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SINGLE.WALLED CARBON NANOTUNES, POTYETHYLENEIMINE,

N-ryPE SEMICONDUCTOR

lmine potymeric materiats have been widely used to dope on a singte-watted

carbon nanotube (SWCNT) for producing a novel semiconductor. However, understanding

of structural polymerization of potyethyleneimine (PEl) warped on carbon nanotubes to
design an n-type semiconductor has been poor. To approach the characteristic polymers

on CNT sidewalls, this study investigated Llnear and branched polymers based on

experimental structures warped on carbon nanotubes via the density functional theory
(DFT) conected by the van der Waats (vd\M interaction using to carry out the periodic

boundary condition (PBC). lt was found that both considered structures were ineversibte

adsorptions as when doped on SWCNT. However, an increasing of linear potymers,

Lenghs wrapped on the watl still did not affect pristine swcNT properties. ln contrast to
branched polymer, it reveated a structurat potymerization of polyethyteneimine (pEl)

cause for occur the donor state (DS) in the electronic band structure because the
hydrogen bond network (HBN) reanangement. The boder chorge onolysrs was used to
proof that e[ectronics charge transferred from pEl to the nanotube. fu resutts, branched
PEI doped SWCNT could be the promised one affected to be n_type semiconductor.
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Ufld1

1. 1 nx'lul{iuil1[[au6?1il6iidru?a{fl ryilT
i.

vrou'r tunlslrour!u1a ov inli! ouufl uorril:s r.: vnouva-nfirairlu'uovlnrrraucirfl r
- 2a --;#nuruvlouSo sp' riu{6'?fiurilu:vl.J1llmuriiu6'?nalurfluvio hnlrdrao{af1{viou{un1i!ou

td
LnroannrFol (Lr.) LLrllL'rfllel05ra1nn']r..1:vu'r1J1o{ruiun:r$luloufio"tfi (n, m) 6rovrio'lvftfrorflu

viourlunriuou 3 tio 6o viourlunriroutiooli!uti (Armchair) n'ruroln:oa6d (cniratity)

rflu (n, n) viorrlunriroutio6nr,rrn (Zigzag) iln:oaad r{iu (n, o) r.uasviourlunriloutfio

ln:oa (chirat) frtn:oaid r{,u (n, m) d n*m LLau m*0 qruallGdroiudo6oqrualr.r-fiurllvlflr
..J-3"!-
Ioufirodn"dn:0afifr looltroturntoi n-m vl:d'ru 3 a.id'lovttan.ranutuuLuuslidl uriritar:hi

) - . ..-
a.i01ovttao.ranuruvrruar:nrfr'ltjl [1] unti!tul01o{tdu,.i1uquElnn1{to.lviotiounil

6 dram:or yiorr1unrirouovuao.rqrua;il6tihoT'lrirvte.rvro tzl iurirutoqiovjrtua-tlru (Gap
) v t d g - . ,- -- - Y , s

energy) unlaoa iL!ara uzurufl1]u nar{r0{v 0lyitrl,LJ0 no?u [2,3] 0 nvrivr0ul Lunl:!01.JpJ.r[1J1.J

iaqudrfifi (1-Dimension) ai!rrn!ro.iviou{unriuouirrtluirraulorjrr:rrJ:vunolriluqrJn:ni
- )v

nl.r.l rx1.J Lvro:Lroranvr:n no.:nr:nr:rjrlvlflrarruridrn':rriouoir 141 iaqm:roinufiaj",o1 d

ololnr:nruhvionirrta1lr1rnhn15rfroonq:fi3ur (sensitivity) 6{:rllvYinr5!'1ilrrl:vunsirtlu
i - " - - ) " -,ar:firoT:rirtfiofiruavrouurohJt{rJ:vlutririrudul lourlnBudrviourlunrirouovuanroruarri6

i - " - t. ,J .tcytli LY{l11tllULr!Ua1:n{St1U',tltayto (lntrinsic semiconductor) rtoL}l00 u Luanllvuloa 0!yt't L!as
,&a.eu"-dd

LnO0Ont LO{n!A0nSL0Uvl'ltYntUA !9lYl1n tll111fl0{vlOUUtLAO{L!UA1in nn1u1tl]Ol^l t!A{O1n

a ryrduo ranFr:ou L! t oon{rou [5. 6]

lulruio-udilaulon:surunr:air':viaurlunrirour[]ua1r6.rd'?drrfiorouyr'rafiu:luanrrs
) , --0'rn1nunfl ua'ru.r1u?0ut!fttr.lu11nl:r00415y:00un0!a{!uyt0u't [un1i!0l]d.:nynon?nuuut

vrnov1mrtauoi (Chemicat absorptions) arur:oulduunruauu-Fyr{vhltfluar:filoirrirrfiorou

Lo tlslo u1.: Li nflrr.]n:vrruolna rldr'lvirfr ornrur. nnio i (Defect) tuln:lairrtolvioiillirLi
,! N 3 {,^ 4,. Jn a!!oLrnnarlaulJula i Ll l Lanalnuali Lr]!5auo (tmpurity) vrqn ro oa I'L!no lraqruar:fdtol

-.t-.---.-...=,-- 3< .a a,
fl1:ntvL0{fl4ur0.10 La n050u (tsackscattering) t.:r!uzuay1[ n6u6r.l!nan1 na0.:t0{o ta nnSou

(Mobitity electronics) aoa{ [3] 1ui1!iiufi6,:auloar:dtrjriosr'rrYltolrurilviourlunrilouraio

riofr'rriuurlnrunrn (Physicat absorption) loua'ln{a6ua GL6!rolyiourlunritol

il1"
nrnd r.r urirudotrto.:nof, rofi 6u6fi u
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J wq e Jq, - ,J ,' diyi0au.Jat ruu'ran n.:0't Luan't?uu'toa0!yl1L1l14t0 [r.] n 0 h4tfl0n1t rua uu5!i1{d.rnfuatJ1l=6

rirrl ovf,uo qjriura:.jd o unr uluarultj noFrofi6u6fiu (polyethyteneimine) r{Junoduuoivrrfi
e x ,- zr4uo!l] (tmtne) Fr0fllJr4t.lL0yta (tthyu a nu6uur!ua1uu't? Loua nufuv Lni{a:1{0e{u0 ur't-u ,t

J - . q -lols J ." S ,-
1110fl0A Ur050U tuaflllsytUU',t LFts{a51.t0yti u,igt'tfl1Jrllju[aun:.: (Linear) tto {o1nu1y]-otjtvuil.r

ar uldillanaailifruoytalo:rowi ri oyero ulo: raulur,lri rofi u d ndrurafi r'luan r1v i r fl o 1n

riraruyrofi uloiocnn6{oor{ryrriudrur{uoylalo:rouna rurf,ua-nuruyrflurn6 uraolr#uri.:u
::rriu diln:lair{u,rdrocrafiu:lunru1dn'oult{rr6'u [7-10] lunrryoaoryiour1unriloudnn
16au6'rnnrjtLryoaolr{Ju rield-Effected Transistors r{lue.ralirl#violrlunriloufil:rnq6ii
r,fluar:firn-trirrfrorouldoeirlt'ouou [11-13] ua uu'.lyru'irrfi nnr:rirulour.J:so r,fiodu:yra.irlrYu

ttql 6qiju?-aqfiauloriurrJ:vqnoirdo#rrn:rvriar:fi.:d":rirviradu:luanrrvuredorvr-rhjr,dorir
i , - rJa!ivunn t$i'ru[uury05 Lu0ranyintuo[01.J [4] L!u9lu u0 n0'tntn'tSynao{il!i1fiod tiloiyr.turi

!

uol'r (Amine) rfluolrirj:vno!oca1r.t1i0aon?1rlr{Jua1:fi{gr-'tdrrfrofitd tsl rdolornr,rd'n5rud
-a -a J- J

!o Lua't!fl0.:n1lytoa0,:u.: L!unttLtaoifi.l:tuasrouo:U[tu!n']:norl.tto.tylodroyaua!.tuyttotoufr
t qe- ct i - . - -- J-

n0 [fitnf]r1lu6n1'rsa1:nn0?u1tuor0u a o!5ya{nt0,ii1u't0 u1.Ji.:au [0dnu1ouotn5 u1iu14i.t.i

nod rofi 6u6 fiuuuayzuriryiourlunrir outvur6 ur loun r: finur uioultro l:r.Jull nr: riod'.: vr'

' r,- J"oy ;
rio hirioanrrvyr-rir Lfiqrualri6tolviourlunrilauuaolr[Juar:filoYrrjrtfrorou loufinurnrulfr
an'r?va ru6UlnlFtuavhifi onfl :fr i ur:yr,t'irrriuro.:Hfiiro.lvio'luusiaydru

r.z innrj:sar,{so{n1ri{u
1.2.1 riruezuurnatordun:fr3ur:yy'irgrriryiourlunriloudurduruavnodrofi6u6iu

lslouln:rafrrro.:yro6rofrfiu6frunnoonurtrluln:rafi.rtfrorfirr#ulugrJulu tft uar t$ Iou
fr or:rurfi rruaro.lnluur':to,:aruldrmvln:raittiofi r

12.2 r,i'ru'truylqrualrifito.:1n:lair.rd rS nn:oufrndto.:yiourlunriuouriouuavr.ra'.:rfio

0ufl :n: u']fl u110at0ytau0!u

t.a rj:ylurddnrndrogldr"u

t.:.tlcirton'.:In:lairlto.:nofr rofr a'uo'fi udrn'ouuviourlunriuol
t.a.z rdrlonr: rfi oduo:fi 3ur:yy.irrzurilviourlunriuoutuacfl oArovr'6uAfi !
t.l.a y:rrfirrioultnr:rfr orfl uar:fi,:sr-rdrrfr orou

1.4,uou[r,n1o.:n1:eou

t.4. t viourlunriuoutio Zigzag loufitn:oafr 6 (Cl.riratity) (8, o) rijuviofi fi turor#uriru
. ec; J

auunarrfr16nvr-aovr-uaornruarf6arlGvrrlvlflrlu;rJrur:uar:fird'rrjr louaur:nairlorn
t'ruL{Fr turin.nss.ude[.edu/research/tubegenontine.htm[ 6{nvrrao{u:rJululnooi6uun



1.4.2 olun:fi3ur:sra'irrviaurTunrirouuavno6r"ofidu6fiulu1n:lair.lulu ttt ray tgt ov

' 1l-tr:rurludruto.:a'rluu1ito.r1,o{aruTd?roa'rofi5uofiuoY':rrri t fil o r,trirerdou uayln:rair.r
uwfir (Branched PEt)

t.5 fiutrf,r,rriranrs

rt'rn'r,rri

scf

HOMO

LUMO

DOS

PDOS

NCI

RGD

vdW force

rirfiurrt/nrruuuru
SeLf-consistent fleLd

Highest Occupied MotecuLar OrbitaI

Lowest Unoccupied Mol.ecutar OrbitaI

Density of state

Projected density of state

Non-covatent interaction

Reduced gradient density

van der Waats force
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a- f ilondl:{1u?ou lnu?ra{

q X . 4 c, - Yf
LUUytU0vnal'rfi.iyrqulrla3n fi !at0 iyt0l.t1Lun]5!0l]s I tlJl.JlaOya n Lunlt a nulni.lu

- !, - d- -d tr s
a{Q1nuuna1?fl':n aruflltac Lni ia51.ifl0.1110a t0rau0r.turhol41tn5 ia51{ a-nflo.:flo6 Lr.] o5
- S rv ' < i - . o ^- i-

ud.:ornriuovldnrimfirqruauri6uo.ialrn*{ri1dl lu.rruioluifinurlout{TrJ:un:u Ouantum
, ) a, -t -L5pHL55U lJUl1qUlfl intU!0aO'l't yl_J1t[l.JU{.1n & LOna1']n In?1 t1lLJU1ttarytlUlLlJ0.iFtLJ

-w JJ -- g
[tav Ll,J00uyt'tu0s Lofl a1?n.t.t1ul0 uyttnu']fl 0{n! i1u'taut

2.1 va-nnlryrquii

2.1.t viourlunriuau

viourluur-i.: r{lu 2l:y[nyr 6 ovio zu ri,:ur1uru ril rfi ur (Single-walled nanotube:

SWNT) uavviourluHrilraar ursu (MuttipLe-watted nanotube: MWNT) 1n udviourluon riun
srudotorar:r.J:vnorlluuriaylni.iairlriul ldruri viourlunriroutulyr:d (carbon"nttride

nanotube: CNNT) viaurlunriuou (Carbon nanotube: CNT) viourlufr6nounlfluei (Siticon

carbide nanotube: SiCNT) uavviourTu0anou (Si[icon nanotube: SiNT) rflusil
yiourlunriuounndununi.ru:nfl a.fl.1991 loufneyruraraoritrrrfr-lu6o.jr qfiIov

6orv (Sumio ti,;ima) ldfrutrviourluoriuourfioolnnliri?!sr-?ro.iuaiun:rflurfluy:ln:vlon
v !^ J'[ouri]u1n:rairrfirfroornnr:rfioulu{ourtoiln1i!ouriuovmorLnriuou{rlrFur g ovsrar lirl#

rn'oln:lair.:18.::vurl (planar structure) lnurfro0inooifrfi'arJautflo sp' {rp' hybridization)

lijlrirrajun:rilurfi oli]u1n: lairlt.:rur,truyn ru6ul (HexagonaI ring) ro,:ounotnriuouvr'61
4!r,4t

ldounodurtluo'r1i1u nlirl?urui!n:rilurii[riuiloviour]unriuouurlurir.l l nurrnuotoi (n, m)

loruvr'turor#uilrunutinarrtorviotfl!0r-?rill4uonillldltorvio (curvature) nilli?l.Jfl-?to,rrr6i!
^ ! 1. - ! - -. "nllv{u[no[!uvraur LuarrLr:nrfrolu Lduaru*ur.r o'.rriuirfrr]orit,tuo:rJuuunr:rirurarviolou

riruunnr:rjrumtLurnrnoi Cr, (rdo Cr,=na,+marlou a, uav a, r{luurjr u lrn lnoiro ruaiu
!n:rflu) d'ru,aollTtunrylfi 2.t nr:riruritauoki 3 uru 6o

(t) viourluuuuoriuuti (Armchair) viouul (n, n) n-roeirrlduri viourlunrirou
ruuuorirlLrri (10, 10)

(z) viourluuur€nurn (Zigzag) uiouur (n, o) frrodrilduri viourlunriuouurr
finurrn (0, 10) yio (10, 0)

(g) viourluuulln:-a (Chiral) raioull (n, m) 6'.:o ejr.:ldruri yiourTunrilou*ll
lnia (2, to) viourluuutniailfi uutla:.:aitfi uarnuaru



n1ild 2.1 nlrlixuur.iunr,rfi uloorrnrnoi cn rdarirlrtrrfi orfluyiaurluuuu (n, m)

losri'luuolfi T rfluunutrarviourlu uav a1 uay a2 rfluuilrarrnrsroito.r

ut.iun:rfiu

nrnnrnd z.t uarrflfr'r#u'iliaraviourlunrirouuruorirutifin-nurucndreififi.i
siorrluuru n'.rriu6':riunvioa'nurusrtiud'iroriluti;i:uviour1unrirouuuuCnurnfitor.r

!aruyiol'a"nuruvurlIEnu"rn Lrayulnfl! r..ro.t iiruvio usia vyio uu.j.rvio urlunril o lti n

orirutiua v urr fn ulq n!'nr:rrro c noilro.inri! o urfluuur udum:r lou urrro ryioSn urn
:vuvilrrryirriu a'tuururrotyiourlaril uril':s uvilrlhiuvir riu dryityiourlunrilouu,ll

_!Lniaun'ri0oti u.r 0vo0I1J0.in1i! 0ut!u[na ul [n ura nufus rna u?us]nrlrlnfu{uotiriutur o

vilrurrnrnoi

nruaru.fiyrrilr'lflrto,:yiourlunrirouovlouduodrirturoln:oafid (n, m) filaur:n
rJ:vrrrulflouirulouruloto.1 n-m rar:d:u g alrl'rr,r5ofirnur{Ju 0 o:*aolnqfrn::urflu6'trjr
(Metattic materiat) usidrfirrhja$Yra.:or-'lr.r:'oirflurtju 1 y:'o 2 ovuaola'nvrucu{.luar:fi16'rdr It]
(semiconducting materiat) oejrrl:fimuturotou#ur.irunutinarrto.rviorrlunrilourjoun'jr
6 o"ran:or yiourlunriuouriuoyrra nin a!! oyrr,: tnnrulusrrilr#ru!o [2] ttavrdowloror

. ,;2
tdudrunurlnarlto,:yiorfrl6uosa'lnadrhi'dol'jrrvra-llru (Gap energy) firiranal dndrlu tz, 3l

z.r.z uoirofia'u6fiu
yloa [0ya uor]uruuy{oa rrJo: u:un0! tlj0.]u 2 r/luuau6o u4rofra (rthyl.) uavu{

rofiu (imine) n nairr riuln:':airrdr unYuoclnrrrausi ri ulnluur:ltlur#uua vn l Iouur-iroon
riju16'e do6o no6rofifiu6l'urfrrr#u (Linear pEr) vroa'rofi6u6fiuriofir (Branched pEr) uar

-zl c
noa-rofraudilutfrorfioulul (cross-tinked pEt) loutiorfrqduosfinruarl-fi1unr:rn'oo'un:fi:- ur
---.-__-.3-J 1v, , - J j - -- -- -n!a15tu0t0u[o{1Ln?1tu0]0umvuiaM:n6i.:In51vri Lniluo no?u uonorniyroa lofra'uo'fiufi
nruar:u-frdrdu{oluu.irjrhll:vunr{r:rldlrudu arur:nrflu{lridrSnor:ouurihuaqa6u t+l
aonr: rfroro o nfiloriril o o ni rllttuol nrn [11] ua vtjlarr:r:n lfiln?t:ar r:nroliaqlunr:

VA
0l:?00uar5[ oatt.t[!u?a0n:?0.,orrna [14] on6?u

vroa*rofra-u6frurijuvroauaidfrln:lairrduoq]rirrJ:-urru,oluxrvr'ogluriurruriut tu
rruid'rrror Hashida et ar. tutl a.n. zooz tzl li'finurlnr:lairryrrnrunrniod'i,rtuon.,rrrO
In:lairt!:roornrir (nnhydrate) noarofrSmn'uovuan.iln:lairflu;r.Juulrtlurn6urrirrro 5/1
(s railoerdou0io t rndur:ou) o-lnrnr' z.z (n) filufioornosmornrululn:rairru:r6rIo:vra.jrr

5
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1 - i Ad - rs J - 4 d " * Y
Lnau?[no1JuuuP]o uoeLalol[iu tr.t0yl01l 'td.:nlltyunMu[t]Lanaflo.:{1n1ri'[uln5{af1{1'l1t,i1
< . ! ,J , r s s Z - - J " ' ) y
Ln;{451'!Ul.Jr!a UUU!a{ t! LOU L!ra nato{Ulou[t1r.]luyllnd?freilrr14u.:'L!lsr:rourfroaSrr{Lov
'[aIo:uou:vy-ir.:riuuau:uu-i1,!aluyrofiuairirhirfionr:riu.:sTrn-u'[vniraruoa'uoi 1o:lair{rarid
^! ! a.t,, -- , XtnotulJuruu L!0u'r,l[lJlt:u[lJ ulj14l011]U Ln:.ta:1{9.]a n tou111J1',tO9E1a?UloirOylaUOr.tUgiOdl

(lEzH2O) ovfiln:lairlrilriohid 1:0.5 riun'jr hemihydrate rYlln:lait6'.rnryr d z.z OD t:t.s
tiun'jr Sesquihydate dflnr:lairln-l fi1ytit 2.2(n) uav 1:2 6un.jr Dihydrate d'iln:.:airlfrinrvr
14 2.2 11)

ffiffi ffi-+L
(1,)

+X--r X+

IxlxJ
1-c- a r.''1'.,^ (.r) 'A

ntvd z.z lo:.rair{sa.i orn pEt luanruydr.rl rda n) anruy :roorndr r) n:yurunr:
u rnst?l,oru,] ua! EllH2o a) 1:0.5.i) 1:1.5 uay o) 1:2.5 [7]

h erlem a nd La ka rd 1ut] A.s. 2OO4 t 1 5J loifi nur q ru a il !-Byr r.: 6 15 n ql: o ui n ait o.:
d)0aL0 auouuti.Jftrt.tlau Lu[t{ni!?6uy1!?.1 0a r0rAuoiiu!tol.irlna-llrutfr ut 0.4 eV rl

rirrornhranauiloaeioutornoa'uofi6udn'urYu6o rofi6utnovfiu (rthytenediamine) dl'
dol'itna-rlrufil 6 ev

_..-.! - ,J* . ! ,- Y i0u1.:ry:'t1.lfl utta??.] 0at0ytauL t.Jfl 0arr.to5ytr.t=[n:iafrl{uodnndrfr lrurn:nfrr
?--.-? . u Y, 4 a . ,) J<3s[u1r0a[u0i o,rturr0 oa !r]05 o q Luanrrvvr-ilrirla:.rair.ro v riu.:oYr rir uul udusr: r (Linear)
a".,-

rio':ornrirriovl"uovlalo:rourirrruovmorlulm:rouluvrirafiu o'n drur,tfi.:'luanrr v!:r nor n
riraruuoFlroiovqn6.rqordt,rrniudruniuoclalo:ro!nar u rfruu-nu6rntJurn6 urao rrdufiru
:rrlrYu d.:In:rairrnarirdovrafiu:nrukirioutr.ilrrfir odrll:fiqrrtulruio-uror Kobayashi
et aL. trti'1.:fl A.Fr.2ool 0'i 2010 t8-1ol nu.jrln:.:airlrarjoueloufidnuruvuflukiri.:Inuuiltv-00n[!! 3 tuo uuno

(1) trans-trans-trans (ttt) u:'o (ttt), rdu rn'a r=a orl'#nuruvrornr:rioln:rair.r
rYruut ttttttttt

(n)

"l{^$
(a) .'\
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(2) trans-gauchetrans (tgt) yi'o (tgt), rdu rfio x=3 o vfia-n uruyto.:n r: sio

In:rairrrYuulu tgttgttgt
(3) gauche-gauche-gauche (ggg) yia (ggg). r,tiu rl'a *-a o rfia'nuruvrolnr:sio

Ln:{a:1{n!u!lJ gggggccqc

2.1.3 nr:r6aar:uuiao
2. 1.3. 1 n1:rAilar:16odfi'rrrauci6rSnn:ourrnn.ir

< ia ; "na n't:rgt!a't5t00ytr.t')'tra!{aranrl:ouulnn?1a{ L! h]a1t n iu.'lrru nl5Lo!
r'{oavloia (Phosphorous) dliiirlrurrraud616nn:ouryirriu s a.:luar:fi.roi'.rrjr66nou (SiLicon)

)a a,ec.y,rdrurulralddrfrnn:ouryirn-l 4 frlriunoynor:yrl,drr]rh.hiu'jrovnolroiar:16o!u (lmpurity)
. ", -5.,rosnautoryloaylo:-avrlaiulrhjarur:nhjrdrhjair.rrir"oyldqfi'uoyoydrlvluado6rSnsr:ou t 0r-r

i^a -i! e, ^a I u j ,j
s':0 Lan0ll0l.Jgrluuutulr0[anot0ulnouoa5s LoussolJvi?i.ri1uflo{o[an0Soudl osouyt-to!a1.1

to.iB0!nr5d1 (Conduction band) riryrno'15nm:or-toi"lujldiuvrai.:.i1uril'u.irdnfioua valiltrndu
t, ' ! , , ) - "cy:. -t!0uun!n'r:L/'r Lo n15yr03001t110{a15y{0ayl05aa1}J't:0 Lratdnfllouun a1:il.:m1ilr LofurSEinir

t4 t ,- i
oufl o flfi (Donor atom) uay15un:vonna]wrufr oynoun:o!nio{.jr :yo"ulatruoj (Donor) r:r
riunar:firsr'rrjrfiQn[6ild?uoverorl{Lri"jr ar:filoi'rrirriorou (N-type semiconductor) loud

q.J -
os nolf lririul-anl Lt] una'r{yr1{'hifi 1

N-Type

. ffi"ilr*:"
_.,.+-..1r. -.-rj.3...-
,,,*" i1.5.! *'r
't, ffi#i'-rlfi[;W,!'

'a.a-r-,,r-.--t.-'!...-,'

iffii
"'-e-'/ N-Type

nrud z.: nrrrfiuar:16odfirrrauqi616nn:ourrnn,ir lnunr:16aroufiIlfi (sb) a.ruu
06nau (si) Iqsduou6lilfi fi m raud6r6nn:au!1fl n.i1 1 d,)

2. 1.3.2 n1:LAla1:16odfirrrauddrFnn:ouioun.ir

6o rGuar:u6o (tmpurity) fi irirrrraud6rdnn:ougirn.jrar:fi .id'rrjr rriu
nr:rfrilu:ou (Boron) fii:rraud6rSnn:ourvirnn r arluianou ryrriuhnr:6'rryuovFroriro{

-a i -a q,i
{anotto-':fllodrdno5o! L! 1 sri 6ro:rfrrroo-rffnn:ouhjfrovriun'ir laa (Hote) r,riotiorix 1oa
i..s'. -. e -^cuL!u0un1nar..r noa1ero{i1{ 5orrJ:voranfraur:niro rS nn:ouorn ossro!rirr16u116':cd'u

J,
na"rlruto':Iaafiotiuutortoruourruauri (vatence band) 6rarrr:nilo'rFnm:ouyrtn:vloorr
ornunutau{ oymolta. u:ouriun.jrovnol{iu (Acceptor atom) rm yriun:yrilna-lmuto.:
s 'iL0a aufrrv!orviouorrrrard'ir:vrYr os nouaifr drr:r ufirar: r6o ruuro voor{:no vr:'unir
ar:filoi'lrirtfr ofi (p-type semiconductor) 6wvooui:-unur.lnfr fi rl:y0b,,h1.,,,fl u*.,t0



P -Type

P-Type

ffivfi 2.4 nT :rfi ud1r!60dfi ?.trauda 16nnrausJ.tnn.j.t Tounlrr6o1u:ou (B) a.ruu

Ea nou (si) Iouil'Tu:oufi 'tr rauciOrf; nfl :oufioun,ir r sTe

Z. t.4 mqufr fl .rrifruuaaaruyur urju (Density Functional Theory)

2. 1.4. 1 dlruavnr:rrJalourrrJalto.:vrqu6'

Luil a.(i. tgzt Hartree ldrauof,trit'udfida'ir fi.:ridu tartree louuflunr:
, ' - r- /

!:vurrurirflrrit'uoauuavna-llrueiluiLrosoo! uaysiorLra nfiutita.i Hartree fu6o Fock rrav
h,: A

5tater tolflr.][sMqu! rot]tou1101l fu1ylqull0.l Lll1iiua sfl{nt!ualuov0lo eily:-ufr0156u.1

ooifiri'aairy:ndlSnn:ou'tu:vu-t'uli6filridu Setftonsistent Field theory: scf odr.l1:finrl
) d\tt ae-vrqufl 0i Hartree-Fock n?1 na'totna oua.:d { u.t n0u Lo5! n.t.'l!.tuu!

'LutlrdurrYu Thomas and Fermi kirirrauouur6onr:rrjaduunri!ivr.l1ruri1
"Lurvroufllrid'unruuururiu lunr:riiu? 141fld{.:1uoyfim:rurornrmottio.lfla-.i.i1uoa{ a-.:.:..1l_J

ornnr:rnoo'uo:fiiur:su'irlf,rrnd ua uav6 16 nor:ou uac a'r.truolnnr:tfinoiun:friur:vu.irl
615nm:ouuaso'16nn:ou uavlufl A.A. t92a oirac l6'ri'nrurrqufrIounr:rauoufrlrro ro,i
ra-{.i1! exchange rdo.:orn^aroouqufr 615nn:ouufia

lutl n n tSOq Thomas Fermi rirrauouutfronr:aooYrur]:rrnu1JUrarL 3Nj .,4 . , J J . Cs Ju.r0 N non1u?u0ra nersourva aL U.l 3 rl?LL!: rflovrosrirurruanruvrluloufruo tirfttrfi ulntu
1.11-J'trLu 1.J 0 rA nn50uLvt1l.JLJ 0u1{1tflfl1rJU{LrJAMSnurdaunr:rn-ourrirnolld'[uiJu6u.:n-u

hohenberg and Kohn aur:nui'alnr:rr'lna'mki uavluil n.fl. 1965 10u Kohn and Sham

tauauu?frordoilieuurornuur6orol hohenberg and Kohn'[unr:urirlryrarrol:rluvr,
rJ:vnoudru616nn:oudrururrn lnufior:rur6r5 nn:oulu:vr..n-r effective potentiat drovfir.ra
norfi-ndnr uuonua sdum: fiiura-nrinraorrJ rdurrfiu.:dolriru u,h'odoyfior:rururua-.r.rru
exchange-correlation h:i6nr:r..1:vlrrurirrvrordldttri Locat Density Approximation drr{]ui{-ailqultluyr'rli1urn-ao=lffno:ou (vrr:rfrrsroirrra'ruldornlrLrna Thomas Fermi) uriodr.:t:fiorl
airuluuvoridilriv:rrrarirorrfiuuid'o oun:vri' ,rvnr::ufi tggo n:yr.irunr:r:yrrrurirn n
nisuurln:rairrorSnm:oulrifinrunnfrou,niuuqufrfl6.rrfludfiuilri!srs,:ueiuru,r

2.1.4.2 niunrflflo{yqul'

luvrqr*fl fl lriduuoa nrrruururjuarfi aIvrrfl oufr or:rurfil effective
i ndependent-pa rticte louarnr:r1:6llooieirrair616nn:ouairuooifi 

vr-a lfi uuld,.ir

8
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[ ffi * r,.,lnl(r))ry r e) = e rry r e'1

9

Q.1)

udor.ra:uirirrLrnn'jrdrurl t,t ooiivr-alu Yo(r) d,:a.tornu*ram'rqor eo tualnr: (1) uav N

n0{',)l.J1u0 ta na50!fl 0.15slJ1J

nfriru:umo.r:vruyaruirfi nn:oryrtdorn

(2.3)

tionr:rfir,noi e* 6o1o unuuraornalnr:vr' (z.t) Llau Z'.\r 6ona-.:mr exchange-corretation

inndni v,, drJ:rnfllalnr:fi (2.1) 6oHarornr:urfflrgrar16rfl.:rit'uso.:rirn#lmu6rduod

nunll!yu1u1]uo.iu

urifl lridunaruoylriinruralr u"[usr-rniuurin n'tflun r: air.rnrrruur uuju
0ran050u t.tu.tflfittu{n! Hartree-Fock rr.ro ooi!vtaatluro.ldt6nm:ouufil nrfrriro"onru.ir

) -a111n!unaai!!lyn0ut0.i1'{{nxunaur0iualuo LAnfl I ou

alnr:vt' (2. l) LLat (2.2) arlr:nuui1fl otrnr:rualto.l self-consistenryjj
t'u5rornnr:arrL6ra-onnruuuruiluu:n (r) udrrirhJairrrua!n1:rI:a.iraofluarnr:fi
(2.1) ttavrllharaaunruuururiuo'16nn:oulualnr:d (z.z) n:vv"rnrrrLraurruriu6 rHnor:oufi

Q.4)

rJ
lo afrarrumoru: nndr una-l rilaln'ti Hartree-Fock fiu6o yla-llruaari o'un:fii ur:vil.irt

<i
!rund uauavd udno:ou uavna'llruto.r6rFno:oufin nairrornnrur.rurur.ju6rF nn:ou r(r)

q JJa
01ua1o! tta, Lun10r]ya n0aat0.ia[a nrt:0! alueli Loufl n:']!t'tludroranu Ludnu exchanqe-

) ax- , ! ,'-, x -corre(atton t tyqull-Jo?Ltl.Jt0vljuoun!tyr u,:n':1u14u1ttl.Jlt0 ta flfi10u a n15u0y!.la11 tlnnF]1,:

riufiuarnr: Hartree-Fock dduadriua'nuruvtorooiiy'auriayoysro araauro.:a nr:vr' (2.t)
i r-

Ft11rJl4u',tttlt1.J0u60{H',t!n:y!'l!nT5 seLt-consistent s.i14't [oo1n

z(r) =IlY*(r) l,
l=l

r = f ., r - I 1 

d 
t rd 3 r' n( r )n(r ) + E *rfnl - ! il rv rrlnl(r)n(r)fr' 2r lr_r'l

V*,fnl(rt = J^ c*,lnl
onlr )

(2.2)

qnaufi f,uhjfi nr:uJduuurJaro'.:ost#zuato raoruydufi uvioi.r

a
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01nt1.tnua1lJa ! Luu!a1utlJ:slJUya'tu0tanato!n0

n = 2t- )v: + rr*,rr,\+ ),1,; d Q.5)

tfia v*, d,adndnturon6uYu6anrrrLatLr:fi r gnIoufi 'lrnduanrulu

'tunr:rior: ruran'',urdua',r',rnr.tdornnr:o:roaorrirvia-r lru6rduo d
J J ' hv - & J j

nnfl lri{unau ufr ournrrluurrr unr:nr:yoaolr,trlfrorn 2 rrnouno aaal!fl rn u.rnu
A i a, , !J

fl':nfl!nau{.!ruu0.rautyn0ur0.in't1).Jyl.J1rtl.Jud ra n n5outta ya oaxuyt=tn=u.: ril o:rluur uriu

o16nrr:ou udorornflrrit-u6'.:na'rrrflua'rurl:vno!flo.rnm 14u.turjud16nfl:ou 4r) td6'.:d

Et"l=min(Ylflly) Q.6)

J d - ' a, ! As dy'{{ntuna! n1'lr.tnutntouilrUuffn'tuyyt1.JlJ0{a1rJa LyluuLJt0 {ivuu a.tud rA n rt: ou6?un1i
, ,Jf, v n

aoaluytrnu?n!n?1 tru'1tluuota nai0!01u[.t0u Lfl

Idlr.n(r)= N (2 7)

J4.Y
L!0 N n0n1u?1.J0rann:0uytifi!fi

tunr:fr or:rurnriIunErfi aIilrfi uuaMinIunldr flu H o(V*,(r) = 0)
-!41fi :uttna0tanqS0uLuJU homogeneous uayfrnunruuono'tfr

H =Ho+V*(r) Q.8)

J,rirorfralvrfiouhjtuaunr:fi (2.6) ur,avn:voru6'roonloufiuvrortrrfioriiurirnlfi d'r r:nrfiuu
- ;!

1u:tJu,ruvrii'llruilf,uodri'un':tLraurrrilu n(r) ki.jr

E[n] = min[(y I H lv))+ I t rv.y,.O)n(r) Q.e)

riryuolfi

F[n ] = 61n (v 1a 1v) Q.t0)
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osldalnr:lra11d'ir

flnl = Flfl + I d3 r V,-, (r) n(r) Qtl)

ovyr!'i1nra'rtrlioldnrua-uniuiidu"rif,ruyrait.r:-udum:friar:vy'irl615nn:oulu6'nrinruuon

ld nrimlnua:rj'ir
( 1) ntruuururiuanruvfi'urartdornnr:aofl lriduluaun ni' Q.o)

(2) tunr:uunarfi a1yrfi uuuavrirut6uylri'tn'rofi'r-{ovtdrirnairru -F[zr]
) " ,! t
6r1ilf,uo ejriunn rlnru!onrlas I dt rV*r(rln(rl!J

odrrl:fr orrL'lunr: uriflrprar:;uuraaruo rF n m:outilarrr: ooBur un'l
e i- u --0ufl5 n I u1l v141'1.:0 La n 0501J tF tlvn i.:[La?n15v tnn0urlSnl u1t314?110 ta nfll01.J (lnteracting

J,,-
electron) rravolusr:fiiurfililrfrndruriurol (Non-interacting etectron) tutvottalrit^r#wru
E[r] r.:rhiarur:ovr:ruldurido unriurfiurusinr:dlrir,fiod'un:fiiuraur:ou.riflrXr,rrldrfiul

&'-e,!'"Jq,--
5sluvtLr.ts!{0uLvl']uu [uls1JlJy]Lll tn o0!9t5fl: u10slJnllnis01un?ttulJna61AFt: tta un1nflfl u

,1UUOn 61',r:0lfi uuyrd'WUlvr]lddr

Etnl = Ttnl+ I d1 rv,, (r)n(r)

. J .) - ! o -i
L0urntiLUau!trUa.it0iv,lai.ilu0ctu0un! 4r) 0vu'll.J'l{{6!n1:

Q.12)

W) *vr.lrl= )ntrl e.L3)
on\r )

rdo ,e 6o I agrange parameter associate 6losrflufrrrirrauo,t'lirlrintrr,raurrrriuqnoiot

lutruvfigrJuruuor {n] hir:rur.l6'outsiu:raur:nv',ao.rrd, tvrdl'rruoirvr'qn) ldorn sLater

determinant rJ:vnouriu spin-orbitaI draur:orartdornar:nr:tI:6rtooiahuilorlnrordur
-ionu

7-lV1 +tt*1r11YrQ)=er\r17) (2.1'4)'2

l:vnoromrLyurur.iuanrusifurarldorn

nQ)=llYoQ)1'1 Q.15)



loud t, *, r.rrldornalnr:d (2.4) ornaunr:d e.$) e.18) (2.19) *ay (z.zo) lufuqoudnr:
-&rurl'rlryrarrolvrqufr flIououu:narlr:nuritd6o Kohn and Sham t16l

2.1.4.3 Local density approximation: LDA

luryrolna'rlru 8,.[z] r{lurfiu.:ryor: u6 u.:fi rfrnor nnr:il:ylrrurir Iou
- !2.yqufirol t DA frrflunr:!: vrLrrurirro.lra"l lrufi nnFoduloru Kohn uay Sham rartdorn

s*/t"@t= I[l t re,"tn(r)] Q.2r)

tr - .- 4 a ; atuJa e([r2(r)] noyia,r,i1u exchange.corretation nod rd noloui.:l-frutrutolnr:alrL6oruorn
y i a ii 3 .r , i < q

0tan9l:0Uvl0.!0u1JlAyl5 {iA',) :nttUu Lu:ULt1Jl.j0U1{{''lU1.JUFO Lulr.tlolatOluriad td nm:oUda:v
-tfi{u

e ,"ln1r'51= -{(2in(r))X n(r)

l3

(2.20)

Q.22)

LDR irl:vf,vBnrntunr:oGrrunrualri6ln:rair.rovnor uavnr:6oueiu:rrrhjfirnr:dutor
ln:rairr usiodr.:1:fimrlrirn.:finr:fionarolunr:oBururJ:rnnnr:nSdrurJfrfiiurrnirirlrirfioara
" J-
rirurrufr rfrurirnruo:-l rirnlrrnnoioqro':na"wru Bindrng energy uavu'ilriarlLr:oldriru.rru
u /c.
latrvtLuui.rananolfl' 

urunurutrlunr:1{qrualrifrtolnr:lrialrLa (nhomogeneity) flo.in?.tr.l

uuruilu6rdnsr:ouriruSolnunr:rfilrn:16uuliluuyrotrio.in.rluulttiluArHnm:ou Vn(r) rdo
try

tfrrnaunndolto.:na-{.:1u Er. rtiu na".:.:rulooolud (ronized energy) uavna-ruurfiolurju
(Cohesive energy) o'uiunr:n'olurvrqufr LoA n:vdrkilorunr:rfirLn-.:rirrfrunr:rn:r6uufiryr

; --.y -nruuuru udrdno:oufili6fr 13uu.jr Generatized gradient approximation: GGA

2.7.4.4 lhe generalized gradient approximation: GGA

nr: rirur ruf, .: rit'uro { GGA ln'o yr rirna-l lru Ecxy b@l Io u:iluo { riu
nmur,tururiu:yuuuavun:tduur{tornlr:lraurrt u:vuu qrrfi rldorn

Etr l"@t = Il! t r e.,ln(r)tftn(r),y n(r)l Q.23)

i



74

4 q t- ^ a u iu e ^rfrafl.rrir'u / 6ofirridufiqnirn:lvlirJi-urvt'ulri!:yuu GGA finrunnfrowrnn.jr LDA usr'lu

!1{ni{ LDA r !1ualrfiliou1.:riolrlnn'jr rn'od ccn ovinruqlndorluvr'qoluuirirurrur,rr
lra"{{11r Bindi ng energy

2.1.4.5 Plane Wave Basis Set
q - ,- *v

0'rnyqull0{uaon t0tnuy,{{ntuyl[001na n1510.: Kohn-sham olna!n15

vrt (ts) ?iru:-ufi'ndruo3oofrn6orlaornnduiyulu e't' urayflrri{'u ,,i (r) 6{uao{6{nlurflu
Jq

r1r05 L0ont0.:tianttar]ut a!n'r:na! Luylqufl fl 0{!a0n0y Lo11

Y *(v) =u*(r)e'k 
t (2.24)

lLav

u,r(F)=u,r(7 +f) (2.2s)

drrai!rinrooi f rn'utnoriunlurf,urnoiloGnuanfit rfluatalirlri il,i(r) 6111:nruruh
- ! \v t

tvr0ulJ0.:[!tattml0nnau:y1.J1u Lo0 u'ti.11ur]1u ltyt05.i0un irJyl[: u510.:14.!fi6utylo5 Lo nn ruu

qutjunr{urfiurnnrnofluuaofira'?und'u t Gl lualnr:d (z.zq) 6.:undu:dr,:fi'lo11n:rLvfuiui
d - c "it , ) - it0nn?r.ruto.tL[avyi':ntunaur0{0[anfll0uytl [ua']u't:0[tJUu [u5!r]a:?u00{14.:nrunaud,i

llnr:riru'rrur.r'uosfrorl'nr:iirnhdru?llto.r G 6.:rijuzuavirlriuja'uunr:

rirurrurodn:':ait615nm:ouuluhisirn-niltflunr:rirulruwuiilfio'[u[?nrnoi t- lu:vluku
I ! a I .i ! ! _l!5AA?U A01Uv !n5 iat 1i0 ta nrl:0u0 nfl'tl4uFtLout.:0l.t Ltuol ttmun=oU:sa nfl ttrnnfao o*ltiu

.i-
r?n[9la5 k nndlrifltvoq Lul{uu:aa?uaovor.J (irreducible Brillouin zone) 6ra'l:vf,vBaralu
-1- --e - l ioo & .oBtlrudinruailfFronrlanf{uilo nru!'run1ifr[f[un']io"{r?nraoi r 16'uri i6 Monkhorst-pack
.-- -! ,44) va , ea u vrrnrmoirya'rfifi6.rou0nfri1itu1n1u Lririoultvt-l=na"llru oun.jryla-wru Cut-off (E,,,,,,, ) 6'ld

Y ,u@) =lu*(G1"'ti*et '
G

Q.26)

Q.27)

tunr:rnaouaa'u:vuluru€6r{nnvvoaoulunr:rl:yr.l1ruri.rtui6!rvlrrurirdn drfiuu6rrv
na1?0{tunaunotu

2.t.4.6 ilndtfrau (pseudopotential)



lxlrt
9c
r ltrn
2.5bo

fl-ula';
hrrinenuuEnrt ura1ifl urduqua:r'uorfi

a,4aJi,
r1Juyy51!nuo0uua?110ranni0u't.i Lur a{{11.rEorytuia{$.rsi1{o1n

Jd - a ) ; , - c o i " otltau{ota n0l:0uyl!Y{a.i.:'tLJUo tyLU't rl1fl'110 ta n o50l.J1.1 Ll.Js,:yl1t14t1LA!tO La nfl: OUA UU!!
r.rarrl (rfiodrn:fiiurld.iru) oYlrir.ri6tj:srrrurir6'ndufiuurirrarirfiuyrrro'rFnsr:ourr'tu6rfi

--i-,-"--Jn11r.t{1rt0uLou1.rr.Ja01n01n15uEl.tn{[ t]0u5y1JlJ0L6ifl9t:0l.t't.tL1.Jttl.tL0! L!?6uouytln15
d .A A )hU

anuruuutul,{0Lanfl50ui{ tun!ultnaua [!t6usy]tl!aw0ranoi0!au g.in{a1 1:nrnaauyl [o

o eirlavonnrtiurGl oir7u6'ndnaoljriocon uyu6? uo-ndrfiulairy:-ld rfrnn:au':r'lu
e -. ad

[u0.r01nflnun']u tur.rn?'uJLrlJ'!rL:{an0i[!uria yl't tt4 0 tri nnl0u?.iu0 nrnl:
nioun'j':hlr:rodrlurn fr.:riufrntjrfiuufiqnairrdufilrao.r6,rflrri6'una'urfiulrriuriurYrna'udrir

J
lfln?1:f11r cut-off (r.) 9i{rlny 2.5

nt^rd z.s nr:rGuurfi uura.rf, rriduna'ufiaglufrntigaauri (r#urJ:ydrSrriu)

ruavfrntirfiuu (rdufiuduer.r) n-u:yus r louuu'jr rfio:sgslr nn.ir r. rl.rrit-uaatu

vr{60.1rJ1,u'tor 1nu

2.1.4.7 Norm-conserving pseudopotentiaI

o',nn',nd z.s f, .:ri{una'udrfi oornn:srrunr:frn drfi ur:uas n'n dna ourlfi
u o u dd d - . -a n ufu v [14 lJ 0 u n L tui 6 ! y] u 0 u n ? 1 5 fi u Cut-oif fl l n t u n a= ur o l dn u ryt- a rL o s lri r fr olu o u a ;

a-rnYui5nfuo'ntj4aorrllouuiunr.l'oultnrulfia'nurusf,'jr Norm-conserving ruriflrgrarlui6d6o

sir r{lufrolorfl'uua-.:rru Cut-off dql6lrirlridor nr:1{r,ndo lrirur rudar mrurrjuniu (cpu ua y

RAM)

2.1.4.8 ULatrasoft pseudopotentiaL
4 u . a a ,d a ; !nlrrn uru rlrirlfifll rit'una-uto ldn drfrurLlril-nrrl 15 uu 0lfiuIou n r:

i.
lrsuu'r?f,finu$1ur.t Norm-conserving rra s a51{ d tA nn: oufralr_L: rur.:"[u lirlr.inr:rirtr rul-rir

, " r o --i.urildr 'touluiSfi6'o 
lnr:yla'wru Cut-off airdwirl#rylrvurinr:rirtr}irurruyroaorriolil

2.7.5 9FT-D

irpr,trto.:nr:rirr'r6utoi DFT 6onr:riru:rulu;rlulrhra nayrlrjrfionjuoy:vy.jr r
s i J - ,-
Iutana 6.:ufi'hlounr:rfr1fl.:rid'r"n r:u ':l (Damping-correction) zuaro.ra-l!: va'yrdlurrsia s

khanitha
Rectangle

khanitha
Rectangle

khanitha
Rectangle
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u 6 .\' .

0un1nuacr.rato.ln1:9Jn u110.nfll.t0yno n1a{ n LouLSunnu Luyl? tlJl1 DFT-D Lound{{1unv

nnno Lu:llLLUU Llr!na

Eor, , = Eoo, + Eouo Q.28)

tuo u** =-ilr",ll6, * nf y^,,6 r, +n1;1 e.2e)

.f,.^o(li,+R11=ru'{l+expl-a 1LtI-1-1111-' Q.3o)

i!LoUyt s6n0u'Dlu[n0iFunctional-dependentscating
la,J Fr0Yl1t111LFr0tn't',r A{10.i11.:nt!yu'1.!

4 - -J ,g, 6oa-rrJ:v?r6to lriosnallula: lairl
,6 fio9.Ja:2tJ10.i:n!iutFto:?1aafl 0{a0yn0r..l

2.1.6 Quantum ESPRESSO [16]
J - S s - -!

r tJ uhJ : u n : l fi q n vriqr u r fi ul o u o r da u q u6' fi ug r u t o,: o rr I o u r fl uLJ : u n : rL ll 5

arur:nort lr,tanl,iornriultri http://www.quantr.-urpr"rro.ory tJrnnrrdo.rr,tro
" 

q.- , " .l
nlu?tutoo{n0 LUu.

(1) Ground-state catcutations.

(2) Structural Optimization.
(3) Transition states and minimum energy paths.

(4) Ab-initio moLecu|.ar dynamics.

(5) Response properties (DFPT).

(6) Spectroscopic properties.

(7) Quantum Transport.

(8) Platforms.

iinqruar.l!-frri.:na'rrarlr:nrirurruldornTrJ:un:rLua-nuayI!:un:iltioudl
IU:un:rdfi eirurnturdo.:lurruio-u fi o'rfi

(1) pw.x: l{rdoriruruln:.:air,:ovnorLuavna'wru
, .' A(2) bands.x: l{rfi ovrfroounulnilail{1ra'.i.t1uau6nm:ou

(3) projMc.x: ldrn'onf;onn:uuutu.juarFnn:ou1urloiayovr]o!
qu A(4, pp.x: ttLll0 a 0 9t0 0l lJytait[an ol o1.J

n1:fiiu'rruvo6o!rdorarrirna',:rru cut-off vrJrvrrvalri!:cuudr:rau1o r{luvr'vr:ru
6riu6o{ud'r'jrrirto.: cut-off vr'rurrvalriuuriayornovhirvirriu o".:fiuluooud6rkirirurmarrir
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u a ! aoq,' d a\y q 1 qvt )a, - J
ua{.i1uyrr141t1va un:u!u ryl0 h4 ton1ytt14u1ca 0{[odu[nlai0n [,8yloul Lun1i!oufrr uiaofrrr.]

t-
aulolunouu:nfuEo viourlunrilou!froinlrrnruro (8, 0) il:ynallildru : uilruilio so

ovoo! Iourirulruhi6odun:fiiurrioviodurravar:dl1 lourirurru scf ornaranr:rirurruri'luaol
- t-_ , J J ,qin1flfr 2.6 nlirrfioufrurirna".r.t'ru Cut-off rirna-.:lru:ttto.l:yllovfiriraoaloeir.::tor5r
6'rurri to-zo Ry uavuJarauurJalusnfioarfioyia-1,:'rl.J Cut-off 30 ny fidr.J filrir.lornrrarffLr.i'Lu

nr:rirmrulouriryra'wru curoff 0urnosrirbirrar'tunr:rirurruyr".lylo (waLL time) lrnfiutrl
riru odril:6srrr:rdofior: rurna'wru Cut-off nu'jreirfiryilrca!r'a oFana-rlru Cut-off ryirn-l

J a ,.i , v zi ; , - ! . "J0 Hy ru0.r01n!n151!a u!rL!a.:!0utJ'tflul0tltr.]nryta {{1u!1nt!nflt [u!1{ i.tu,)du [tfla.t.i1u

Cut-off rrnn'jr 30 ny 6lornrir.:ornio-ufi otir{:fimur:rrl'jrrirn#llru:uffl6oyfieiruonrirl
ornrirua'rlru:':ryr' crt-off lo ny urtu.:rsnriouilrtlurvrqHafidrlvirirna'wru curcff d ao ny

^- I
n {tu!1vatn!.:''lu'rn uu

50

a0

!o

m

ro

o

30 rro r0 20 !o a0 50

Crr..{irt

nt'r# z.o rirurruuoaaudrfla'llruuacr?arda cut-offTnuiru? flaouuu
yiourTuariuouturn (8, o)

2.1.7 Noncovatent interaction pl,ot: NCI PLOT [18, 19]
ii

rn= a yr=o y ua o l ain uruy u o t n r : r fr o o'u n : fi i u r : s y.i r ll l r a n aLl : u n : l N c l p L or t d
. qvA s Jnnriurl,Sufrouaoldlnr:riloonn:fr5uroTlna'm Ioun-urrunr:rirurruto !:un:losfior:rur

Reduced density gradient,s 6.r6uodrYlsr-rurjrrfiulm'r16urriu6o nrrlulruriuo'16nn:ou
(p)l-JU"l to?'l

2{ltt'z1X ,%
(2.31)

'lurrusyr'nr:uunnruugtnsirl:vy.ir.iu:lela-n (Steric interactions) niuoylolo:rou
(Hydrogen bonds) uav u:liurooirrad (vdw interactions) lffl{artjarr n: vdrnn nrr r
rauruiluovld'ir

-toa".l

-r o.l

uoar.l

.roro.l

i:rl
- tas.l

.r"*l

.ol
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ttav

v'p=4+4+^"

4<4<4

Q.32)

Q.33)

raa-rornrYurirrir /" hJ4rurirzuaahrSluarnr:d (z za) Ioun'ou1to'ruunrfl ufr.rriohJfi

dr riouluto.r s = O. 7 utdr -O.Oz< s ignl) p<0. 02 1160,1 6.1 n 1 : rfi o o,un: fi i ur tfi o

u:.riurnoirrad

uavdrn'oulttor s =0.5 udt -0.06 < sign(4) p<0.06 ua o{fi ,: ni: rfr no'un: fi 5 ur

tiofruovlalo:rou

z.z .rruid'udrduariar

Moonsub Shim et at. luil n.n. 2001 t11l lirio'ulouyna our,rrjfilridun o6 rloirirrorjr
yiaurlunriuoulrairrrflu Fie[d-Effected Transistors dladu:luornrntiorou 'tunr:uoaol

Ltll0at0vau0 l.JLunllvtfia0! i.ran15?o uuaoi l,rrrluirvtourlunrSlour.1a'lornnr: tdo6rurari,'s
f,,:rid'ld'.:nrirrul6uuuUarnrual116vn.ilvlflrornrfirl louuaolnruarLf6vrrrdrSnfl:ouinei
-t-.."..^=y-.Ft-.---:- --.. - d - ad -d q j
u:uflqflo?[!uai: n.i 0liu'rruo[0u ruo{n1n 0 a r0rauor]! Ll ttytuytoo niuouo*ltfllzualir1fi
qrualu'6torviourlunriuouriurrJFuuurlalhJ uonornf,u-,:nl.jrnoFrofra'uo'l'uhjrfrn
n:vr':unr:riuna'lo1nnirfl o0t-Lio'nd?ilOoLlo.1o2U jaOl69670)

Kevin S. Mistry et at. lutl a.(t.2o7t t12l liri6'olounr:uoaoul6oar:il: cno! rofiua I
tuviourlunriuourvr'afinureranr:nrvvutorilduor-'lirlrjilua.:sfinrouInul,6yiour1unri!ou

rijuar:#rdu*ayar:tj:vnolrfiorofiu6on:olunin 1oo:riu rofia'l,oorfiu rrfiaarfiu uav
vroduofra-uo-fruaruuviourlunriuou vrujrikir:viourlunrjrour,rd.rro'odruar:o-rna'r:il:vvrqfi
m''lfluar:filoY':rirtfioroulnurovrrcodr.:0flan:r6u uonorndnr:r6ovrof,rofrdudfiuaoirlrirnn
ar:firn-erirfirada:luo::ltrfilrnn'irnr:16oar:tfiodu (Dol: 10.1021,2nn IOOOT6r)

Vincent Lau Chun Fai et a[. lutl q.rt.2OtL [14] drio"unr:finurnruald6nr::-uitol
.a^_-<-di3-ar.r,.Atv'e.

vl0ul Lualt!ouvt0nr000'tuvi0aL0ra-uolr! hdlr]uoon{10d 10ufrimnrl:ya.:rirfiofioyair.:r{lu
4 -. z

rlaosr:':o{un:ohaju luniunounr:rniurviourlunriuourdarftuiaqd'rri'ulunr:ai1{rflu?-aorl:?o

qn16ovroFrofi6u6fiuvru'irl'a-nuruvr.ildrornr:16odarLp:nirfr n6u6a rfionr:rir ulouro.rr.l:yo
rn=o{u:vuirwiourlunriuouuavno6rofra'udr.r'uuavu-lnu6n.irrfioniuo: c-N firflu#nurusravrrc
iro.rlroarayla!0!u (DOt: 10. 1016,/j.tatanta.201 1.04.006)

.ling Kong and Hongie Oai lutl n.n.2001 t5l ririo-un.r:finryrnr:oo,il,ltoflluan ato.l
0aFraauuuuvrourlunriuourf,ofr':riruuavar:firor-rdrlounr:r"oqruarLdfinr:ruei.lo- 

rH no:ou
ornnr:io'ulru'jr butylamine uav 3,{aminoproply) tri-ethoxysiLance rrlrfluar:rJ:ynouo-uyitj
aonruali6nr:tua'.:615nsr:ourfilto.:viahnriloudr{luar:fiw'rrirtfrofiuasndrrdra,anmy

16rraa"rorn rz frrllvirulrl uavd.:nldn.irar:rl:ynou6uvrititfio6l'uhiriolrifinnr,,Jr.il;;..
toraruarLtrGtaryiolunriloutfi nd': i1 (DOt: tO.IO21/jpOtO1312)
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^ ,X c, ) u o a ,4 e< i ,

t0oolull0at1.]05uttao.tFr a!! mnlrl.] t!l-Ja1ifl.iotu1tunt0u Loriuayty,{ nranrnnr:rird noru
lunr:r1:vq nciviourlunriroufin n 16 odramoa rloifiruaoxn ruarflfiro.ruvroiluo uS nvrintpi6

i, ,3,
uonorn vtourlunriuauu".rnrnruarffiu,ldrfiluanmvrlnfr6ndru (DOl: 10.1039,usrep03344)
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" -- & -hrrui,i'ufinr:6nurrfilvrqu6'1oul{lliLrnt euantum ESPRESSo trol lufiulruyqrgi
firrib-uorruuuruuriu (orD dflulrui6'udtd6nrcro'un:fiiur:vra'irlluranar"n'onr:rirurrulrild

rirfiruiudr dildrh-lrr-tatuurirfrntidfior:ruraraton vdw correction Ioui6nr: DFr-D t20, 211lu

ai'lutorn'ntirfiuild Perdew-Burke Ernzerhof (PBE) rfio ultrasoft tZt] Ioudrirvia"l.:1u Cut-off

l{uvirri'u eo Ry airairnr:rirurrunr:!irrJ:dn:laix (relaxation) rmznr:rirurruu'ryla"{lrunol
- t- a _ t ! "flrritundu (scO yr-anruvfiu'Lunr:finuryrrllniia;rwo.il Lanar,rioianarur:oriru':ruldorn

na-rlruoo{u(bindingenergy)rfi oyoaorurln:rairlvr'ran'u:darrrYralnr:

Eu=Er"^-Er*rrr-E"r,

tita E 
^ 

Er*r*, rav !., rra ol fi.rna'rl 1ui't lto,i i y1J 1J na-r.rtu:tlIrLranaoa:vto.l
yiourlunriuou uuavna'lmuhranao'a:crorflofrrofi5uo'fiuorurirriu ya-rornriulunr:rirurrue.ra

riornr:rfronTuovulunruaryilnutdll5untt NCt eLOT t18, 191 rirrouunrfiotolfiuovlunr:rfio
a qv A

01.JFllntu'] Ltavnfuat.]!styt't.t Lyiy'/'t Lou LUlunlr.tu0u pw.x t.i [t[nio u]o1tn51s14 rrnuna-,:lrulou

}l:un:reiou bands.x nruraururiuanruvtoruriavooiivr'atuu,sia vos norLIo efll:run:rt do u

projwfc.x uavrirurruarualu?nr:rirulour..l:solouora'uld:un:l boder ch orge onotysis [22] dt
'[{ pseudopotentiat tfio Projector augmented wave method (pAW t23] uayl{nitra-rlru
Cut-off 55 Ry [22] wronr:firulourj:vourldorn

LQ = Q*- -Q*r*

ttro eb"h," *av, qr- 6aotrurudrf;nn:ouyrstl4uorolyiourlunriuouriouua yr.ra-lorn n r: 16o

0at0 auor]u

tunr:riruarul{nr:rirulcuur-rlruru (para[[e[ calcutations) louIJ:un:l fr,lanuru rdoriru
.1. -.-.q , -r- 11 o s g .-^- qy-,u.!
tunliLyllJUseayrot'tyiuayn?l ti1Lufl15n1u?ru Louru9t0LJ6i.tr1u-5nr:riru:ruuu Lodlmo L!il

3.1 nr:rniuurnto6rofi6u6fiu

lofr6uloosfiu (NH2{H2{H2-NH) rfluhmqarar.hudou,f'r5nlr'qniunr:flnur1n:lair.:rol
yioaroyra=ua-Iu nu'jrnr:raquto.:urirofiurirl#rnoln:.rairliurjl lfiof,u "[unr:rirurruovdoulu

r,ru) _ )
uurtunusr'l'Lifr! u a uavurL uurjro fr uhJ nrrLrll a; d'rnrnfi Lt lould}J:un:ldou pw.x

(3.1)

e.2)
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rirurrur,trrirvra'llrufi4mirr1 Iourirmrurfiuluur.r scf ttav relaxation u'xti'llrn'or,tr4ldrad u:
j

!'rnvao

)ntrfi 3. 1 :rJuuunr:r4uusolrofi 6ulaoyfi u

3.2 nr:rsriurviourlunriuau

alryrd l.z hJ:un:rrirurruuruurasowiourluariuouuasaaro{il:un:ud{uan{r,urer
daulonr:rirhJU:cunri

dr d J e q,os J , d o'[unr:dnur15l6u16rjr'[rl:un:tunoyrturouowiorfrorjrurrirulcuurnruar:ri6rit1 
Iouu6on

, Ja a I 4 I - " - {o
L011u1oy oyl1ltLJTora n ao[Layrn a ! n L!!a15 n i n']U1li5 6yto Lunl: ri.ti.J? fuy.'l1,u1otdu

rirunutjnar.:uacujiulrfiuud'l.rruio-uriouyrjrfi tt.2l uasruatotruroln:aaFdraio{o'ud'u ttJ
nuirviourllnritolJtulo (5, q) 6,:r{lutiotn:oofiou.rrr,5ndo, oeir{:fiorrrlnr:afrlrarioudou- r-rfiofil-nrrlrioudr.rlr.rqj6.rlrjrralrsar'[unr:rjrlrriru.lrullrruio"ufi rj'.:rjuilu6on
viou{unrilouturn (s, o) dl!'rdur.irunurinatryirrir o.zo A lrlda,ry:-lnr:rirutrurfiolrrnfi

.t,- -[n:{at1i1J0{r{aauu0uyt ux{1Jt01..

6<Rrdius<12 and Scmi =l
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J,
rfrolornviourlunrirouriluuur t fi6't{:vrrln:rairlera'nuuu tetragonal nr:riruuo

yrr:rfirnofluriru a uav b iilrifior:rurorntlrotolrduairunurjnarl (6.5 A):suv:yy'jrufil
vionluroFruoi (3 A) uav:vuv:sy'ir,rnoFroifilrryofrrloin'ohj (s A) r,ijurirrir:frulunr:rirrauo

tourtotorfi6to.ryiourlunriuou ufiofiosrirutruraroiru c nuuu':unuto.lyioovhlhj:un:udo u

pw.x runl:nru'truurnryrr:rutsroio'rna'muasrirurrutrr-r! retaxation udorarln: laitvr'rafiu:dao
o dv - X"'[unouu5rnu ya'rornrl-urirurruyrnrualuGln:lairr6 15 nsr:ouinailouhJ:urn:ldou pw.x



Uilfi 4

flan'l:flnao{

4.1 r{an1llotuUl{0a [0ylaua u

nr:ri'ru?ru lToirairlhranauilrudoutarno6rofi6u6fiuInutJ:vqndroyfi6uloroiu
(ethtylenediamine) i;rJuruuhraq aih NH{H{H^tH, uflullranayoaollouritauolrira{

I ie
6l-uaur:nuluufru{drut6urrY{nrflfr q. t '6nr:rirur6uuutl scf (catculation='scf') 6.rr.J:rnorn

nr:rJ:"urJ1dn:mir.l (retaxation) rdourrirna',:.:rudulrirll Iounr:rnrlfiufias 1o' r.tan15ri'tuttu

uaolrirna"lmuahrildriorprnr:r,tllrorri'usvnt'jra-nuruynr:lrlur{urvuu gauche dtirlu:r
6G70'(rafiu:fiqodr1u 6t.as') drfirirnruunnrirua-l{'rlnrn ! 60' rfiuufi! 0' lyiirY! 0.038 eV

ruasrfiuuri! t2o' rvirri'l 0.013 eV uiur6urriuriltixu zgoa0O' Gafiu:vtlqnvrr4u 291.18") dut'rir

n?1ruflnei'r{na-{.r'mo1n!! 240'rfiulrYl 300'uvirrYl 0.013 eV ua; rfrulnil 360'rvirriu 0.039
s Y , Ja ,

eV louri'rdxur 60-70' uau 29G300" uaoulnr:ylufr!rirnai'wrusirao (stab[e) r-.'uylrufilyil
a .r .' s " . , - ],

rofiufiraruliurfioyrtao{n:{a;1{firafiu:fido uasllr!iy'rru tao" (uafiu:daodqil 175.1 1")

uaro6odnr*rn.,ry!uli'unsuul trans Ioufirirnai'.:lrualn'jrnr:r,lluvliuovHrlJ gauche uaorfi.l
'irurdrijulrLdfianruvfirrafia: (semi-stabte) otirlt:6nrrlunr:rirurruooudlfllrfiu.:nr:ur

,l t ' . -t r d ir
iUrnJiJ[r]ranari rluLou o'ntulnruiLrJlanarou?{{luollu{ts]rralflaa uloioc turonluurlroI

gJ 4 e e ; ,v^
ar titirr nf,lourfi ooln nlr ria fitrro{Iurana u6 oerlt du6loyl6fr or: rurriotr.l

vo
t
t
F
I

I

nt^rd q. r ua1.:ru#ur{vrrida rn'rrr4{uuo{rlriroiiu uayntrnnu rn[[6rot6aflJ[[uu$o,r
<Jn'trilqu'loufiilunllr4uutiuor (Rotate angte) rvirn-u 60. 1BO. rlas 3OO.

[rAq.: n,] tt4uufiuov 6u n,i.t ga uche tra ns lta s ga uch e nr ua.r 6,u

lunr:voao*fiovnr::uriou kioBlranr:rfioIn:.:air,itoifloaroyr'a'uail'r.ir6orfihranaoru
)v 1 -vrtrr:rrtluioliurd! dr [7-10] uiou:uruoa [11, 12] ornnliril',rrulu.:ruio-udr.:616,ua,,:n

:L
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oBtrrutdfirnrua"luiudto.:1n:air.:uuavna"l.rrr" uacnr:finurln:.:airqrJ:'ulrfiulriulruio"urfir
, .i e a - gyoaolriouu{rilnl'ir In:lairlfiarrLr:nrfiofruuayyrukiliflunr:yroa ofloufior:rurlua'nuruc

nr:riorYutoln-ussuurilr#uloafior:rurdrulu r r.rilrerdourfroldrflulugrJurl (ttt), (trans-

trans-trans) rY.:nrnfi +.2 (n) uavgrJuuu (tg), (trans-gauche-trans) 6'lnrnvt'+.2 (r) rdod'tfi ,60
drururarirueiouroi oa'moi uaya'lyrlirla:lairl:rl uuufil (Branched pEl) fiultunr:yroao.l
ruiurdurriu tzql ftrYuTn:lair:rluwfir6lqnaulo'lunr:rirurrurdu16urnlurilnrvrd q.z (n)

ntud q.z In:latrqua.rvroirofidu6fiutqrJuuu (n) ttt uar (r) tgt uav (n) fi.r

4.2 aanr:rnialviourlunriuou
nr:o'nuryiourlunriuourioEnurnfituroln:oaid (a, o) rfluviodfinruriraulolunr:

-dr.-J d j
vloa0ufl'l:FllulruvTtnoa!rll nl ulrl!flaa t0vlau0rJLto oltlurnoyrovr"iLtJyoaolri'lnaa-uofra-u

fifitlronruururnl 6loiorfinrrlur':rolyiorfiolvroritrl.J.roro.tfloArofi6u 1ouyfi.:r.nirudou

usadro.iyiol:vnouhldruiirueunriururtotrl,o 32 oyool lu{1!eo-ui't{riowro 3 rarirudou
. i av(96 olerou) srfrdru a.b=22.5 A uav c/a=0.5686 (c=t2.7g}g A rdofror:rurnnosnrulu

In:raiTlnyirn'uovuoloriuouluuu':ouurrr#ur.iruourinarrl'tlrnryirri! t.qtzA1u6n6'r!
i a-

uflrfrr,"uovnrurr:,i. r.427 A uavfirdlr.irunurjnarrrvirril o.r A rriauriurrfiulrilvrqufrr,virrir
6.30 A t1l inr:rluqnsir*ioun'iriouav t riuuao.rbir#u.ir1n:rairldauloaoond'orriuvqun'
o'lnrir':

d!ainiulrIn or]unruluyioon uan.:lriuiu.ir1uln:.ra5rru3 rtrurluyruruufiu d'lrrao.rlu
_--..-_J -^ t \<t ?, J._.J- -,.r , ;^! z c, ^nl vt 4.3 (n-fl) Luuouo:nl u1v Ln olunlu Luv 0 y1!?10!01niurvttn o{uut'utiutio steric oYl

---.1 "^, , r ' Jfl'ry'{yt 4.J (n) [Lav1 111.]0ust: n i u1tuofl1.J0u L0 Ln: rouu5 o ur:,:iuroo irrad lutrusfinanr:
rirurrurarqruarrjhvrrdn:rairrorSnn:ourw'jrrfrotiovirlna-rlrufirounrrlr ( f ) unldaoua,

i d-tllonirlllrn{urfrofior:rureirna-1.:rurdrrdrlndtolkurgaaru X (brillouin zone edge) ryl
J- A -n1ilfr 4.3 (r) r,fro':hnruunnrir.rryu.ir.runulrard*asunrsr-rdrnt.irtio.rirlna-.:.:rudooln#riu

fiqoiritJ:vlrru 0.63 ev ei1.:alnlruii'uduvr" 0.60 ev [26, zz] 6ou{luiouav s ornnruy' +.a
(o) uaorfir HoMo (-3.341 ev) fia-nrgruvrtluooiy'a zr rfio,:ornairllliuoyrir.tornriuor.rrir'hi

2
rfrorijua"nurusta.: sp' hybridization loa Luvo l-2.711 ev) 6oyl'a'nuruvrylnrrrvr' q.r (r)
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qe
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oe
Cl.

OO

e30
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o3D
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a
at6
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rl
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o
oa

(a)

(l) x ms

nt'rfi 4.3 a'un:ffiurdriodunrutu?iodru (n) uu (r,) siorar.:tolraryiaurtunriuou
(n) arrudlriuii:cu'j1 { RGD *az sign]) p (.1) rnuln:lair.i6 16 nvr:0fi nd

tuolyiaurTunriuau (o) HOMo uay (r) LUMO

4.3 Hasolo'un:fiiur:vu'irwiourluariuouuayyrof, rofi6u6fi u

ornm:rry'q.t uao.:l#rfiu'ir'[uhuoa ttt iriryia-rrruoodraoarrdoturonruurrroflr]roa
ufr#flunlnrnd a.a (n-r) r?u6odnrrrturrro{aruldr'u',rorioi.,nu-uu.,rnsrd'!Girfiae unsfina-rtru

qnd'ldrdqoldornn:r:oryiourluorirollounr:iirarour.,ro,ri.,nn tz' rlhe,daurao
fl0a r0yau0!uo.tn1ylyt 4.4 (a) u.t0110'mfu'td{ouo:niuryrrn-otu:yyitlyiouayuoa- rofra-u6fru

' ! ' , c, Jd & a n - , ,J - g . J rvtlj?1111?'tnu[!!a1uvtuljul0a! t0u1?1450[n]ntvl4iyru:ouvro n:rr,{frr n[uuanlHaou lurioult
to.r s<0.7 *ay -0.02< signQ.)p <0.02(a.u.) tiu6ortluu:.:iarooitra (vdW force) ;*.,nd q.S

(na) rduudu':riuriduroa tgt Filfla-{':1uoor'rovanoiraldoturonlr:umrfrrdunlLeiro'rrylnlr
-_d",/_-,- -- J- j e,.._J-,,r g 

"... 
l- eqv^ 4,< _vr 4.6 (n-n) 0!rlln5 Erlvr[n ot!r!1.rt.r 0! lflLo u?n! ttt uLno t[5,:ia[oairravr*lrirfr orur.rln:rair.r

J- -t ! , - , j
n{na11 rfuvn15vrfla1:ru'rfr1ulno?uumvr-rvirriunl.jrfrllro a rarjrudoul!rfra tgt finA'1,:ru
oorllfisrjrn'jrhroa ttt oeirrl:fisrrr..vr'ruro 6 vrjrudounannu.jrluuoa ttt firirna\.rruonrlrvr!oir
n'jr rriuro-o':riurirln:rafr lrfron'u:olnr-.,'jr ttt fidtra-1.:ruoor-t,vrtor'rn.jr tgt ornruaoirna'rr
rrtrrfioturotornruur:noa rroifituronrrrurrrrn 1 In:lairrtfro ltt oyfiorrurafiu:al
dao ornn':rrurrrararulun:nirtjuarulfrrr#uarrLr:nurloiornnr:airrnrua-rr{udd'rarnr: "

length(A) = 4.5 + (t - 2).3.72 + g. 2.88 + 3.41 (4.1)

,r,'u l uo, g 6oiirurlvilrudo uluueia vIilroa ornln:rairfl'hroay.drurroyyu_r.irrJarufi,{
z {r.:#rra'air!rio u'[r.rnr:rt]odun: fii erloudlrn nyr!.irvr'rJa r uar uhi.iro v rflurarirol-lra6 a
vrirofraovfia'nuruvdoonornzuf.:uavfi:vuvvilnan.irosno,otu.l vrtoeinarraru 

ir--'- -' " -

o I __-------
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lunr:finurnr:qoq"!a.:!uyiourlunriuouTo:.rairrulufil (Branched PEt) y,{u'jta'u1rnrfin

1d z :rjuuuriu6oulufii'ru (ocalo uln:rouet:lnarloonvir.:ornzuri.:vio) uayurwnjr (ovstou

luln:roun:.:narqirlndHrilvio) orneranr:riru':runu'irTa:.:airluurur-rrr.t.:ruoynoltuln:rou

o:rnarwirornnfiiyiorl:surru 4. t5 A rravovoroiluln:rou'lua":ltotr]aruaru6'aonornnrirvio6r

a'rzualirlri':suvto.rtuln:touoonr.lrrornvio0rduo'rnrnvr' +.4 (n)lurruyvl'ruurn'ltrosnortuln:rau
uo y ,)qr:.:nar{rcirlnd'od fizzut 3.87 A *avocarailuln:rouludruro.:rJarualunn!-{n'ubiniouna!rYu

viourlunriuou6'tn1ilvrr 4.8 (t) o'un:fi:-urfirfiodu:vy'irlhuanaloutuln:,:airrrururu.lr,r,r0fi
- J-- .iJ

[nor!l.JLLi{?aLooi']1aonnlflyt q.y (n) alfrrirau Lolulr:uoa6oa'nuruvlarrsto{lranaon,ilu nu.ir
d. , z- J cr ou:.t6.:qo:vr,t'lr.:rJaruarufrsl'ruur.jlqno:66'urnfr 4.9 (t) Iounnuao.i6'?u NCt surface druf,

ti,rriu 6ln:rrld'.rna'muan,:r.raoulus'rrtroro ,.0., ua: -o.oo< srpll, f p.o oz ,iuaor'n.,r:rio

fruovlalo:rou:vr,r'irrrYudru:relryirlrvirnil z.ts A uav'tuTn:lairruurn'irul'irdun:6iurvi
-i[noturv]lr'1.: Lruanarlnru matnurriulnilait.irnl!14{iu Tou NCI surface uaol6lsiruuill:vil.irr

ovnoilolo:rou'lura{rofiuuaranilto':viouao.:rflua'rho'.:ntrr' q.q (n) riu6orfior{Juu:.:tolo:r,ou

uwoouraioGan6ndrufifil'iru:l u-n 6royufrnornoynoulolo:rourfiou:.r6ouadurrYufiuoslilfi
J-c,du.'!.J-i

0ututJl.J{14{r0 tlaua?!0u0yrnoru!rylu.lrr:{iaLo05']14rfl'tuu $layrn15fu16 itn:{a51,:L Lanafr

n no o{u yiu'irrn qonn: fii ur:yy'irlrJar uar u rdur6 ur riu fi'lll lana nodu u!!ulru (il'usy
. ,. rc J Z'Lolo:r,ou) 
uriotir.rl:f,flrrtrfralornnayr,:In:lafrldrlrirjaruyt"laoiro{rfinn.iloonvirlornriulir

' d" J'lrirfior[Jurfiulr{uoylolo:rouulueioufrol'ruuri.:ann:n'rnrnfi q.9 (r) frru:yuyr.,ir.:riu 233 Aq-r:r
.rl,s , ,i - u t e

iraonnal?yr1tu tn:{a:1.11[L]un?1rno0un:fl:u't Lou1nn11LFt5.la:1.:tLUUl4i1ur.ia{r.talilL14 a,ri.lu
-!fifrt!aoaiuur0i
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(tr) 2u-ttt

(o) 5u-ttt

nrud q.+ Ia:rair.rrolyia6rofi f, u6fi utfi o ttt uururi.ryiourlunriuou

.+

t-r
(t) 6u-ttt

(.t ) 4u-ttt (tl) 6 u-ttt

r:m
(n) 1u-ttt

(.t) 4u-ttt

(o) PEI-ttt ring

nrnvr' q.s NCr plor tarTn:rairrro.rua6rafi6u6fiutfio ttt uururi.ryiourlunriuau

(n) 3u-ttt

(n) t u-ttt

PEI-ttt ring

I 5t

(n) 3u-ttt

(t) 2u-ttt
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(n) PEI-tgt ring

nT fl d 4.6 In:lafrltorno6 rofi 6u6fi urfi er tgt !il,iri.iyiou,rTunriuou

(n) 3u-tgt (?) 6u-tgt (n) pei-tgt

nrud q.z Nct plor tarln:lafr,:ro.rno6rofidu6fiurfio tgt uuarri.rviourluariuau

(n) Bra

(tt) Branched-N-down

'ffi'.ffim

(n) 3u-tgt (n) 6u-tgt

nrud c.a In:rairrroluofirafi6u6fiutfiofi.r (Branched pEr) uu,.ni{yiaullunriuou

"f,*,t"

il
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r*^d

(u) PEI lulurora Branched-N-up--&

(n) PEt r6oa{uurio luluroa
n!n(l.rp

Branched-N-down

t#'
(l) PEt tuhroa Branched-N-down

nT^rd q.g NCI surface (dra-nar.r) [rar NCt PLOT (r'lr) so{n:{ah{sa.r
a A' .d { - dt ^yioa r0 au0tluguon{uut,lu'tyt0ul [ua']tuou [u0tru&l?du,l [{uuao{n{ u5s

1o1o:rou 6fl rr{usv n-n driuruaorfilu:riauooimauasduoluaorir steric
reputsion

jhy.-
!0nn1nu lun1l6nu1n1:'11.iet?1J0{yt0a[0rauo u!l.JrJt]lyrourLtnrit o uu'u r,r]i u I rfr ur. nn

ia -o1o5R5u1:vua1':uoa-uofra-uo=ilutr.no 1u draduro.: 6lfrna"l.:ruqo.ir'uryilri'11 -0.1921 ev uflurir
- - e;

vra''xruoo{ufisirn'irnr:riru'lru:yvn1.:ytoLrasrroaLora!orluuu.rFl 1u lunr:rlfi q. t ttaoflfir#u
'irno6rofr6u6fiuru'ro 1u tolvr'ovairrvriuov:vu'irrriurrnn'irnr:air.:u:r6.rnn:vu.ir.ryio

o J c ., 
- !"_ou1{ L5nn1! L1.J[.tout1,o {na1?n1:rnooun:n5 ur:srair.lrufrtolyionoa=uoyt-.a-udl-ufrlonrarfrofiu16'

A-
r:rnrfralturotolr.rflito.:viourhnriroufi,tiurnlraqjn'jrtrrota.:uofirofia'uo'fiuo-.:riuirilonra

4.:1unr:rnoonor:iiur:vuirlviourlunriuoruavnoa'uofr6r.r6:.r'u uaylunr:yoaoryrriryra-wru

#r
(n) PEI l6oa{uuvio tullrna Branched-N-up
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oo{l'r:vy'irlriruavyiourlunrirauraaruduvrl'irrfio:suryiourlunriuoufifirlll:vnorosfi
ndwruqnd'r'[uti:.: -0.22 6': -0.3r ev 2n 6loulutir.lnr:u:lqoo'lulueiou (physisorption) 6l

^- i & 1 - ^-aoondorrfuruioiufr riu6odunrfr5ur:;r,n'rlyrodrofra-u6frunnnl-lviourlunririouu{lunr:qo{'u

o1uLt5.:trlJU0 0u[{l.Jto u'lnu

nr:r':d +. t a21 u11t 01161u iiruruasnol,z1u rna uacyta'llrunadutuueia vfu roa
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1u-ttt

2u-ttt

3u-ttt

4u-ttt

5 u-ttt

6u-ttt

3utgt

6u-tgt

PEFttt ring

PEI-tgt ring

Branched-N-up

Branched-N-down

4.20

7.9t

11.62

I).JJ

79.02

tz. to

10.81

27.73

44.43

42.20

8.03, 8.09

7.96, 7.89

70 /7u

!6 /ZU

26 /3u

34 /4u

42 /6u

50 /6u

26 /3u

50 /6u

96 /72u

96 /12u

28 /3u

28 /3u

Eo (eV)

-0.1668

-0.3057

-0.4020

-0.5579

-0.8305

-0.9491

-0.4528

-0.8803

-1.6906

-1..2t60

-0.3244

-0.4t61
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5 u-ttt
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3u-ttt

4u-ttt

5 u-ttt

6u-ttt

3u-tgt

6u-tgt

Pei-ttt ring

Pei-tgt ring

384.0353

384.0043

384.0066

384.0475

384.0372

384.0506

384.0415

384.0506

384.0297

383.9751

384.0487

384.t383

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

384.0301

0.0052

-0.0258

-0.0235

0.0114

0.0071

0.0205

0.0114

0.0205

-0.0010

-0.0550

0.0186

0.1082

Branched-N-up

Branched-N-down
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rir uIourJ:vqto'rr,roi rofi 6u6iuria uua cfi d'r nr:oodulr ra na

1rrtoa

1u-ttt

2u-ttt

3u-ttt

4u-ttt

5 u-ttt

6u-ttt

3u-tgt

6u-tgt

PEI-ttt ring

PE|-tgt ring

Branched-N-up

Branched-N-down

4,,-
19.9942

38.0024

56.0001

74.0046

97.9984

t09.9924

55.9953

709.9616

216.0732

276.0403

61..9826

61.9886

O*-"

19.9989

37.9975

55.9972

73.9969

91..9992

110.0015

56.0014

170.0072

21.5.9966

216.0018

6t.9993

67.9993

^Q
-0.0047

0.0049

0.0029

0.0077

-0.0008

-0.0091

-0.0061

-0.0456

0.0166

0.0385

-0.0167

-0.0107
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w

t

't"H*1'lr

ft

(n) 1u-ttt

(u) 2u-ttt

(n) 3u-ttt

(.t) 4u-ttt

(o) 5u-ttt

€{{S.

nrviln:rattto.r NCr surface uorlurananof,rofi6urofiulusfiorrt.rrdugr.Juuu ttt

tqfnffr.
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- *. ut'fth
(t) 6u-ttt

(o) ring-ttt

(rio) nrviln:.rair{no{ NCI surface rolluranayroBrofi f, urofi ulurfior0.lrdugrJuuu ttt

d#t"
(n) 3u-tgt

(tt) 6u-tgt

(n) ring-tgt

nruln:lair{so.r NCt surface to.:Itranauoirofidurofi ulutfinrilrdqrJuuu tgt
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I

frradrrnr:ldr,ireiluavly*iouno

t) lvftirirurru scf: mpirun -np 8 pw.x < input > output

&controI

catculation ='scf, restart_mode = 'from_scratch', prefix ='zigzag',
pseudo_dir ='./pseudo/, outdir = './tmp', wf_coltect = .true.,

&system

ibrav =6, lTetragonal system

cettdm(l)=42.533081285444, I a=22.5A
ceftdm(3) = 0.568643767 r. c/a

nat =106 | number of atoms in the unit cetl

ntyp = 3 ! different types of atoms

ecuhMc = 30 ! kinetic energy cut-off for wavefunctions (Ry)

ecutrho = 240 ! kinetic energy cut-off for charge density (Ry)

occupations = 'smearing' lgaussian smearing

degauss = 0.001 ! broadening of Levets (Ry)

London =.true. !DFT-D

london_s6 = 0.75

london_rcut = 200.00

&eIectrons

&ions

&cel.I

ATOMIC_SPECIES

C 12.0707 C.pbe-rrkjus.UPF ! pBE pseudopotential for C

H 1.0079 H.pbe+rkjus.UPF

N 14.0067 N.pbe*rkjus.UPF

ATOMIC_POSITIONS iangstrom]

c 3.260108578 0.001620623_4.993272693

c 3.259810044 0.001669681 _6.413553733

K-POINTS {gamma}

2) lildri1u?fu band: mpirun -np g pw.x < input > output
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1
{

0.00000000 0.00000000 0.10000000 1

0.00000000 0.00000000 0.15000001 1

0.00000000 0.00000000 0.20000000 1

0.00000000 0.00000000 0.25000000 1

0.00000000 0.00000000 0.30000001 7

0.00000000 0.00000000 0.34999999 1

0.00000000 0.00000000 0.40000001 1

0.00000000 0.00000000 0.45000002 1

0.00000000 0.00000000 0.50000000 1

a) l drirurru pdos: mpirun -np 8 projwfc.x < input > outpu

&PROJWFC

prefix="zigzag"

outdir="./'

ngauss=-99

degauss=0.001

Emin=-25.0

Emax=5.0

DeltaE=0.01

fllpdos="pdos"

4) rirulourJ:vn

4.1) uutrou, 1: mpirun -np 8 pp.x < input > output

&inputpp

outdir='./tmp/,
prefix ='PAW,

fi tpl.ot ='Bader-charge-1.dat',

ptot_num= 17

+.2) rYunoud 2: mpirun -np 8 pp.x < input > output

&inputpp

&ptot

nfiLe = 1

fi tepp( 1) ='Bader-charge-1.dat'
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weight(1) = 1.0

iflag = 3

output_format = 6

fiLeout ='Bader-charge-4.cube'

el(1) = 1.0, e1(2)=0.0, e1(3) = 0.0,

e2(1) =0.0, e2(2)=1.0, e2(3) = 0.0,

e3(1) =0.0, e3(2)=0.0, e3(3) = 0.568643767,

x0(1) =0.0, x0(2)=0.0, x0(3) = 0.0,

nx=640, ny=640, nz--384,

, -bb
n'r o Eir ilil : un : u do u y-[f [u n r : 6 o rd o nvi o urlu n r iu o u

proqram flndcarbnanotube

reaI pi,a,checker,semi_checker

pi=3.74159265359

a=2.46

open(unit= 1,fi [e="SWCNTs.dat",status="unknown")

write( 1,*)"ChiraLity (n,m)"

write(1,*)"( n, m) Diamete(angstrom)"

do i=20,0,-1

do j=6,;

cal=i*2+j*2+i*)

checker=sqr(cal)*a/pi

semi_checker= mod(i-.i,3)

if(checker.ge.6.and.checker.Lt. 12.and.semi_checker.ne.0) then

write(1,25)i j,checker

25 format(2x,"(" ,12,2x," ," ,12,1x,")" ,5x,f5.2)

endif

enddo

enddo

close(1)

end



---d

\,ninivtsu?n$ 
ultrinorduopatlt'g1u

rlic'tnilil1?au

do ururwriur:n qqdl

rJ:cii6nr:flnu1 v,.A.2553-2556lurivrura'uqua:rtorfi

ivrurman:rirufi sr artritrilf, nii
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