lious a re period ic c[x 2 (Fig. 2.8(b)) , -l x 4. or 4 X8 supcrn:lls. T llC 
rep •at.cd slabs a rc separated b~- a '"<H'I.lllln rc•giou of six t ill1l'S as long a the 
Si-Si aLomic clis la.nce iu the bulk Si rr,1'stal. that is. 13.974 A. 

(a) (b) (c) 

Fi!{nrc 2.8: (a) A . ' lab modPI ('ontainiug fiw la.1'NS of Si atoms. Hat~h cd 

circle~ d<"uotr first-l;l,l'('r Si <l lu llls. Tlw blank and fill ed circles d not<' sub
s llrfar · Si aton1 s and I,ydrogrn atoms, rrs p~d iv<' l y. (b) Tlie srltematk l' irw 
nf 4x2 uH it. crll (c) Surfncr brilloni11 zone . 
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TIJr ('xprr inu•11t.S wrrc c:on iparPd witiJ follnwiug ralc11lations: 

1. El •ctronic struct ure Rllci relaxation of 013 structure. 

Calculations by \ atanabc rt a.l. [51] using ,Jx2 uniL celL 

2 .. Jabn-Tellf'f distortion in DB structures. 

;dculation. by Li et rd. using 4x8 unit cell. \Vavr funct ions wNe 
expan ded in a plane-wave basi~ set with a 11 energy culofr of 10 Rydbr rg 
(R.y) 

3. Adsorpliou potential energy surface imag;in '· 

Ca lculations by Suwa d. al. nsi11 g 4 x2 and <I x4 unit cr ll . 

For an C.,'G1J11plc. more details of calcu la Lion by watanabe el. al. [80] arc 
drstribed. The opl.in1izccl alorn ic geometry and clccLronic st ructures wPre ·a l
culated with.in >1 loca l density functional approach. T hr exchange corrPiatiou 
term used iu I !11• ca lcu latiou was the Cepcrk~·---\ ld<•r form [81] param~lrizcd 
by Perdew and Znngcr [ 2]. For clccLr IH11Iclci i11Leraction. an ultrasoft pseu
dopoi c !ll ial pmposecl by \ ·anderhil t [83] was em ployed. The pseulopoLenLial 
for ll is generated i11 the dl'ctron c·o ufi J!,urlll iun of (hf". and only the ~; 
compoJJcuL was t.akr•1J for t lw uuulocal part "·iiiL our rc·f<•renc-e enr rgy at the 
eigenvalue. The t: uLulr radu ror thr valenc wave fuuct iou (r·~1 

") and for the 
J.ocal potcnlial (T~"') w<'r<' 0.8 and 0.7 a. u .. rPspcctively. For Si , the psru
clopoLenfial was gt•m•ral •rl in (3s)l.25 (:3p)l.75 ronliguraliou with ,.~I"F = 1.8 
>L. u. and ,-;~•' = 1.6 a. 11. . and s and p components were inclucl<•d wilh two 
and one rcferent:e l'IH'q;ics, rl'xprctiwl_v. The S('cond reference CIH'rgy for t.bc 
s COI!lj)OIII'Il l was 1.0 n.v above l liC <'igr'urnergv. Tb charge <\llgnwntatiou 
[nncLions w<'r<' construrtrd using 1 h<' 111 <'1 hod of LaasoHcn el a.l. [8,1] with en l
ofT rad ii of 0.7 a. 11. for J-[ Rnd l.G <L u . for i. Wave function: were cxpaucled 
i11 '"~ plaue-wa\ll' basis set. with an cn<•rgy cuto ff of 16 R.y. Two special k point.s 
wnc IIscd li1r 1 he iul r; 'Tal ion in k SP<lr<", which corresponds f o a total of four 
k points i11 LIJ<• w!Jol<· firsf l3rillouin zunt•. Both elert rmri<: Rnrl ionic clegrP('S 
of rrt'edo 111 w ·n· optirniz<>d by nsiup, I lw coHju gaLC'd gmdirnt nwthod [ 5]. 

In orckr to dwek 1"11 r rcliaiJilify or ps<'lldopotc>ni ial, lhc c-• IC'ct roni · st mc
lurC's and opt irni<.Pd gromrt rics of JJ ., . il l1 molcclll<: . and bulk Si wen' 
cakulated. The a t.omi.- disla11 cCS of rac· h cak11 lat ion and rx pr riiJJCntal valu<' 
an• show n i11 I he Tablf' 2. 1. 

T ilt' rirsf-princip!C's ca lr-Hlat·ion baHI'd on lhc• loca l drnsity fl!l!clional ap
pm>~.c!J has sonw wC'ak points. TIJ<• cn lcnla lt'd rc ·u lts Le nd lo show SllJallcr 
ilHnd g>~ p titan expt•rilllC'Ilt.a l r<'SI! it·s. ln SOJIH'' cas<'S, the caklll<tted baud 
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J-12 
Si-1-1 irt Sil-1 4 

S i-S i irr bulk S i 

CalCillal.ion 

0.768A 
1.472 A 
2.329A 

Experirncul.al 

01 1 A 
1.480 A 
2 352A 

Table 2.1: Comp<uisou of awmi<: distance. from re f. 80. 

gn.p of b rrlk Si gi,·e a va lu r o l' 0.52 r\', whereas an c:q )crimrntal observation 
shows 1.17 eV [SG]. Cons idr ring I h<'sc•, a com parison of lhr enr rg)- gap with 
l h<' rxpP rinw rr tal rcs trlls s ltoud be CH.rPfull _,. tre>1tcd. 

The first-p rinciples caic rrl at ions deal wi th infinite per fect DB wires and 
do not full y appreciate finite-1Nrg1 lr. d isorder or elect;rou co rrelation l'fl'ecLs. 
Also. tlrc effect or dcfPd ca.n noL be c-.o ns idcrrcl Ev~>n on<' impurity atom is 
iutrod ucecl into th f' unit. cr-•11 , it ends up wi th ,-ery high concentra t ion clue to 
the periodic co.ndi.t ion. Since son r(' ty pes of defects •xLcuds owr many l<ttt.icc 
cons tants . t h<'se e f-Fec·ts can uot be t.rcat ecl usiHg a first.-pri ucipl •s calc ula t ions. 
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Chapter 3 

Experimental 

This cha pter describes tlw dNails of dw experimenta l metlJods used in this 
ot ndy . .-\ uHrahigl•-vacuum (UH \ ') low-tP.t npcraturc (LT) ST~ I cnpablc of 
atorn manipu laUon was dt•,·duped , and l hc ma1tipuh1 t iuns of adsorbat ~ atom 
wNc d<'mouslratcd. A ll 1 he data pn•s<•uted in th is : tudy was obtained using 
t·hi nPwly dC'signcd ST:'\11. After desrribing the de. ign ~nd operation of thP 
n 11· ST!I I, procedures of prl'paring an ST!I I t·ip and a sample arc presented. 

3.1 D evelopment of UHV-LT STM 

The possibi li 1.~· of rarry ing ut STl\ 1 mrasurern cnt at low trmperature [ 7] 
oprus 11p 111a n.r 11<'1\' fnsdnat in g world io fi,. lds sur b as surfacc• ima.gi ng. tuo
nding sp(•ti roscopy. and awm manipnlation. Followings are s•tmmary of 
st•vC'ntl ad,·Mtagcs to ('Ool a samp!P and an STi\ '1 t ip to low te111penuure. 

I. Cooling a s>llnplr d<'cn•al<rS t hr amnuul of ~h arge carri c•rs in Si snb
slrntr, and rHn isolak a fnhri c·atc'cl slm t me on a surfacr from a bulk. 
Tl!i,; isol1<ti un is rcquin•d wht• u IIH'HHUring p.hy~ical proprrtic·s of a fa l>
ricated . t ruclme. 

2. FrequC>ncy of a mignu ion/ diffn ion ('\'C'UL detreitSPS to a obsc•n-;~!Jle f. illl c 
sntl(• for ST:--.1 ob~<' l'I'<Jt ious. If rll t• migrat iou is su ppressPcl. an a.lom 
111illl ipnhttion cau hC' po~si ble in mauy rontbiuatiouR of ad.sorhaLc· a nd 
subsLrat.e. 

:.l. \\'r found I hal a low I Ull ll r li ng c11rr0nt and a low uia. \'oltagc• an' re
qui lw ll o desorb l•ydrogt•n atoms fro n1 a IJydrogcn-tenninntcd Si(J00)2 I 
surfar:r at low lc•n•twntln rc. c:on •pan•d \\'it lt thosl' at roon • tc!llpcraturc•. 
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l3ccau~c o[ Ibis low bias ,·o ll agP and tumwling current , ··ooliug a sample 
h ~s ad m nlagcs iu dC'sorbing hydrog<'n atom Om' by oue iJJ a ton t rolled 
III HT111er willroul. damaging <UJ Til l lip. T his [ac l rcs11l ts in lb c capa
bi lity of fHhricHti11g prf'dse Dl1 st rud.ures . 

. J. St rnC'I ural rt'hr.:<a l ion and pln1S<' elrangcs cnn b t udi rd , s11 ch a., Pcicrls 
transition, Mul l transit ion, ;;,nd <'I C. A tbf' nnal <>xcita tion ca n I con
trolled . 

3.1.1 D esign concept 

C rnhini ug low l<'rllpcratun', UJ-IY, and lriglr-rc•solu tion T!ll i. a difticult 
ta~k b e<tus<' t·ltc r •quir(' UlPtlt S cotHradict ('ach ot lr er. ln UH\ ', ga~ tbennnl 
cond uct ion ca n not be cxpct tcd , and only thermal radia tion a nd mechanical 
conl<l!' ts me 1-'xprt· t.ed for tir e tlwnunl C(>ll thwt i,·ity. ln ordl'r to tool a sample 
t.o low telllpNal,ure, a good 1 h0rtn <1 1 conduction bctwcN1 a coola ut and a 
sample is rcquirNI. lncroasr• of con tar ts bot ween the coolan t and 1 he sample, 
however. lew! to the increase of ,·ibra tion tralLSmjssion. 

T he J e,·clopPd ST J\1 is designed to <tchir·,·E' high-rPsolu t. ion STJ\f image, 
a nd t. he lowes t ~e rnpent hrrr achicvabl r-• is t.lr e Sl'<:oucl aim . Considering rua
nipu i>tt ion of' adsorbed molll ami ;;d ec I i\'1~ rl cposilion, a deposirion ystem 
mu.-t be insl.a l'l ed. 

A sam ple ran IJl' cool('d down lo 301\. r\n T !\ 1 tip <mel a sample <~re 

surrounded by 4-1 copper wal ls. and tlwy are snSiwudcd by four spri ngs for 
,·ibmtion iso laliou. The suspension using springs Pffi cientl.v clam p acoust;ic 
noi~c. vibra lio.nal l! Oise. and bubbling noisr of liquid uit rogl'u. T his spring 
suspcusiou and P<idy-currc nl damping <' IISUrr higlr-rrso lulion i11 1<1gl's C' \ '(' 11 

when liq uid nitrogen is used for a !'Oolaul. Eas!· h a 11d l iu~ is a11ollJr r arh a.n
tag(' o[ Lhis ST~d . It t.akr•s less Lha 11 3 minu les to ehaugc a sa mple a nd an 
ST l\1 1 ip. TIH• ST\J cau o)w ra ll' nrort· llw11 l5 lw ms by Ollf' full li quid- lr ~ li tull 

transfer. 

T he p<' rliJrm<utn• of an ST~J t·o nt ro l s,,·s t rrn is n ur ial I o l lw n>on lu t ion 
ilJ](I sta bili ty of ST\ 1 irnag<'s . Tlw ST\1 111 <'<1Slll'l' lll (' llt sysL<' nr i ~ fnlly d ig i t.;1 ll ~· 

cnnl ro ll!'d a nd tlr <' sofl\\' a.r·<' is spP<·iall!· li!Jr t•d up for ato ru Ill"uipulalion. 

D<'Lails a re descriiJrd io fn ll ow iu~ sni>sC'cl.ions. 
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Liq . He 
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Figure 3.1: Sdtcmntic: of ih t• ST !I l uni t. tn onnt ~o:d iu: ide the thermally 
shielded contpartul(' nt. 

3.1.2 STM unit 

The ST 'vl naiL cont a ins a sam ph". coarsr X-\' 1110\'Cilll' Ut . ystem. ri rzor lrci ri l' 
tuuc• snmnr•r. t ip approrwhing syst.t•m , a nd a n STi\1 tip. T he• 81' ~ 1 uui t is 
mount Pel ins irl l' a t hf' t'Jtt a.lly shi r ldt•d co tn part.ntcnl direnl~· at t;td lcd t.o the 
liquid lt clium tlr•1m r. The· srlt r tmtti<·s of dt r STt\J unit and lhNmal shields 
a re show11 in F ig. 3. 1.. T h" l'O tnprt. rt ttt r ttl Rnd body of ST \ I unit arr mad(• 
of t:o ppcr roa.tPd wit h silY<'r. a nd SIIITOuud !•d bY thrrr radia t ion ltidds. lu 
ord er to gaiu t.hr n nal c·onrlud.ivit y lwlwcen a dewar and a comprt.rtmcnt.. 
indiutn sheds wen • i.tJS<'r l.Pd at t hr• c·o utar t hctwr<'ll thl' rn. T IH' 1.(' 111peral urP 
of th e· t·o ntpa rl.mcn t 11·as satnc as t.lw temperature of coolant .. 

CoMsr a pproach of an ST ~ l l ip is accowplishcd with Lll(' conv<' lll ioual 
. tPp ping-mntor a pproacl1ing· ~~·stf'lD. A sa tnplc, tuoun lPcl or1 a tan talum 
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Figm e 3.2: Sclwmal ics of the STi\1 . ystcm. 

lioldrr, is p11L on top of Llw stullplc stagt• all(! rests on three metal balls 
simply l,y gra,·ity. Cuar~P movC'mt·nt of X- Y stage i achiC'1·ed by inertial 
sliding technique rrKiug shear pic;,ockct ric clrvices. which nables the sample 
to mow ;uca of .J rnm x 4m rn. Th is X-Y stagr can be operated even at. 30 I(. 
T lr C' optical a.r ·('ss to f lrC' a111pl nnd t ire ST~ l tip is proviclC'd t lr.rough f lw 
op<'nings of tlw tlr crn ra l radiation shie ld. comp>trf ml'nl, <Utd fwo radiati on 
shield shu tt<'rs. 

3.1.3 UHV chamber 

T h. UH\' lr ou. ing c·onsists of LI11W dtambPrs isolated by galP vah·c: a load 
lock, a s;unplc and ST il l t,ip pr<•paration chtunbcr , and a lm1·-temperatllre 
STtll dHI.mbcr (Fig. -3.2). T lw has<' prcssnrc or prrparation r hambcr ib in t he 
10 11 Torr rangC'. T he• pressure of T:-.1 c·hurni>C'r is also in JQ- 11 Torr range 
whl'll fit( ' cli'war is at low tl'nlpcrature dut\ to t h ~ cr.ropumpiug pff~c-t of t he 
rl !'war. Prcparntiou churnb<'r an d 'T~ I chand rer arc independently C'qn ipp t•d 
wiilr L~O i/~ iou pump an I lGOO f/s Ti ~ nblilllat iou pump. 

Th<' lo;td lock, punq> •d ])_,. 250 f./~ lurbo molrcular pump, is us<'d to PX

changr· ~ampl(•S and STi\ 1 lip~ in and t) ttf. of Ut e• L'H\. t•uv ironntc' rlt. Pour 
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stages an' <'C(IIipp<'cl !"or L<'nlporary samp le and ST!vf Lip storage. 

TllC' prcpm:alion chamiH'r i' t' CJ11ipp0cl with the following faciliti es . 

l. l-Jyclrogcn <ltOm cl oser: 
to prepare ltydrog ·'n- tcrminatrcl S i surfact>. 

2. F ield ion microscope (Fl i\1): 
t.o clean and shape an STM lip apex. 

3. Q11adruplc mass spectrometer (Q-mas ): 
!"or leak check and residua l gas aua ly is . 

4. Var ious-element close r: 
up to fo11r diflt•rc nt elements. 

5. 'urnnt lead: 
for resist ive hca ting. 

Sa u1p lrs a nd STM t ips a re transferred by the horizo ntal lill ~<u-molion 

fecd through in the UH V cha1 nbcr. The cha m clc ristir feature of t his STi'vl 
syste m is t hat <l sample HJifl an STi:\ 1 tip a u h l' cha nged to n w ones ca~ily. 

It only takes loss tha u fi v<' miuutcs to chan ge both th<' sample and the ST\1 
tip. 

T h.c ST~ I chamber con, ists of d ewar. STJ\f unit, a nd 1 henna! isolation 
~hi<'ld . A lso it is Ctjuipprd wit h a Ga d os<'r. Drta ils <ll'C clcsc ribccl in t he 
following section . 

3.1.4 Vibration isolation 

.-\11 STM ollsc rntt iou on an a lornic-s<"alt ' n' solutiuu n•quin·s sophi. I icatcd 
vihnnion isolation system. :'vfrch~tni,.al vibntl ions a rt' iw la tt•d by mon.n l illg 
tli e whole ST J\ f sys lcrn 0 11 a pll<'urnntic ,-ibn>L ioll damper (Fig. 3.2). Jn UHV 
ch>u nlH'r. ll ll STX I uni t. is SURIJ l' llded 11.1· fom s prings to iso lalf' vibnot ional 
unist>. TI.1 C springs nrc· aLtlld w cl Lo I liP lop o[ I hl' STJ\ 1 chamlw r. Thr len t h 
of spriug is aho11 t 90 I' ll I. result in p; in t.hc c11t of!' i'rc'fJIIC'ucy of a pproximate ly a 
fpw ll z. Longer tbP s t rr t ell lr ugl h o r the spriug . 1 hr rl's uace frrqu ecy brt:0.111 e 
low. Pour ll~>lgnets <Ul' i11 s la llr d 011 t he bott.omul'illnrr com pa rt uiCnt for <'ddy 
!' IIIT(' Ill damping (Fig;. 3. ·1 ). 

Cabit'S fro rn lh(' co u1 rol <' I eel ron its mtd pll11·r• r lines [or ion pumps Lo the 
C l.l V chall d)(' r a r(' caref11ll y t rrH ied I o preYCII I. th e Yibratioll transmission. All 
1 bC' cal,Jcs arc fixc'd to t ile b<i'a, ·y lm. e lliPnt o l' pn~tiiT~<ll ic , ·ibral ion damper. 



Thco . the cables a.rr nuct' fi.xed Lo t he danq)f' l" HLage. and fimtll y, eounect.ed 
Lo lhl' UH\' cbawbcr. ll.t•IJLO\'a l of external cables and cquipnwnt connccLt•d 
to Lh UHV c-ha mber minimizes both the YibraLioual and electronic noise 
trlulsLnit.trd Loa Luuncljunction. A prcamp!i[icr box is Lightly bouuc.l Lo the 
ST.M cha1nher. This is quite intportanL to reduce vibrational uoisc. 

The above ,·ibral i\lll isolation treatments rnsur • atomic resolu t ion. No 
bubbling noi}i<-' was obsr·rvccl cvf'n when Lhc liquid nitrogen was usl'd for a 
eoola nL. The~ rc•soluLion of O.OOl. Ltm was <tehi ved ciLIC Lo a ll the treaLmenLs. 

3.1.5 Cryogenics 

r\n ST!vJ unit. is s urrouud rd by 4.2 K compmt mcnt wall when a dewar is 
filled wit h liquid ueliuJII. TelllpPratmc of a smnpl is measu red by a AuFe
C hromt'i t.ht'nrtOcouple att.ached to a ample t.agc (Fig. 3.1), 2 em apart 
from a sa mplr. Jn c,·er:v case. a sa.mple was set on an ST:"vl unit for nu 
m·crniglit before tlw experiment. T his ensures that the sample tf' mperatur 
is as same as t he sam pi ~ stage and t lw 1 hermocouple. The tempera! ure at 
t.hc bo t.om of t hr STill uni t i,; also monitored. Usua.ll~·, 1 here wa. 2-5 "C 
diffNcucc between th(' ~ampll' aud t lw bottom of ST :\f unit.. 

Three copper shidds and a mdial ion shutter ( 11Lcr bu tter) surround 
ihC' compa.rtmeot. Alii lie :;h iclcls, thickness lnun , and the uter s huttcr a re 
coated l1y s il ver willi lll C<"hanica l polish ing i.t1 order t.o r duce cmis:i,·iLy. The 
ar.nou nt of radiaL ion depends o n t.hc surf>lte of the 111atrrials. Smooth su rface 
has low <'missivity and n'stdL in a little radia Lion. lns id • ·he compartment, 
au An-c;oa tcd ·opprr shutl r (inner sltu tt.<•r) is inst.;ul cd. 

Thr cy lind ri ·al OLL trr s ln11 tcr has fom lnrgr Openings at the. ide for tip and 
;;a mple cx~haug l\foreovN, it has four small OJ.Wn in g~ for optical acccs and 
deposition. The outer sl1nt tC't· <tll ows a1 1 exprrimr nt.al flcxihiliLy by cmployillg 
door mcc!J anism, which can be nsrd in 1 hr<'C difl'en•n t p sit ions: 

J. Four oprnings an' IIS<"'d fo r dircc l access to sample and STl\ 1 tip . 

This posit ion is us<!cl to <·xr hangc a S<llliplr an I an ST:\1 1 ip. 

2. All o pcniugs closed for JninirnuLLJ radial ion. 

This posi tion is ll ~<'d whilr scanning or in coo.ling proci'SS. 

3. Dcpo:ition pos ition. 

Tlm~c small opt•uin gs <~.n' ab le> to <H'<TSS th e• sampl r <·Uld til!' STI\f tip. 
II <' of 1 be snwll opr•nings is nserl l"o.r -in S'i/;v rkposition of ai.oms on Si 
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surface. Res t of tlw orcu i11 gs are 11sed lb r uptira l accrss to the srunplP 
aud t. hc STM l ip. 

'Thc·se posit ions can be altere I by rotaLing th<· outer shutter 11 sing gi'ar 
mcchauism. Optica l acn•s. a llows 11~, with th help of an optical microscope, 
to achieve a wcll-coutrollcd tip approa.ch. 

One!' a ti<l Ulple and au ST\f tip an' mounted to a STl\•1 unit, iuner aud 
011tcrs shull cr6 arc cia."" to IWhi <T a thermal radjalion. Inner shu tter is 
suspendrd by stn inlC'SS wires nnd closed by Inm·ing t.he shu tter down , touching 
bot t.orn of t he rampart mcut. ns iug l'rrti c>Li linear-moL'i on feed through. 

WIIcn an ST~ l unit is in'' cooliJlg process, the STl\1 JIUi t is pnllcd dow11 
to 11J>Lkr rncclutnir-al routact with t.bc ' 1. 2 1( compart ment wall i.n order to 
gain thcnnal conductance. \VII<'n t!H' STlVI unit is suspended by the spling,, 
the ST!'. I uni t has no dircel cont.a<·t to t hr comp11rtmcnt. This resu lts in 
good Incch.aninl.! vi!Jra.t.ion isol11t ion but "·c•<~k in thermal contact to a dewar. 
T he t lwrnml conduct ivit r drpends ou th · C'Ontact llliacc area and on the 
<·ont~tc t pressur('. \li<! us d wobbl -stirk-like manipulator to puU down the 
djsc couu cct<ltl to the STlvi unit using stainless wire. In this position, not 
onJ:v cool ing is at:hirw·d but a.! o u.-rd wbrn dt<mging a ample <Uid au STl\l 
tip. 

lu onl\' 1' to prcvcut trnipenHmr rise due to Lhe d<'u~ase of llwnnal con
ductivity whE'n tlw S'Tl\1 un it is suspt'ndcd, bundles of silver braided ll'ires 
are inst.all~d (f ig. 3. I). Due to the high themml conduct il'ity or t he si lver 
ll'ires, good thenmtl rontan is <'xpectcd. The ~l cm long, <jl0.05mm. tota l of 
about 64 sih'\'1' wires are used for a ingle buHr!Je. Total of [our bundles were 
con('ctf!d bctwc(·n 1 hr STil l unit tutd tbe compartment. Since the si lver wires 
tn1 n. mit the 1·ibration lo the STill ulli ~, Lhc 11·ire shoul d be highl y flcxiblr•. 
for this p111l)OS(', we (·hose a Y<'r.'· lh iJJ wirl'. T hosP wirP.s wrrP uot. twistt'd to 
make bundles. 

Liquid hC'Iiiii!l ,[(•war is SlJJTOIJIHII'd by ih rN' thenH<ll shield. The silveJ·
roated coppt•r . liield;; arc cOJJJI Pctc·d 10 rli (• lop or t Lt e df'war . T hP PvavoraLed 
lidium gas noll· long rli.si<UJr·e hel'orr• gllillg Ollt frO Ul the ST~ l d!atl!bcr. in 
ordl'r to <•xc hangr heat. f' f[icil'utly with copp('r s l!.ir•lcls. ConsequeHl ly, e,·ap
orat i 11 cnl halpy is us<'d 10 cool t ltr copp<'r ;!Jirl rL~ . wwch mi ui mizf' therlllal 
coud urlion and rarli fH ion to liqu id hcliuni. 

.-\ny nlC'dt ;Utical aud cl<·ttrical conn r~·lio u t the T~ l uoir is desiguPd ro 
rr<IJ I('r heni <'Ondllci ing iu to 1 he• STi\ 1 uni t.. El'(•r.r c•!Pct ri cal lead is 1 hPnnally 
<I!Jcl!()n•d to liq11id bdiuin t<' mpcraturr•. T hus, t•wry wirl' (·onucclod to ~h e 

STi\ 1 unit r •Juovc h(•tit from STl\ 1 unit. C'<>oliug down to 30 K [row DO [(can 
be acbie,·rd ll'ilhin approxi imttch- G homs. The liquid helium dc1n1r b <~' ·I 3 { 
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capacity. and kr•cps t.hc STM hf'a,ci low tcmp C' ral ure for more• than 15 ho1u·s 
(hl' liu111 CO IISHIIIplion ratr 0. 6 f/ hoHr). Refi lling Lhc liquid helium rl c" ·ar wiLl 
r m1blc us to do tuud.1 longer cxp •rimcnls. When liquid ni Lrogcu is used for 
a coolant, a sarnpk ca u be kept a.t a JJp roximately 90 K for t hree days with 
one full fill. 

Liquid uitrogPn r an lw froze n (fr<'l'Zing poin t 63.14 K) by reduciug a pres
sure using a rotmy pu111p. lll t.his cas<l, the sample tctnpcrat11re b<•c·a n1 c as 
low as 771\. Th1• temper<~turc of the s;w1ple is c·ont;rollable. by adjusting lh l' 
shnt ter opPuiu g a rea. Thus, the des ired tc rnpt·•ral urf' within plus minus 1 K 
is ;tblc l.o o!Jt nin 11nclcr controlled manner. 

3.1.6 STM control system 

Lu ST l\ 1, a feedba<;k sys tem is usrcl to cont rol a t ip-s;unplc spacing in orciPr 
to main I a in a cons I aul l.utnl •ling CUlT nl. As tho Lip is scanned an oss a 
surface. ,·ari ,tt ions in a sample ropo~raphy aud elect ronic st nu;turc afJ'cc r the 
l. unndiug. Th e ~o n t ro l .-ystrm must reac t to bring tlH: tumtC' li11g current 
[,a.ck to a desirrd n tLue b.Y adjust ing a voltage to the z-piczo to keep consta.ut 
currr nt. This is ca lled a feedback ,. nt rol. lu our STi\ l cont,rol system. almost 
all t h [unctions arc int 'f.(r<tt d I< ' t sing!<> p<' rsonal computer (P C). T he PC 
cl o •s th r digital fc •ell ack c·il ln dal ions. AJI lhc s ftwme which conl. rol t he 
digital fc<'di>ack syst.cm was wri lteu b.r /-.Jr . St•iji Heike {Ad"an'·"d Research 
Labora tory, Hitachi , Ltd. ). 

Wr• used a fully digital ST l\1 com rol .-ystf'm to obtain Utr fuuctionality. 
T he soft ware is modifit•d for more prec ise manipula t.ion of H and Ga alom. 
Digit ;tl f"cdhack Sy8t.cnt has aclntn tag<>s in fl cxi l>ir t:ouLrol of ST:>.I ti p b.' · com
puter sol'lwarr. furthermore, it siJltplifi rs tlw implement ation of tPchuiques 
ti ll t h as atom and molecular manipulaLiou. 

Til" t.unncling cmrem mnplir,ud t> is conw rt nd to Yollage signa l hy pn•
;unplifier (Burr Brown, OPA 1 II ) . The gain of the amplifie r was el to 
108 \i / A. Th e analog volLag<' signal is m nvN tt•d to Hl-bit digit ;lJ sigual by 
A/ D (A tHl l<>g-to- Digit <tl) couvc' rtc·r. T h<• cwnput <' r ('a iculalcs tit <:' ou tput z
pir•zo volt ag~. and traus['er I, he· t'<'SIIil s Jo high-vo lt age amplifier ,-ia D/ A. 
conv •ttc r. T il<' l'c'edback is <'Xt'r:ulcd cv ·ry 100 11s. 
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3.1. 7 Specifications 

Sample tcrnprrature 

Lat.eral (x-y) rrsolutio11 
Hori zontal (z) resolution 
Cw.trst' x-y movenlc'nt 
Scan r<~ngP xjy jz 

britiil l cool cl own t. ime from 90 I< to 30 r< 
T.i uw lwt.wern liquid hcliJLm refi lls 
Vac uuJJJ 

301\- 300K 
;:::, 90 K using Jiqnid ni trogen 
~ 30 K usi11 g liquid h<'liurn 
(8 K with low resolution) 
O.OOllliTI 
0.001 nrn 
4x ~ mm 
100 nrn / 100 nm/ 100 nrn at 300 K 
60 nm/60 nro /60 uro at 30 K 
6 hour~ 
15 hour:; 
in 10- 12 Tun mnge at low lemperaturt> 

3.1.8 Troubleshooting and further improvements 

Our obj <:>cl was to dcvd op JJigh-rcsolu l iou UHV-LT ST AI. In that poiu t, we 
achiPved uur goal. Howcwr, t.hcr(• is much room to impr ve the performance 
of thi.· STNI. l u l!Lix suct ion, pos~ible ways to impro,·c Lhf' STJ\1 performances 
a re d iscuss('d. 

Achieve more low te mperature 

F.irst. wP rlisc:uss how to <tC hi ve fur ther lowpr tem perature. Our STl\1 unit is 
c•xposc-•d to rOOJU tcu1pcrat nrc throngl1 1he hole ("1.5cm2). Th is hole is used 
for ~tc• ppiug-cnotor STM-t ip apprO<Lchi ng sy tem. Tli ~ mcliat.ion from tlie 
room tc-rnpNalt trf' through the hole• is ·~sti tn a t. (•d to br 22.5 m\\· using Stefan-
13o!L;:w<IU IJ law of rad iation (rtnissi,·ity of 0. 1 i ~ assumed) . T hr I west ample 
t<'lli !H'raLmc is 30 K at this n J O Jn ~ut , how(•vcr i£ this liolc i. substituted to 
thP cnrnparbnenl wall , we C<UI ex prct mnrh lower trmp •ra turr. \ \'e rxpecl 
t.lw s;w q>ic> to br ;xpprox.imatr;> ly 14 K in t his cas<'. 

In ord!'r to t• limin ale tlw hoi<·. thr STl\ l-1ip approachiJlg system mu.-t 
be irnprowd. Siucc t l1 r inerf'i;tl apprnachiu system or 'lousp' >\pproachinp; 
systrm req nin•s no JJJ CChFJnic;d appro<Lch from the room tCJllp('rAf.\JrC', snbsti
Lnt .i ou to tho:>e sys1.ccn is LIIC' brst S\J IULio n. \Vr a re pla.n uiJJg t.o su bsLitute 
t he stcpping-mot,or npproa(·!Jiug syslr1n to lhr inert.ial app roachiug sys1cnt. 
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Reduce helium consumption rate 

T !Je cosurnption rate ol' the l1elium rl Ppcnds on Lhe al!1ount of h<'aL £lowing 
in to l hc dewar. The t.hermal cmtduct,ion through the d · wa.r wall (t hickness 
3.5 mm) fTOm Lhc Lop of l1angt' turned out be wry large fro1n the c Lima
tion. Although tlu> dcw<lr is rnadt• ofsl:aiulrss (t. bis matPriall!as low th · nnal 
conrlll t l i1·ity), i hP Lhickn<'SS of the dewar is too tl1ick. Considering t l! c me

('banical strength of the dewar. 2 min-thick wall is the best. solution. 

Achieve better resolution 

In~ I ailing tb preampliflcr on 1 he STI\ f unit may be a good solution to [uri.her 
rcduc · th noise level. Suortt'l' 1 h ' disla.nce between t he 1um1eling jun.et.ion 
and t lw pr('alll plifler, tltr lr•ss noise. l'dorcover, ~hPrma.l uoise would lw r!'
duc:ed. ln this case, t.llf' opE'mt ioual IU!iplifier which works at low temperature 
is essential. Tlte dwckpoints concerning t.he pre<Ullplifier are summarized as 
follows . 

l. Tnpnt voltagr vs. output. volt.age must. lw linear at. a ll t iH' temperature 
rangP . 

2. L;u-gP d.mamic range (lllllll <' liug CUIT<'nl mngcs fro1n I pAlo lOn • ..\) 

3. Packa •<· of operational amplifiN must b(' nis istaut. to thermal stress. 

~- Choicr of capacito r which opera.tcs at low t.cmpcratmc 

5. Low bias current (Si ~IOSPET is su itable). 

6. t-la.trriaJs o [ the packag mnst be snitahle [or Ull\ ·. 

Sornr of ( hl' (tulplifirrs WCI'P tested , snell as OP80. OP J 11, AD 532, and 
J N ·0010. A JOO Hz sinusoidal iupu t w~vP was inpnrLPd, but 1 he output. 
became unSl>lble below 501< in all t.IJc trst.ed ampli6ers. How<'vr r. . ou1 e 
prran1plifiers whid1 II'Ork al low I.Cniperature arr reporwd [8 ]. 

Obtai n t mperature dependeu c of data 

. ' ub~l it nl.ing in rlia l-sliding appl'(laehing :yst.<' lll for prr.st• nt >\Pfli'O>lching s_vs
trm cniiblcs ns to obta in t iH' t<'nlp<'rat.urc dPp<· nrlcnt. dat.;l Th<' prrsl'nl lllC
chrmit-<11 stC'pping--nJotor a.ppro::u;bing :,ystcm iHt a problcn1 Lh<tt. this HII't hod 
has difheully in f<> llowi ng a. l'abrieatPd st ru c-turt' "-hc11 <t z-di rettion thNn1al 
drift is apparent. In order to [oll011' l.h<' Bt rm:urr in wide n\nge of temp •ra ·urc. 
inertial-slidin g appro<tdting sys tc·m is t hr b<'~ l solution . 
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3.1.9 Example of atom manipu lation 

Atom 1u auipu latior1 was carried nut using specially drYeloped so[lware which 
a llows t he ST~ [ tip lo mow aR llw rnouse is moved. Thus, lall'ral posit ion 
of STI\tJ Lip with respect to a 11 ST:VI image is arbitrar il y con trolled. 

Fig. 3.3 shows the example or a tom manipulalion at 941<. T LH'' adsorbate 
species is uuknown in thi s C<1Se. ThP atom manipulation was accomplished 
afte r G>t depos it ion . Since a Ga <1to m is mobile in t he trough between two 
adjacent d inw r rows at thi. trmperatu re (mor· details ;u·e described in sPc
Lion "LA). wP sp eculaLe lhn.t some ocher impuriLy atom is mauipulatcd. The 
prOCCcl LLrCS <lxP 3S l'ollows: 

l. An STM imil.gc of the adsorbate a tom and snrrou ncling bvd rogeu
tc rrninated Si(l00)2 x 1 Stu·face wPre recorded . 

2 . T ill' STi\1 Lip was addrt>ssed near the adsm.-bed atom using mo use cou
L.rol. 

3. Tl!r para mAtcrs \ ~ and /1 arc gradually increased w a SPt voltage and 
cmT 11L (with the feedback loop on). In the present casP. the set ,,o ltage 
was \ ~ = -3.8 \ ', ! 1 = 2(1 pA was successful. (For other atom mnnipu la
t ion, \ ; = -.J. V , 11 = 100 pA wa. s nccess(·ul.) 

4. T he , 'TfvJ tip is lat<>nlll.l' di. placed (O. ti nm/s) <1C:ro s the surfaC'e to 
dcsi1· cl position with the fc('dback on, by dragging the mouse over t.he 
itnage. 

5. Both t l.t t• 1; a nd 11 a rc. lowly returned to the imaging pararn 1 Cl' ( \ ~ = -
2.0 V. [1 = 20 pA). That i~. the ST 11 t ip is IIIOI'('d perpendicular to the 
snrfac<' where th ' ST!\1 t ip-adsorba te imcractiou is negligible. 

G. An ST!\ l i1nagc of t.he sa uw a.rea wus rc<;o rded agaiu a.ucl compared lo 
U1 c fir~ I. i1nagc to sec I he lat rra l movt•ment of tbe at.om. 

Fig. ~.3(>~) sh ws t it <• initial pooil iou of 1 hl' mauipul <tt eel ;visor bate al 111. 

T he adsorbate Mom was first nlo,·cd to th<• lower left along the dimcr row 
(Fig. 3.3(b)) . T h!'ll it IYaS rr i uruecl to miginal po~itiou (Fig. 3.3(r)). Some 
DBs arr fabri <"nLed by applying a puis<' of\ :,= 2.0 \' >tnd /1 = 0. nA . (Fig. 
3.3(d)) . ~~xl, Llw ad~orb;tll' atu111 1ntli brought nrar the DB, (Fig. 3.3(t')). 
i\ol<' d1at t lw clrctrouie ehargr dis ~ribulion i: a lt.cr d due to t. he ads rhalc. 
F inally tlt r adsorbat e Mom is bond t>d i t) til<· [ 13H (Fig. 3.3(1')) . 

Dur t.o t.hc prooouwrd auisot ropy o r ( ht' surfctC(' . ma nipula t.iou or I h(• 
a lolll a loug Ill\' clinwr roll' proc<·ecls n •ad il y iu t.hr casr shown in Fig. 3.3. 
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In Llli~ manipulation pro ·css. wbehber tht;> ST\1 i ip is pushing or pulling ll1e 
adsorl>atr ar.n1n w>ls not able to he tletcnn i11 ed . 

Figu rr 3.3: Examplrs of 1 hr atom manipulittiou at 9-1 K (9 nrn x 11m, \ ~ =-
2. 0 \'. f t = 2[) pA ). (a) !nil io.l po:itio11 of the atn111. Tbe lu.rge arrow show till· 
originaJ po;;-ilion. (b) T he a.tom i. nmnipu latrd to tlw lower Jell. (c) The 
ato111 is r t ur11 ctlto the· origi.mll position. (d) Then , tb r DB~ otre fabrica t.cd 
(s1J1oll a rrow). (e) The ottou1 is brought ura r lhr DB . . Note that the charge 
di Lribu liou of DBs are alt<•recl tomp;uw l "·if h (d). (f) T he atom is fi nalJ _,, 
bon led to lJ,c DBs. 
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3.2 Preparation of STM t ips 

A quality of <U1 ST \1 tip apex is <t wry importauL fa ctor in ST1vl experiments, 
since an STl\1 inHtgc largely depends on the STM tip ap ex. Th0rcforc~ , au 
imporlanr first st p for the cxpcrim<'nt.s is Luc preparation of a very sba rp 
t ungsten ST!\'f tip. !l ow vcr, mom ·im,pm·tant factor i.s the STM tip modiji
cntion while in tunneling r·egion. 

3.2 .1 Electrochemical etching 

Tl1rre arc rrmn:v ll'ays t.o pn•p;trc ST!\1 t ips [89, 90]. Ja our experiments, 
(111 ) ori ent ('d s ingle-crystal llllJgSLPn wir<:> was sharpen eel by electrochcmicaJ 
etch ing [9 1] and usPd as a n STM t ip. 

Til(' procedure o f t;nngslen- tip etc·hing is very simple but requires a bit 
.x periellt<•. T he 0.25tnw¢ (1 .11) o ri eHLecl single-crystal tuugsteu wire was 

insPrtPd 2 to 3 mm into so lution . The solution was 25% '1H,10 H. supersat
urated with NaCl. T he A frequcnc.r of 50 l-l z aL t.hc ampLi t nde of 5 V 1L\IS 

n·sultcd in sat isfacto ry ST?\1 tips. 

T he tip was •tclicd for about 5 t.o 10 seconds foUowed by the obserw\
t ion of tlw I ip apex nsi 11g an optic;.tl microscope. The etchi ng was repeated 
lltJ~il s nffici cn lly sharp tip was obla.irn•d. If the observed tip apex was gracl
nally disappearing (lwcornc transparent) at t h m agn ifi cation or x l200. we 
r<'ga rcl!'d t he tip to he enough sharp, a nd t he l ip wa,~ tmnoferred in to <I ll 

l" fl\ . chrunbcr. T his del ru.dnat ion of tip appx was wh rc lhe expcricnce 
II'HS required. Tlw s<ulw ST~ l Lip wa used many ti mrs by rc:--ctchi.ng the lip 
apex. 

A ·onc!'JJt.ration of Na I plays ~-rul'ialrolc in 1 his rt<:hi11 g p ro<·e. · . . A. harp 
1 ip cau uoL be fabri cat<>d if l h<' conc<'ntrat ion is low. lu order to iLHTC<\Re the 
conc<•nlratiou. w;1nning l h solution 10 s up~rsa,lnnll c NaCI was very pffective. 

TL" etchi11g proc·css lra.vcs oxid ·Son n t.ip apex. Arter lra nsfcrrccl into a n 
U II\ ' cham lw r. 1110 ST!\ f tip and a l ip lwlcler \H•re oulga~sed wit h rcsiHt,iv ly 
heal.iug Lhc tan ta ltJJII plat<? at Lad,<•d l;o t hr ti p holdrr. 'i' il(•n. the c:ont.am illa
·t ion of the l ip apex "·"s rCllJOved and t hr I ip <1pex " ·as shaped nsing a -fie ld 

i.oll microscopr (Fli\1) [92J. 

r\ n Fli\[ is an <Lnol hC"r a pparaL n. whid1 ran image atoms ancl sl ructurP, 
it! rrn l spaeP. Tlw obs1·n ·at ion of individnal <ttom~ on a s ur[acr WHs first 
reported by 1\\(•an. or Fl!ll. Hom' V(' I'. !.hi • ~ n .r face lllliSl be v~?ry s ha rp, with a 
mdins of at lrast a few l111ndt.wl mwom<'Ler. T it !' ST:vr t ip is plac<·d fttcing 
an elect rode (gronnd vultagP), and a large positiv<' volt.agc, us ua ll y up Lo 
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5 -.lOk\· , i a]rpliccl Lo thr tip . Hclinru gas was int.rndLtC<'d into preparaLion 
cha!JI bcr for imaging gas, at the 1 rossm<' of 5 x 10- 5 Torr. 

Th · int raction of an dectric fi eld with indnccd dipole moment in He atom 
draws the He• atoms into a region of strong ~ t field , rlu;tt is, the step edge of 
a l(•rr;tc-r. At a fr•w A from Lhf' tip . thr cl ctri · fi eld becomes so st rong that, 
the· <'IE'ctr 11 of tb He alo tn transfer to Lhe tip. Wh en thi.· lr appcu:;;, the He 
<tlom becomes positively charged ion , and is repelled from the ~ip toward the 
cleclrude. lf the field ·trcngtlr is adjustt•d so that Lltc ionizat ion occurs only 
when llw He a.t om comes very close' to the surface, the angular distribution 
of ions from the tip would rC'fll'c· t tlw micro. topic stnrct,ure of Lhe surface 
through lhc structure of the fi eld iu the imruedjate vicinity of t he. nrfacc. 
The magnili caf ion ntlio cl •pencls ou LIJ c radiu~ of t.hc hemispherical sample. 

A typical Fl i'I'J image of a tung. 1cn tip is shown in Fig. 3.4 (co u1tesy 
of Dr. Hashizumt•). Ea h bright spot corresponds to a tungst n atom of a 
terr~tr edg~ . With the increas of the applied voltage, oxid evaporate and 
a clean t.ung~len surl'acr appears. F'nnlrcr i.ncrcase of vo]tage induces field 
evaporation. 

Figure 3.4: Typical pxarnplr of FJi\'[ i1n;~g<' of (,Jr ,. f,lrrrgsten t ip. Earh bright 
spot c-onr·~portds f'o a termcc <·dg<' awnr. (Court.rsy of Dr. T. 1-hvhizum<') 

3.2.2 STM tip modification while tunneling 

The mo8/ impm·t.anl st.ep to obi a. in good d<tta. is /,he 5'TM t:ip a.pe:~; modifim,
lim• while twmr;ling. T ire at.orm; at the I ip apc·x <lr<.' ,·cry C'asy to mo,·c aud 
bPcotue donbll• <tnd triple prot.rrrsions easily. Tlwse tips resul t. iu rxtraordi
nary ST~l imag<'- Tlw t hl'oret icRI caknlations '"' resolut.iou of ST~ I inragc 
rt'\"t~a J t.!rat. Lir e !"C~OJ\Ii..iOil is dl't('rirrinl'd by thP afOllll(' SfTUdlll '<.' Of l ltP tip 
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apt>x and that th<• acomi,.-sizr prot,rnsion on l!w tip apex is essential for Lbe 
a.tomic resolu Uon [93]. To obt<\in high rcprodncibi li l;)· and ltigh-rcsoluLion 
ST\1 image, it i · quit e import.<Ut t. 1.0 re-shape the Lip apex while in t unn eli ng 
rcgio tL 

It is wrl l kn own llt i'Ll a lugh I i a~ voltage or a large tunneling current ap
plied to at Hnncliug jnurtion ·an alt.er the atomic shape of t he tip ;lpc:x and/or 
the atom ic arra.ng(' llt<'Ht. of t he snmplc surfacE' [28]. Th~ atomic nrrangemcm 
of <li t ST'. l tip apex wa. modified b.v increasing the tunneling \'Urre.ut from 
20 pA (i1naging t nnneling currc·nt) to Lypical.ly 0.1- 5 nA. In this condition, 
t lt (' sample bias voltage wHs slowly (10 \! /s) in crca~cd from 2 \ . (imagi.ug ,·olt
agr) to G-lOV, in E' ith cr polarity. T hese tunneling currr nt and bias voltage 
were kept for 3- 5 S('coo d ~, aud was slowl.r rrLnrnrd to imaging para.rnetrrs. 

T his tr a lnwnt change: t.bc V0J'.\' lon1l tip ap ' and resul ts in l.tigh-resol11t.ion 
STi\ 1 Lip. Somefint es t he ST~ 1 t ip IJec·oiiiO more dull, but in many <·ases t.ho 
STi\ 1 tip become bctL<•r ami rccov<'r atomic r solution. Thl.'se coutrollcd 
proccs, was rep<'<.rted until 1 he tip apex becoml.' succe$flll STi\.1 lip. This 
technique ·indeed ch ange~ the quality of STM i·mages, awl consequently, the 
qu.a.lity of the e1:periment.s. 

3 .3 Sample preparation 

A Si( LOO) sample (As-doped, n-lyp , 7 t.o L8 mll·cn t) was cut from a com
In~rcia l wa.fN into a 2 x 1-1 nHn2 rrd.anglc and was srt on <t sam ph' holde r 
made of tanL>UUJU. Aft.Pr being rra.nsff• JT('d into an IJ\' sampl~ prcpamtion 
dtantiJer. Lbc ·amplr was kept G50 "C owrnighl for outgass ing. An <ltom
i c<~ lly ciCOIIJ t Si( l00)2 x l snrfat·r was pr('pa rC' I by rcpPa.ted resist i,·c heat ing 
Lo 1260 °C at. a pressu rP 11 ot rxt'ecdi ng 2x .J 0- ' 0 Torr. T be t<:'mpc.rat11.re of 
resistively heated s<Hn pl (' was nt c•asu red wiLit an iuli:an•cl pyroilH'ter, usi.ng an 
rmissivity of 0.62 (rmpiriral vahH•). 

ll ydroge o terminat ion was achi eYcd by t'xposiug Uw cll'<lll surface. kept at 
~~pproxintaLcly 3"0- -l00 °C, w an a tonti l'-h.\'Cirog<' n flttx. Prrssun· ati higl.t as 
2x lQ- 8 Torr were kep t, for 1() ntin to sa 1n ntf.<' I he surface. Bt' low t.ll!' rangr of 
a pyrontct0r (under 550 °C). wnt prnttt tr<'s wPr<' t•stirna.ted hy E'Xlrapolali ug a 
input-power \ 'S. <l llnealtug-LNnpcntt 11re c- un·<· (P= <1T+bT'1, P : input power; 
a.b: ('Ollol.>Ult ; T: LClllj\('l'ftL UI'<' ) ttsing l lw Stefau-J3o lt' 7111alln law or radia l ion . 

The. >UO ntic hyr!rogpn atoms wc• re oiJLniur•cl by dPcnnipos in g hyd rogen 
Inolecnlcs '''ith <1 rrsis t iw·l-'· l l('aU~d tungsten filllulr u ~, which was st'l 5 CIU 
away Ii·om th<' ~amp l e surface•. A O.l5 InnH!J t ungs t,en wire was wound like a 
C(Jil as a filanwnl autd ins<'t'lrcl int Q at ulw madt• of A.l20 3 c.eramics. Hydrogen 



molec-ule ga,;, iatr clue d from leak v<tlvt' , flow through I he t ung~tcn fi lament 
whi cl 1 WHS r(,, is Li vc l~' ih'atcd to approximatdy L500•c. A t I his lewpcr<ll ur0, 
H·2 is fully di~.'O <"ia l .ed and <ttomi<; hydrogen is produced [DJ]. 
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Chapter 4 

Results and discussion 

This chapter foc uses on li!C discussion of experimenta l resu lts compa red 
wiLh t li e lirst-p rin ciplc!s ca lcu lat. ious. Progress in Lli e followi ng studiPs on 
a liydrogen-tcnninat.ed Si(100)2x l surface are discussed. 

1. Hvdrogen a t om d sorption u.·ing an STi'vJ tip. 

Tile tncthods of !t.vd rogen atom dr.sorpt ion at room tc•n tpNaf.t trP a nd 
at low tcntperaLure (at. approxi111at.ely 35K and lOOK) arc prc.enlf•d . 

2. Elec tronic strnc turc of niriou DB structures. 

Varion atomic-se>Li e d ;tngling-hond (D B) struct ures are fahricatPd and 
s f.ttdi<'rl . !'Or thr DB st rud.ttrPS tnad p o f only un ptl ired DBs, we obsetTe 
charge rPdist ri hnrio n in l.he DB stru cture. T il e DB structures made of 
only pain·d DBs show a. sctn ic:o ncl uct ;,·r cli a rHC' le ristirs. The DB st n tc
Lures made of both t hP lltipHired lt nd paired DBs sho\\' finite DOS at 
Ep. O rigius oft lic•sp s t.rul'f.ural c it >lltges and tlt ~ir ~ l ec t . ronic ~ rrn ctmes 

arP di scussed. 

3 .. ht ltn-Trll r disto rti on in DB structnrl'S. 

Tlw >\comic s trllct.ur(•, rnadP uf only unpa ired DB · show intNcst iug 
sintilnrity in rdaxat ion procc•ss wi t It tn< lcculcs, ~ u ch as polyacecylcne. 
T!Jns, "'~" ma.v <"<\I I t.lt <' ~lru l'lun• as ;u·t ifidal psrudo-mol<•<· lllr.s. T he 
imen·sting propcrt.il>. ' indude .1>\ ltn-T<•IIrr di."Lurtiou a nd so liton tliOti 11 

in t.b c DB st ructu rt'S. 

-1. Acl snrpt. ion poLrnt ial Purrg,,· st ll'faC'~ intHf,ring. 

Awn ti <.:-BC;dt• s ur[n,,·e nt i)!,r<t( ion ol' Ca atoms ar<' stud ird using ST~J and 
first- princi pko l'ak nlat ions. Ga lliu111 a.Lont utignttcs in a lD pot0nlial 
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well w nfiucd by <tdj ;tccnl. dinlf'r rows a_nd local dihydridc clcfecls. and 
is obsr·rvcd as a r·ont.iuuous liurar protr usion (Ga-bar structure) al. a 
narrow rangp of tempera! nrc nc•ar 100 K. \ ·c point out I hal t he height 
of tlw Ca.-bar stru cture tu aps out a local aclsorpl ion free-energy vari
aLion . The possib le eflccLs of. ub-surface impuri ty to Lhe free-energy 
variat iou arc d iscussecl. 

The:E" Lo pi,.s a rr• disw sscd basrd 0 11 lit~ major questions presented in 
Chapt er I . 
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4.1 Hydrogen atom desorption 

Aller the first tl f' tnOnsk aLi on of hydrogrn ntmn desorption front a hydrogen
tenn in Hi,t>d Si(J 00)2x 1 snrfacc by L.vding et al. [40], several grou ps h<WC 
sucress t"nUy fabricated 013 st ructurc1s. At thi stage in 1999, W<' are the only 
group who n'porls on the hydrogen atont drso rption at tlH' l.rrnperature range 
of 30 -110K. 

4.1.1 At room temperature 

A lincar-cl1aiu of DBs (DB st ructure) ott a iJ 'drog n-tennin atecl Si (100)2x l 
surfar<' was fabricated by applying a la rge bias voll:agP and a tuuueling cur
ren t. Two mc>lhorls wt'rc used t.o desorb individual hyd rogen atoms at room 
L<'mperat. ure. One .It tel hod was tLI mm·e >UI ST\1 tip while applying a sample 
bias Yo ltagr or \ ~, = + 3...1 \ " and a t uunPling current of I ,= 1.3 pA a·t a rate 
of 1 nm/s [D5] . T hese bias voltage and tunucling current re ulted in t he DB 
structur 's wlticb WNC oue- ro hvo-di.mers widP, however, tltesP ,·alnes depend 
on mt ST I lip apex. B.'· applyiog larger bias voltage or tunnel ing current, 
wider st ructure could lw fa i>ricatt'd. 

Tltt• ot. lt er tn ol hod was to ap ply a pulse bia~ voltagP and a t uuneliug 
cunrnt t.o l lt r sample. An ST!\1 I ip w<L~ first positioned above tbc selected 
atom, and the n lite pulse bia» ,·ulLage and t uutt t> liug cmrcnt wf're app lied . 
Tlw typical va lues were I ~= 2.9 V and f, = -100 pA. The pulse duratiou rim<' 
ranged fro111 lOU to 300 ms. 

\Vh <'U tbc pu lse voltagt' wa · larger than 1',= +3.0 \ ' , extract ion of OHiy 
a single bydrogt>n atom became diflictlll, <tnd wid ·-area ext ract ion aud/or 
impurity adsorption from au STJ\'1 tip frcqu<'nl ly uccutwd. \\"hen the pulse 
vollagt• was sma ller t h<w 1', = +2.G \ ' . hydrogt'n atom was lt ard ly extract 'd. 

ln ordt'l" LO deter! hydrogen at. m desorption, au STl\l-tip height (z piezo
adu;~t or vo lt >tgc) aud a tunn,ling cutT<'nt wPrc uwnitorc' I while the pul r 
wa,'i applied t.o a sa mple. T hr- TM tip was rl'l m.cU'd by approx:imatPiy 
O.<lun t during tbc' vo lt<tgt' pu lse, by a frt'< lhack sy:t ' Ill . Thr nd. cliJfrrrnce 
of t.hr ST!\1-t ip lwighL befor!' nod aftc'r t l, e puiRt' was a.pp roxintatrl,'· O.lum, 
which cmTc~pouds to t lw b('i~ht 'f nn i;;ol;l.lrd unpaired DB. In t hi wa.v 
we were ablr- to ;tccu rat.C'Iy dr'l.<'ci I he hyd rogrm desorp tion without imaging. 
just b.' · dciC'\I iug t he STl\1-t ip-hcip;ht pu ·ition dmug(' . T lw rclinbilit,'· of" tip 
displal" tttc·nt a~ an indicator f h.vclrogru drRorpt.iou "·as quil 0 high . 

.-\n nuC<Jnlro ll.a blc lnt nsicnt curr~ nt. at t he iucrrasi.ug and dt'<Tl'>1~ing edges 
of the· sq twrc·-wan' pu is!' induc(•d fill' hydrogen Mon t desorption. The re-



sponsc of the piPzo a<:t ual' or i~ rnuclt slower Limn the voltagP change, and an 
OYC rshoot cntTt'nl !I'd to desorptiou of one or more hydrogen atoms [or each 
pulse. Tltc tunneling curren t. showed an overshoot of more than 5 nA typi
cal ly for Iirns at the increas ing edge when <1 ,·oltage was abrupt ly changed. 
\Vhcn l.he voltage increas in g rate was slow, t he overshoot cmrent did not 
appl'ar. In I his case, the desorption d id not occ ur. 

T\\'o distin ·I regimes for hydrogen desorp t ion were observed a nd tl1c 
ntecl1>1 nisms were proposed by Sbcn et al. [96]. According to thei r cxper
inw nts, a bow electron energies of about G cV ( ' ~· > 6 eV), a desorption yi ld 
is energy iDdependent. an d has been atnibntcd to the direct e!ect roni exc ita
tion of the Si-l-l a bonding to anti-boncli 11g transition. Below 6e\ · ( \1~ < GcV) 
the desorption yir lcl [or hydrogen decrcasrs by ever:~! orders of magni tude, 
compared to above 6 cV. In this region, thr ~ · i c ld is highly dependent ou both 
clect r01 1 cuergy aud current de11sit.' '· Dl•sorption in t hi. regi me is cx:p l<~incd 
by a nml t iple vibrational heaLing nwrhanism [97]. 

Lyding et a.l. repo rted that the ltyd1·ogcn Mom were only desorbed when 
a sa mple is biased pos it i1·e [40]. However, Huang et al. [98], Thirstrup et 
al. [99], a nd our t•xpPriHwnts show that the hydrogen atoms can be desorbcd 
Cl't'n at ncgat iYc sar11pl e bins voltagr . rn onr case. larger voltage and cu rrent 
1wrc required to clrsorb at tbc urga live sample bias voltage than at the posi
t i,·e samplP bias voltage. 1-lua.ng el al. specu late that this desorption process 
may haw a clcctron ic-fil•ld-iud ueed mechanism [98] . Rcecutly Stokbro et al. 
rt>porLcd t.haL the desorption is caus<'cl by vibrational heating of the hydrogen 
atom [99]. 

The• fabricai.C>d s l rucl uri' ll'aS SOtll l'li llt<'S altcwd by br fli pping of H atom 
l.o ad,j acc ut Si aLo 111 in a ~anu:~ Si dimcr (i11lradimcr hopping [100]) or hydro
gen aL01n adsorplion. T hr in Lrad it11r r hoppi 11g l>arrirr o f hydrogCll atom is 
cx-prrin wnta lly obser ved as 1.0± 0.2 e V, and lt \lpping anoss dimer is obserwd 
as more than 2.0 rV [101]. T he tli C>OTClica l ca lculatio ns u. ing local density 
fuuct .i ou<d approadt pred icts 1.2c\' for i11lradinwr hopping a11d 1.8e\ · for 
anos~ the cli11trr row [102], whirh arr i11 good agreenwnt wit lt the ~·x peri
lll\' 11 1 .. These 1·a!urs arc ~ uffi<'i ru (. ! y l >~rgr r Llt a ll the thcmml energy at room 
LPnt pPmt un' (25 IIIC'V). Con 'l:'< jltCII Ily. Lh\' stabili ty of Lhe DD sLruclure is 
vpry hig h. 

4.1.2 At low temperature 

Figun• 4.1. shows the fi llrd-sUue ST:O. I itmtg(• of DB st ruel un's fabrica t ~·d at 
107 K. Tlw lines u~ed to tn llk<' (';te·!t character cu·c a f w tl a uometcrs wide . 

. -\n ST'If tip was pl<tcNI on to p of t he dr.sin •d h.\·clrng<'u atom, and mov('d 
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Figure 4.1: An ST~I irnagc of fabricated DB s lru ·ture on hyclrogeu
t<•nnLu ated Si(100)2x 1 surfac0. Thr cha racter "TARO'' ( be au thor'. na me) 
1va;; fabri ciltc I aud observed ~t 107 K. Each line consisting the character is a 
few n>uroro et·ers wide. (75 nm x 70 nm . V, =-2.0 V. ! 1 = 20 pA) 

pa ra ll el to i he dimN row. A fc<'dback sysi(' tn was turned otr during t he 
tip mOl' Ill ni in order to k<'l'P a ro n !ani hp-s;unple distance. This pro
c dnrc ke p the itll<• racli n brlwccn lh ST~\ 1 tip and lhe hydrogen atom 
constanl. The STill t ip height wa rnaintainPd con. tan I by mea. nriug t he 
S<Ullpl i.' g radic;nt jn. 1 before the mauipnlation. \\'p 1'0\tl in I~ · obtai ned DB 
s truclur!'s 011c- I o two-diincn, wide (0.8 to l.G nm) b JllOYi11g l hc STl\1 1 ip at 
a Sj)('C'd of a bout lnm/s while ~tpply;n.~ I',= + 2. V and 11 = 0.9 nA. In this 
way, w ~.:o uld fa bric at<' arbitrary DB st ru CILLrcs on the hytl rogen-tPrminalcd 
Si( I00)2x l surface. At; .JQK. l':= +2.7V a nd l 1 = 0.7nr\ re. uJ tcd in one- to 
two-dimcr-wid DB ~truc lttl'(' . 

We rou nd t!Hlt t lr required tunnrling l'lllT(' nt and ::iamplc bin:l ,·oltagr lo 
cksorb hydrogc•1t <HOlliS at kl\\· tt•nJ[J <'nH nrr wa~ much lower than rltc required 
c utTI•nt :u1d voltage a t room l t' ltiJJNa tnrc'. At almost samr timr. fok y ct. a.l. 
n'p(nted that a hydrogrn a t om is<\ ract.or or <l houl 300 cas iN to drsorb at J J K 
than at 300 1\ [103] . Onr group also noti('rd this result but w(• dirluol p<• rTonn 
quantit.a t i,·p oludy. Tb ~ir group c•xplainctll his large t<'Hijll'ntlr rrr dc·pcud r> n('' 
by a mode· I t lral Lakeb into il\'C(Jtlill lill' iii<TCI-IS(' or ;\, Si- 1-1 ,•ibral iowillifr t iow 
a t low t.c·m pc•nrlur<' [103] 
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4.2 Electronic structure and relaxation of DB 
structure 

All the DB t ruct11 res ou a hydrogeu-teunin~trd Si(l00)2x l smra<:e <:o ns is t 
of pa ir d anu /or 11npaired DBs (Fig. 2.5). T hree different types or DB struc
t ur<'s were rabrieat,f•d: 013 structures n1adc of only paired DBs. 013 s tmc
turrs made of only 1111pair!'d DBs. and a mixtiJJ'l' uf both p<tirPd and unpaired 
DB:. The eJ pc tronic st-ructures uf DB s tructures arc di sc uss •d bas"' on t il e 
first-principles calculatious b~· Wa t.ana lw el. a.l. [51]. T he experiments were 
pe rformed both at. I'OOIO tempera ure a nd at low temp raturc (uear 1001<). 
A ll tlw ''q)c rimenLal data presented iu this dissc rLa liou were obtained using 
the constan -current imaging mode. 

4.2.1 DB structure made of only paired DBs 

First, th cl cl rou ic s tructure aad rela.xa tion or an a rtifi ·ial DB stru ·ture 
made of only 1JO.i1'cd 088 arc> discussed. F igure 4..2 (a) hows the DB t rnc
t urc• fa bricat. d a t 110 K. Dim(•rs in t hib DB s t ructure a re bu ·kl d and the> 
s truct ure is obsen ·C'cl as <l zigzag !inC' s i1nila r to the asy mmetrical buckled 
di mcrs observNI iu Si(JOO) p(2 x :2) or c(4x :2 ) rl'('O II t rnctions (Fig. 4.2(b)). 
11 is rcasouabl0 i o couclude tha t ti H' DB ~rru etnre is made of nly pa ired 
DBs, because of llli ~ bH ckling I'Nllnr0 a nd nlso becansr tlw D B trueture i · 
located al the center of a dimcr roll'. llfore M ident way to prove thi. i. to 
obs0rvc empty ·ta te. T he Si dimers ~ h o uld be obsNved a~ symmetrical in 
this case. 

Th is i.Juckjjng [eatme ll'as evrn ohsrrved >t! roo ll! temperature. At Lhis 
lcmperaLUre. the bu t kl ccl din JCrs a re mliy SL<ll>ilized uc;u the defects or an 
adsorba t<' atom on a clean Si(100)2x I s urface [71] . In the pre. en t ca. c. 
th r• buckLillg is s t<l bilized r il hc r hy tlu> 1 D d taracl.erist ics of the s trnctme 
(PcierL~ distortiou [1 ().!]) or by Lfl(' edge• efl'('tlS (both <•dgcs of the s trut tme 
Mr somewha t diso rdPrccl by ril e adj >lcent !J.,·dJ·ogcn-Lonninat\'d Si dimers ;u1tl 
may s t.al,ilize the buckling) .. \ p>~irc•cl DO. \\'! LOse adjacent dinH' r in a , ame 
din ll' r row is hytlrogen-t.<•nnillatcd , appears a.s ~Y illlllC ITiC in STi\1 imagr (Fig. 
2.5(l')). T his res11lt Lll![Jlics 1 ha1 1 he buckled dinlf•r is flipping rapid!.\' bet ween 
two cl<'g\' !lr rate sta le~ . T ile caknla1ion >ugg<'St tit\' buckling i.J1 t.his config u
ra t.iou [105] a nd ~upporl this llippiug. Holw,·<· r, i( tl w unp;urcu DO is in ;1 

array. , uclt a1; in Pig. -U (a), Lhc fiipping io supprrssed anrl buckling direc t iou 
a lt r rna tc in a sa me dinwr row. This res11Jt suggrst th>tt 1 D ' lructurr plays 
importa nt rolr iu tl lf' pi nning of' IIi <• buckit•cl cjjmer. 

O n t hr the ret in ll side, hucidi11g iu 1 h\' DB s l rue Lure is prrdictcd b~· thr 
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Figure 4.2: (a) FiJI •d- tate ST. I imag<' of DB struct ure mad f on ly pai red 
DBs at 110 K (2.G nm x 3. um , 1', =-2.0 V, ! 1 = 100 pA). The buckling f~a
turc is obst• rv('d. (b) Stltcttt<ltics of a hutkled DB structure . (c) NormaLized 
c.onductancc cun·es <tnd eurTeur-voitflg<' {I1 - I ~) cilara ·t r rislics obtained on 
U1c DB s tructur<• mad<• of on ly rmired DBs. T l"• tunneling junction is stabi
Lized at I ~=-2.0V and I 1 = 100pA. 

first-principks caku lal ions [51. 53]. figure 4.3 shows t.hc caiculaj·ed baud 
strueture of tbo infini l.c-lcugth 013 structure made of only paired DBs by 
Watanabe et al [5l]. Details of Ulf'ir mkulation methods are described in 
st•ctiou 2.4. Thr calculation pr·pdi ·ts the clin•rl energy gap o f 0.4.9 e\' and 
indirect euergy gap of 0.35 eV. 

ThP luunding SJ)('Ctm in F ig. 4.2(c). obtain •d from auothN DB structure 
made or Ollly pai!"'d DBs. have iUI PIH'rgy gap of approximately 0.5 e\". \1\"e 
spPc ul at.P thai i.IJC pc;cks jn~t bPlow and ;l iHJVl' I he cnegy gap origin ate from1r 
bonding and 1r' antihondiug stal.<'S caHS<'d hy I he inl.('rarliou bPtwce.n DBs of 
Si atom.<; on a diuwr. Tltr rnPrimnis iiJ of tlw enPrf,'Y ga p [ormat.iou is simila r 
to tha i o f the band ga p ohscrwt.l on t he ri<'<UI Si(l00)2 x l surface. 

This DD structure is rx pectPd 1~o h;we au 1 D charackr, accordiu g w 
the ca \cula lions IJy Ha.\·e et n.l. [53]. ompared with the c\ran Si(l00)2x l 
smface, lhe calculrLiiou prrd icts that tlw lt_ydrogcn pass ivall'd dirner rm\· 
rcdut:es HtP c!ispers iml or Jltc s urface hands in till' direct io n pc-rpendicn lar to 
the ditn er· rO\\·s. This di spcrsioJJ is 0.02c \ ', as comp;ll'c>d 10 0.1 :- p\ ' 011 thP 
clca11 surfae.r. Consequ <'llll ,\·, even wh <' IJ I he DB wires arc separ>tll!d by only 
one hyd roge ll-t<•nuimttPd T<IW, !.he Sllrf>lC(' s~alcs or I he 013 slmC'tnrP IHtvC a 
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Fignr(' 4.3: Ca lcn laterl band structure of DB structme made of only paitwJ 
DB. Tbe arrows show th ~ surfa('(•-stat<· band g<•ncratcd by the DB structure. 
Not.P the larger dispersion il1 t he directiou along th • DD structure (.Jx to 
K. nud .Jy to r). The 4x2 uui l, ce ll is used. 'The unit cell and the suTface 
Brillouiu zone is shown in Fig. 2.8. 

dear 1 D character. 

4 .2.2 DB structure made of only unpaired D Es 

A question arises, w!Jat wi!J h appPn .iJ a 0!3 structnrt• is made of or~ly 1U!-

7J(!i•red Dfls'7 Fig. 4.4 (a) show~ t be gray-scale filled-state STI\1 imag ' (three
uim<'nsional view) of tlw DI3 st ructun· fnbricat.ed at 96 K. A row ol' hydrogen 
alums was cxt ractl'cl a long the Si climrr row pa.miiPI lo Lbc cliruer-row dirrc
ti.ou (scltrJna lically shown in F ig. 4 . ..J(b)) and t.hc DBs are imaged off-centered 
uu t he dimcr row. 

The l'abrimtrd DB sl rud urf' s bow<'d sl riking difl'L•reuce [mm t.b<• id<'al 
struclurc ill11slrHLrd in Pig. ~-~(b). T ha t is. wr l'ouucl thai, DBs arc St'<'n 
on ly altcruaLely, as sclwmatiea lly s11(1wn in Pig. 4A(c). 'Tltc DB st-ruct ure iu. 
Pig. 4A(a) has cig lil protrusions i11 a nnr. how<'n'r. it is lift.r<'ll clinwrs long. 
Tho dis I anr<' between tlw p('aks is approx.illlatdy 0.7111111, which implic•s 
I ha l DBs are obsern•d a lt , rnatrly. 'Tht• 2x l unit cel l is doubJeu and a new 
2x2 m1il, \:e ll is li1nucd. \Ve could not observe a uy protru ' ions betwPen t.he 
clisLiuct all erna tr peaks, cn'll wl1l'll tlw Si climrrs ~re c l e<ul~· o!Jserw•d. \•Ve 
also observrcl >1.1r.f' ru ating DBs at. room tempe rature. 
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Figure 4.. -1: (a) A low-Lcntp('f'al.urc• (96 K) STi\1 imagP (gray-sca le thrPe
d.imensional view) or a dangling-boucl (Dl3 ) st rue1ure fabrica ted on I he 
hyclrogC'IJ-I enninai cd Si(l00)2x J-JI nJOJ! Oltyclriclc surracf' (7 11111 x .J nm). Tb 
black ;urows show 1111• cent er or IIH' Si dimer rows. (b).(c) Schemat ic 1·icws 
of 0[3 structllrr•s 011 the Si(100)2x l ntonohydricle snrfacc. Gla11k circle dP
note Si at.oms fWd fill<'cl circles denote h~'clrogen 11.torns. Half-tone c·ircles 
dcnotP DB.. whprc tlH• si~P rr.fkcts apparent height obsPrvpcl by STJ'd . A DB 
structt.ll'f' madr of unpaired DBs b<'fon• and al't-t~ r rchLxat.ion is shown iu (b) 
and (('), respec-t ivp]~-- Tlw 2x l and tl1<• 1ww 2x2 unit crlls an• shown by thP 
black box. (!') Cross-sec tiorml ,-it•w:; of a thirtt•pn-DB st ructure obserwd at 
1 ~=-2.0\' (ril lf'd stat e) and + 2.0 \ ' (empt y slat e'). !3oth data was obtained 
at I ~=-2.0 V, 11 = 20 pA. 

\l'e llbSPn WI prilk s l1 iJts of IJI3s iu Lhc saw(' stru t lun• between th ~ empt y
(11, = -2.0 V) and fill ('d- ( I :,= + 2.0 \ ')sLate ST\1 intnge. Figtn·c "'---I ( d) shows 
u ('J'QSS-S\'C' tiona l vi('II'S of a thir iN'll-DB SLruct urP (dc,fin rd ns a DB liucar
('hain "trueture u1adc Jfthirtt•cuuupaired DBs) fabricntrd at 100 1\: . Th<'d<trk 
Yall •ys iu th r fillod-Ht:\t\' imagt• bcctJ\IH' bright protrusions in t hC' <•mpiy-swt <' 
imag; _ ThP DBs we're also imagccl bright <JiiNnat ly in th(' C' lllpty-staw ST1\l 
imagr. Til is j , diflt'r<• nl l'ro111tlll' butldC'd ~truct urc brc:a1t-c empt y-sta te ST\1 
inw gr o[ bucklrd clirncr~ show symm •l ri c<J l dirnrr . . which would giY(' cquiv
a lt'nt hc•igh1 iu cross s(·t'tioual ,- irw. The spatial shift of lh <' p('ab between 
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I be fi ll ed- ancl thr c•mpty-sl.al cs rC'vPal s I lull unpa ired DBs d ocs exis t in tiJC 
vall eys bet. ween lb c p e<tks in the fiU r d-st ate im age. Considering t hese STM 
resul ts . we co r1cludc that a change in elec tronic st rrr.cture, accompan ·ing 
dmrge red.is tribn t ion. has occurred in ~his DB structure . 

The s lnrclural relaxation of t he infinite-len g th DI3 structmcs can be ex
pla ined in terms of the recent firs t-prinr-ipl cs calculat ions by Watanabe ~ t 

al. [51]. Each S i at.orn in DB structun• has onC' DD and each bond is occu
pied by a singlr e lectron , bcforP th ~ relaxation. A row of such b onds fo rm a 
hall~ft!led ba nd on t,hr• s urh1ce within tir e bulk band gap. T hi s surface-s ta te 
ba nd is lndf-fill<'cl wlmr PPierls clis to rtion [10·1] i uot t<Lkeu int o acco uut. 
How<" ve r, Llri · distortion opens up a direct c.uc.rgy gap of 0.125 eV and an 
[rrdircc t errergy gap of 0.025 rV (Fig 4. 5(a)) . A Peic.rb distortion is a pe
riodic ~y rnmctry-lo~Ycr[ng la aicc dis ror t i n ac ·ornpa nled bY a redistribut ed 
periodi c ch a rge called cha rge d nsity waves (CD\V). This pltc nonw non is 
moHt comnronl.v observed in trys t als of reducPd symmetry, s uch as q uasi-
1 wo-dimerrs iorral [I 06] or qu asi-orre-dimc rrs iona l ma teri a ls [107]. 

Tlrr dirrc tion of Uri s distortion of fir. t-layr r S i >tlom is no t a long tire 
DB s tm r;L urc hut perpendicular t t he Rurfacc (Fig. -1.5(t)). In fir t-layrr 
Si atom. a h<' ight difference of 0 016 urn arL~es betwcC'n th e neighborin g Si 
a toms in lb c DB stnrt:ture. Th t'se height modula tion i. i1Hiucod l.>y the 
la teral di splacernP. nt of t lr e second- layer Si a toms. Tire calculated late ral 
eli placenrenr, wa s 0.002 rr rn . T hr seco rrd-layer Si >lto ms are elL placed towru·d 
lbc right or left allrrna te ly and t.hey !.end t.o pair up , resulting iJI a 2x2 unit 
cell. 

From I Iris dis to rt ion , r>nerg ies of the DBs a nd cha rge distribu t ion mry, so 
llr a t ce rl a in DBs r·a n be SC<'Il at soml' bias Yoltagos but not at others. F igures 
·1.5(d ) a nd (c) show t he cont our plo ts of ca leula tc•cl wan ,funr liou intensity 
dis rrilnrtion (log scal e), U.l Aabove the hydrogeu atonr . Although. t his is Loo 
close to th e surface conrpar<'d to a ST:\1 t ip-sarnplc s paeing (approximately 
lnrn ), they ci.Parly show 2 x 2 sy rnrnctry. 

Tlwse ST i\ I o l>ser vat ious a rr rl I heo rr>f ical caknla l ions lead us to m nclud<' 
th a r a charge rl:'cli. tribution mrd a poss ib.l e la ttice distor t ion are taking pl>tcP 
in t,hpsp DB structures , a nd lrNr l't' rl'sult in t.hr a ltc r:nale topogra phic pc•aks. 
A rPI HLively long DB s lrnrl un• s ttrh as I he cmr in Pig. -l.l (a ), can be m odeled 
by a periodic nrr it s t ructnrc .if I hf' pfrec l of edges is rr eglig ibiP. Tlw dis to rt;iou 
iu t he micld! P pa rt of tir e DB is wrll d escribed hy th e inst >t biliLr in LD m eta l 
rcsult.iug in T't'l<' rls dis tortio n. 

Firsl.-priut ipl <'s m lculat ions fo r th e irrfirritc-lr ngl IJ s tru ct ure predict the 
cnt•rgy gain of 1-1 rne \ ' per 4 x :2 unil Cl'll. " ·hiclr t o rre. ponds i,o rlr e tcm
JWra tur<' of IGO 1(. Co rr . l'quc·Htl.l·. this plr <• nmnenou i.: only expt,ccerl at low 
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Piguxe 4. 5: (a) 'a lculatPd !mud struc l u r~ of DB st ruc: t.ure rua.dc of iufini t<' 
unpa. irt•cl DBs. The stru :turc is para llel to t. hr• diuwr row. Along the DB 
struc tm c (.l x to J< , a nd r to .Jv) · t ill' baud has ia rgrr t.I-i sp •rs iou COni pa ired to 
perpendicular to t he strud ure. (b) The box shows the srl1emat ics of 4x2 unit 
cel l used in ~h e calru la t·ion . T h · inset shows the urface Brillouin zone (c) 
A cross- eelional d ew of the takulalcd dis tort ion of the in.fini tc-lPngth DB 
structm e. (c) and (d) arc cont.our plots of wavofun ction in tensity calcula ted 
a.t wa~'e-vcrlor at A aud B in (a), fl\~pr 'Livrly. T he boxP show the nni t cell 
shown in (b). (Courtesy of Prof. S . V,lat illlabe.) 

teu1pcrat ure. In contn<st t.o these ca lcnlat. ions. WI' o b en·ccl t llis ph enomena 
cn O> u a t ro01 u touqw ri'tlme. It is known t l,a l t he Pnergy gap n tl c1datcd using 
lot:al tkusil y fuucf. iumd approx inw t ion tPnd to rc ·ult in sma ller energy gap 
t luu1 exprTinwnl . Fmt lw n norc. Uw fir ::: t- principlcs cn lcul at ionR by \Vata.n
a be d tt,l. dPa l with iufini t c- lcngt l, DB st rucl11 rrs and do not fu lly apprecial<' 
fini t,t•-Jcngt.. h and ek t'i ron corrclaLion d th ·ts. Consid rTiug t he I" , we spcc ul<tl<' 
that llw cnl' rgy gap oft lw DB slructun· is DJOn • l imn 23 n!1' \ ·. 
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4.2.3 DB structure made of both paired and unpaired 
DBs 

T he ;1bm·e disCI ISSiOJ IS imply that t.ltc periodic strucl.ur0 eit ilcr made of on ly 
unpai rt•d or on ly pt~ired DB . . is a lwa:vs stabi !izC'd ;wd an energy gap will open 
up. Ther~f'ore, r~ n do111 arrangf' ment or n11paire I and paired DBs may result. 
in t !t e suppn'ssion of stabi lizatio11. 

Figu re 4.6(~) show. tbr DB strud 11re w!ti ·It is a mixtu re of both unpaired 
attd p>l ired DBs (mixed structnn•), pan1 lle l to t.!t r dirner row. as we ll a a cou
ple or DDs in lh(' Mxt cli tner row . Figure 4.6(b) shows 11 -1 · ~ cha rnC'teri tics 
and normalized conduc~;au ce curves ((cl!tfd \ ~)/(I, f \ :,)) obt:~inecl on ti.Je DB 
slrud ure. T!Jis DB s trucm re hal'; fi ni te DOS at Ep, ll'hcreas no DOS .is ob
serv(>d for the i.Jyd rogen-tcnu iu~tcd ditner at E1.• (Fig 2.7(a)). Characteristic 
pea.ks a t energies of -1.7, -0.8 a nd +0 .8 eV rPI<tti ve l.o Ep are observed in 
tltP normaliz('d conductanc-e. Simi la r results >U'<' obta ined for the tuuneling 
spectra a( d ifl'ercnL posit ions o f' the DD struc.tu re in Fig. 4.6(a) and a lso for 
t.lw DB st ructures f'abri car.cd perpendicu lar l.o the dimcr ro\\· [95] . 
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FiglJI'(> 4.6: (a) Fi ll rd-stat<' ST~I i111agC' or a DB ll'ir(> pura.ll el to a d itHer-row 
d·irec:tiou (9 11111 x 9 11111 , V, = -2.0 \ ' , 11 = ]()0 pr\) and (b) 11- \ :,c:han\cteristit: 
and " nonualizrd couductancc t'n rvt' record r ei ou I he DB struct ure. 

I u section 2.3. w<' descriiJC'd Lhai. nn is latrd IIHJ Hirt•d DB shows nn finite 
DOS at Ef'. T h<•rrfor0, possibl(> origin of lll<' DO Ll<'ar I hr Ep is from the 
un pai rc•d DBs in thr DB st rucluL'l'. Wr .·pccn lal,<' that two disti nct pNtks 
at -0.8 a nd + 0. c\ ' (obsrrvcd in tht' nonnal izt•d cond nctaucc c·un·c in Fig. 
5(a)) n•pn•s••ut till' hoacling and a nt ibondLng band r<:sult.iug [rnm f lw DB 
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strud m es nl<1de of DB pairs. 

We• !J t> li e•,·c· Lhat tlw stabilizAtion dews not uc-ctH if t-he unpaired and paired 
DBs Hre snit ably mixed. ouseqnently, the Dl3 stmct.urcs show finit.cl DOS a t 
lbe Bp. The bes t configuration which gives the maxinturn DOS is uot clear. 
HowevPr. this <'xpcrint!'ltl suggests that llw nti..'.'ime result in doping effect 
and avoid Stlt!Jilizatiou . When Ute structure is mainly made of unpaired DBs, 
the paired DB act as dopant. Tbrsc result implies that the characteris tics of 
sta bilized struct ure ran be ali.cre'cl by add ing dopaut atoms. There is manY 
exp rim •uts to do for thL mixed structun•. 

4.2.4 Discussion 

]Lis intt>resLi11g to note t hat Lite rlectronic s tructure rdle ·t the subt le differ
ence [n atomic-scale DB configtu:al ions. \Ye discussed Llw lectronir structure 
cl epeuding ou the width of th ·· DB st ructure. The STM/STS results enable 
us to distinguisb the cltang!'s in clec t.ron ic structures cl 'pending on the DB 
coufignratious. Table 4.1 s ummarizes t.lte cxperinwntal and theoretical re
sults . 

E:>."]) ·•rinK•nl (STM/STS) Prediction , of first-
principles c:alcula-
tions [51] 

(a) only paired DB Buckling features. En- Bu~kling features and 
ergy gap (£9 ) = 0.5e\ ·. serniconcluctiYe band 

structure. £ 11= 0.5 e\'. 
(b) on ly unpai red f!.elaxation and charge Pt>ierls distortion. Oils 
DB redisLribut.ions. DBs a rc sltou lcl be observed alter-

observed alternately. nately. £ 9 =0.025 e V 
(c) pai rPcl and DOS at Bp No calculation available 
unpaired DBs 
arc 111ixcd (mixed 
stnJcturc) 

T<\ble 4.1: Sumrn11ry of llw result s. 

Tltc rc·laxat ion ocnu·E•d iu periodic s l ruclnrcs s uch as DB stn tclnre made 
of oul,· paired DB, anrl nmcl of 011ly tutpaircd DBs. T he mi..xc l sl rurtur(' i, 
Lhc Jt.losf. iutrr(•st.iug structure clue to it s n trions combinations of paired <Utd 
uupelirccl DBs. Tlt~· ,•(l'cl't or mixture s hould br carefully con~iclerod. 

Hayr I' I u.l. n•J rt d 11 th ba ud stntct.urr or I h<' p(<-1 x2) unit, ce ll wil.lt 

57 



o ne Na atom per Si dimer, adsorbed ou D B st ructure mad e of only paired 
DBs [53]. T l.1c surface ba nds n •sem blc t hose of "LI.tc• r b w DB sl"rudu w. !tow
eve r. the sur[ac s tates resulting fro m t:hr DB structure wa;; half [illcd a fter 
'Ja adsorption. This st ructnre is expect·f'd to have metallic properties. T il ey 
lt avr not y('l don e• l11 c cak nl a t iou on i<trger uni t cell [108]. T he Peierl distor
t ion may appear in this case. Hashi w m e et aL, indr.cd , dc•posited Ga atom~ 

mtd forrncd Ga at<Htl wire using DB s lmcturP (41]. Wlt c>ther t he C:a atom 
wire is condnn i,·e or not is very iJl tcre:ting. 

\\'c now discuss t he tra ns port in thi. DB s tntcLu1·c . In on e dimension , 
s pec ial as pects of phys ics will be invo lved . F irst t he energy stabilization such 
as Peicrls t mHs it.ion C<lll not he prevcit ted . The st ructure " 'ill end up wi th a 
gap in lite band structure, which is ins ulating or semiconducting. 

l11 purP LD system, a ny diso rder, whatc•vcr its magnit ude, will indu ce 
localizat ion a t temperat ure T = 0 K (1 be A.llCierson localization (109]) . In 
other word,, ins tead of being delocal.i zcd ove r the e nt ire chain, t he wave
fu.uctioHs ,u·e limited to a given localizat ion length >... Thus. as soo tl as the 
chain length is larger tha u tlw locali7.atiou leugtlt , cha rge carriPrS are not 
a ble to cross along the cbain , tlmt is, tlt p clt a iu is a u ins ulator acT= OK. 
Por T > 0. phonons <HP excited, wlticlt will h ave t>vo opposite efff'c ts [110]: 
( l) bring assisted by p ltono.us , cha rge carriers eau now move a long by hop
ping. (2) scaLLering againsl t he smnr phonon a lso restrains Ute ll!otion of 
t he charge carr.iers. Considering t.h •se, t.he a t;omic 11·ire should be shorte r 
th an llte localization length . A ba llis ti c ·onduction is req uir d to be used <L5 

conduct ing 11-ire. 

H the etrcct of c•lt•dron correla ti ou i not negli giblr iJt this ·ysteru . a nother 
t>xp la nat ion fiJl· the [1- \ ·~ curw of mixed s tr ud urc is possibLe. The effects of 
r lect ron con ·e latiou a nd : pin a re knm1T1 io r ause purr l.v lD system with a 
lta lf-filkcl r• nC'rgy ha ucl to br always insul a ting wit hin t.hP constrain ts of the 
1 D Hubba rd UI Ocl ' I. T ltc DB st ru e lu re made of bot.h pa ired a nd unpaired 
DBs cau l>t• in te rpreted as r>u-rirr-doped DB ot rucLurf's. If t hr structure is 
made of oul y uupa ir>d Dl1s , it tnay I tit\'<' a b"nd ga p in t.h c Lnnncling s pectra 
b •c·;l!JSC' on<' l'ic•cl ro u pc> r si t.r i. jus t the sam <' as a ha lf-fi llr d Hu bbard model. 
This tnodPI pr!'di cts l it •· so-callr d il foll-1-lubbard in ula t,or wltcn t he s.vs tcm 
is half [illcd a nd l' ll'c t.rOH correla ti on is lak••n in to acco un t. Here , a DB P<1ir 
p lays thl• ro le• of a earrir r dopan l or pert urbatiou. Brnut He o f the localized 
?r- boncl in D B pairs, t It<' l'iect rous of uupa irl'd DBti haw sO m P per t urba tion 
fro nt t he pai red DB si tl'. rf's ttlliug in t he carrier dope• !' fl"l'rt. T h r carrier
el oped ~ [ () II. iusulat.ur bc lmvcs itS a. uw lal , which may he tlw cas1• in tltrsf' 
DB st ruc- 1urr,. lu t his Hce na rio. il tr finit r D OS a t. Uw Ep iti l'X pla ined by tltf' 
el-l.r rier-dopcd H nbbard w odel. 
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The na.ming o r the distortion is old bui. Uf'W probleru. II is quill' ambigu
ous thai. how tmuly Moms an' mwclcd to sa.v Peierls distortion. If there is uo 
eclg<' cfTrrt, IH' may say it i;; Peierls distortion. rr there are Pdge effe<;t, we 
may say it is Jabu-Teller distortion. 

FinaLly, we briefly comwent on a possible peculiaT electrorric st;ructurr in 
tbe Dll structw·e. In Lhe case of a mesoscopic GaAs quantum wire [J 11], the 
wmpcracurc clcpC'udcnce of Lhc conductance is well described by the finite
length Tomonag<t-Lutt inger Liquid. 1 n a I D stntcLurr, the effect of elec
tron correlation is rdat.ivrl.v st rong compared with that in higher-dimensional 
stntctnres. This implies that in an <\l.otnic- cale DB structme, more lD like 
cbetract.eristic fcat m es ca u b<' obsct'\'er.l aud 11 Tornonaga-LuLtingPr Liquir.l 
may he achi!'ved. In order to st. udy thi8 cflccl, t.emperetture dependcut STS 
must be studied. 

4.2.5 Summary 

The ma.in l'l'ti ttlts prescJII,cd in th is s<'ction a,re: 

l. Th e eler:tmr~ic st·ructuTe.'< vary depending on the width of otomic striJC
ture. 

2. The pc rioui~ st rurwrc citlwr madr of only unpaired or only paired DB 
is a lways . tabilized Mel an en rgy gap will open up. 

3. Th.e mixliirf' of unp;cired and pairr•d DBs rc ·ttlts in the doping dl'ecl 
and 8Uppresses st<ebilizat ion. 

J conclud lhi. sec tion as f'ollows. 

" The periodic structure waut LO be scmiconductivr. ln order LO fabricate 
c ncliictiug <lt omic-scal' stmclurPs, sonw p rlnrbat ion such '"~doping sbould 
br> introcluc<'rl." 



4.3 Jahn-Teller distortion in DB structures 

Tot.al-energ,v lowering in psendo-one-dimensional struetures by charge recl is
tribut.ion is one of t.hc exciting t.opics in so lid-state physics . Tb Jaho-Tcller 
di HI.ortion (112] in a firLite-length molecular system and the Peicrls inst.abil
it.v [104] in lD rn et<tl system are two typical examples. II, is known t.haL 
oliton moliou [l 13] decreases thr energy barrier of strucltrral change in the 

polyace tyleue. 

Linear-chaiH of DBs ou a hydrogen-Lermi.nat~d Si(100)2xl surface a rc 
fabricated aud st udierl by ns ing ST!vl. Length-dependent charge red istribn
tion was observed <Ulcl fir. t-principles cakulatiooB reveal tbaL the second-layt•r 
Si aLoms a re clisplaccd alternately to form pai1·s, which res11lts in the Jalrn
Tcller distorLion. In a short. even-numbered DB s tnrctures, a lone second
layer Si atom wbidt is not forming a pair eJ(ist and bPhavc like a sol iton. 
rC'sulling in fiip-flop motion of the duuge in tlw first-l<tyer DBs. The phe
nomenon is iu <lJlalogy to a soLiton nrotion in a polyacetylcne. \IVe point out 
that the odd-ev en problem. til(' edg• effeci, and the fini te length of the DB 
strncLUres must be r;;tken inca accomri in order to explain the experi.rneutal 
obsen·a,tions [ll-1]. 

Tlw exr erirnents are pcrforml'd at low t.emperaturps (9G t.o llO I<) achieYed 
by liqnid rritrogt• u and a tempcmt nre-coutrol shn ti.Pr attach<•d to a raclia t imr 
s lri clcl. Tire ST~l images and noss-s<'ctional views arc obt>Lined at I ~=-2.0 

(filled slatl•) or +2.0 \ ' ( mpt_v s t.ntf') arrd at a c:o nstanf tunneling current of 
f 1 =20pA. 

4 .3.1 Length-dependent distortion 

ln order t.o iuv0stigatc the charge redist ribution io sbm·t DB trucu rrcs, we 
l"arcfnlly fabrimtccl two- , thrN'-, fom- , Rnd fiYe-DB st ructurc; (cicfinc<l as a 
DB lin a r-d ra io Rtru ·turc rn adc of fi1•c unpaired Dl3s a long a dinu•r row ). 
Figurrs •J.7 (a) lhrou~;h (d) sb II" gra.1·-sealc fill f'd-~tHtc STM images of two
, tlrrN•-, four-. and five·-DB s t rudur<•s. Cross-. c·nionHI vic•ws of fill ed-stale 
STJ\1 irmtgc·~ for two- , thrN'-, !"our- and f11·r-DB s(rurtmes nrc howu iu fig. 
-1. The apparc•nl nrodui <lt ions ob~(·n·c• rl in I he• h<' ighL of tlw DB HITuctures 

refl ect f lw !"('distributions or tlr(' c·harge. 

Prun1 t he Glle.d-state , T?ll inr<l!\l' of twcr-DI3 sl.r\lclme, thr height. dif
fNrnre bctwct•u f lw l.ll"u DBs is witlri rr ;ur cxp<•rirrt('UtRl error. There is >1 

dist in rt uudc b<'lween two DBs. wbich i ~ sccrr as a cl tu·k line• pNprrrdicular 
10 the dirnrr ro11·s in the· ST:\ 1 imagr (Fig. -l.7(a)). No node was observrd i11 
the· <'tnply-flf.atc imag<· (1: = +2.0 V) .. and it was se ··n a~ one prot.nr. ion. 
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F'ig urc :J . 7: Fillcd-stat.c STM images of (a) two-. (b ) three- . (c) four- , and 
(d ) five-DB structures [114] 
(1!, = -2.0, It= 20 pA). 

Apparent heigh t cha nges of DBs are obscr\'ed for thr longer DB stru c
tures. The three-DB st ructure, sccu as three prot rus ions, i loca ted a t lowPr 
right ide of a dime1· row in Fig. 4.7(b). ln this case. the center DB is seen 
lower titan h ot h edge Dl3s. ln tPrcsting results are obta ined [or U.1 e four-DB 
s trun tm' (Fig. 4 .7(c)). Th e DDs located at both <•ntis m·c sce11 higher in 
filled s tate image, as usual , bnt the cent!'r two DBs an • seen lik(' 'buckled ,' 
and the spa tia l symmetry i. bro k<•n. 

lu t he case o f the fivr.-DB slw r lurc (Fig . -l. 7(d )), t he dis liu r- t i><'aks ar 
seen altc.rn awly, s imila r Lo I: be n•s ul ts cl csnibcd in section <!.2.2. \\' · could 
JI OL obser ve >~ny protrus ion lw1 WC<'n tlw dis ! ind peaks, e\·Pu if Si di"!n crs 
<U'<' clearly obser vccJ . PnrtllrrnJon•. f.he spa ti al shift ofp0aks hctwt'('ll t' lllpty 
a nd fill ed stal<'S arr obs0rved . Same cha racLrristics \H' l'C ohsPrvcd for DB 
s trurlurrs made of se ,·f'n. nine . a nd c]c,·ell DBs. The edge DBs a re a lways 
Sc<'n as prot rns ions in "II I hrs<' DB st rurt.ur<•s . 

Tlwse modula tion o 1n110 I be c•x pla im•d h_v t-l1 e calculations such as tho · 
carri\•d oul by \Val<\Ha b<• r-1. r!l. [3 1], in whi ('h ~ n 'illfinil c- lcngth DB s tructure 
is a, sumrd us ing pPriudic boundary m ndition. Ln order 1.0 rewa! t ill' orig i11 
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Figure 4.8: C ross-Rectional views obla i11ed from t he filled-state images of 
two-, three-. [our- and fh·e-D8 :t ru ~t urcs. A eros. -sectional 1•iew of the 
empty-slat~ image for the th ree-DB s tructurr is also sho<m by a l bin line in 
(d). The curv(eS a re arbitrarily offset v rt,ical ly. 

of t his ·harge redistribution, Li et 11l. prrformed fir st-p rinciples calculations 
cl<'<tling a large unit cell. (4x8, lwo climer rows with eight dimers each ) based 
on a loca l density fu.netional ~pproach. The detai l. o( the calculation method 
are puhlishC'd elsewhere (115, llG]. a nd also described in section 2.4. 

4.3.2 Odd-numbered D B structures 

Jn the ca~c of l hc DB s i ructnre>s cornpos~'cl of odd-numbcrrd DBs (three- and 
livi'- D8 st ru (·l ures). dist·inct altcrnat.r peaks arr obsrrvecl in lhe fiiiPcl-stat(' 
STt\ 1 i111age~ and the <'dgr DBs arc always obsen-ecl as prot rusions (Figs. 
1.7(b) <l lld (d)). In Lbret'-DI3 structm c, lhe height cliff&rcnce br Wf'en t be 
cdg0 DB >l ud the (' nlc r DB is approxima tely 0.01.5 lllll (Fig. 4.8). In a.n 
<'t llpLy-sta t,<' STil l itnagc of llw t im><•-DB s l rncl nrc', t·hp <"<'nter DB n.ppc•arecl 
to be O.Ol um highrr thmt 1 be ('cigr DBs (thin linP in Fig. -1.8). 

T he first-priucip]PS nlicnlnt ion of tlH• ilm~<'-D8 s tmctnr!'. hmw'd an:.~ 

markal;l qtwLitaliw agrc•etneut 11·it h IIi<• ST:\ 1 im ages. Fignrt>s -1. 9(a) shows 
I be contou r tnap uf tlt <' cakulatcd li llcd DOS (2.0e \ · below \lte F'<•nni energy) 
of Lhe t hrc -DI3 sf rtt cturc. Close 11ps for fill ed (1 :, = -2.0 e\ ') and entp t.l' sLates 
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(Vs = +2 .0 eY) are shown in Fig. 4.9(b) and (c), respect ively. Almost a uni ty 
charge of the center DB has Lransferred to the edge DBs. In con trast, t.he 
center DB llas much higher empty DOS than t he edge DBs. 

(b) (c) 

Figm e 4.9: (a) A calculated contour map of the filled-state (2.0 eV below the 
Fermi energy) local density of states for a three-DB trncture (Courtesy of Li 
et al. [114]). Yellow and blue spheres stand for Si and H atoms, respectively. 
Dim er rows arc qmning horizontally. Red a rrows indicate t he pos ition of 
DBs. Close up views of fill ed ( I~ = -2.0 eV) and empty (li, = + 2.0 eV) density 
of states are shown for t he three-DB st ructure in (b) and (c), respectively. 

A vertical displacement of the first-laye r Si a toms is accompanied by a 
latera l relaxation in the second-layer Si atoms resulting in the pair formation 
(Fig. 4.10(a)). When the second- laye r Si a toms pa ir up , the backboncl angle 
(schematically shown in Fig. 4.10(a)) becomes smaller, which lowers the DB 
energy [66]. f\lo re details are described in section 2.1. The numerical calcu-
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la tions , uggcst that the DB ch<Jra.c tN of the ccuLcr Si atom becomc•s more 
p - like because• lite t.ackbouds of the Si atom become more srl- tih:e (back
bond auglt> brcoinc•s larger dul' to the second- layer Si-at.om displacement). 
[u ('ont rast , DBs of trl1 c edge Si a toms become more s - like beca use the 
back bonds of th r Si al,oms become p3 - like. Since the s - like orbital (the 
energy of this orbital is defined as Es-tik·e) is Pll ergeticall, more favorable 
thM the p- like orbital (the cuert,ry of I hi s orbital is defined as Ev-like), a 
·barge transfer from th center DB to edge DBs. 

The ca lclllaled energy lev •Is at the r point of wave-vector space showed 
that th cuerb'Y 1 ,·c is rorrespo11ding to Lh0 Dl3s are stabilized by an opf' IJed 
tip energy gap of 0.38 c\' (Fig. 4.10(a) inseq. Tlw prrsent numerical calcu
ln.tion. a. sume a period ic arrang~m · nt, of the DB st,ructurc. Howrvcr, the 
4 x8 cdl is largP enough for us to regard Lhe calcula t eel DB structurr> as an 
i. oint od three-DB structure. Thes(' sr·cna rios on lhf' r<' laxat ion of the llll'(•c
DB .-tructm <' cau be wPll desc ribed by >l J ahn-Tellcr rii:lort ion iu <ln artificial 
pscuclo-mol -cule composed of three DBs. 

Tho icl allhrce-DB siTuctm e cont ribute one elcctrou per SUJ'face Si ntom 
to a half-GI Ied DB surface stat.e. However , an energetically eqttivalent ar
rauge ut ut; wou ld pi>W'' clcc·trou~ on some sites and IP<We others empt.~'· Ac
cording to .)ahn and Teller [112. ll7], this t.' 'P<' of elecJroukally degenerate 
sit uation is un ~tal) l c "'ith re p<'N to laGiice clisiorrions and lower t lw sym
mrt ry in order to rernove the drgrnf'racy. Generall y, the distortions Le nd to 
lower the f' nergy of oc~upiPd sr.>li<'s a nd raise the energy of unoccupied states. 
Thi action opens up P n ~ rgv gap <mel clear ly lower~ l h.c cncgy of the entirf' 
sysLem . 

Pairing of thf' s<•coucl layer Si >\toms ar ·com mon in all the ocld-uumbered 
DB stru ctm cs, 11s is shown in Fig. 4.10(b) for the can· of the five-DB struc
t ure. AU 1 he seeoncl-layc r Si a.tom f'orn1 pairs. \\'e were a ble to in terpret. the 
STM imagr.s of seYen- and nin<'-DB st.ructm cs iu a similar way. In all the 
ocld-nulllbered DB stmct urcs, \\'C predi('(. t h;tt t h<• edge DB. wi ll alwayR be 
ohscn ·ecl as pPaks aud inn <' r Dl3s will a lways bP uhs,•rw d as >tlternalc peaks. 
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F igur 4.10: (a) r\ ba ll-sLick modd of the three-DB . truc1 ure showing dis
placemf'nt pa tLero. of the first- and Rcco nd-laycr S i a toms indicated by the 
arrow . T he ha tch d and ll<tn k cirdes df' nOt c Lhr fir. l- and second-layer Si 
atoms, rcspc tively. The a mottlll o f d ta rgr in the DBs i ~ -chernatically ex
p re~ cd by t he harkd ova ls. The clotted o,-aJ shows the pa irrcl secontl- laycr 
Si at om:. Da. ltcrl horizontal U1t cs s ltow the <:P ucer or up and d0\\'11 Si atoms 
with DBs rci>Hivc to the unrclaxt•d Si atoms. The calculated result s indicate 
tlt a t tit!' ecntra l Si a w m \\'iL!J the DD mm-es clownwa rds b~- 0.039 nm (to\\'a rd 
the bulk ) and l he <'dgc Si Hto rns 11·it h the DBs rnov upwards by 0.011 nm 
(toward th l'\ vacuum). The ser-ontl -layer S i >t t.oms are <lisp lac-ed 0.0016 nm 
la terally to form pai rs. T he inset shows the energy ]p,·cl dia.graw aL the r 
point in wan•H •cctor space asso ·iat ·d wiLb t he ilu·e --DB st ructure. F illed 
circles ~t>utd for electrons. (u) A. ba ll-stick mode l. of ilte five-DB structurP 
showing displacement pa t. te rus o l' t.b t• lirs t- a u<.l second-laye r Si atcoms shown 
b~- t he a rrows. The second-layer Si atoms a r<' displaced t.mnuds the ri ght, or 
left llitc rna tcly Con:niJ1g Si pa irs . 
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4.3.3 Even-numbered DB structures 

In teresting results for til (!V('Il-IIU IHhcrNI DB struct ures are ohlai11ed. In the 
fill ed-s tale ST1d image of tlr two- DIJ structure, the height cli£[ereuce between 
t.lr c t.wo DBs 11·n. wi thin the cxp rimcntal error, that is, lcfis lh>ln 0.001 nm 
(Fig. -1. ) . Howc1·rt·, the ('a lculat.e I resu.IL f r the two-DB st ruc'lurc suggests 
au incq ui valr rll atontie lrcighl, result ing in in quiva lcnt chm·gc distribution. 
There arc two degeuat c most-st.abl · configurations in mirror symmetry, with 
a cakul<ttcd fl ip-nop ba.rricr of 48 nwV, whi h is the n · rgy difference between 
the rclaxrd st. ruct nrc ami il11• st rndurc with no distortion (Fig. 4.1 1 (a)) . A 
[rE'qucnt Aip rnntion. induced evE'n <t( 1001< (Fig. 4.ll (b)), res u.lt.s in the 
eqni,·aiE'nt height. of DBs obS(!n '('(! in the STI'v! ir11age. 
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Figure 4.11: (a)Schematics of energy diagrarn. There are two <'qniYalcnt 
mont-stable ronfigurat ious in mirror symnwtry, with a calcu lated flip-flop 
barriPr of 48 nw V. wh ich is 1 he ('nC'rgy cliJfcrcuce b0t ween t hr rPlll.xc.d struc
ture and the st l'll ct;urc with no rrlax<<l ion. (b) The csti rn fltcd Aippi.ng fre
quency as a function of lemperalur . . frequent Aip nrolion is induced even 
at 100 K Rurl resnlt~ in ihf' cquintlcn t h<'ight of Dl3s observed in the T!l! 
image. 

The flip-ll op fmqnrncy ty picall y d(•jwud c·xpont'nt ia!Jy on tempcntt ure. 
\\ 't• m n l'Sti nmt.e the flip- fl op fr('(tllt'II CY J using a simp!(' Arrhenius NttH1-
tiou. f = llt'xp(-Q/kT), when• 11 i. a pr(•-<'xponcnt iaJ Jactor, Q is an ac
t.ivat.iou barric•r, k is <J IJolzmann consta ut, >l.n d T is a temperature. The 
prc'-f~xpo n c ntial fac tor !ISt'd in this c~ti rn al i ou wa.~ J0 13 s- 1

• which i · a t.rr>i
cal fri'qn ('nc- 011 Si( 100) surfac.;c. Figur(• -L II (b) shows tlw t'stimatcd flip-flop 
frecpH' ncy as a l'uuct.io11 of temperatu re. Frequent flip motion, approxima~ely 
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lOLO ~ 1 , i ~ induced even a l I 00 K, and re~ul ls to the 'qnivalrot height of DBs 
obserYecl in thr STM image. 

T hr flip- fl op cau be expla ined by t he Pxcha ngc of a lone. rro ncl-layer a tom 
whicb is rJO"I forruin ' a pai.r. T he rccombin;~t io n of a pa ir in the second- layer 
Si >Hom c fl"l·c t.i w ly sh if tH the po~ il. i on of I. he lone second-layer Si >tl 0 111. P ig . 
.J.. l 2 ~ hows t he• step by s tep sequence of flipping showing the recombinat ions 
of pai rs. Tbis n1ot;ion of se•coTI(i-layer Si a l om is analogous to a soli ton in 
polyacetylr uc [113] or phason on a clean Si(lOO) surface [118]. !\ [ore deta ils 
o l" a n ana logy Lo polyaccty lenc is discussed i11. the ncxl sPrl ion. ·w" specuh lc 
that Lhis rn ot io11 of the lone Si atom reduces t hr effective barrif' r height of 
rlipping, from Lhc so lid line iu l'ig 4. 11 (b ) to the dashed cncrg)' cune lit the 
same fi gurr. Tn our cxpcrtrnents al 40 K , t he flip- fl op was st ill present <tnd 
t il C' lwo DBs in two-DB slruc tlU"c resu.l ted tn equa l .height . 

Es-like 

}j:;' 
(a) , __ ... \ 

E~p3-tike E /"k . s-1 e 

.... 
(c) ~ / .... __ .; 

lone Si atom 

Es-like 

,U"k' 
(b) , __ ... ' (d~ 

Pigurc' 4 .1 2: Sdrcmatics of onr- by-o nc di:plac~uwnts or thr second-laye r Si 
positions [or lwo-DB st ntctnr('. (a)Onr of l lt c lllOSt stable geomC'Lry. (b) T he 
right S('e·outl-la ·c r Si a tom is displaced 1 o t il e !crt . (c) T he center atom is 
d isplnccd to t !Je right a nd rerontbilli' a 11 0w pair . (d ) T he lcft sccoud-IHyer 

i alo tn is d isplac1!d tu til e lefl, t·esult.ing in the lliO. 1 stahlc geomet ry 1\" htch 
is in nlirror symtllf' l ry wit lt (a) . 

!11th<· fonr- 0 13 sl ruclt trc• (Fig. ·1. 7(c)), the DI3R .local eel a t both cuds arc 
ohs<'tT<'d to bt> higher in tlw [i!IC'd-s ta tC' intagP. bu t lit e inH<'r lwo 0 13 arc 
observed lowl)r thmt rit e• edge DBs (F ig. 4 .8). TlH'OrNiral ca lc ulat ion sug
grsts 1 hat two rqui valent ll lOtiL-stable configunlttons <'X ist in Tllirror ·ymtnel ry 
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( t.hr~<' con.fi g umLions an• s howu in Figs. 4. 13(a) <Uld (b)). In Pig. .13(a), I he 
lcfl ed ge S.i <tl.on t is Lh highes t and t hin] DB from I he le[t is s<:C(J! td high<'st. 

\Vr co11 s idcr a gain t.lt<tt the frequ<>n t flip-flo p ruction occurs bctweco Uw two 

confi gurat ions . 

Si 

(c) 

Figure 4.13: 8 ;lll-. t ick modeL' of thr four-DB structm e showing hm possiblP 
displac0ment pattem s in a mino r s.vntJrt<'l ry ((a) ami (b)) . Blank c ircles 
clcuot<' Si atoms aud g ray ovHis d •notr charges in DBs. The dot tf'cl o1·al 
~ !tows t he paired second- lay<> r Si at.o ms aucllto rizonla l daslHcd lines s how the 
center of the fh·s t-lay€' r S i atorns. (c) An expcct.cd STil l cross-sectional ,-icw 
a fte r considering the• flip-flop motion bl'twecu t lw two dis placem ent pat.terns 

. hown in (a) and (b) . 

Our to tl1e [r('quc•Jt1 flip-flop motion , Lite ;weraged at.om he ig bt exprcted 

for the ST:'I[ imagr• is highC' r at Lit e edge DBs and lower >t L t he inner (.wo DBs 
(Fig. 4. L3(c)). This <>x plauaLio tt wl' ll iu tcrprcls thr ST:\1 image 

The• soliton motio n can be qne ndwcl at more low &C'mpcratu rC'. Exprri
lllcu tnl n~s n\ ls ar ·10 1\ sl10wccl that the• solito n mot.ion is res tricted at that 

ternpemturc [119]. 

H wc1·C'r, a qtte. tio n remains . The dPt.ai.l!i rrgarrling t he s mall cliiTercncc in 
th It ights o f Llte inner two DBs iu Fig . 4.8 1u·t' not clea r yet. To daril\' eaclt 
DB 's s pat ia l ~xtcnl iu t be cl iredion paralle l to the surface , t he coul ra,s( o f t lw 
STJ\ [ image is c-hanged (Fig. 4.14). The STil l intagc clcm· ly ~ uows t.hat t he 

cha rge exten t o f ii iC' 013 pointed hy a n. arrow is s lllallc·r than ot hC'T atom. ln 
cons ist<'lll wit h I hi~, LIJP h eight of thi s 013 is lowt>r than o ther DB~ sh own in 
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Fig. ~.8. A p oss ible explanation is that. a t ress fi eld asso ·iatcd with surface 
defccLs or underlying irnpuri tie~ may affect the solito n (lone second-layer Si 
atom) mot.iou <u.Jd t hus dcterllline the averaged height di[fcrcnces. 

Figure 4.14: An STll·l image of lour-DB structure. The cout.rast is changed 
to clarify the spatial extent of t.he charge. (9 um x 9 um, \1, = -2.0 V , It= 
lOOpA) 

At lrn ·t., we pred ict t hat if ntu ·h longer even-numbered DB . tructure (such 
as madH of more l!Jan 20 DBs) is fabricat d. the DB st ructure would be 
(iuctuati.n g near t he soli tou posit.ion. It is v<ery inter esting to note that. this 
phPnornenou is aHologous to the soli tou · in pol.vacct.ylene [120] in a sense 
that the soliton moLion determines the s t rucLurt". 

4.3.4 Discussion 

fn the) previous sections, IW described how tlw DB st ruc tures made o[ un
paired DBs, figm e out· t.lte most stab!(' gconwlrics depending on !heir length. 
Fo r Lll(' DB structures m~tdf• of a few DBs . w' may say it is a pseudo-mol cule. 
Lu this l'fL'i<', Lit e cledronic ba ntl is not lonncd a nd discrei.e ene rgy levels a re 
cxp<'C t<'d. T hn charge redist ributes .in o rd t•r to tunoYe deget tcracy, and this 
procc~s ean be expla ined by Jahn-Teller effect,. 

The second-la.I'Cr Si a. t.oms p lays importmJt role in the e:>nergy sta.bilizat ion. 
Th s coucl-l<l,)'<' r Si atoms Hre displaced a ltern at ely and form pairs. How wr, 
t he fiuit e length and odd-ewn problem p.rcvcnl. U1c DB s t.ructurcs froru taking 

the i.m pJc pa iring s.l'rnruetry. 

U i. very int erest ing to rtot.e t hat the soliton-like behal'ior of a lone s ili
cou atom in <'VCIHlllll1berecJ Oil Struct.ure j ' a nalogous to t]H:' solit,OnS [120] 
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(a) 

(b) 

(c) 

(d) 

Figu re ~.15: (a) Stlwmalic view or a metalli c tate. (b) Schematic view o( a 
insul~ting tita l e. (c) hargc dt'nRity of a rr ele lron. The double bonds haw 
a high cl~nsily of rharg('. (d) i\[i:fit iu a onjugated <:hain PA. The black 
ci rd\' den otes l li ' one unpaired rr lcctr n. Two adjacent ingle bonds are 
lonchi ug in t his case, and one DB localize near t.h misfit. 

iu p lyacctylcn\' (PA) [l07] l hriel:ly de. crib <> the analogy betwe<'tt the poly
ac"t.ylenc and th~ DB structure. 

ln Fig. ~ .15, the "mel>tlli c state'' o [ PA (a) and the transition to the 
insulating state (b) Me ill ustra l.cd. [n t.bc mct.al.lic Rtate, the electrons are 
depict.cd as dclocn-lized ov<'r the entire chain. Lu thr insulating state. there 
in an a lternation o r shorr and long bouds which correspond t.o double bonds 
aud . inglc bonds, respPd.ivcly. The rr elect rous localize at the double bonds 
(Pig. 4. 15(c)). 

Dur t.o t.hc Peirrls transition. t.lterr• op<•ns up a u rnrrg,· gap of abo ut 
1.1 t•V. The Peicrls I mnsilion OLTUJcs ;tt a lcmp<'r<lt llr<' t hat io in Llte same 
order of maguit.udr as liH' gap t•ncrgy. i>PntusP ahow l.h;d t.c•mperaturc man.\' 
clcct.r liS arc~ t. hcrrua lly exdtrd across UtP ga.p and the solid doe. uol " uoticP'. 
tlte gap anymore'. S i11 ct• 1 cV corrC'spond l,o n t.c rnperaturr or abo ut. J 0,000 K , 
a l, room tcnq Nature PAis fat• below the PciPrls I ra nsition. rt is uot. possiblr 
t.u heal PA int.o t h<' mt•tallic phase. !)('cause the polymer cJpcornpuscs at. somc 

hundred clrgrrcs c<'llligrale. 

There is s trict bond ailf'n tatio:n iu t.ltc domains, Lt owcYer, misfit are <TP

alctl at domain boundaries (Fig. 4 .l 5(c)). r\ct.uaJ]y, mis'fil,s are uol o well 
lotali;wd and cxteuds on!r somP Len bo11cl., modifying the bond a.lternat. ion 
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gradually [120]. T hesP misf]t.s (domain ll'a ll ) arr ea ll ed soli ton. 

A so lit.ou is fre<' Lo mow, IJ cc<ttlS<' the total eucrgy of Lbe system doc~ 
not dep<)ud ou che position of Lhc so lit·on. As we s<1w iu DB structures, Llw 
esscn cl' of o liwn nJ o~ ion is recombinations of pairs in second-layer Si alolll , 
inducing Lhc charg(' redisLribution a nd la tticr ([ist.orlion . ln similar, lhe re
cmnbinations of rr cl0rt rons are t.he soliton motion in PA. T he recombiu ations 
resul t in double bond >Lnri t!Je C-C spaciugs change. 

lf a long<'r even-numbered DB structure cau bt• fabricated , the stm c:Lurc 
tan l>e easily prcdict.<-d frolll lhe analogy Lo a PA. ln lhi case many lour 
second- layer ex ists as as li to n in PA . In the doma i11 the pairing of se ·ond
layer det rmiocs the st ruct,urc, however, solitons axist a t. domaiu bouudari<"s 
and determ ined the ~tmcturc. 

4.3 .5 Summary 

1. Rela.xnliou oc·cutT0d in a DB structm c made of a few unpaired DBs. 

2. Leugth-depr.ncl cnt relaxation was observed. 

3. The DB stru ' lures <:au b<' rPgRrded as psruclo-molecule and a relaxation 
process is explained by JRhn-Tcl lr r distortion. 

4. T he rcc:ombin alion of sc ·ood-laycr Si <ttonts a rc s imilar to the. olitou 
mot ion in pol.vacetyl ·•uc. 

Thi . ettion L~ conclnded as fol.l oll's . "L<'ngll t-depcudcnt r la.xation with 
odd-even proble111 b<!<'OJne apparcut in atomic struct.ur •s." 

The detrrmina.t.ion aucl pred ict ion or tbt' charge dc•osity for even number~ 

. uciJ as six , f' ight DBs is a dmll.enging l ucnw for both experimental aud 
theoret ical calculrtt ions. 
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4.4 Adsorption potential energy surface imag
mg 

Atomic-seal uuclcrstauding of adsorb<~l • surface• migrat:i u !Jas the funcla
mcnLitl importan ce in growth prOCl'SS('S Of thin (ilJll, aud Crystals [122, 123]. 
As cle,·ice miuintnrization rPA.chPs llil.nornetcr-lt>ngth r ·gimc., atomic-level 
control of he fabric·alion process i.s Iwromiug rmcial. 

Atoms adsorbed 011 so.lid Sltrfa ce~ ex hibit a wide varic•ty of aniso tropic 
migration clue t.o the surfac:·e ato1nic sl. ructmc·. The interaction of llw ~ub
stTaL<' with thC' adsorbatPS determine thc> pot.ential Cllerg ' surface (PES), 
which is of great importance in delc•rmining the bell av ior of the adsorbates. 

Whe n the adsorbate ato 111 reaches tJJc surface, thC' sy. tcm gains the ad
sorption C'nrrgy a.ud the alolll is placed at th(' bot tom of a potential well 
in thernu.tl (•qui li briurn. The t.bcnnal flncwations drive the ad or bate jump 
l<tl rally along Lb smfac from one wf'll to t.hc next. Th ·direction of rach 
jump i C0111plctcly random and unrorrclntcd from jump to jump [132]. 

S ·ann i11g tunneli •tK microscope proYides many new s udies concerning 
migrat ion of ad ·orbates at an atomic leYcJ [124]. ?llucll rec nt at:tcntiou 
ha~ been focused ou t.he migration pathway on the smfac(• before the nucle
ation [125]. Swartzc.utrubt•r us<.>d a nobl e> at,orn-traddng ST?I l and revl'aled 
th adsorption-siLt' r(~so l vcd lD mignttion or Si dim('r on a Si(l00)2 x l sur
fa('(' [126]. ,\It h 11gh many theoretical srurlic exist , tho atomic;-scalc mi
gration paths fll'(' still UIH'Xplor(•d PXJ)('rirncnta lly. T hermally depo. it~d Ga 
<~toms migmt c on a hydrog n-tcrmiuatcd Si(100)-2x 1 surface at room tem
perature ami preferen tia lly adsorb on the dangling bonds [41]. Mor·e de
tailed 1tndlw-'tandin_q of migration ]Jmcess ·is demanded for· the film pmce; ·s 
and nunos /.r'Uctnre fabr-ication. 

In this section , we show tbat some of rhe Ga atoms adsorbed on a 
ltydrogNJ-terminawcl Si(100)2 J surf<~ cc migrMt• ooe-clin1en ·ionalJy. and are 
imaged as a linear protTusiou (Ga- IJar . lruci url'). Thr experimental rc~ults 
arr an;llyzrd ba. ccl ou the 11rst-priueiplcs calcul ation~ by Suwa ct aJ. [127]. 
\\'e find that t ll r Ga atom i~ couii11crl aud llligmting in I D potcnti<tl well at 
only narrow rau~P of tcmperatu rr! ucar 100 K. \\'e point out t.ltat tlw obsr•rv('cl 
h iglit moduhtt ion of Lite Ga-bar st rud.nre rdl<'ct~ thr' local adsorplion energy 
mriat i n, which can be rcl<>LCd to tlH' local~~ rcss [i ell (JI' dtHrg(• , iJ.tduccd by 
surface cl cfoc ts or 1 hr local bulk dOJ)auts [ 12 ]. 

A Si(lOO) salllpll' (As-dcl ped , n-t.I' J)(t 7 to l ml1·cm) was cut from a 
c· rnmPrd;1] waf(•r <tnd us(•d as a ~uh~trHtl'. Details of tlw urfacc and the STY! 
tip prt'J><mtt ion [95] 1tavc lwrn dcstrib!'d iJt scr t ion 3.2 and 3.3. By heat ing 
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a Ga mNal wi t h W fillll.n ent to GOO -G50 °C, G<t atoms were evapora t rd and 
lt•positod on Si sm f<tce wllil e scar1ni ug, a l varian sample teru pcral11rcs. A 

Ga cl oser was sc i 10 em away Cro111 lhc sample and t.h e STM t ip. Experiment~ 
wer • carried out at various temperatures ranging from 30 t.o 150 K, at the 
Ga deposition in the low-coverage limit. 

ln order tu unders tand thr migration of a Ga nlom 0 11 a byd rogen
lerminatecl Si(1 U0 )-2x l urface, we performed the first-principles calc-ula
t ions ba, eel on a local density func tion al npproach. Tho basic methods of 
ca lculal.ions by Suwa ei al. are sam a9 tlut l of \Va tana be et at. [51]. In t he 
ca lr ulal.ious. a p(',.riodic 4 x 2 or a 4x 4 s upPrtc lls wer · used. \Van:- fum·tions 
were expanded iu a plan e-~Yave basis s I wi t ll au energy cuto ff of 9 Tiy. :\ lore 
deta llecl met,h ocl s ;u·e clesci hetl in sec tion 2.4. In ord r to ob ta in P ES. l li e 
total energy wi t h Ga adsorbate is minimized with respect to t bt> eleclro uie 
cha rge d c.n. ity ami t llc subst ra te 1>\Ltice. A G<L >\to w was posit ioned on appro
pria t grid poi.uts a nd the electronic strud w·es o f the sys em was cal -ul a t.ed. 
Fur each po.' it ion of a Ga a tm n, t he tota l enr rgy o f I he system is ca lculated 
by optimizing t he p osit ions of t he other atom. and the ve rt ica l posit ion of 
the G a a tom. T he ni t rion of the convergence of th e geom etry opt imization 
is that all of I he for ·es acting on each atom a re wi thinl x l U- 3 Ha rtrceja. u. 

4.4.1 Ga-bar structure 

Figure -1.16{a ) shows t he typical gray-scale fill ed-sLate T M image aft er t he 
Ga depo, itiou at 100 ·1<. At this t,empenu ure. va rious types o f Ga adsorption 
are obscrvncl: SO Dil' are ou da ngling-ho.uds, RL 1he edge of missi ug-S i cl efecLs, 
and on the hyd rog<' ll-t<'nnina t,ed Mcu. F111·ther. we observ(' many cha rac
teristic 1 D st ruci.m s, 11•hi ch we ra il a Ga-ln11· structure. ThrPe xa n1 ples 
are suown by arrows in Fig. -1.1G{a). T hesP st rnclures a re fo 1·m f'd pamll el 
to t il t• u.ndr·rl ,~-ing Si diuiCr rows aud fl.re local,ed iu t.lu> I ro ugh b eL ween two 
llPighbm iug Si dinwr rows. O ne o f l h<' ex;un plr is enhugecl in F ig. 4.16{b), 
11·lli clt is 7.7 nn1 i11 length and 0.2.5 11111 in h0ight , a nd ha protrusions ;tt tiH' 
bolb end {cross sec tiona l l'iPw of the· G<t-lnu on th e Si eli mer row sl rud ure 
is shown in F ig. -l.lG{c)). 

At a gla ncr, WP assnmPd 1 ha l th f• Q;l-ha r s1 rud ure would lw >1 row of 
Ga a tom., consicl ering t.hP fact Llw.t lJH' !o rmaLion or ad-climer dmins on 
a clr;tn Si{l00)2 x l surface is qni L(• com n1on. such a t he <'ase of Ga [129], 
Si [ l30], Rnd AI [5 1. 131]. Thny form simii;Lr lD s lmcturcs of ad-cl.imers 
but an' IWrp r ndicnlar to th0 dim <'r row. lus tNid, 1rc >lrguc t iHtt the G a-har 
s tnwtu r(' is a u image of a Ga atom ad~orlwd a ud migraring o1w d ilncns iomdly 
as diBcu ·sed in t ht< follow ing. 
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Figure ..t . 16: (a) A STM imag<' obtained after 5ub-monollwer Ga depo. ition 
ar lOOK (70 nm x 40nm, \ ~=-2.0e\l , l ,=20pA)). The white arrows how 
t i1P charactNi. (ic Ga-bar structu re. (b) Close np ' ' i<?w of a Ga-bar structure 
( l2nm x9 um). (c) Cross ser tional view of t he Ga-bar SLTuct urc in (b). 

First-prin cip l e~ c·:<lc ulat ions predict that a Ga <tlom is easy to migrate in 
a tr ugh. Figure 4.17(a) shows the contour plot. of' C<tkula t,t•d PES for a Ga. 
at0111 in a 4x2 unit cell. The adsorpLiou sitrs willt lowest. potential uegy >trr 
locat ·d in the trough aud tlw each site is con1pOs•d f two local minim >\ a: 
arc label rei a.· A0 's in Fig. ·1.17(a). An llCLivai ion barrier b('l wC<'n two A0-sitr 
minima is a few me\ ' and u('gligihle a t the· t,C•Jupcraturc range of tlH' pre eu t 
rxpcrinirut. T hus, we rt•gard t.wo A sill'S a~ one site t.hrough ut this sel'tion. 
\\'<' a l~o find a meta~tab l c• ad ~or ption site with 22llllc \ ' higber <Jcl orptiou 
poleul i<tl n •rgy than Ao . it t• at ti ll' pcclc•st<ll itc• (bP I.wcen two adjacent 
dimers which is labeled as B iu Fig . .J . .l7(a)) . The Ga atom ad. orb cl on 
hydrog<> n-l<'nnimll<'d ~ urfacc conrsponcled to this si ~e. A Ga adsorbate at 
lhr .-\o silt> ha,; IO\\'('St >tctinltion barrirr f 215 lll t'\. for ~11rf<1CI? migrat ion iu 
Lhr dirrnion !'rom .-\o site to At. itc (pn.lh l) in Fig . ..J..l 7(a). Tlw aclin1tiou 
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Figur J.J 7: (a) Calcula ted con tom plot of potential energy surface 
(P ES) [128]. The conto ur spacing is 0.1 eV . The zero of the x a nd y axis 
a rc cho en a rbi t rarily. (!;) Tempcratm c dependence or hopping rrequr.ncy. 
T he solid line ·b.owR tbc hopping rate or the Ga atom a long the Si dimer 
rows . Tb • da;b0d li ne shows the hopping ntte in the direction p erpendicular 
to t h<' Si-dit11 cr rows (from poiJtl A 1 o B in (a)) . The iJJSC L show f he dir('ction 
of th t> diffusion. 

barri0r from the A site to t.hc B site (path Tr) is · 69 me\'. 

Tbr migration ra te typically dr [Jends exponentially on temperat ure [132]. 
\\'c cvalnute t he hopping frequt'lKY f us ing a ~ impl t• ArrbenitJ-' ~quation. 

f = 11exp(-QjkT), (4.1) 

where 11 is a pre-Pxpoll ett lial factor, Q i. an activa.t ion ba rrier for surface mi
gratiou , k is a Bolzma nn cons tant. and Tis t he Lf'mperaturc o[ the system. 
T he pP-ex poncntial [actor 11 is esli lll atcd to be 1.56 X 1013 s- 1 by fittin g the 
.:akul<\tcd PBS ncar hopping s ite to q uadric [127] . Fig . 4.17(b) shows the 
calcu lated lcmpNat ure dcpendcnrC' of hopping rrrqucncy .f for the Ga mi
grat ion path 1 <end II show n in Lhc inst't <J f Pig. -l.l 7{ b). For tlw calculation 
of bollt ntigrat i.o n path I and II , t he sanw 11 is used. :'~~ea r 100 £<. t he hop
ping [r<•q uency to the next adso rp t ion s ite (.-\ 0 s ite to A1 sit.c) iu lhe trough 
(path I) is a pproxi Jmltr l.' · 100 , - J, whereas for nero~: t iJ (• dimer row (pa.Lh 
ll ) is J.0 - 11 s - 1 As a rcsull o[ t li e diffcn'Htc• .in barrier height. tlw di fl'usion 
becomes an.isotropir· . T lH'SC ca leul at ions well ex plain t li l' Ga-ba r struclur<' 
olisen·ecl in t he <'xper itnr•nt. From room tempera ture clown to 150 K , a Ga. 
atom migratcs lwo-dinwnsiona lly in ve ry l'ns t l1oppi.ng l'n•qtt<'nri.J•s for l.Jotb 
difl'u sion paths . which an• bc.vnnd the t.i1u c• rpso lut ion o f the ST~l. \Yell be
loll· I 00 1\:. a Ga atom clo<'s not utigTatc muclt aud we obsrrvc stnblf' Ga.-bar 
strunnrP b,, usiug STi\L Th is PY<tlua liou prPd icts lhaL th e lD ruigralion of 
a Ga a Jont n•s ttlt s iu t li c Ga-b:1r s lmd ur<' , IYhith is obsPrvcd only in t ltr 
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narrow rang<• of Lcmperatmc !War 100 K (77 K to 110 K). If it is the case, tlJC 
Ga-bar stJ·11cturc musl be ~omposed of the Ga atom images at the hopping 
site. The STi\1 image shown in fig. 4.16(b) bas 21 sit s. 

From our rxpcriments so far, we cou ld not observe any Ga-har structur 
at 35K. 65]{, and 150K. Observed temperature range was 77K to llOK, 
which agre<'s with our calculat.iou. Tb.is thermal act.ivated proces: supports 
tl1 a1 tu<' tit ·rmally activated migratiou. is dominant. at the sample bias voltage 
of -2.0V. 

Iu rase o[ having 1 wo or mon· Ga. atoms in t. IH' sam trough , the th oretical 
calrulation predicts t.ha.t <t Ga cl.imrr would he Conned and could be imaged 
as a Ga-bar stru.cture. However , the probability of ha.vi11g two or more Ga 
a Lams in ou ' Ga.-bar structuxe is very smal l b cause the Ga coverage in the 
prrsent PC~:pcrimcnt. is very low. Thus, WP a rgue t l.J at the Ga-bar structure 
presented in this pap''" is a image of oneGa atom. 

r\ que:tion arises whaL terru.ina.t.es th, two ends of Ga-bar structure. By 
applying a Yoltage pu.Jsc aud a large t unneling current on a Ga-bar structure 
(a s~un plc bias Yoltagr of -3.0 V a nd a lunncnling current of 0. 7nA for 200 ms, 
for c·x;unple), the Ga atom move out from the trougl; and the hyd rogeu
lenninnlecl surface was observed. Pigs. 4.1 (a) and (b) shows the STM 
i1nag(' b('farc and after the pu l ·r. Figure 4.1 (b) revPals that the Ga-bar 
stmclmr i:; term inated by the dihyuride Si clin1NS ( hown by t.lt a rrows in 
(b)) at the both ends. We arP ab le to ob cn·e tlihydridcs at the both end of 
the Ga-bar struct ur • a.lso by C>HefuLiy analyzing the cro s sectional view. 

TlH' cx pcrinwnt.al results implies t lwl dihydrid · act a" a hard wall for the 
Ga.-atom migration. Figure 4.1 (c) show · LIH• st:lt malic view of the Ga-ba r 
slructme aud Fig. 4.1 (d) shows the cakulal eel cross s~cti n I' PE. along the 
I rough, including a dihydridr using a~ x 4 uuit cP il. Tit · pl i in Fig. -Ll (c) 
cblrly shows that the clibydridr a~t. as a lm·ge harrier of about 0.6 r\· for Ga
aiOm migration. Considcriug th1' abov~ facts , two dihyd1·idcs and a trough 
form au oue-d illlcnsional pot<'nlial well for the Ga atom. Con equ ni,ly, we 
conclud<• t.h>Jt l.h1' Ga-bar st ructure iB an ST~J image of rapidly migrating 
Ga at01n coufi n('(l in onr>-cli.tncnsional p trntial well. 

In agreen1cnf· of theoretical and cx p ri111cut a l tudics, hopping is e sen
li<\lly coufiu ·d along thr dimcr r w dirl'ction, but limited bopping encnts 
across the di111er row was ob~crv d. \ \ 'c ~0 1uctimcs ob~crvcd" plit" Ga bar 
or partially imaged Ga ba r. Thcs(' irnag s arr clue to t.hc jump occurred 
bd.wc'Pu one >\nd sub~e~Ju<·n f· passe·~ I' t lw tip O\·cr I he· Ga bar. Figure -1.19 
sltows Ill(' ST:\ 1 image obtaiuc•d b<'l'orc· hopping (a) and al'l<'r the hopping 
(c). The Ga alou1 llas l! oppcd across ll1e di1oer row (Fig . .I.J9(b))and Lbc 
Ga bar UIO\'C•d to ad.j;KC'lll dimer row YaiiPy. If 1.hc both dihydridc is in the 
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sB ul.<' dLmrr row, equ iva.lC' ll t site E!-'dst in botl1 side o f the dimer row. This 
ntll.ey i ~ a lso terminated by t.he dLhydrid P, which means that it is equivalent 
to the previous Yalley. 

The pffecL of the lip-sample interact,ions shou ld be carefully onsidered. 
[u mauy other systems, iL is likely that the tip-sample Lntcmctions affect 
rnigration [134]. Samplr-biased polarity may also influence the dynamics of 
adsorbate. However. if a sam pi • i biased negative (fill ed s tate) , we conclude 
Lhal the tip-adsurhat(' int er~et.io11 is uegligible in tltr present system from the 
following discuss ion. 

>-i0.4 I 

Q) 0.2 
.2: 
1ii ' w 0 j 

0: ' 

• ' 

(d) ' 

Figure 4.1 STI-1 imag(•s of lw fon' (a) and a ftcT (b) a Yoltnge pulsr 
(7 nm x 3nm. 1:,=-2.0\· , /1 = 20pA). Local clihyd riclc species arE' ·howu by 
a rrows in (b). (c) Sch maLic Yi •w of a Ga-bar st ructlll'('. T it · hatched and 
blmLk 6rclc•s, <uld fill d cirdcs denote tlH• first- and sr ·ond-layer Si aroms, 
a11d bydrogt>n atolll . . rrsp .tin·ly. (d ) Cal,ulat.rd eros. srct ion of th' PES 
along the Ga-har s tructur<', in lndiJlg dihydridr in t h(• 2 x -l ce ll. 
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Figu.rc 4..19: A srri •s of fi ll ed-stRL<' STM imag , of Loppiug of Ga atom across 
the d irnPr row. (lOOK. 12uru x !Jmn. \i,=-2 .0 \i. l1 =20pA). (a) Before the 
hoppiug. (b) T ile hopping cvrn ocrurrcd to t li e left during Lhe scan. (c) 
AJtrr the hoppiug. Note that the Ga at.om bas hopped to Uw adjacent t rough. 

4 .4.2 Probing adsorption potential energy surface 

\\'e now extract infonnal,ion of ite occupat ion prob~bilily p of a Ga atom 
;tt indi vidm~l adsorption sitt:s from local-height analysis of Ga-bar structure. 
In the eonst.ant-<·utTE'nt-mod(' STl\1 operation , an averaged effective current, 

p ·I = ton t. (4.2) 

wh r I i the poak tunneling currPnt wbt•u t:h(' G>~ atom is under the TM 
tip. The p ak tunH ·Iing curTellt I i. givru hy, 

2v'2W fJ. 
I = Aexp(---yr/>::), 

h 
{4.3) 

where A is ;lcoust>1 ul, if> is the workfunrtiou, whcu a Gn atom is under the tip. 
which is c ·timal<'d to be 5.55 cV fro11r the lirst-principlc. calmlat,ions, and :: 
is averag('d tip t.o Ga ntom spetcing. his llre Plauck coustaut di vided by 27f , 
and m is ~heel clrou lll(lSS, under the Wl\ 8 approximation [l33J. Cquatious 
(4.2) and (.J.3) implies th;tt the height diffcrt•·m·e J'rorn the rcfcre.nc(' height 
·an be· converted to 1 he ratio of site ocr·upation p. 

\Vc• annJyzccl t lt C' cro H S<'('Uon of I he hcight or the Ga-bar stnrrt ur('s and 
obtained av<'ragcd ~ v;tl ucs (ouc PXH trtplc is shown iu Fig. 4.20(a)). Wh0n a 
Ga-bar structure con, ists of 11 adso rption sit.<' . 1he ct1·eragcd silt' octupatiou 
fi is given by 1/n. If the I ip-ad. orbat.c int.('r<letion i, IlC'gligible, the visiting 
pqss ibilit.v under f he lip is prop rt ional to tbc invC'rsc of lrngth . l ' iJlg t his 
re l11.tion. wr ('V<l lu ~ttcd;; for each Ga-bar slrutf 11 rc• with difFerent l<'ngth. 1tSiHg 
a. LO hopping-site Ga-bar strurwr~ ns the rcofc•rrt1('<'. nnd it is shown by th 
ciaslwd rurve in Fig . .J.20. 
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From t he plot of the avNagc~hciglit depend en ·e versus length of Ga-bar 
st ructurf' (Fig. -l.20), it i. clear that the height of Ga~ba.t· structure decreases 
as t he lcngti·, incrc::tses. T his result agai11 supports lh<tt tho Ga~bar . tructurc 
is uot a row of Gn atom but is related to om'-d irncns.i onal random-walk 
bopping iu I he pot,cutia l well. In otl•er words, when the length of potentia l 
we ll iucreases, tbe rrobabili.ty of Ga atom visiting under tbc STM tip will 
decrease. Since the height. o l' STi\11 image reEleds t ime occupancy of G<t fl.tom , 
the longer Ga-bar structme is observed low<•r in height. This cxplanatiou 
elimina tes t.he 1 ossibiJi ty of strong tip-adsorbate iutt•raction, that is. the 
case of STi\[ tip pushing or pulling the adsorbat<'. because t uere shou.lcl be 
no l!'ngth dcpt'nrl cnce iJt t his case. 

5 10 15 20 
Number of hopping site 

Fib'ltre 4.20: A ven1ged hright of Ga-ba r sJ.rnc: t ure vrrsus lenb>th, obtained at 
\ ',=~2.0\', 1, =20pA. 

The f'stinmt.ion is in good agrc(•Jueut 11·iLlJ tlw experimenta l data, which 
suppml s t;h<lt t he ti p-adsorb;~t c in Leract io n doPs not alter t he migration a.t 
I ~ =-2.0 \'. onsidering tbt•S(' fart,s. ou r i.uterpretatious of Ga atom are fol
lows. Wl wn th<• s;uJ •plc bias is posit,ive polarit y (eru pt~, state), t.he STil l 
tip repe l the Ga ntom. res ult.iu g in fuzzy image. T be actual surface poten
tial of Ga on t hi s surfacC' is sum o[ I ip-adsorlmh' in t •ractiou and potential 
[rolfl !Jydrogrn-I.C'l'lllina tcd Si(lOO ) surfar<•. T he uri ·in of tltis tip~adsorb>cte 

in teract iou nul~' b1• polarint.iou. ch;u·gp or ll'i nd [orc:c [135]. \ ·\ 'e concluclf'd 
thM wiH•n t he sample bi<~' is rwgative pol>trity (fi ll ~cl state). t he int-eract ion 
bet wePn 1 he tip ami Ga. atom is uegligiblt> . <lllcl l11c llligmtimJ is dominated 
by therm ally int!urcd motion. i\ la n.r stndics puiul out I ha.L only either po
lari ty result iu nc·gligilJlc I ip-adsorbatP int.eract.iou [25, 26] . For thi ti n•a 0 11 , 

wr st ress that Ga-bar ltciglrt ouly rcnee ts the loml PES, t ha t is, largC'r 1.uu0 
O('tnpa.ncy k>ads I o higher height in ST\\!J image. 

fro1u tltis point. of ,·ic\1', we aga in review our data. Eqttar.ions (4.2) a nd 
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Figure 4.2l: Filled-state STill image of gradually-disappeari11g Ga bar (Ga
comcL otrnct nrc). J J x 9 nm , Vs =-2.0 , ! 1 = 20 pA. 

("'.3) can be applied l;o e11~b adsorption s itcB. For the sy tern aL the Lher
mal equilibrium , dt c hopping frequency f and site occupation p follows the 
relation p · f = canst. for each adsorpt ion sites. By assuming tluu t.he pre
exponent ial factor '" i ~ constant for all ad orption sites. we can derive local 
froe-o!lr rgy ' 'ariation 6Q li·om Lhe local ,·arialion of z. 

The two dip at the ou tside of Ga-bar st.rnctur€' in Fig. 4.1.G(c) correspond 
to the cli !Jyclride. The cdg<' of tl1P Ga-bar si rnctme blocked by th e dyh.vdrides 
show11 by lbc >Lrrow in Pig. ·Ll8(b) has ~Q = 'lmcV lower potential energy 
t!Jan >1cljacenl a.rl sorpt.ion site. This energy tlilTcnce gives the mtio of visiting 
possibility at. dte edge to at the adjacent; site = exp(-6QfkT) = 1.59. 
assuming 100 I< and ~Q is 4 me\' . From t.he preYiou discussion of visiting 
possibility YS. heigh t, t he LH'ight, cli(fprencc is estimated lo be 0.0 L8 nm. We 
observed th at the• edge of Ga-b:u struC't ure is protrud ,d for 0.02±0.003nm 
itt Fig. 4. 16(c), \Yhich is in good agree ment w it,IJ I'. he estimation. Further. the 
cr oss-sect ion in Fig . • J.lG(c) bas abroad lora.! tuaxi tnum in the m iddle of Ga
b~r stnt cottr!• . This loca l minimum ls not a Pxperimcltt-a l rrror but; appears 
rrproducibl.v for this particu Jar Ga-ltar st.m c l m e. We believe that tlwre is 
a local P ES di. tort.iou in Litis rrgiou. The height of Ute local minimum is 
approximawly (l.()l urn and this correspootl t.o lite potential <' ll t' rgy difference 
() [ 2.2 rne\ ' . ThP resttlr itnpli c~ Lhat. I. he tc•nll'r of i hP Ga-b>H sl ntci.urc It as 
P ES distortion of 2.2 rn P\ . !own that rang<'s for ti'w 11111. Ttt !his way. we 
. houlrl he tllapping otti I he loca l frC' l'-!' ttPrgy ,·ariatiou [rom the hPighl of 
Ga-har st ruct m e. 

\\'~ ohs~n-ed gnHluaUy d iS>1pp1'ariug Ga- l»u· s trnctmc whir~b h>LS P ES dis
tort iou of tnorl' than [i tlll'- Figttre ·l.2l(a).(b) shows the C'xamplc of grad ually-
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Jisappcaring Ga-bar srmct ure (Ga-comet ~truct ure) and its eros~ section, 
rf'speclivd y. T ho !wight of Ga-comct st rn ·tun' graduall y decreases in I ngth 
scale of about 4 um in this case, which impli0s t ltitt long-range distortion 
of potential energy is prC's('nt. The plot of potential ncrgy difference as a 
function of t h<' positions in Ga-~;ornet struc ture is also shown in Fig. 4.2l(b). 
Origins of t hi s distortion is discussed in next SP.Ction. 

4.4.3 Discussion 

The• origin of tho long~range pot0ntial energy variation shou ld be carcfu!Jy 
considC'rcd. A sm'fa. e strain or a chagr il1duced by defects or step may alter 
the PES. Swa.rtzcnt rubor pointed out that defect , steps have distort t"d PES 
compared with clean Si(JOO) ~urfacc terrace [136]. From the intense STM 
ob. crvatious. we concl ud · d that steps aud missing-Si defects on su rface do 
not vary the su rf.~1 ce po~cntial for such a long range (<=::<5 nm). In both cases, 
the Ga-bar st rn ttur existed ,·cry close to thos • sites. Other defects observed 
on hydrogcn-tenninatccl :urfac<.' is dihyclride. ln e ·tion <1.4.2, we clcscribf'd 
tluu dihydride di:tort·s pot;enLial enP.rgy at adjacent dirncrs . However, no 
loug-range distortion wa · ol senwl. From the STJ\.1 ob erva1 ions at I·,=-
2.0 \· , t hcrC> wt•rc no origin on sndac!' that di. torts 1 h potential energy for 
uch a long raugc. Consider ing t,Jws<• t•xperim t>ntal r<"sults , we spcndatP that 

the disto·rLion of potential i-5 due Lu Lhe sub-.•u1jace defect.< o1· imputities, such 
as dop1u1l.:;. 

Elrctrica!Jy anive defects in semiconductor crystals have diHereut char
actc riRtics, dC'pending ou the location of their eneq,ry states rela'ti1·• to t he 
<·o ncluction- or ,·a!PucP-band edgP. Sha ll ow deferrs bave energy I ,,.Pis wil hiu 
a few 1.eas of rnilliekctrott ,·o lt.. from th<• r<'sprct i1·e hmtcl edges, whf'reas deep 
defc<·ts typicaJly reside within t,hp middiP third of the sem icond uc tor energy 
ha11d gap. Deep IPvcls luwc highl ,y ltw:Ji iz<'ri w<tvr fnnC'tions 1v'!Jerras shallow
lrvrl wa,·e functions Hrr as exlcndrcl as tlt <' faJ" n~achiJlg Coulomb potential. 
The dopmtt iu our s>unpiP is As which is il shaUow defect. Consequent!.''· 
spatia lly extended w>ll·e l'unC'tions have a possibiLity 1.0 vary tbc looll PES . 

\\ 't' no11· Pstilllate the sp:nia l Pxtcnt oftllP Coulornh force betwPeu sh<l.ilow 
donor :tnd >Ut elcclron. 'l'br r>kctrou loc<llizPs iull1t> proximity of 1 he impurity 
ion. TbP 13olu tltr ry of llte hydrogt•n alom is tlJOdificd to take into account 
the· dirlectric c:onstaUL of the mrdinlll and the cfl'r.('tiv(' mass of an clectrou 
iu li t<' pc•riodic polrnlial of the crystal. In the sPn ti cond ncl<Jr, \\'P replace P

2 

( is dcf'tron rl~<lrg<•) by e2 /c. wh •n• < iB th0 static dielettric coustant of the 
medium, and rl<'cton tnass '171 hy the· cfkc t.iv' ma~ii m' The factor 1/f take 
<tt('< uut ol· tlw r durtiou in the Cou lomb Ioree b tween dlm·gt•s cau.NI by 
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the clcct.ronic pol>trizat iOJI of the medium. 

T hr Bohr radius of the ground s tate of hydrogen (aa) is writ ten as 
4rrt 01i2 /me2 = 0.053mll . T hus, t he Bohr radius of the donor a!J (nm) is 
expressed as following equation [137]. 

Here, fo = 8.854 x 10- 12 C2/N-m2 and t is 11.7 for Si. 

Tuc ~ppli<:ation of above equation to silicon is complicated by the aniso tropic 
cft'ctt i\'C mass of tu ·onduct.iou clcctrous. To obtain a genera l impres ·iou of 
the Bohr rad ius, m' ""' 0.19m iH us<•d. This value is the smalle ·t va lue for the 
wm·e vector in (100) planc. Su b:,tit.uting all t ue coustants gives a0 = 3.26nm. 
For futh or precise estimation , correc t. anisotropic mass t('SOr rnu t b0 u eel, 
however , th r e, timatcd aiJ give liS a good m luc for qualitat iv di. <.: uss ion. 

The abow cstim;H ion implies til<lt t.bc sub-smface illlpurities, su('h a 
shallow donors or acceptors, have a poRsibility t:o v>try tbe potential for >H 
I a: 1 3wu. Con~id ering t.hesr re. ul ts, t.hr po. s ible explanation of Lhe pot<'n
l. ial c•twrgy distort ion is LIHll theTc e:ci.st .~ub-.smjace imptwity at the tail of 
Ga-bm· comet . .slmctu1·e. 

In tbc Si sub-surface>, nor on J_,. As exist.~ but a lso 0 and B exis t abnn
dantl.v. Tbc 13-doped p- t,ypP Si sarnpiP is now preparrd a.nd ready for thP Px
periment. Other t lmn impuri ties, mcancies may have a charge ll'hich distorts 
adsorption potentia l enrrg,·. Any way, it is quite sure that some impurity 
defcn is the origin oft he long-range free-enNg' distor t ion. 

The sub-surface Si <.lopants in CaAs is rcportPd [138], bowev •r, no ob
S!' rvat.itHI of i111purit.y in Si is report.l'd . WP speculate tbat t he impurity or 
va~ancy Pxist ncar the Ga comet tail. T lw cx is t.r t1 cc of t.be s ingle defect a.J tr r 
the PES. W<' speculate suhsurfacP impurity play impor ·ant ro le 011 hydrogen
te rmin ated surface. 

At l>1 s1, a brief comment 011 tip-;tdsorbat.c iutcmctiou i. s tated. Tlte fidel 
fron1 th r ST:\ I tip was showu to b~ nPgligibl r in til e mot'ion of lead f\Loms iu 
t he v;JCH I!l'ies inn Si( lOO ) s nrfat·c [1-1.0]. lu rnau.1· ot i.Jcr systems it is likely 
that tlw firld lw t,ween the STi\1 t.ip a nti t he Si-l lllpiC' will affct: l 111otiou [121]. 
[u tb(' empty-s ta ll' it nag<' , we con lei 11 0t obsc rv<' t he• Ga-ha r st ructure but 
n<t hl'l' fuz~y i111agc (Fig. ·1.22). Thr solid Ga ba1· in (Li led-sta t.e STllf i111agc 
has hrokt• u up into ma ny liJt rs, whic-h wf' call fn zoy image. T his may he 
inte rpr!'lt'd as tha t t lw repulsil'r> force has app lied to t.he Ga atom. Thr 
comprPiwnsi,·(' undt'rsladiug on imeraction or STi\1 tip and lhe Ga a tom at 
s;unplr-pos it,iv<· hi ;1s is s till in ut:vstcry. 
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Figur 4 .22: (a) F ill<•d- ( \ ~ =-2.0 \') and (b) rmpty- ( 1-:, = +2.0 V) s tale 
ST!vl im ages of G" bar (lOnlu XlO um. ft =20pA) . 

4.4.4 Summary 

Tlte maiu results presenl!'d in tJtis section are: 

J. A Ga atom ruigra trs in a 1 D pol (•m ial wr ll confined by adjacent dimer 
rows and local d ihyd ridc defrcts a t n<'ar 100 K. 

2. The h igltt: nwpping of Oa- bar st.m -tu r(~ is a local prouc of tlw adsorp
tion fr e-energy variation. a nd an b' used as qn<ln it at ive studies. 

3. Th • o rigi n of t lw long-range (""5 nm) adsorpt.ion free-energy variation 
may be a sub-snrfac<' impnriLy. 

Tlw concln ion oJ Lhis cct ion is: 

"Q uant i tat iv0 sllldics f <Hloorpt ion fr ee-CLll•gy va ria tion is p o si ble noiug 
Ll1r Oa-bar , 1 ructnm as a local pr br. ub-surfac' impuri l i · may distort 
t he free-rncrgy.'' 
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Chapter 5 

Conclusions and outlook 

Prom t lw prcs('nl study, fullowing conclt1 ious werr der·in•d. 

fu c:o nclus ion, wr f<1bricatcd atomic-ti('ak DB slruct.ures by extracting 
in ]i ,·ici ual b.1·drog n atoms f'rorn the ltydr gen-l.~· nniJ1atcd Si(l00)2x 1-H sur
facr at around lOOK Charge r dist ribution was obs(•rvcd for tbe DB wires 
made of nnpa iT d DB . We com pared tiH' rPsnlt s wit lr the first-principles 
uucnlations and couclu IC'd t !rat the origin of thi s recli . tributio n is s imllar to 
P('i('r!s distorti 11 . For t he DB win· rnacle of DB pairs, a buck ling t rncturc 
was ob~<'rw•d. T he Dl3 . t.rucwre made o f both paired and unpaired DB show 
finilc DOS <tl Er. ll is interesting to uote that Llre clf'ctronic struct m e re
flc•cts t h Hubll c difl'crcucc in atomic scale DB c·o nfigm ations. Tbe ST. 1/ STS 
resu lts r na h ie uB lo du tingui. b t he changes in Plec rronic· . trucrures depend
ing on 1111' Dl3 configuraLioos. WP brLie1·p that the DB SLruciures on •he 
hy<lrogcn-tcrmin ated Sl sur[acr prol'ide us with uni.qne anrl st imula ting sys
tcrn~ for thC' s tndy of psrud o-O IIC'-dirnensional atorn it·-sca lf' si.nlt'turcs. 

Tlw alomic structures rn aclc or unpaired DBs on a hydrogen-terminated 
Si(lOO) 2x l SlU'fac<> shows in ten'stiug similar it.~· in the rclaxat ion process wit h 
molcc ulc•s, such as poly;H·cly lrn c•. T hus, wr n1a~· ca ll t.hc : t.ructurc• as artificial 
pst'ndo- molrculcs. T lrc• int. rrst ing properties iuclmlr we ll -k nown .J ahn-Tr ll er 
di slo rli 11 Rnd solit oa motion in the 111olec·nll's. T lwsr DB st rnctnre has 
advantnges in the poiuts th a t i1. ra n be• l'ai>ril'at.rd on t hP smf'a.cr and rlmt 
th e so li tous can poss ibly bf' controll ed. 

TI!P results imply that I hi s sf <1 bilizat ion C<Lil b ' a lso fotwd noL only in DB 
~ ~ rucl.urc•s bul al~o in Other artificial lD <tlomic st ructures. 

T lu> Hbility to hHII<II <• a toms ouP by OtW suggests thal molc\<·niM synL!tesis 
i: poss iblc• II' it h 1lw ST'\.1. T his will be a v<•ry big impact to bio- lN·hn ology ru1d 
cllC'Hiistry. ST:\1 is not only a 1oolt o ob.l• r\'f' at o111 and ('] ~c tro ui<· stmrl urt'., 
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but in the uear fut·urc· , it will bcc·omc an atom tmtui pulat ing apparatus. 

Although tlw present study involves t!J c Si( J.OO) surface, th same argu
ltll'uts may we ll be app! i('J to a vari ety of sys tems. 

Ato111ic sf ruct ttt'('s, such as defects, iudiviclual dopants, and artific;ia.l atomic 
~fru cturcs. iu semiconductors will continue to attract scient ifi c and techno
logical interest. The propert ies of defects have to be nnderslood so t hat the 
d('frcts can eithrr be li.lllinatcd or introduced. The dimension shrinki11g of 
semiconductor st ruct ures will a lso requ ire rver more r nsitivr and selectivp 
cluuact.c riza tion tools. 
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Appendix A 

Abstract in Japanese 

fi',j(~J'I\fl))}ll!fl:Jjj( "f-;;<. ?--Jvfl)4:;;l'!llll 'Jf1i\ l:.:k 2- ttOO~C.,i-:!lH'Y"C ~'oo -'tfl)t~lll: 
c L. -c ~i!'H'IcJHI~ fi)1GJ.iilii;ti!!!J.J;; .:J:. YJ, -T 1 7-7 ;;<. 7-;vfl)3p~j\·1:.111H!lllt7''~ 
-1 7.(/)~A~n';;;tJ;,r_,n.:oJ.:? l:.lt:-;,t::: cii'J?Ifl?h6 2: ~?I:., lJ11k~lt.~:.:iOt-' 
cfil: J'-;J;-tv~J.J.l;!:~7 -;-71 /:/'"l·-if1iW~q)l}l.~7Hl.11:l\'; i'rfHf, J)jFf-7.?--MPi 
m'Pl'fl) .::.h G#IJ.illi>..Q.$!0)~6 i."'lv' h l~l·L.·Illl'!ff:.h c t-' 6 -.;. t.:, ~1f. I· :..--;f tvl1Ji 
1l'Ml1' (ST~ tl ti<N~(/)7eJllil:. J: tJ 1);n-.a-* 1fii -e 11 ("1'1.:1~6.:: t: v>PfliiU: t.-: VJ, i'f'!\\1 L..t: 
IJi\ t-l~ij£tfi)J!II.Ji"Ei-~HIIi-J· 6 .::_ t: ll' ''flil§l.:t,r:-;, c 2- t.::. c td-YJ;l: t: L.c it? If <?tL6. 
4>:liJfJ\:C'I'J:f,IHilll;:fll'li.i1·f.JiJ!jl(q)~lfii#IJf'ti-llliP1ti-7):. .1:: ~ [! li~ t L. c, STl\ l i-Jfjl, ', 
Ji<;f;J~!II/.-i Si( l00)2 x 1 ftiiiil:l.: i'f'!\\1 L. t:/i;( f- ;;<. ·'T- t t,Yijj);:C7)#1Jf'£:;<H11i.!:, Ga J)J( 7-fl) 
illH1*r /'l--1' Jv.::c;f;v~- (IJ&if!Ji( ·f-q)),qli:~iiiiJ:.-efJ\1 L:-6~7 ;,- 'l--1' '"':r:*'t
¥-) fl)~~lif1 7~..ffiill'J;Q:I.:Illl-T 6 ::Jifllifrii-IT-? t.:. 2:; 1.:, :klf!ifl·mJ!tr ffh 't.:.m- mJ1Jl 
;li·ti- (JiDP,Jiw;JJ[IJli.I!J~Il~) I.:.J: 64!1JI'tiilf:fe ?' tv-7 rl)l{ht; i-1\1-c, f'flli!! L. t.:.JJ;FH~i~ 
(l)qt!J-!'1: ~ J'!l!fq~ L., .:.ht!' 1':> 11'<5--< ~ !iVri£!0)~'\1:~1-:to .J: U'#IJflfi)'J>iJ!IHrt.c v ""Y:Jii)f'li:: 
~i!!i.Y)f.:_o 

.-f;:fl)f'lt:lt.kce- < :$11icJ;.I. F<l) -=:/)<l)frJF'itll'6PI1 VJ 1'1:-;,cv'-\5o 

1. ;/'/:/1) '/' >G'/ H,Vfif!<I)IIJ: ·Nki~U¥,;JlWfli 
- Jil( r-~1/i.fi)J!il +~i1141i!lt.'ltl:'xi: {L;!Ji: ' J- 7.> <1)/J,. 1::' , ? A:;\' t.c~rtfJI.:;t-t L...c ;~<~9!1J(J 
!tJJ51i\J.:t.Jl.Jf''.~\·l:.~£/v -c:il'>.Q -'tel) J:. ·j /t'X!!ffitl:.l*-liili L.c, STl-f ;'£: m v 'T·l),# 
~ii/!\S i (l00)2 1 tk iliiJ:I.:Y'/ 1 ' 0 '/if;g:.,.- V(DB) fpi?lt.QJ!l(Y.:A'T-Wt,¥i 
ll!!t.i:l'l-'!!I~L. . -to) 1--'/*'"':A"'-~ J·;t.-:t;.tV'oll f-~k1~'~0C(/)~flll5iilii'illllno 

1... t.:. -t.- L.c!.'i1-JJJ\.1!11~J·f.iv)1:1i~~c. ~t¥~ L. -c, :%1!1i\l.:n;t r-;;<. &-Jt.-f,V!iflti: f'f 
.JJ!:: c<l).t? :.:t,Y,;;tt<:'li::llci:-J:i:.:: -9-u)n ·, 'f.t.:., -t.-tu:.t'i'?ll.t (-:J)(1~<l)-~{t 
1:.-'?' 'T .JmJ,\1]-j {) 

2. 'liHJ;Jf7 '/:/ -t ;t.-:c *'t.-~-cn'!'!: II\J 51 MlillJ\>t 
l.ftlfl'l'illii l.::.:tolt 61J;l r·(f)l!b( :f'f.Jkiful!ti\X·Im~lf!t.t !::" .: -'?''T <l)J\)f!ielll, i\I;'IJ!I!!iltR-
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-\"'~'llW;Wil J <!).)( 7J=.A.AI:Il!lliliL.-nM-~ fr;t;,n·n'o . ll!ctl.i:;l<wi"t'(.I))Jj\7· 
<l)!f(iJ~ li.'dii i:: JJ;\ (-!IJ] (.I)IJ&l'r't-7 /~-\'lv:c.t;L.-=1;"-ffii (PES) l:xJicc'ih:t.l 
~, -'(-l/)j;U)..I. ~'J.>!!P1 1'1~1:!*7.> = .1:: ~lJ!'1i\"I.::If.L'~"t'ili;~. L.f.P L.!Qk~'i- PBS 0)-j

/ .)( -?' .A?--;t--"'C0)'4:1/11 7}1fii!llliEI;J:.v'"::l::t.:11!;'1!JEc v'-?L H'. *l\Jf'i'C"'t'"l;t 
*-*~~MM i(l00)2x l ~iw_l:(.l) Ga.lilU'·{ihtil''!&ri P ES ~&:n~-t o = c ~;I< L., 
-'t(.I)~ R\lMfi~~,l(;t; -9-.;;, . 

-j-~-ci)')~!!Pil'i:A!i;\if;j"'J;'?l;;STM ~ JTI~ 1 , *l!\l.:t.l.J:tr fi;l:l/;l(30K~200K) "'t'"i!UJ JE~ 
lf.-,t:. As 1~-7 L.t:.S i ( lOO)(?~ I mll -cm) ~ii<t1iil·li!i~c L., JWj[J·i;l:?'/~.7-.7 

:.--~ ;Ufq¥0flfli L. -c !il 11' L.t:.. l!<,;fWf!lffii Si(100)2x1 *iliil::/ili~ n/f J: '? :k~ tt. ~ :.--.t;v 
Hi:l'ilCc ''17 .A 'o'l.i: JT:~Fii/JII L.. f;t.t;\ i? ST!\'1 ~i!ir~"@:illlJc'i 1±"7.> =. C: t.::J: VJ. !k*/)l\~ 
~':1 1 ~~v'L DB t.I'>JJltHj=.Jl)~ L.t:.. 

**~~MM Si(l00)2x 1 fi<ffiil::li, pai red DB (Si ?11 "'<-tJ' i? =. --:><l);i<;Wf.I'J'.!;iltt:. t, 
0)) .1:: ll11paired DB (Si '/ 1-<'-f.PI?l!<#tJ>- --:>ti.Zitt.: b17)) 0) 2 fiJ!jtiO) DB ~\:(Ff£ 
;J- ~ (13l l (a)) -ttL!? DB a-1/1-<'-JiiJ(:f~b-c~~t:., :!'t~td< nm il'I? -H& mn 
<1) 3 ffii'Q(.I)f,l\:iJ!t:(A) paired DB O);J;., (B) unJ><I il'ed DB O);J;. , -'(- l.. l (C) -fn 6jl!ij 
.(,·7J>7 :.--- ?'' Al:llUE L. t:. W;i!li ~ ft"'l.i!! L.., STM/STS IISJ.ma-irtt.-,t.: [95]< )!Wm~o)~ 
ti 0) DB r,Y,)J!['-i::f&il: VC1~}Gt.t.t:.Jl.;- l))ilTI!J+!:1. [5 1] ttt4t~ L.. t.:*!i},f!~~~::;J<-t 

:J;f!!jg1 {ST~1/STS 11-il.f.il) '!Pi "'7 !Jl(J!J!;.i+,P: (~1Jr!JLil\Jt$< 
r.t) 

(A) paired DB O)J:~- ii'lrt• Si(100)2x l l<1li1 .1:: lfi! ~i'Jt.l':f.IF'/1? C: '¥-l!'M;fi:li',J 
AAo)~i'~r:f.IF'/ 1"<'-il1!&~~ t,v<.:.-- l'l'!Viilli(£9 =0.5~ \1 ) 
~it{, _ x;f.;v"\~-o¥-v::- il~"f·it~J ~ 11.7.> . 
-;I E9=0.5 c\". 

(B) unpaired D13 (/) t,l'fJb'iili:Vn c lli:i\liJif.))-;ft17l'J.iJ. "1 :101v.A ilih-tJ'J:!l2- -em 
J.t. 2- t:: t::rh, D13 /;1 - --:>:tJ ~ iJlt*.!Hi l -'(- (.l)*lHII<I)j± Jj/'j: 

t:mf~tsno Jg] L(b) :: ~!!P1i:c 3Jo~'ii;I:J: < - :l&VC 
STM f!{! i'>f<-J· \'~ . E9=0.025 (' \ . 

(C) jif.j-f.f·tJ17Y?''A 7 or./L-- ~ J1fli•l:1:1T I!JU~:V\i~ «1-~t.t L.. . 
l:il:U± L..t.:fiYfili l'fi e:t7J' rr- rE-J-;;, ,. 



(a) 
e hydrogen atom 

o-o Si dimer 
0 dangling bond (DB) 

Figure ,-\ .1: (a) 71<$M-ilffii S.i (100)2x 1 !£iJiil7)f:ji:Jt[8]. (b)unpaircd DB 17)Ji-tJ' 
'-' t.t. .Q t.l'lil§:i7) ST~1 f\{1. (7 nmx•l nm, -!)- Y:1'Jv/<.-( 7 7, V:, = -2.0 V. 1- /;t.;v'l[ 

mE 11 = 20 pA, D6 K) 

l . unpaired DB t.t:l:t paired DB (J)Jj.iJ~jjgfJ.-::ot.:.tl'liii[(J)J:? 1:., ~~iJ\ 
~ nm lii:l-c'Li0-? -c t, ~W!a~t, J)j(-'ftl'lfilli: .,1: J!t.e-tt 9 t,(J) 1:. -J~ '-c lifiYI 
@~fniJ'>Jl!ij~, .:tnl:.f:n ''lltmn~5t::ffi 1..- -c:c-t-1~-'=¥'- ~t-:>- 7'~F't-J 
J:? (.::t.t. Q 

2. 7 :r.;v~ i'f!l{ll:i:.'f'fBJl!I~:I:I\~'/J:lNH'#-J1\I'I@I:.-jQf.:&')I:.I:J:, Jf.Jjj{-'f~& 
c::=m:.:r~ll\o)m:rtil'iilli:~ 7 /I/ .L.,I.::r~rlfQ(J)n'J:~' 

rl:.l1I$il:i~*H11'f@ (~ 11111 t!' '=>+ nm !11!/t) -c'li~'fotJ'Jfij ~ Q:. 1:: n':J?iJ' ~; , 
~~Jl!:k(J)c& ~l'#·-:d.: DB fl\'iillf:o)m-m:JmH~ c J5!Y-i.i~~ L-t.:. :ttL<: 
I:J:~~IJ!Cl) unpali·ed DB 7J'!1E!vt.:f!lfiliii ct}) J: ·) lt~ftl~~i-crrc;h-?? iJ'= 
lOOK ffi!IC:?" 1--?-§IJ!:.lJiffl:. unpaired DB iJ\jj{:AJ.:ri'li @cf) STil. l ~~~ 
ff-'J .,1:, DD O)ifij~l:.~il'l:l:J.Q.:. !::~IJi!.o'f.:' 1..-t.: (114]. 2,3,4,5 fJlil11) 013 -c-·tPf 
~ U:§lj (2-DB t~i@, 3-DB !iYiillf:. · · · c "ff/kilif..i.;) O)liJ[iJii[8] ~ [8] 2(a) l:.ff--t. 
li/Tiliil8l li: I ~= -2.0 \ . ( .!:l:ff:fX!ili), 1; = 20 pr\ <:i!lllli' L-t.:. 

2-DB t/4@1i;Mi il)~i;l:tt' 'l!;, 3-D IJ r~i@C:I::l:iffii i'lffiit)) DB t:.J:t."-tp{,•cf) 
DB tJq~< ~~~no ( I~ 2( h)) -DB tlli@0)#}€!,:.1'J:f.lil~lffi(J) DB l:tll'fl C?ili ~ 
t.:n , rp,L,,il) 2 017) DB iJ'f.!.l;< ~~ -!1. -c~ 'Q 5-DB ~~@C:fiiilifJiM\17) t:o-'l' 
~tjl*~t-'J--J~-'l'~ff~~6 =~J:~~Jjj{~--~~-@tjl<:~~ 
<;, ~SHniJ:, if~ (f)X/J:li'~-'\Jji!ijJitt\irl)?JJ:!l'~iJ'XIJ ~ '\:' < Q .=. c il'-'f-1.1:\ ~ .h , ~Wll.f.JI:. 
DIJ tJ';ltJv-c'~'~ .,1: 7;-ft L.J~ii+¥;q;,ti*<:·f:J:J&I])jl.'·~ttv' Li. Ji l l;li\t:, [Ll5] (.: 
.to 3-DIJ 1il'liJII:.I~-j- .Q~-Jjj{:elliH~f. ~!!19!.i'~l';t':: J:: < fl}:£1'1. 1..-, ~..=. Ji!](J) 
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~ 0.14 M -08 
E 0.12 -

~ 0 .1 . f\d\ 3-08 : 
~ 0 .08 !( \ \ 
~ 1\ rJ\ I\ ~ 0 .06 I v - v \4:08 
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0o 1 2 (a) 

Length [nm] 

Figure A.2: (a) DB hYf~ c!)ltJTffiJ~ ::tkli!tJ: 61'f:!*Jig, K<ffi~li!l"i~l=61f:!*JiH: ;!>J 
Gb-9 (b)3-DB t;l'i~ O) STM f~ (4 nm x2 nm, 1 ~ = -2.0 V , J, = 20pA. 96K). 
(c)3-DB .f~~Ol.lfk:t;;:,Qot,l'!~. (d)4-DB t[4~ c!):/f,t::t;;!E.ftl'i~O)--:>. l'f!f!Il IJ: DB 
~~Gh~.*~~-~(/)Rtt~~~~Gb~ 

Si Jjj(~t.l~:iJ!~ fJ: fi!JJ ~ ~-9?:>.::. c t.6 l]fl G1J>(:.t~--::>t::" ~=RlJO)Jfr(~lt~ 2(c) 1.:: 
;if;<j- J. -j 1..:5/:.RI.:::.ti::;t;' l:.lJ'!:{l'z: l..- "C ~7 ~ f'foflJt~ t.i> <!? VJ, -tiel:. t'fi, '~-~ 
Si Jfr(-T-il'~~t::i-t.i', ;Jot.:IJ:/ttr • .::.o) c ~, ~~ t::.. lt.:Jjj(~tJ)'il[-'j-:o::;tJL.
"¥-$(il:7'>~ fJ;\: < i;t VJ, itlvt.::}fr( -'fc!)'1G;-'ftJ\~~ ttllt.:Jfr(~l:.;filfi!Ji- 0.::. C 1.1\ 
htJ, ... :d:.. 

f!J1d,&fi§Jo) DB 11''?/;~oftYfii!£ 0)r$)-fl' . at1.l1.i'G11!JoGht:.=-:>cl);'OC:t;;:ii::t~~ 
tM'Ifr.tli¥:JI:. 7 !J ::; :il"Cv 'o.::. UN;:>IJ'..--,1:. 2 M! O) DB tl' Gfto t,l'!~ tJ)~ 
..g., 7 !J :;;7'<)-?;,aij'O)/<!J71t82m V~J3U::Jit:fJt'bGht:.. ~tJ · L-4-DBt~ 
i!lf"t'lt , 7 !J::; t• /~/<!) 71:l: 450moV ffi\.J3f-c·~ VJ, LOOf\ fiili-c''I'J:/' !J 7 
~~;to:. c n'-z>~<t'. JJ~<:tc!Etl't.illi~ c 0 =c. n'Wl1'1f~nr.J t....7l' t.... , ~!!J9( 
-c·li:7 !J::; t Y~~;if;r~~J-M#.!ifi:nq~Ght.: . f/ll,'J<Jc~li! cJ)J;fk-fl'C::J:--':lCn~ 2~ 
•~n'~7 ~1'F o.::. c. n'<:~ ttv, ( l-OB ftVI~tJ)J$)-..g.~~ 2(dl l:.;if;i-) n' . " 
7 (f)~;f.[ ,;£;.~;tn\1Eil~ {):. c I.::.J: VJ, -"7 ~ f'f tO, f~ o 'ifr(--'f!J\~5(')Ji¥:JI..:;fil[VJ l"C 
/' !J 7 n'rn' o c "flntJ2: ;t1.o t: G 1:.. -lo 1 ~ -z>(f)~!!J9(,.:J. ~J, ::. o) 7 !J ::; t " 
:...-- ~-tN~;.ti:.T 6:. i::n~P!li1J'tl0 c_,t1..t:. l/:.7\~..--, ·c fiP.,~~ O)jJ.k..g., Y !.1 1- /(/) 
J. -j ftf!liiJ ~ -.r-9 oljj\~HJi C -c 11Yf@tM'!FP~9r3'=JI:.;Jt{t~!- o Uii!flli!li lt:., :.n 
- ell DB t#l~l-tl~YJ' 1- c Je.tt-9::. c iJI -c·~, -to>*!ltfPfi -\"- YT -7 -ll£% 
U¥0fR-h':)::. C. n~-z'~ {t o 
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1Jiiliil.IC:l0v '"t"lK~•H>t!'tffi\ Si( I 00)2x 1 *rnH.: Ga J.Jll:-T-~Il&.:fef 1..- -c ST11Ull.~ U:: 
~i'I*, Ga /)j{-'fil\-(?(7[;Et%::.1Jtilt L -cv '~.!:: ~ ;t t:Jtl0fil'~f-O)fl/fi1!! (~ 3(a)) ~ 
J!t,'fcLt.::(e,-i&:Ga b<tr .!:: P¥~) [128] • .:::_ci)Ga barl:l:lOOK{iifr(:!'fl.tE(f);i 
\?0).!:: :::_ ~, 77 I< 1P I? 110 !{) (f)~;jtHiffi.J.'\rf!)'t:iJJx-c'·O)Ji..fi;!l,~~ tl, 39 1C 200 K, 
fl[tlill. <:fi~iWJ · ntt" '· 

:lf,-J)jiJ!J!H~ J: VJ 11'} l?tlt.::, **Kff!'tlffi;f<(ljjJ:.O) Ga!Jll:-TI.::.)(ti- 01l&.:fef PES[l27J 
~~ 3(b) IC..if<T. :=.--:>0)~ ~ :::1 /Y 1' ?-y1Jfa9 7l':l!!d,::r:;f.;v:\"-z6{tl:< tt.--:> 
-c;t-;:;v;, SHI {~'C·Ga bar 1J'f?f:ET0{J'r~.!::-ftL-cv'0 • .:::_o) PES I::i!£.-j 
i,'""C, Ga J.Jll:-T-T.J'I!m(f)'ti;/'E{J'rl[ti.:J!HJ;f}{Jli'(ll$~>lt<il)1.:: t::. ~' Y 1' <'-:Yr] 
!-;fUtgJ] ~ j]ioJ l::.mUft\ 0 !iJ't$1i~F1iJ;(::' J ' ~ < , I 00 I< -c''li-(?(7[;:/Jf<;JI.::.O)Ji. 
ftifdrt 0 :::_.!:: 'LJiiR;HI) G:ht.::. J;U:(/):::..!:: tJ' I? Ga bar li-(?(7CiiH::.il!!ifl!J L 
n' {J Ga W-7-!- STivl f;\1.~ Lt.::$i!i-'*.!:: ~1iliili0ft 1?;11,0, filij!'f;iff(f)?f 1' /'4 I' 7 
1' i<'JJ' fj: J=i:M;J{:T :.--~ -r ;vO)I]lc tt-::> -c v' 0 :::_ c n> STM [(IU'l' I? bl.l' IJ, ~ 
1~1.::~ -J)jU~I!ilt~\.' h ?"4 /'.{ 1"'7 1' I'll\ 600mcV 0):!!£.!:: tJ:-:> -c v '0 :::_.!:: ll'> 
tY/J''::>f.:: . 

Figu re A.3: (a)Ga bar lllST;-,l{~(l2nm x 9urn. 1 ~=-2.0\ ', 11 = 20pA, 
100 K) (b) ll&;J:f PES (/Jm-W.JllllH~K':il* ~riiii~'li!v)r.9~1:l: O.lf'Vo (c) iiiii 
~ llq#;k l.:i!il\:0 Ga bar o)tJ!Jriii~.!:: ll&~::r:-t,v:¥-~. 

*7 /Y-1' ;t.-:J:i'Fil.:iJ,llt:ibMJ l?h -c, -IK!c 7 /I/' A r'J :;~r- ~ L. ""Cv'0 
C:aW.-T ll'>?:rlt:;~ ~· /'l"y-1' 1·~111ii1JJ@J:t)U:l:, ;f-7:..-~-y;V;)j:j=i(!).ft 1.:: 
:i2!tt!Ylt'0 *t.::, STr. l \.'~~~h{J Ga ba r <ll rtli~l-t, l?f-ii·@.TI.::.Ga W. 
"F-tl~ilJJt~0@1~{£-)XJ!)k: L ""C\ 'Q L.1::7l'-::>""C, :!'!:' '#F-'I::.fJ/'l CiZ:,<iiJ ~tlt.:: Ga 
w..::r-1-J:c sTt~ l lf<~l-u:n'{rfiJJtt0 IEJ#x:tl''.ldi: < tJ: VJ, lli < •~ n0 ~ c 1.1~ 
Wlf.'i~n;s ~!?,~, ~!JJII!-c·ttLH' Ca bar nc··m:< f;\J.~~n-c\ •0 , - 1::, 
ST!\f l?H+c Gn t'f(-TOJitf]ilJ f!l li {trnl.::0\ '-c~U~IIfJ~~ta-t'f-::>t.::$i!i-'*, ;<$;:~ 
!!J#!-c'·1ill.ill'l ~ h0 Hili f'F!tl liflk~;j~ 7 /y-v /v::r:-t;v:\"-~if)~~l;l;!.:~~~ 7k 
It~ tt''.:::. .1:: ;?\:hiJ'0t.:: :_;(1 I;,O)~,jjU;• ~ , ST:-. 1 li C:a <!Ytf-ITII!lim~mtti€ 
/i,ll.i)lrJ-c-~, Jlil-Oa IJ,nfkJ \?<1)~0(/l@;' ' 'J'. , '*'i"f;J>r/'/-fJv::r:-t;v:\"-

101 



cJ)~~:lETika'Jt.:~t;J-~ :_,~:: ~7f.; lA:, 

'%~-z:·(j:~~iJ'l~-'<(:.!iji-:>-cP< Ga bar tfii\l.~~;/1,-ct.'~ . ~ 3(c) l"i 
~~~MS~~®~l::. ~~~-~~~~c~l::L~-~*~~~~g· 
;J~7 /"/-\' ;v::r:;:f:-;v:¥--ii!:~* L -ct.' -'5 , :_ U)*S;lfi!:-il''?~ nm :;1--y--z;gg 
Fa9i':J<JI.:;f-7 Y "/-\' ;viJ'm' 1~ L -ct.'~ :_,I: 1J':b1J'-:>t:, STM ~~ ~~f-*UH::_~JN 
L, 2' C:, (.:/G~4j!I&.J!Jj(T-~ ~- c /jJiJ' 3 um 1.l'G <l um 1:::&~~ :_ c ~~II\! Lt: 
t:f.i*- :_(!)ggr.9s~m'I~~ ~J7\12Slli*ffii~.A7:;;7-'\-''/1J :::1 ,'/!J\:~fa-c· ltt;:<, l'l!i 
3l'tffiiJ;.i, "f(I)N•~!I&.JJjjH~ t:J:t~T-!A:II(o-z'<b ~ c *11:\\lli L t:: N:il!!I&.J}Jf(-'J'-O)fJI!~Ji 
f.: --::>t. '-c (-;1:!\l_:(:E~~tcp -c· <b -'5 

6\~*lllfdl~h.i'(O)~ffiJ~f±t:.--::>t.'-c;i&l!l;li Lt:, H-*]jjtT- v-'<;v~~:lllkli!:a::lt~ ,I:, 
klllillHi<J<:·fil\'~'t:CIEI~iJ>jt:£ ~ -c ¥-~l<t;a%:: f,t_ ~*i.-t!JO>':>-c mt1'ili L, iP) M£J3t0) 
7/;/'A;:f:-.A1J>£.~-z'ib-'5c$'1f~ffi;Lt::, j;,f:. jf/;;/1) /;;/;f,y i'.fi\'i~t7)7 
1)-;; ~ · yy,~ !J 70)ffl:TI.:It/ 1J I· /ll~t;:))j(-'J'-n'J:ll::~!f.d!l:lli!J~:J:!b-ct.'-'5 :_ 
c ~IJFJ C:, 7!'1.: Lt.:: ~411KJR~I1'61~U):1'c t ;q.::tot.'-c lt3\(ilfili>g.,J~7Y"/-\' 
;v::r:;:f:-;v:lf-O):eJIW~n'T-iiJ!A: 'l'<!>; o. ;.j;:1iJFJE7P G, !ii<~HiiiJ;.i, T~T-i(jjj~J:w.T
i: t::li:?i:F>U!ln'~'HfiicJ) !!&3U7.l~7 Y'/-\' /v::r:;f.;v=\'-l.:~w i.--9-;t -c • '6 OJ!iE-11: 
n->t>> 0 :::_ c il':bn•--> t::. :::_ .hl't!iH~I1Xfi:~;flt~~~¥~.:1'J.¥Jil¥; L -cl:ll:r.rUtffijl(.: 
~JlikT 6 c }i!!.:bh6. 
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