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usbl..Utununf'.rasm .. C.l..'l~Ul..nf'.r Pl.in Mau q.tirc. 

fitbtlw1/1 wpqf1wl/w'clntpjnt'cl[! 

4-bp2ru ur pwur tnWUUWUJW4mu q.pwugtj_wo q.rtnwtnbtuur4w4wu wn.w2Qu13wgp 

uwutiu tunub[pU WUhUWfl t JnLflWhWtnm4 4bpUjn4_ ~b2tnb[ 11flWUnLU UWUn~tiqti4wJti 

4.ti13tuwpp Ubfl11flUWU 11bpQ: cTWUWUW4w4rg UWUn~rqp4WJp U UWUUWtj_npWUjbU 

4tiuwhwri.nr112wJru uwunttb4tnrnuti4wJti q.Ltuw4.nr tuu11rrQ uwun2wljiwJpu 
4tiuwhwri.nr112wJru 4wn.mg4_wopubpp Lt. 11rwug hbupp 4.rw q.nponri. uwrnbrti utnbri.­

amuu m pwquw4nri.uwuti hbtnwqntnmuu t : UJ11Ultiuti uwrnbrti oppuw4ubr bu 
Olljtnr4wuri.muwjpu [1] Lt. ~ntnnqn[tnWJtiu uwptn4ngubpQ (2], 2wljiwjpu 11w2tnwjpu 

tnpwuqputnnpubpQ (scale field-effect transistors (FETs)) [3]-[6], tmuwn.wnr2 11tin11ubrQ 

(LEDs), bp4pl.t.bn. hwuq.mJgnq tnpwuqputnnpubpQ, ubr11w2uw4nri. Ljintuwr4ti2ubpQ 

(complementary inverters) [5], p- n tnrlllr 11rn11ubpQ [7], uwun2wljiwjpU [WqbpubpQ [8], 

pwr11 4wn.mg4_wonn4. ttb4tnrnuwJtiu tnpwuwpwuw4wu tnwrrbrQ. qwqti qq.wJw4-
ubrQ (9] , (10] , uwunn.bqnuwtnnpubpQ [11] , [12] , uwunq.bubpwtnnpubpQ (13] Lt. WJ[U: 

4-bp2pu tnwprubpru lJmpr opbuprg (14) u4wtnbtr 2bri.muubpQ Lt. [WJU hbtnwppppm-

13JnLUQ ptj_wutnwjpu hwuw4wpqp2ubpp u4wtnuwup (15] WUjWgmgmu bu, np uwun­

~pqp4wJr 11brQ unpwqmJu tnbtuuntnqpwubrti qwpqwguwu qnpomu 2wrmuw4mu t 

UUW[ wn.wugpwjpu: 

"Lwun~rqr4wJti mumuuwuppm13JWU wn.wr4wu 100 uu Lt. w4_btr Ljinpp tnwpw­

ow4wu 2wljibpn4_ 4wn.mg4_wopubpu bu: !"l tnwppbpm13Jmu uw4rn- Lt. uti4rn- 2wljiwJtiu 

uum2ubrti' uwun2wljiwJtiu uum2ubpmu «uw4brl.t.mJro--bw4_wt» hwpwpbpw4gm13JntUQ 

qq.wlti ubo t : uwun2wljiwJtiu uum2ubrr ~pqr4w4wu hwtn4nL13JnLUubpu twlljbU 
tnwppbptj_mu bu uw4pnuum2ubpp hwtn4nLl3JnLUUbppg, QWUti np WJUUjtiuti hwuw-

4wpq.bpmu 11r1n4_mu bu wJulllbu 4n24_wo n4.wutnwJtiu 2wLtiwJtiu bpl.t.mJ13ubr , bpp 

uum2mu p4_wqtiuwuur4ti 11Q PpnJtr wltinti br4wrm13JntUQ npl.t.t nLl'J.l'J.nL13JWLip 

hwuw4wrqr 2wLtibrti 4wrqr t : 

"Lwun2wLtiwJtiu uwrnw2tium13Jwu tnbuwu4Jmupg 4wrl.t.nr4_mu t ~rqr4w4wu 
Ujpngbuubpp 4wn.w4_wpb[pm13JWU wutnptiwuti ubawgmuQ, npQ huwpwqnp t 

ppwqnpOb[ nl utiWJU UjWhwu24_wa Ljintuwq11bgm13Jmuubpp WUjWhntj_uwup, WJL uwl.t. nl 

gwu4wtr Ljintuwq11bgm13Jmuubrti tiu2uwu up2ngn4_: rritiu11uwruuwJtiu uwun-

4wn.mg4_wopubpmu q.nrouw4wumu wutumuwLj1blti t ltignw4tirubrti Ljintuwq-

11bgm13JnLUQ gwugr tnwtnwumuubrti n4.wutnti' ~nunuti hbtn: 3>nunuwJtiu hwuw4wrqr 

hbtn tnwppbp p4_wqpuwuup4ubrti Ljintuwq11bgm13JWU 4wn.w4_wpmuQ 11wpllb[ t 
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qrtnwljwu unr 6Jmaj'l' ~nunuti4wJti LjwtI ~nunuwJtiu 6wpu1111p111ql 111111q.11wu htiLIUw­

Ljwu tuu'1rrr:!: Uju, nrl4bu Ljwunu, [ntblj_mtl t PW'l.W'1f1JWL UJnLfcll1pl1 l1l 1;n11 plunrmroJWUp 

IJ. w4tnti4. tntirmJrati br4rw2w~wljwu our IJ. 2w~brti ~n~ntumfiljllltlp ; 

1980 wljwu raLJ.wljwuubrtiu uwunttb4tnrnuti4wJmLl LjwtnwrLJ.wo uti 2wrp 

hWjtnuwqn[10nL[OJnLUUb[1 , uwuuwlj_nrwL4bU WJU '1rtnw[1ljntU[!, nr UL4tiUWJru pubn.w­

gmunlj_ hnuwuRubrQ huwrwLJ.nr t ~bn.nuwquruwljwu Llbtnwajig «ubrwr4bp> 

unqnrwljwu tlbtnW'l. 116j, tiu2L4bU UWU «hULjWJWLjWU» uwquruwl'}tiLIWl'}flnL[OJWU 

hwjtnuwqnromLl[! 1171,1181, hrLlR hwu11ruwgwu uwunttb4tnrnurljwJti unr nt'l.'l.nl[OJWu' 

ul4rutnrnuti4wJti utnb11.Mwu : UJu , ti tnwrpbrmraJmu wlj_wul'}wljwu 4ruwhw11.nr'1-

2wJtiu uwunttb4tnrnuti4wJti. mumLIUwutirmu t n2 rob ttb4tnrnuti Lrgi;iti. WJL urwu 

pumrawqrn11 UJnLU htiLILiwrwr ubomraJwu' UL4tiuti 4tirwn.mraJntU[! nrL4bU tiu~nruw­

gtiwJti 4rti2 IJ. tnbriw~ntutir Un.wu<'luw4ti nl2W'1flnl[OJWU bu wrctwuti n-w2pwJti IJ. 
'l-rbubthwmuti UL4tiu-mriborwJtiu (Unt) ~ntuwql'}bgnt[OjntuubrQ. nrnugrg wn.w2ru[! 

uwunljwn.mglj_wopmu Lrgi;iw4tirubrti 2wrctmLlQ uwhuwuw~w4n'l L4ntnbugrwtr 

wuhwuw2w~nt[OJWU, rulj b[1lj[1n[11'}[!' pjnt[1baj'l L4Wf1pbrwljwu L4ntnbugrwLWJtiu 

'1W2tnr tiulJ.bruwJtiu hwuw2w~mraJwu pwgw4wJmraJwu hbtnuwup t (19]: 

PwquwratiLJ. tnbuwljwu IJ. ~nrowrwrwljwu w2tuwtnwupubrmu gmJg t tnrlJ.b[, nr 

gwor2w~wJtiu hwtlwljwrqbrmu Lrgi;iw4tirubrti IJ. ~nunuubrti uti21J. wn.w2wumt1 t 
ntcTbrt 4wl4Lj_WO Lj_ti6wlj (20)-(26), nrQ Ljwrn'l. t twljwunrbu ~ntubt WJI'} Ljwn.mglj_wop­

ubrti ~rqrljwljwu hwtn4mraJmuubrQ: <w11.nr'1w4wumraJwu qntnm ttb4tnrnuubrti 
i'}bl4J;lnLU WJU LjWl.4[! hwuqbgumu unr plj_wqtiuwuurljr' L4n[W[1nur wn.w2wguwu: 

PU.bn.wJtiu 4ruwhw11.nr'1r2ubrmu tnwrwowljwu uwhuwuw~wljmLlQ 4wrn11 t 

wn.w2wgub[ unr tntil4ti ~nunuubr, hbtnuwpwr' uwu tnwrpbrlJ.n'l. ~tiqtiljwljwu hwtn-

4mraJmuubrn4. L4ntwrnuubr: UJUL4bU, ortiuwlj, n2 pubn.wJtiU '1rttb4tnrw4wu 

uti2wqWJf1nLU tnb'l.Wl'}fllj_WO plJ.bn.WJtiu 4tiuwhwrtnf1'1r2 UWUn[W[1b[1ntU U plj_WUlnWJtiu 
ljbtnbrmu wn.w2wumu bu brljm unr tnrl4ti' uwhtlwuw~wljlj_wo 1J. LlwljbrumrawJtiu 

ol4tnr4w4wu ~nunuubr [27]-(29]: 

tuwn.umljwJtiu LJ.ti6wljubru wn.w2uwJtiu '1br bu tuwrimu «4tiuwhwrinr'12WJtiu 
hbrtw~ntunt[OJWU» tlb2. wn.wug tuwn.umljubrr 2tru UtnbrtolJ.ti 4ruwhw'l.nf11'}2WJtiu 

'1rn'1ubrQ. tnrwuqtiutnnrubrQ. tiu2L4bu uwu pwquwrati4. hb11.w~ntuw4wu tnbtuuntn­

qrwubr: l.,bqrruwu uti2ngnlj_ huwrwlJ.nr t Llbo 62tnnt[OJWLip Ljwn.wlJ.wrbL 4ruw­

hw11.nr'12WJtiu UW[1Qbflr hw11.nf11'}Wljwunt[0JnLU[!, nrQ l'}W[10b[ t Ll_br2ru lnWUUWUJWLj­

ubrmu L4rul'}LIW[1lIUWJtiu ttb4tnrnurljwjntU wn.Ljw hqnr Wl1.W2[!U[OWgti hrLIUwljwu 

L4Wtn6W11.[!: l.Jwunt[bljtn[1nurljwJti l'}WflW2f12WUntU tuwn.umljubru ntubu UWU WJL 
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hbtnwpri;itir 4tirwn.mraJmuubr: Swor 2bruwutnti6wuubrmu wn.wMtiu tuwn.umljubr 

4wrn11 bu tnwrwowljwunrbu uwhuwuw~w4bt [tigi;iw4tirubrti 2wrctmLlQ' wtnnLlwJtiu 

2wn.wlj_ajig ubo, uwljWJU plj_wutnWJtiu ljbtnbrr 2w~brrg ~npr hbn.wqn[1nt[Ojntuubrr 

Lj_rw: tuwn.umljubrti WJU wn.wMuwhwtnljmraJmu[! n2 utiwJu L4Wtn6wn. t l'}wn.umu 

plj_wutnwJtiu brumJraubrti ti hwJtn qwtmu, WJLIJ. huwrwLJ.nrmraJmu t utnbriomu 
tirwljwuwgubtm w[tipwJru ~muljgrwJti uwtuwqomu (wave-function engineering)' 

nrL4bU Ljwn.wlj_W[1UWU ubtuwutiqu oqtnwqn[10b[nlj_ WfllnWptiu t[bljtn[1Wljwu Ljwtl 

uwquruwljwu l'}W2tnb[1[! (30], [31] : Ulj_b[tiu, W[1i'}bU Ljwu tuwn.umljwJtiU Lj_ti6wljubrti 

hbtnwi;iri;itir 4tirwn.mraJmuubr pqwutnwJtiu hwLlw4wrc+ti2ubrmu (32]: 

U2Juwl(1wbgf1 bUJW'f1Wllf! 

Utnbuwtununt[OJWU qtJuw4.nr UL4WlnWlj[! 4tiuwhwrinr'12WJtiU uwunljwn.mg­

Lj_wopubrmu ttb4tnrnu-~nunu ~ntuwql'}bgmraJwu hw24.wn.uwup OL4tnr4w4wu 

brU.mJraubrti wn.wMuwhwtnljmraJmuubrti mumLIUwutirmLILI t' hw2LJ.ti wn.ubtn4. tiu2L4bu 

Ljwn.mglj_wopr brljrw2w~nt[OJWUp u wrtnwpru l'}W2tnbrnlJ., WJUL4bu tL pqwqtiuwuurlj­

ubrti uti21J. trwgmgr2 ~ntuwql'}bgmraJmuubrnlJ. L4WJLlwuwlJ.nrLJ.wo ubr'1rmLILibrQ: 

q.µl(Jw[/wb bnpntjpf! 

• Un.w2tiu wuqwu mumLIUwutirt.lbL bu L4wrwpn[wJtiu uwhtlwuw~wljtlwup 

<tLWUWJtiu plj_wutnwJtiu [WflnLU brljwjuwljwu uwquruwljwu l'}W2tnmu 2rwouw­

uuwu tuwn.um4tiu 4wl44.wo L4ntwrnuwJtiu u. ttb4tnrnuwJtiu LJ.ti6wljubrQ. '1rwug 
4wl4r tubrqrwu u WJI'} Lj_ti6wljubrr ur2u wugmLI't:Jbrn4. L4WJUWuwlJ.nrqwo 

tnwtnwuwljr met(!, qowJru, n2 qowJtiu IJ. qmuwrwJtiu 4twULlwu qnrowljrgubfl[! IJ. 

pbljuwu gmmti ~n~ntumraJmuQ: 

• fTJwrwpn[wJtiu uwhuwuw~wljuwup q[wuwJtiu plj_wutnwJtiu twrmu, twrti 

wn.wugi;itiu m1111.whwJw9 hwuwubn. ttb4tnrw4wu '1w2tnmu hbtnwqntnlJ.bt bu 

~nunuubrn4. uti2unr'1wlJ.nr4.wo ubrburawqntnrwljwu IJ. uti2burawqntnrwljwu 
wugmLIUbrn4. L4WJUWuwlJ.nr4.wo 4LWUUWU qnrowljrgubr[!' UL4tiu-mriborwJtiU 

~ntuwql'}bgmraJwu IJ. ~nunubrti tnwrwowljwu uwhuwuw~wljuwu hw2LJ.wn.Llwup: 

• Uutiqntnrnl4 qul'}wJtiu plj_wutnwJtiu ljbtnmu ttb4tnrw4wu '1w2tnmu wn.w2tiu 

wuqwu [ntOLj_b[ t L4ntwrnur tuu'1rrr:! u nrn2LJ.bt 11.WUWUJWU gruwu '1r~brbugtiwl 

4tnrlJ.woi;iti u. tubrqtiw4wu ul4b4tnrti pumrawc+rti2ubrti 4wtumLILibrQ tuu'1rr 

~tiqtiljwljwu L4Wf1WUbtn[1b[1pg pu2L4bU ttb4tnrnup, WJUL4bu tL L4ntwrnur hwuwr: 
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~/Jpwnwf./wli lizwbwf./ntf<'Jntli[! 

'1ruwhw11.nr11-r~w1ru uwunl.jwn.mglj_wopubru m tlrwugnuJ wn.Ljw pwctwut.lwu 

uwhLlwuubrQ (LltJ2brbuubrQ) Llbo hblflwpr prmraJmu bu wn.w2wgumLI n~ LltJwj'll 

hblflwqnlfln11.ubrti. WJLU Wfl'l-JnLUwpbrwl.jwu hwurmra1wu 2r 2wumLI: rrwl.jwumLI, 

ctwLlwuwl.jwl.jtJg LjtJuwhw11.nr11-~w1ru wrrumuwpbrmra1wu hw2n11.mra1muubrQ htJLIUw-

1.jwumLI l.jwtulj_wo bu LjtJuwhw11.nr11-~w1ru uwunl.jwn.mglj_wbQubrr Llr2brbuubrr i.J. 

wqwlfl Llwl.jbri.J.mJtaUbfltJ l.jwn.wlj_wflbLr 4_brwhul.jn11.mtaJnLUtJg: 1.iwunUJnLtabflU WJUOfl 

wt.lbumr bu . 11-rwuQ oqrnwq.nrb4.mLI bu pd-21.jwl.jwu wtulflnrn2Llwu, 11-b11.brr Ll2wl.jt.lwu 

i.J. Llwr11-m orq.wutJqLlmLI 11rwug hwugbwl.jwu Llwlflwl.jwrwrt.lwu, tLb4lflrnutJLjwJr i.J. 

wuLwr l.jwUJti, wn.w2wlflwr q.nrown.uwl.jwu u1nqabrr i.J. 11rwug 4rrwn.mra1muubrr. 

4_wn.bLtJQr i.J. WflUWJtiu LlWfllTll.jngubrtJ, q.brl.jnu11buuwlflnrubrtJ, QULTlf1n4_ti qq.wjunLtaJWU 

tLb4lflrn11ubrr i.J. pwqt.lwrar4. WJL nLnrlflubrmLI: 

brl.j~wlfi QLj_wulflwJru lfinubrn4. l.jwn.mg4_wo2ubrr hwLlbLlwlflmra1wLlp Qlj_wqrLlrw­

~wlfi i.J. qrn~wlfiwur uwunl.jwn.mg4_wb2ubrQ brl.jm l.jwLI brbQ m11.11.mra1muubrn4. 

tLbl.jlTlf1nuubrtJ Qlj_wulflwjtJu uwht.lwuwlfiwl.jt.lwu hblfli.J.wupnlj_ w4_bLr Wfl'lJmuwlj_blfl bu 

lfintuwq11mLI LnLJUtJ hblfl i.J., hblfli.J.wpwfl, l.jwrn'l. bu oq.lflwq.nrb4.bL nrUJbu tLbl.jlflrw­

UntLltJubugbulflwJtJu i.J. !Pnlflnq.wL4.wuw1ru uwr2brmt.1: fununuw1ru Lln11brr Llwuuwl.j­

gmra1muQ tLb4lflrnu-!Pnlflnu lfintuwq11bgm[UJWUQ uwunl.jwn.mglj_wOQubrmLI OUJlflrl.jw­

l.jwu bri.J.mJraubrr l.jwn.w4_wrLlwu unr huwrw4.nrmra1muubr t pwgmLI: Uju l.jwn.mg­

Lj_wOQubrr bqw4r uUJb4lflrw1ru pumrawq.rbrQ tLb4lflrnuw1ru t.1ti2burawq.nlflrw4wu 

l.jwLI ubrburawq.nlfltJwl.jwu wugmLIUbrr wn.wMuwhwlfll.jmraJmuubrr hblfli.J.wuQ bu: 

Lfbr hblflwqnlflnL[UjntuubrQ gmjg bu lflWLtJu, nr 4Lwut.lwu UJtJl.jbrr tJulflbuutJLj_mraJmuu 

m 'lrrpbflQ ~wlfiwqwug qq.wjmu bu uwunl.jwn.mglj_wbQubrr brl.jrw~wlfimtaJWU i.J. 

WfllTlWptJu q.nronuubrtJ ul.jWlflLlWLlp, nrQ WJ'lUJrutJ l.jwn.mglj_wOQUbfltJ OUjlfltJl.jwl.jwu 

hwlfll.jmra1muubrr 4rrwn.mra1muubrr LWJu lflrrmJra t pwgmLI: 

q.f11.f1wf./wli '1f1nLJf<'bl;p 

1. Qrwouwut.lwu tuwn.uml.jr lflb11.w2wrctQ 'lbUJti uwunlwrr Llwl.jbri.J.mJra y 

m11.11.mra1wLlp hwuqbgumLI t UJnLwrnur l.jwUJti tubrq.rw1r ulj_wqbgt.lwu l s-, Zpx- u. 
2pz-wut.lwu 4.r6wl.jubrmLI, pwJg n~ 2py-wLILlwu 4_ti6wl.jmLI: 4.rrlflmwl co 
:pnunuubrr t.1ti2ru rar4.Q, Ljwtu4.wb tuwn.uml.jr 'lrrurgt ulj_wqmLI t WJU 'lbUjQnLLl, 

brp 10 !PnunuubrtJ Llr2ru ratJLj_u w6mt.I t , nru WfllflWhWjlfllj_mLI t l.jwUjtJ 

tubrq.tJw1mLI uwi.J. 11rwugn4_ UJWJLlwuw4_nr4_wb UJnLwrnuwjtJu 2b11.Llwu Llb2 i.J. 

Ljwrn11. t hwuq.bgubL UJnLwrnur l.jwUJti tubrq.rw1mt.1 tQulflrbLlmLILibrr wn.w2wg-
6 

Llwu: 2px-wLILlwu 4_ti6wl.jmLI tLb4lflrnur lfintuwq11bgmra1muu wlj_bltJ wr111muwlj_blfl 

t IO :pnunuubrtJ , QWU CO :pnunuubrr hblfl' wul.jwtu tuwn.uml.jtJ 'lrflQrg: 

2. LJ wq.uruwl.jwu 'lW2lflr LWr4.wbmra1wu w6Q hwuq.bgumLI t UJnLwrnur l.jwlljr 

tubrq.tJwJr w6tJ, brp tuwn.uml.jQ LWflti wn.wugQtJ 4.flw t : ITlwrwpnLWJtiu uwht.lw­

uwlfiwl.jn11. UJnlflbugtJwLQ l.jwUJti tubrq.rwJr 4.flw mur umJu wq11bgmra1muQ, ru~ 

Llwq.uruwl.jwu 11w2lflr Lwr4_womra1muQ, u. 11rwugrg 4wUJti tubrq.rw1r LjwtumLl­

ubrmLI l.jwrn11. bu 'lrlfl4.bL tQulflrbLlmLILibr w1u 11bUJQmLI, brp tuwn.uml.jQ 2b11.4.wb 

t Lwrr wn.wugptJg: 

3. t:Lb4lflrnu-:Pnunu lfintuwq11bgmra1muQ hwuq.bgumLI t lflwlflwuwl.jr mctr i.J. 

UJflLWflJl.UWJtJu wugmLIUbrtJ hwlj_wuwl.jwum[UJWU Llbbwgt.lwu i.J. 4Lwut.lwu q.nr­

bwl.jtJgubrr UJtJl.jbrtJ l.jWUjnLJlfl 2b11.Llwu: l s -> 2px wugmLIUbrmLI UJflLWf1nuwjtJu 

brum1rar wq11bgm[UJnLUQ OUJlflrl.jwl.jwu pumrawq.rbrr 4.flw ul.jwlflblti t , brp 

tLb4lflrnuQ lfintuwq11mLI t l.jw'LI t.1tiw1u co, Ljw'LI t.1tiw1u IO :pnunuubrr hblfl: l s -> 

2py tLbl.jlflrnuwjtJu wugmLIUbrtJ hwt.lwr pbl.jt.lwu gmmr lfinlfintumra1wu 

tQulflrbLlmLIUbrQ Llwq.uruwl.jwu 'lW2lflr Lwr4.wbmra1wu lTlWflpbr wrctbQubrr 

'lbUJpmLI 'lrlfl4.mLI bu !Pnlflnur tubrq.rwJr LlruumJU wrctbQr Llnlflwl.jwmmLI, WJU 

'lbUJQnLLl, brp UJnLwrnuw1ru wugmLIUbrr hwLlwr 'lflWUQ LltJLl1wugtJg hbn.wglj_wo 

bu: 

4. Uqwlfl LtJg2w4rrubrr oUJlflrl.jwl.jwu 4Lwut.lwu q.nrowl.jgr t.1b2 Llw4brumraw1ru 

:pnunuubrtJ hblfl lfintuwq11bgmra1muu wlj_bltJ Llbo ubr11rmLI mutJ, QWU 

uwht.lwuwlfiwl.jlj_wo :Pnunuubrr hblfl lfintuwq11bgmra1muQ: '1LwLILlwu q.nrowl.jgr 

l.jwtumt.IU Qul.jun11. 6wn.wq.w1raLlwu !Pnlflnur tubrq.rwJr9 mur UJti4br. nrnup 

'ltJLTllj_mLI bu :pnunuubrn4_ LltJ2unr11w4_nr4_wb wugmLl'tJbrtJu hwLlWUjWlflWUtuwun'l. 

tubrq.rwubrr 11bUJ2mLI: UUJtiu-m11.borw1ru lfintuwq11bgmra1wu hw24.wn.mLIQ 

hwuq.bgumLI 4LwULlwu q.nrowl.jgtJ w6r i.J. UJtJl.jbrtJ 2b11.Llwu 'lbUJtJ Llbo tubrq.tJwubrr 

lflrrm1ra («4wUJmJlfl» 2b11.mt.1) : 

5. '1Lwut.lwu qnrowl.jgtJ 2brLlwulfltJ6wuw1ru Ljwtumt.IU mur hwq.bgn11. puntj[U, QU'l 

nrmLI SOlJ: - 2004: lflrrmJramLI 'lrlfl4.mLI t Luwut.lwu l.jlflrm4 w6: '1wtu4.wb uwht.lw­

uwlfiwl.jn11. LljnlflbugtJwltJ hw6wtumra1mutJg 4LwULlwu q.nrowl.jtJgu w6mLI t wlj_bltJ 

wrwq. uUJru-m11.borw1ru lfintuwq11bgmra1wu hw24.wn.Llwt.lp, Qwu wulflbuLlwLlp: 

t:Lbl.jlflrwl.jwu 'lW2lflr LWfllj_WOnL[UJWU w6tJu qmq.QU[UW9 UUJtJu-m11.borwJru 

lfintuwq11bgmra1wu ubfl'lflnLLlQ 4Lwut.lwu q.nrowl.jgtJ Llb2 ulj_wqmLI t , nrQ tLb4lflrnu­

Llwl.jbrumraw1ru oUJlflrl.jwl.jwu :pnunu lfintuwq11bgmra1wu ramLwgLlwu hblfli.J.wuQ t : 
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6. Uqwm Lrg12w4rrubrr' ~nunuubrn4. ur2unr'lw4.nrtJ.wb o~mrywywu YLUJUUUJU 
q.npbwygmu 1'].b~r gwor tubrq.rwywu uwywpf].wyubr ur2burawq.nmrwywu 
wugmuubrr ubpf].pntLIQ q.bpwywjmu t wtJ.btr pwpllp uwywpf].wyubp wugmuubrr 

uywmuwup: Cuyun11. ~nmnur tubrq.rwJrg y10 /Yco hwpwpbpmraJwU ywtuuwu 
wnw2ru bpym ~r4brQ ~UJJuwuwqnpqwo bu ubpburawq.nmrwywu wugmu­

ubpnq, ruy bppnpf]. ~r4Q' Eo.o --> E1.o wugmunq: L.wrr 2wnw4_'1.ti 4in12pwgmuQ 
hwuq.bgumu t YLUJUUUJU q.npowygr w6r ru~~bu uwybpl.tnL!OWJtiU, WJU~bu tL 

uwhuwuw4iw44_wo ~nunuubrr hbm 4intuwqf'].bgmraJwu 1'].b~12mu: l::Lb4mrw4wu 

'1w2mr LwrtJ.womraJwu wqf'].bgmraJmuu wtJ.bLr qq.wLr t hruuwywu qr6wyrg m = 

1 124.wumwJru ra4.n4. q.pq.nqwb 4.r6wyubr wugmuubpnq ~wJuwuwqnpqwo 

4Lwuuwu q.nrowygr 4.rw: 

7. .$24_wumwJru ybmr 2wnw4_'1.ti ubowguwuQ qmq.Qurawg tLb4mrnur Lt. ~nLwrnur 
wnwMru qr6wyubpru hwuw~wmwutuwun11. tubpq.rwubpQ Lt. f].pwug ur2u 

mwppbrmraJmUQ 4in12rwumu t : r1-wuwUJUJU gpuwu 'lr~bpbugrwL ympqwo12r' 
wpllwytJ.n'l. 6wnwq.wJrauwu tubpq.rwJrg ywtuuwu nbqnuwuuwJru ~rybpr 

~nLwrnuwJru 2b11.muubpQ hbmlt.wu12 bu tubrq.rwywu u~bympubrr 

wnwMuwhwmynLraJmuubpr: 

U2Juw1f1WbJ!/1 Wf111JnLbJ!bbpf1 1/mphwp(/nuf 

U2tuwmwu12r WPl'J.JnLU12UbpQ ubpywjwgtJ.bL bu "Laser phyiscs 2019" International 
conference, 17-20 September, Ashtarak, Armenia 2019, "Advanced Nanomaterials And 
Methods", International Workshop Sep. 25-0ct 2, Yerevan, Armenia, 2019, Lt. "Global 
Summit on Nanotechnology And Materials Science", August 17-21, Nice, France, 2022, 
q.rmwctn11.n4.ubrmu: 

Ulf1bbwJunump1wb (/wnmgr[waJ!l! 

UmbuwtunumraJmUQ pw11.ywgwo t ubpwbmraJmurg. bpb12 q.lturg , bqrwywgmraJmurg 
Lt. q.pwywumraJwu gwuyrg (171 h11.mu): UmbuwtunumraJwu bwtJ.wLQ 111 t2 t' ubpwnJWL 
30 uywpubpQ Lt. 7 wrumuwyubpQ: 

usul..Urunun~f'UaUl.. Pn4.Ul..'lu~n~f'Uan~l..~ 

UmbuwtunumraJwu ubpwomraJmumu ubpywJwgqwb t q.rmwywu wyuwpy Lt. 

q.rmwywu wr'1Jmu12ubrr 4.brLmbmraJmuubp, npnu12 ubpmnpbu yw~qwb bu wmbuw­
tunumraJwu rabuwJru: 
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UU1btiwtunumpJwli wnw2~ti cumlul! u4.rr4.wb t ~wrwpn[wJru 

uwhuwuw4iw4uwup q.LwuwJru 124.wulllwJru twrmu hwuwubn br4wJuwywu 
uwq.uruwywu '1w2mmu 2rwbuwuuwu tuwnumyru yw~qwb ~ntwrnuwJru 

4.r6wyubrr mumuuwurrmraJwUQ L.wuf].wm-'TJbywrr 4in4intuw4wJru ubron'lr 
4rrwnuwup: nLUmuuwurr4.bt t ~nunuwJru hwuwywpq.r lllwpwbwywu uwhuwuw-

4iwyuwu wqf'].bgmraJntUQ ~ntwrnur yw~r tubrq.rwJr 4.rw: <w24.r bu wnutJ.bL 
uwhuwuw4iwytj_wb (CO) Lt. Llwybplt.mrawJru (/0) O~lllrywywu ~nunuubpr ru~~bu 

wnwMru-wnwMru, WJU~bu tL q.muwpwJru ubpf].pmuubpQ: §1-mu ubr4wJw94_wo t 
4.brnu2JWL hwpgbrru 4.brwpbrn11. q.pwywumraJwu 4.brtmbmraJmu: §2.1-mu Lt. §2.2-mu 

hwuw~wlllwutuwuwpwr lllpqwo bu ttb4lllrnur qr6wyubrQ hwuw4wrq.mu tuwn­
umyr pwgwyWJnL!OJWLip Lt. wnyUJJnL!OJWUp: §3-mu ubpywjwgqwb bu hnb '1rttb4lll­

pwywu ur2wtJ.wJrr unlllwtJ.nrmraJwup q.[UJUUJJru 124.wulllwJru Lwrmu wnw2wgn11. unp' 
uwhuwuw4iw44_wb Lt. uwybplt.mrawJru ~nunuwJru lllr~bpQ : §4-mu tmbtJ.bL t 
2rwouwuuwu tuwnumyru yw~qwo ~ntwrnur tuu'lrrQ L.wuf].wm-'l1b4wrr 4in4in­
tuw4wJru ubronl'J.r yrpwnuwup: §5.1 -mu !04.WJtiU hw24_wpyr ur2ngn4_ UlllUJgtj_b[ bu 

CdSe uwun[wpmu l'J.PW yw~r tubpq.rwJr ywtumuubpQ uwhuwuw41wyn11. ~nlllbugrwl 

hw6wtumraJmUtig, uwq.uruwywu l'].UJ2lllr [Wptj_UJ0nL!OJnLUti9 U tuwnumyr l'J.rr12rg : 

"Ly. 1-mu lllptj_wo bu hruuwl.Jwu 4.r6wljmu ttbl.Jlllrnur Lt. ~ntwrnur Ljw~r 

tubrq.rwubrr l.JwtumuubrQ tuwnuml.Jr '1rr12rg: UnwMru-wnwMru ubrl.JwJwgtJ.bt bu 
uwhuwuw4iwl.Jqwb Lt. uwljbplt.mrawJru ~nunuubrr ubpf].pmuubpQ: 1,2,3,4 LjnpbpQ 
hwuw~wlllwutuwumu bu H=1S, 5,6,7,8 l.JnrbrQ' H=3S, Lt. 9,10,11,12 l.JnrbrQ' H=5S 

--;:;:: 1 6 7 
~ l 
~) 12 

31" ~ 
§ 
EI J 10· ••. 
~ ~ ::::: ... 
.c. l 0 
'l" Joe - E:ri 

E~'' + AE( rl 

Ob E,t +AE10 

E1,;' 
0.4 t - O I o.o 04 06 OR 

tuwnlmL4tl t)flf'lQ (p/R) 

·~,'" 

wrctb12ubrru: l::tbl.Jlllpnur Ljw~r 

tubrq.rwu wnwug ttbl.Jlllpnu-~nunu 

4intuwqf].bgmraJwu hw24_wnuwu, twrr 
wnwug12r Lt. tuwnuml.Jr ur2Lt. hbnwqn­
rmraJnLUQ ubbwgubLtiu ununlllnu uqw­

qmu t. nrQ l.Jwrbtr t ubljuwpwub[ 

'lrlllwpl.Jbtn4. UUJUntwrmu ttb4lllrn­

UUJJtiU Lr912r pw2tumuQ Lt. l.JmtnuJwu 
ybulllpnurg upw wrl'J.Jmuwrwr hbnw-

1 o 4.nrmraJmuQ: 'l1ntwrnur Ljw~r tubr­
q.rwu nrn24_mu t ~ntwrnuwJrti' wu­
~mu 4.tirlllmwt co Lt. 10 ~nunuubrr 

ur2ru ra4.n4_, nrnugrg wnw2ruQ 

Lltwp 1. <fuftiwljwti L/fr6wljnuf l;1bl/1f1(1ntif1 Lt 
uin1wpntif1 lfwuifl l;tibpqflw1f1 ljwfuntu[] fuwntimljfl 
'lflf112flg: 

tuwnuml.Jr Lt. twrr wnwug12r ur2Lt. 
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hb11w4_nrmra1wu ubowguwu[! qmq.[!urawg w6mu t, tiu4 br4rnrri-r:!' ulj_wqmu, nru tL 

4wrn11 t hwuq.bgubt 4wUJti tubrq.rw1mu tpulllrbumuti w11w2wguwu , tiu~UJbu ri-w 

lllbflti ubrljwjwglj_wo t tt4. 1-ti 1 ljnrmu tuwnumljtJ Pi "" 0.6R ri-tirnmu: 

1.4. 2-mu UJWlllljbrl{wo bu 

htiuuwljwu 4Ji6wljmu ttb4lllrnuti u 

UJntwrnuti ljwUJti tubrq.tiwubrti 
ljwtumuUb[l[! uwq.utJuwljWU l"J-W2lllti 

twr4_womra1mutig : 1,2,3,4 4nrbrr:! 
hwLlwUJwlllwutuwumu bu 

tuwnum4ti Pi= o, 5,6,7,8 4nrbrr:!' 

Pi= O.SR , tiu4 9,10,11 ,12 4nrbrr:!' 

Pi = R ri-tirnbrtiu: ttb4lllrnuti 4wUJti 
tubrq.tiw1ti 4wtumu[! uwq.utiuwljwu 

l'J.W2lllti twr4_womra1mutig 
huwrwl{nr ~t pwgwlllrb[ hw24.ti 

w11ubtn4_ utJWJU t[bljlll[lnUwjtJu 

1.8 2.0 r= 1 
Qr 1 6 
!!! 
~14 
i 
g: 1.2 

~ ::::::::---- ----· ~~-: . ---- - ·:::=~-- ---------- --------- 6 
.c. l 0 

33" - E'"'- E 1f'I) +MIO 9 
~O B r b D 

E;" +Mu; --- £~"'1 

::1----------- -~~~~~=-=-' ---·----- --=·- lo i 
0 1 2 ) 4 5 

UwqlltlLiw4wl.J l)W2Ul {S) 

LIJwp 2. <f1uuwljwu tf.f16wljniu l:1b4lflf1nuf1 li 
U/n1wpnuf1 4wUff1 l;ubf1qf1w1f1 ljwfuniuu 
uwqufluwljwu IJW2lflfl /Wflt/.W&nL(iJJnLUflg: 

WUUJti u 4mtnUJWU ljbulllrnuti uti2u Wfll').JnLUW[lW[l hb11w4_nrmra1mu[!: t>u~UjbU 

hblllumu t ljwUJti tubrq.tiw1ti uwhuwumutJg , uwq.utiuwljwu l'J.W2lllti u uwhuw­

uwLtiw4n11 UJnlllbugtiwtti ubrl'J.rmuubr[! 4wUJti tubrq.tiwJnLU W[llllWhWjllll{mu bu n~ 

utJWJU W[ll').JnLUW[lW[l hb11w4_nrmtaJWU utJ2ngn4_, WJ[ UWU nLflflWljtJnrbu: liwUJtJ 

tubrq.tJwJti Ujn[W[lnUWJtJU 2bflnLUUb[ltJ ljwtumuub[l[! uwq.utJuwljwu l').W2lllti [W[lqW­

OnL!OJnLUtJg ljwrbtti t htJuuwl{nrb[ uljwlllti mubuwtn4_ tuwnum4ti '1-tirnr:! u 

I 8 

r61 
3 I 4 
f; 
c. 

" i! 1 2 
.c. 
3' 
3 
:YI 0 

OSI 

·----·---.. ---
----... 

E;:""' 
-- E~" 

E~ + AErn 

£ 1 +MK 

··-·--

0.0 0 2 0 4 0 6 0 8 1 0 

'Tlwnwpnlw1tll.J hw6wtunL.P1nLl.1 (Ox10 13uu· 11 

LIJwfl 3. <f1uuw1Jwu t./f76wljniu l:1b4lflf1nuf1 li 
U{n/Wf1nuf1 4wU/f1 l;ubf1qf1w1f1 Ljwfuniuu 
UfWf1wpn1w1f1u hw6wfuntfiJJnLuflg: 

ttb4lllrnuw1tiu Lr9nti lllwrwowljwu 
pw2tumu[!: Uuljwtu tuwnum4ti '1-r­
rntig , uwq.utJuwljwu l').W2lllti [W[l­
Lj_WOnLtaJWU ubowgmu[! hwuq.bgumu 

t ttb4lllrnuti lllb11w1uwguwu twrti 

wnwugnr 2mr2 u, hbllluwpwr , 
hwuq.bgumu co ~nunuubrti hblll 

ttb4lllrnuti Ltintuwql').bgmra1wu hw-
4_wuwljwumra1wu ubowguwu, tiu4 

10 ~nunuubrti hblll WJl'J. hw4_w­
uwljwumra1wu ulj_wquwu: l-uwnum-

4r' twrti wnwugptiu unlll '1-tirnbrmu 
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ri-w hwuq.bgumu t ljwUJti tubrq.tiw1ti w6ti , uwljbrumiratiu Limn ri-rrQbrmu' ul{wquwu: 

quuwljwu 4.ti6wljmu ttb4lllrnuti u UJntwrnuti ljw1.4ti tubrq.tiw1ti 4wtumuubrr:! 

uwhuwuwLtiw4n'l UJnlllbugtiwtr hw6wtumra1mutig H = 3S u Pi "" O.SR wrctbpubrti 

rJ-bUJpmu UJWlllljbrl{wo bu tt4. 3-mu: Puwljwu t, nr l.ljntwrnuti ljwUJti tubrq.tJwJti 

ljwtumu[! uwhuwuw41wljn11 UJnlllbugtJwtti hw6wtumraJmutig uuw'u t uwq.utJuwljw'u 

rJ-W2llltJ [W[ll{womraJmutJg mubgwo ljwtuuwU[!, QUJuti n[l uwhuw'uw4iw4n'l 

UJnlllbugrwL[! umJ'UUJbu lllb11w1uwgumu t ttb4lllrnuw1tiu Ltignti pw2tumu[! twrti 

wnwugnti 2mr2: 

1.4. 4-mu lllfll{wo t 2px-wuuwu 4Ji6wljmu ttb4l11rnuti u UJntwrnuti 4wUJti 

tubrq.tiwubrti ljwtumuub[l[! (w) tuw11umljr rJ-tiflptJg , (p) UUJq.'t.JtJuwljUJU l"J-W2lllti 

twr4_womra1mutig , (q.) UJwrwpn[WJtiu uwhuw'uw4iw4n11 UJnU1b'ugtiwLr hw6wtum­

ra1mutig: U1u ri-bUJpmu 'umJUUJbu ljwUJti tubrq.tiw1ti 4.wrnr:! 4wtul{wo ~tiqtiljwljwu 

UJW[lWUblil[lb[ltJg ljwrbttJ t ublj'uwpwub[ hw24_r w11'ubtn4_ ttbljlll[lnUWJtJ'u LtJgptJ 

pw2tuuwu w11w'ul\uwhwlllljmra1muubr[!: 

061~ 

O<I - - - - -~ --... -... _, . ._ . ........... . -----
·t • !. ... 

0 21 • • 1 ..... 

/> .,, 
~
06 

050· :-:--
30.5 / . 045 

L:.. • f Af ,. 
a • 
fr • t. U: 0 40 :a 04 . .. . f" 

_..- . . . . . 

~ 035 

5 0.3 t ... :... .. 1 · ~· · ··-- ·-------- o 'o 1 r. ~ : ; : . .: : ~ : ~ . : o.o 

L0~0--0-,,-----,0-4C--0-6,-----,0-8--J-0~ L-0--,---, --,--,---,~ -Q.Z ~ Q 4 Q {) Q 8 l Q 

(LU) tuumlmLlit'l flf'lflQ {pJR) (pl Uwq\JtJulu4w\J l)W2V'l (S) (q) "lwpwPntUJJt'i\J hwOwtunqd/nt\J (Oxl0 11ull 

LIJwp 4. 2Px·wuuwu t/.f16wljniu l:1II4lflf1nuf1 li U/n1wf1nuf1 Ljw14f1 l;ubflqflwubflfl 4wfuniuubf1f! 

(w) fuwnuniljfl 1Jflflf2flg, (p) uwqufluwljwu IJW2lflfl /W(lt/.W&nL[iJJnLUg, (q) U{Wf1Ulpn/WJflU 

uwhUwuwLfiwljnrz U{nl{1/Jugf1wlf1 hw6wfunLfiJJnLuf1g: 

<tiuuwljwu 4Ji6w4tig w11w2tiu uti pwuti q.rq.114.wo 4Ji6wljubr wugmuubrnl{ 

UjWJUWuw4_nr4_wo OUJllltJljwljwu pumrawq.[lb[l[!' lllWlllWuwljtJ nLd"[!, q.OwJtJU U n~ 

q.ow1tiu 4twuuwu q.nrow4tigubrr:! (Lict) u pbljuwu gmg~ti LtinLtintuntraJmuubrr:! (P5<P) , 

hblllwqnl114_bt bu §6-mu: 1.4. 5-mu UJWlllljbrl{wo t l s ..... 2px wuguwu lllwlllwuw4ti 

mctti ljwtumu[! tuwnumljtJ '1-tirntig H = 3S wrctbptJ l').bUJQmu, UJntwrnuwjtJu nrum1rati 
hw2l{w11uwup u wulllbuuwup: t>u~UJbu lllbuumu bup, ttb4U1rnu-~nunu Ltintuwq­

l').bgmra1wu hw24_w11nLU[! hwuq.bgumu t lllWlllWUWljtJ mcttJ ubowguwu, tJ'urn U2WUW­

ljmu t , nr ubowumu t uwu ~nlllnuubrti 4twuuwu ljwu wrl\wljuwu hwlj_wuw­

ljwumraJmU[! l114JWL Lj_tJ6wljubrti utJ2u: t>r hbrratJu , uw u2wuwljntu t, nr UJntwrn'uwjtJU 

brum1rati wql').bgmraJmU[! OUJllltiljwljwu pumrawq.rbrti 4.rw qq.wL]i t WJU l').CTUJJ:lnLU, brp 
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Lljwp 5. l s _, 2px wuguwu hwUWf1 lf1Wtf1WUWl//1 nid/1 
l;wfuniiI[! fuwnunil;/1 '1'1f112'19 H = 35 f10LJ./J2nLU 
U/n1wf1nuw1f1u bf1/J.nLJfiJ/1 wutf1buifwifp /J. hwziJ.wnuwifp 

ttb41.IlrnuQ lfintuwq11mu t hru­
uw4wumu urwJu co 4wi.l urwJu 
IO ~nunuubrr hbl.Il : 

ls __. 2px wuguwu Liq.-r 

4wtumi.!Q ~nl.Ilnur tubrq.rwJr9 
H = 3S 11b1..4pmu 1..4ntwrnuwJru 
brLmLJfa hw24.wnuwup U. wu1J1bu­
uwup 1.I1[14_wo bu ti~. 6 (w)-mu u. 
(p)-mu: 1-n4. hwuwrw4wt4_wo 

(4w1..4mJ1.I1) 4nrbrQ hwuw1..4w-
1J1wutuwumu bu tuwnum4r 

Pi = o 11rrpru. 2-Q' (4wuw~) Pi = 

0.SR 11rrpru, ru4 3-Q' (4wrurr) 

Pi = R '1rl'1Qru: liq.- ubrr wrctbpubrr l.IlW[lpbrmiaJmUQ tuwnum4r l.IlW[lpb[l '1rl'1Qb[lr 

hwLIW[l 4wrbtr t pwgWl.Il[lbt hw24_r Wr1Ub[n4_ 1.I1WIJ1WUW4r mctu WJf'l f'lr[lQb[lmU : l°'rnp, 

Pi = R '1rl'1QnLU 1.I1W1.I1Wuw4r mctQ Unl.Il 6 wuq.wu ubo t , pwu Pi = 0 '1rl'1QnLU u Unl.Il 40 

wuq.wu ubo, pwu Pi = O.SR f'lrl'1QnLU: ttb41.Ilrnu-~nunu lfintuwq11bgm13JmUQ 
hwuq.bgumu t pntnr Li<t-ubrr tpul.Ilrbumuubrr «4w1..4mJl.Il » 2bri.uwu: 'TJbl.IlQ t uwu 

u2b[, nr 1..4n[W[lnUwJru wugmuubrru hwuw1..4w1.I1wutuwunri. liq.-ubrr tQUl.Il[lbi.lmuubru 

QUf'lmumu bu w4_btr ubo wrctbpubr , pwu UnLJU 11b1..4pmu ttb41.IlrnuwJru wugmuubrru 

hwuw1..4w1J1wutuwunri. Liq.-brr tpul.IlrbumuubrQ: 
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Lqwp 6. l s _, 2px wugifwu hwifw(l l/1wuuwu qn(l&wl;g/1 l;wfuniiI[! :f>ntf1nuf1 l;ubf1qf1w1f19 H = 35 
f10UfJ2nLU, (w) U/n1wf1nuw1f1u bf1UnLJfiJ/1 wutf1buifwifp /J. (p) hwz~wnifwifp: 

U111htiwfunumpJwti hri~l"'"l"''l qLfunuf mumuuwurr4.bt t wqwl.Il Lrgpw4rrubrr' 

~nunuubrn4. ur2unr11w4.nr4_wo 01..41J1r4w4wu 4LWUnLUQ UWUn[W[lnLU mri.ri.whWJW9 

hwuwubn ttb41.Ilrw4wu 11w21J1mu, hw24.r wnubtn4. u1..4ru-mri.borwJru lfintuwq11bgm-

12 

.J 

.. iaJwu U. 1J1wrwow4wu uwhuwuw-
Ytot•t I 

.:-"' , : • Ya lfiw4Llwu wq11bgmiaJmUQ: §1-mu 
j - fu 

] ~ , 0 -1mJl1 hwuwnnl.Il 4.brtmb4_wo t 13bi.lwJru 
"''

0
' l i\ T-1004 

~ ', \\ F = l~-<luu Wr1U~4_nri. q.rl.IlW4WU q.rw4WUnL-
§.>o l \ ~. faJnLUQ, ru~1..4bu uwu W[ll.IlWOLj_wo bu " .. 
~ ,. ~ '~- I ft.w2pwJr u. 't-rbubthwmur u1..4ru-
1 \ '~~~"'"'\ mri.borwJru lfintuwq11bgm13Jmuubrr 

J 

1

:~·:::······-· ~ : hwi.lrtl.IlnurwubrQ: §2.1-mu 1.I1[14_wo 
• ioiw> :imm~~P tuorq~~ ho iut4)• so bu ttb41J1rnuwJru 4.r6w4ubrQ 

Mr \ _ with SOI UWUn[W[lnLU, ft.w2pwJr U 't-[lbUb[-
.:- SOI - without SOI hwmur u1..4ru-mri.borwJru lfintuwq-
":> \ '• - 10\Jll 
2 T- 1004 11bgmiaJmuubrr hw24_wnuwup: 
o>•O 
.c. 
~ 

3 .., 
c:. 30 
c: 

"' "" 3 20 
":> 

1 
J 10 

l F - 1~4/uu 
\ §2.2-mu u1J1wg4.bt t 4.brtmbw4wu 
~. W[ll.IlWhWJl.IlnLfaJnLU ~nunuubrn4_ ur-

\ 2unr11w4.nr4.wo 01..4r4w4wu 4twu-......... . ....... 
-... ::::.-.,:-. uwu q.nrow4gr hwuwr: r<J-4.wJru 

o~ _ •• ·~ hw24_wr4r ur2ngn4_ §3-miJ Ul.IlWg-

o 
10 

1p1 :i.nm~~P tuorqp'~ ho 1ut'-';
0 

'
0 

4.bt bu 4twuuwu q.nrow4gr 4wtumu-
Lljwp 7. Lb(1bb(iJwqnl{1f1wl;wu wugniifubf1nl/. ubru QU4unri. 6wnwq.WJfaUWU ~n-

U/WJUwuwl/.n(ll/.w& l/1wuuwti qnf1&wl;g/1 L;wfuniiI[! 1J1nur tubrq.rwJrg. twrr 2wnw4.ri.rg 
:f>ntf1nuf1 hfl l;ubf1qf1w1f19, bflp r0 = l OUif, T = 
1001.i, F = 11/l[/uiJ, a= fl = 4.s . 10-9 /;i.J.·uif: (w)- U 2b[1UWUl.Ilr6wurg, ru~1..4bu UWU 
mu U/Wlf14bf1l/.w& bu co u. 10 :pntinuubf1f1 ttb41.Ilrw4wu 11w21J1r twr4_wom-
ubf1f1f1nLiiubf1f!, (p)-niif' UUf/1U-nL'l.b&f1WJ/1U f3Jmurg : 't-rl.Ilw[144_b[ bu ru~1..4bu 
lfmfuwqf1bgni(iJJWU ubf1f1f1nLU[!: ~ b', '·h '·b b'· h 1, >. 

~L "'l.Il[lnu1, u r u13wq.n1J1 1,w"'wu , 
WJU1..4bu tL ur2bu13wq.n1J1rw4wu wugmuubrQ: l..~. 7-mu 1..4w1J14br4_wo t Li<t-r 4wtumuQ_ 

~nl.Ilnur ft!l tubrq.rwJrg: LiwrbL)i t l.Ilbuub[, nr IO ~nuunubrr Ub[lf'l[lnLUQ 4twuuwu 

q.nrow4gmu q.brw42nmu t co ~nunuubrr ubr11rmi.!Q, nrQ uwuntwrr 2wnw4.ri.r 

l{lnprmiaJwu hb1J1uwup t : Unt lfintuwq11bgm13Jwu hw24.wnuwu 11b1..4pmu 

nbqnuWUUWJru L4r4br bu f'lrl.Il4_mu ~nl.Ilnur tubrq.rwJr ftfl. = 18ut4. u 16ut4. 
wrctbpubrr. u. hfl. = 30ut4.' f'l[lW WUl.Ilbuuwu 11b1..4pmu: UjU L4r4brQ hwuw-

1..4w1J1wutuwumu bu ttb41.Il[lnur ubrbu13wq.n1.I1rw4wu WJU wugmuubrru , nrnugmu 

ttb41.I1[1nUQ 4twumu (wrllw4mi.l) t ~nl.Ilnu u urwctwuwuw4 wrllw4mi.l {4twumu) t 

~nunu' w1..4whn4_btn4. tubrq.rwJr u. ru1..4m[ur 1..4wh1..4wumuQ_: 

lfr2bu13wq.n1.I1rw4wu wuguwu 4twuuwu q.nrow4gmu CO u /0 ~nunuubrr 

ubr11rmuubrQ 1J1r4.wo bu 1..4. a (w)-mu: Liwrbtr u4w1.I1b[, nr IO ~nunuubrr ubr11rmi.!Q 
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q.brw42nnu.I t co :f>nunuubrr ubr11rmu[!, nrQ hbinuwup t twrti 2wnw4_flli 
lfl11J2[1nL[UJWU: 1..4. 8 (w)-r ubr11rrmu UjWtn4br4_wo t li<t--mu 10 u CO :f>nunuubrr 

ubr11rmuubrr hwrwpbflnL[UJnLU[! (Yw/Yco ): 'l-tiint.J.mu t brbp utr4 :f>ninnur tubrq.rwJr 
18ut4., 27ut4. u 38ut4. wrctbpubrti hwuwr, nrnugrg wnw2ru br4mu[! :J>nunuubrnt.J. 

ur2unr11wt.J.nrt.J.wo ubrburawq.ninrw4wu wugmuubrti hbtnuwup bu, ru4 brrnr'lr:! 
hwuwutwinwutuwumu t :f>nunu­

ubrnt.J. ur2unr11wt.J.nrt.J.wo ur2buraw­
q.nintiw4wu £0,0 -+ £1,0 wuguwu[!, 

pwur nr wuguwu tubrq.rwu 

11f1112Lj_nLU t LlE~:g + hwj = 37ut4. 

wrinwhwjtnnL[UJWUp: Ujutnbfllig 4w­

rbtr t bqpw4wgub[, nr £0,0 -+ £1,0 

wuguwu 11but12mu q.brw42nmu t /0 

:J>nunuubrti wrllw4mu[!: l.Jbrburaw­
q.nintiw4wu u ur2burawq.nintiw4wu 

wugmuubrti ubr11rmuubr[! li<t--mu 
inrt.J.wo bu ti4 8. (p)-mu: Liwrblti t 
tnbuub[, nr wugmuubr[! f].butr wqb­

Lr gwor tubrq.tiw4wu uw4wr11w4-
ubr mubu wt.J.btr ubo ubr11rmu ljq._ 

mu, pwu f].butr pwrllr tubrq.tiw4wu 

uw4wr11w4ubr wugmuubf1[!, ru4 
ubrburawq.nintiw4wu wugmuubru 
mubu wnwlj_b[wq.mJu ubr11rmu: 

UinhbwfunumpJwb h11rm11'l 

qtmful! ut.J.tirt.J.wo t ttb4inrw4wu 
11w2inmu utwrwpn[wJtiu uwhuwuw­
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Ll/wp 8. l!f121:I/.J~wqnl.(1{1wqw/.J w/.Jgtfw/.J 41w/.Jtfw/.J 
qnrc'Jwqgfl qwfunitf[! :/>nl.(1n/.Jf1 hfl /;/.Jl:If1qf1w1f1g: (w) 
L(1Wf1pl:If1 :f>n/.Jn/.Jw1f1/.J tfnql:If1f1 /.Jl:If1f1(1nttf/.Jl:If1f!, (p) 
L(1W(1p/J(1 w/.Jgniu/.Jl:If1f1 /.J/J(1f1(1nLUl.Jl:I(1[! .' 

lfiw4uwup q.Uf].WJtiu wurqninrnut pt.j_wutnwJru 4btnmu Ujll[W[lnur llWUWUJWU 
grmuubrr hbtnwqninuwu[!: §1-mu hwuwnntn t.J.brtmbt.j_wo t fuu11rru wnu24_nri. 

q.rinw4wu q.rw4wUnL[UjnLD[!, ru4 §2-mu Ujll[Wf111UWJtiu t.J.ti6w4ub[1[! hwuw4wrq.mu 
hbtnwqntnlj_b[ bu funinnrmuubrr tnbUnL[UJWU untnwlj_n[lnL[UJWU 2f12WUw4ubrmu: 

n-wuwuJwu gruwu 11ti:Pbrbugrwt 4inrt.J.wb12Q ubr4wJwgt.J.wo t §3-mu: §4-mu rat.lwJtiu 

hw2t.J.wr4ubrr ur2ngnt.j_ utnwgt.J.bt bu Ujll[W[lnUti U ttb4inrnur tubrq.rwubrr 
4wfumuubf1[! CdSe pt.j_w't.ltnwJru 4binr Wf1f].JnLUWf1Wf1 2wnwt.j_fllig , ru~utbu uwu 
nwuWUJWU grmuubrr 'lr:f>brbugrwl 4inrt.J.wopubrr 4wfumuubru wrllw4t.J.wo :f>ninnur 
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Eo o t 

_ Eo11 

f 11.1 
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E t_11 

"'ln1wnnlJ 
f ; l44/uu 

2 8 30 

tubrq.rwJrg' 12t.J.wuinwJtiu 4binti 
inwrpbr 2wnwt.J.ti11.ubrti 11but12mu: 

1..4. 9-mu utwin4brt.J.wo bu 

ttb4inrnur u utntwrnur hruuw4wu 
u ur pwur q.rq.nt.j_wo t.J.ti6w4tibrti 
tubrq.tiwubrti 4wtumuubrr:! .gL.i-ti 

2wnwt.J.11.rg: l::tb4inrnur u utntwrnur 
tubrq.rwubrr:! .gL.i-ti 2wnwt.J.flli ub­
owguwu[! qmq.[!U[UW9 l{lnprwumu 

Ll/wp 9. '1Jntwf1n/.Jf1 11 /;tl:I41.(1f1n/.Jf1 l;/.Jl:If1qf1w/.Jl:If1f1 bu, pwur nr [UnL[WUmu t f].f1WU9 
qwfuniiJ/.J/J(lf! j2tjW/.JL(1WJfl/.J q/Jl.(1{1 zwnwtj'lftg lnWf1WOW4WU UWhUWUWlflW4nLU[!: 
hfliJ/.Jwqw/.J 11 if/1 j2w/.Jf1 q(lqntjwc'J 4ft6wq/.J/Jf1f1 nl2Wq.[1Wlj_ t , 11[1 ttb4tnf111Uti U Ujll[W-
hwtfW(l, l:If1p F = lq<t'utf: rnur UnLJU t.J.rtiw4ubrru hWLIWUjW-

tnwufuwunri. tubrq.rwubrti ur2u inwrpbrmraJmu[! lfin12rwumu t ru~utbu .gL.i-ti 

2wnwt.J.flli , WJUUjbU tL 12t.J.wutnwJtiU rat.J.brti ubowguWU[! qmq.[!urawg: 

-:;i-1.0 1 
~0.8 ;;; 
'::> N 
-::; 0 .6 ..; 

- (1,1,1 ) 

"'-

]_o.4 
-; 0.2 

~ 00 --- --- --- __ .! --- ·--
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3-04 

J 0.2 
c" 
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(w) flw5 (t4) 

(1,1 , l) 

;;; 

~-

c: 0.0 
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...., .----
3' i.o - ttb4uirn\J 

S- 0 ·8 ·---- "lntwrn\J 

~06 1 F=ll.j4 /uLI 
..::r0.4 r0=3\JLI 
J 0 .2 
c" 

(p) flw, (t4) 

N ,...· 

(1,1,1) 

~ 

c: 0 .0 
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(q) fl w5 (t4 ) 

- t tb4uirn\J 
0 ----- "lntwrn\J e F=l44/uu 

r0 =2\JLI 
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- ttb4uirn\J 

e :;_: ----- "lntwrn\J 
0 

F= l 44 /uu e 
' 

r0 =2 .5\JLI 

_l_ 
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. ! 0 l 0 

l e -

ft 
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Ll/wp 10. l!fl 12w/.Jf1 qrqntjwc'J 4ft6wq/.Jl:If1f19 hflu/.Jwqw/.J tjf16wq w/.Jgnitfntj uiw1uw/.Jwtfnrtfwc'J 
nwtfw/.Jjw/.J 9f1UW/.J qf1:f>/Jf1/J/.Jgflwt ql.(1(1t/Wc'!J2f1 ((}' J.l-t) qwfunttf(! W(lt'Jwqtjwc'J :j>nl.(1n/.Jf1 hw5 

l;/.Jl:If1qf1w1f1g, U(lp hw; = 900tf/;l/., F = l q<t'utf 11124-fl zwnwtjfl'lfi (w) To = 2/.Jtf, (p) To = 2.5/.Jtf 
(q) To = 31.Jtf W(1dl:I12/.Jl:If1f1 ql:IUJJ2nLU 
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%1'].wJru 124.wulilwJru 4bl11nul F = llf.t/uu twr4_womraJwtlµ hwuwubn. 

ttb4Ulrw4wu l'J.W2l11mu n.wuwuJwu gruwu '1-r'.l>brbugrwt 4l11r4.wo12ti 4wtumtlQ 
wrllw44_wo '.l>nlilnur tubrq.rwJr9 _gli-r lilwrµbr 2wn.w4_rri_ubrr 1'].bUjpnLU UjUJU1-

4br4_wo t i.,4 . 10-mu: <no (4wrurr) 4nrbrQ hwtlwUJwlilwutuwumu bu ttb4Ulrnuubrr . 
ru4 q.ow4_nrubrQ (4WUJnLJl11)' UJntwrnuubrr 9r1UUJUQ: 1->UiUjbU Ulbuumu bu12, _gli-r 
2wnw4.flti umJu wrctbpr 1'].bUJpmu ttb4l11rnu-'.l>nunu t{lntuwql'].bgmraJwu hw24_wn.mtlQ 
hwuq.bgumu t µntnr wugmuubrn4. UJWJUwuw4_nr4_wo n.bqnuwuuwJru UJr4brr 2bri_uwu 

l'J.bUJr gwortubrq.tiw4wu lilrrmJra («4wrutir» 2bri_mu) , µwgwn.mraJwtlµ' Eo.0.1 -+ Eo,o.o 

wuguwu: Uw hblJ1UUJU12 t WJI']. 4.ti6w4ubrmu UJntwrnuwJtiU 2br1muubrr wn.wU/luw­
hwl114mraJmuubrr: !-> lilwrµbrmraJmu uuwgwo q.rq.nLj_wo 4.r6w4ubrr' (0,0,1) u hru­

uw4wu 4.ti6w4ubrr tubrq.tiw4wu tlw4wr'l-w4ubrr uti2u hbn.wqnrmraJmUQ w4_btr 
t{ln12r t UJntwrnuwJru brllmJrar wulilbuuwuµ , 12wu hw24.wn.uwuµ , wJuru12u' '1-rw 
hw24.wn.mtlQ wJu 1'].bUJpmu hwuq.bgumu t n.bqnuwuuwJru UJr4brr 2bri_uwu l'J.bUJr 
µwrllrtubrq.rw4wu UlrrmJra: 

bqpwiJwgntp]ntbbbp 

1. ITlwrwµntwJru UJnUlbugrwtn4. q.twuwJru 124.wulilwJru twrmu br4wJuw4wu 
uwq.utiuw4wu l'J.W2l11nttl '.l>nunuwJru uwhuwuwt{lw4uwu hw24_wnuwuµ mumu­

uwurr4.bt bu 2rwouwuuwu tuwnum4ru 4wUJLj_wo UJntwrnuwJru 4.ti6w4ubrQ 
L.wul'].wm-"1b4wrr t{lnt{lntuw4wJru ub13nl'].nq: Ul11wg4_bt t 4.brtmow4wu 

wrlilwhwJlilnL(OJntu 4wUJr tubrq.rwJr hwuwr: <wul11wl114_bt t , nr, 4wtu4_wo 
tuwnum4r 'l-rr12tJg, CO '.l>nunuubrr ur2ru rart.li:! mur uLj_wqnri_, ru4 IO '.l>nunuubrr 
uti2ru rart.li:!' w6nri_ µumira . nrQ urwugnLj_ UJWJUwuw4_nr4_wo UJntwrnur 4wUJr 
tubrq.tiwimu wrlilwhUJjlilLj_mu t tpulilrbumuti wn.w2wguwuµ : 5mjg t Ulr4.bt. nr 
l s- 2px- u 2pz-wuuwu 4.ti6w4ubrmu y mri.ri.mraiwuµ tuwn.um4r Ulbri_w2wrctQ 

1'].bUJr twrr tlw4brllmJra hwuq.bgumu t UJntwrnuti 4wUJr tubrq.rwir uLj_wquwu, 
ru4 2py-wuuwu 4.ti6w4mtl' t12ul11rbumuti wnw2wguwu: "1wrq4.bt t, nr 

ttb4l11rnur t{lntuwql'].bgmraimuQ 2px-wuuwu 4.r6w4mtl w4.btr wrl'J.JmuwLj_blil t 10 

'.Pnunuubrr. pwu CO '.l>nunuubrr hblil , wu4wtu tuwnum4r 'l-rr12rg: 

2. nLumuuwurr4.bt bu uwq.utJuw4wu 1'].UJ2l11r twr4_wom13JWU U UJWr1WJ:!nLWJru 
UJnlilbugtiwLti hw6wtumraiwu wql'].bgmraimuubrQ 4wUJr tubrq.rwir 4.rw: 
"1wrq4.bt t , nr uwq.uruw4wu l'J.W2l11Q Ulbri_wJuwgumu t ttb4l11rnuwiru WUUJQ twrr 
wnwug12r tlnlil , u, hbliluwµwr . brµ tuwn.um4Q q.liluLj_mu t wn.wug12r 4.rw. urw 

w6Q hwuq.bgumu t uwu UJntwrnur 4wUJr tubrq.rwJr w6r: 5mJg t l11r4.bt. nr 

16 

UJWr1WJ:!nlWJtJU UUJhUUJUUJt{lUJ4nri_ UjnlJlbugtJwtr hw6wtunL(OJUJU U uwq.utJuw4wu 

l'J.W2l11r twr4_wom13Jwu wq1'].bgm13JntUQ UJntwrnur 4wUJr tubrq.rwJr 4_rw 
umiuw4wu t : Cul']. nrmu, '1-rwugtJg 4wUJr tubrq.rwJr 4wtuuwu ub2 4wrnri. bu 

l'J.rl114.bt tpuUlrbumuubr , brµ tuwnum4Q ir q.liluLj_mu twrr wnwugpr 4.rw: 

3. 'l-twuwiru pLj_wulilwJru twrmu mumuuwurr4.bt bu 4wUJLj_wo UJntwrnuwiru 
4.ti6w4ubrr uti2u wugmuubrn4. UJWJUwuw4_nr4_wo l11UJlilwuw4r mctQ, q.owiru , ni 

q.owiru u q.muwrwJru 4twMwu q.nrow4rgubrQ u µb4uwu gmgir 
t{lnt{lntumraJmUQ: "1wrq4.bt t , nr ttb4lllrnu-'.l>nunu t{lntuwql'].bgmraiwu hw24.w­

nmtlQ hwuq.bgumu t ruiUJbu 4twuuwu q.nrow4gr UJr4brr «4WUJnLJlll» 2bri_uwu, 

WJUUjbU tL lllUJlllUJUUJ4ti mctti u UJntwrnuwiru 4.ti6w4ubrr ur2u wugmuubrr 
hw4_wuw4wumraiwu ubowguwu: 5mJg t lllr4.bt. nr UJntwrnuwJru brumirar wql'].b­

gmraimuQ l s -+ 2px wugmuubrn4. UjUJjUUJUUJ4.nr4.wo OUJlllr4w4wu µumrawq.rbrr 

4.rw u4wlilbLr t WJU 1'].bUJ12brmu, brµ ttb4Ulrnu t{lntuwql'].nLU t utiUJJU co, 4wu 
utiwiu IO '.l>nunuubrr hblil: "1wrq4.bt t , nr uwq.tJuw4wu l'J.W2l11r twr4_wom13Jwu 

lllwrµbr wrctb12ubrr 1'].bUJ12mu l s -+ 2py ttb4lllrnuwiru wugmuubrn4. UJWJUUJ­

uw4_nr4_wo µb4uwu gmmr t{lnt{lntumraiwu t12ulJlrbumuubrQ l'J.rl114_mu bu '.l>nlllnur 

tubrq.rwir utiuumiu wrctb12r UnlllUJ4WJj;!nLU, WJU 1'j.bUJ12mu, brµ UJntwrnuwiru 
brumiraubrr hw24.wnuwuµ WJl'J. UJr4brQ utiuiwugrg hbn.wgwo bu: 

4. "1wrwµntwiru uwhuwuwt{lw4nri. UJnlilbugrwtn4. q.lwuwiru 124.wulllwJru twrmu, 

twrr wnwug12ru mri_ri_whwJwg ttb4lllrw4wu l'J.W2Ulmu hblllwqnlll4_bt t '.Pnunu­

ubrn4. uti2unrl'J.w4.nr4_wo ubrbu13wq.nl11tiw4wu u uti2bu13wq.nllltJw4wu ttb4Ulrn­

UUJJtiU wugmuubrn4. UjUJjUUJUUJ4.nr4_wo OUJlilr4w4wu 4LUJUUUJU q.nrow4rgQ, 
hw24.r wn.ubtn4_ UUJtJu-mri_borwiru t{lntuwql'].bgm13JWU U '.l>nunuwiru hwtlw4wrq.r 
Ulwrwow4wu uwhuwuwt{lw4tlwu brumiraubrr wql'].bgmraimuQ: 5mJg t lllr4.bt. nr 

tlw4brumrawiru '.l>nunuubrr hblil t{lntuwql'].bgmraJmUQ wqwlll Lrg12w4rrubrr 

OUJlllr4w4wu 4LUJUUUJU q.nrow4gr ub2 mur w4.btr ubo ubrl'J.rmu, 12wu uwhuw­
uwt{lw44_wo !pnunuubrr hblil t{lntuwql'].bgmraJmUQ: "1wrq4.bt t, nr 4twuuwu 

q.nrow4rgQ' 4wtu4_wo Qu4unri_ 6wnwq.wirauwu '.l>nlllnur tubrq.rwirg, mur UJr4br , 
nrnup l'J.rl114_mu bu '.Pnunuubrn4. uti2unrl'J.w4.nr4_wo wugmuubrru hwtlwUJw­

lllwutuwunri. tubrq.rwubrr 1'].bUJpmu: 5mJg t lllr4.bt uwu, nr 4twUtlwu q.nrow4r9Q 
UUJtiu-mri_borwiru t{lntuwql'j.bgmraiwu hblllUUJUj;!nLj_ ubowumu t. u l'J.rl114_mu t 

UJr4brr 2bri_mu l'J.bUJr ubo tubrq.tiwubrr Ulrrmira («4wUJmJlll» 2bri.mu): 

5. ra-qwiru hw24.wr4tlwuµ UlllUJg4_bt t wqwlil Lrg12w4rrubrr ubrbu13wq.nlllrw4wu 

OUJlllr4w4wu 4twUtlwu q.nrow4gr 4wtumtlQ 2bruwullltJ6wurg. twrr 2wn.w4_ri_tig 
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Lt. tth4uirw4wu 11w2uir LW[ll{wonquJnLLitig: '11wrq4.ht t. nr r].[1W 2hruwu­

uir6wuwJru 4wtumuu mur hwq.hgnri. pbntJ(U, Lt. u4wuiLj_mu t 4uirm4 w6 SOY: -

200Y: uirrmJramu: 5mJg t uirlJ.ht. nr 4wtul{wo uwhuwuwi.flw4nri. Ltjnuihugrwl 

tuhrq.rwJr9 4LWUUWU q.nrow4tigu w6mu t wLJ.htr wrwq. ULl.jtiu-mri.horwJru 

i.flntuwqr].hgm[UJWU hw2Lj_wnuwup, QWU wuuihuuwup: '11wrqlJ.hL t uwlt., nr ULl.jru­

nLfl.UO[lWJru i.flntuwq11hgm[UJWU bh[1r].[1nLLI[! 4twuuwu q.nrow4gr ub-2 ul{wqmu t 

tthuirw4wu 11w2uiti LW[ll{WOnL(UJWU w6ru qmq.[!urawg' tth4uirnu-uw4hrlt.mrawJru 

oL4uir4w4wu '.pnunu i.flntuwq11hgmraJwb ramtwguwu hhuilt.wupnl{: 

6. nLumuuwurr4.hL t wqwui Lr9nw4tiruhrr ur2hurawq.nuitiw4wu OLl.jUlr4w4wu 

4twuuwu q.nrow4gr 4wtumu[! [!b4unri. '.j>nuinur tuhrq.rwJrg: '11wrqlJ.hL t, nr 

4twuuwu q.nrow4gmu r].hL4r gwor tuhrq.rw4wu uw4wr11w4uhr wugmuuhrr 

uhr11rmu[! q.hrw4wJmu t wl{hlti pwr<'lr uw4wr11w4uhr wugmuuhrr u4wuiuwup: 

5mJg t uirlJ.ht. nr Yw/Yco hwrwph[lnt(UJnLU[!, 4wtul{wo '.pnuinur tuhrq.rwJrg, mur 

U[1UQ L4r4, nrnugrg wnw2ru h[14nLU[! hwLIWLtjWUlWUtuwumu hu UU[1UU(UW­

q.nuirw4wu wugmuuhrru, ru4 hrrnrrJ. L4r4t:!' Eo,o -> E1,o wuguwu[!: '11wrqlJ.hL t 

uwlt., nr hruuw4wu l{r6w4r9 m = 1 pLj_wuuiwJru rulJ.nLj_ q.[lq.nlj_wo LJ.r6w4 

wugmunl{ LtjWJUWuwLJ.nrl{wo 4twuuwu q.nrow4gmu uhr11ruwu LJ.rw tth4uirw4wu 

11w2uir LW[ll{WOnL(UJWU wq11hgm(UJnLUU wlJ.htr qq.wlr t. QWU m = 0 Ql{WUUlWJtiU 

ra4.n4. q.rq.nl{wo LJ.r6w4 wuguht.tiu: 

7. 'l1w[1wpnlWJru uwhuwuwi.flw4uwup wurqnuirnl.4 q.ur].WJru Ql{WUUlWJru 4huimu 

hwuwuhn tth4uirw4wu 11w2uimu mumuuwurrlJ.hL t L4ntwrnuwJru hrlt.mJrur 

wqr].hgnt(UJnLU[! nwuwujWU gruwu Lt. tuhrq.rw4wu UL4h4uirr LJ.rw: 5mJg t Ul[ll{ht, 

nr Ql{WUUlWJru 4huir 2wnwlj_fl.b uhowguwu[! qmq.[!U(UW9 i.(lnprwumu hu ru~Ltjb-U 

tth4uirnur Lt. LtjnlW[lnur wnwb<'lru l{r6w4uhrru hWUWLl.jWUlWUtuwunri. tuhrq.rw­

UU[l[!, WJULtjUU tL 11rwug ur2Lt. UlW[1ph[1nL(UJnLU[!: '11wrq4.hL t. nr. 4wtuLJ.wo 

hr4rnrrJ.wJru 6wnwq.Wj(UUWU tuhrq.rwJrg, nwuwujWU gruwu rJ.r'.J>hrhugrwl 

4uirl{wopmu wnw2wumu hu nhqnuWUUWJru 4_r6w4uh[1, nrnup hWUWLl.jW­

UlWUtuwumu hu LtjnLW[lnUWJru wugmuuhrru: .CwuuiwuilJ.hL t, nr tth4uirnu-'.pnunu 

i.flntuwq11hgmraJwu hw2LJ.wnuwup nhqnuwuuwJru u.ir4hrti 2hri.muuhrt:! tuhr­

q.rw4wu UL1.jh4uiruhrti wnwU<'luwhwui4mruJmuuhrr hhuilt.wup hu: 
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TIGRAN KAREN GHUKASYAN 

ELECTRON-PHONON INTERACTION EFFECTS ON THE OPTICAL 
CHARACTERISTICS OF SEMICONDUCTOR NANOSTRUCTURES 

ANNOTATION 

The dissertation is devoted to the theoretical studies of the influences of electron-phonon 
interactions on optical characteristics of electron states in semiconductor nanostructures. 

The effects of external fields, spatial confinement, spin-orbit interaction and presence of 
impurities on electron and polaron states in nanostructures of different geometry have 
been investigated. Particularly: 

• Impurity bound polaron states in a cylindrical nanowire with a parabolic confining 
potential in a homogenous longitudinal magnetic field have been studied using the 
Landau-Pekar variational method. Numerical results have been obtained for the 
binding energy of the polaron, as well as the linear, non-linear and total absorption 

coefficients and refractive index change dependency from various physical 
parameters. It was shown that in the ground state the average number of virtual CO 

phonons decreases as a function of impurity position, while the opposite is true for 
IO phonons which is also reflected in the total binding energy of the polaron. It was 

shown that the effect of the magnetic field strength and confining potential frequency 
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on the binding energy of the polaron is qualitatively the same and results in spatial 

confinement of the electron around the wire axis. 
• It was found that the electron-phonon interaction leads to blue shifts in the absorption 

coefficient and refractive index change peaks and also to an increase in the oscillator 

strength. It was shown, that in case of ls --> 2px transition, the polaronic effect on 
the optical characteristics is noticeably manifested when the electron interacts mainly 

with either CO or IO phonons. The refractive index changes corresponding to ls --> 

2py electronic transition reach their extrema near the same photon energy, while the 

extrema for this polaron transition are somewhat distant, for all values of the magnetic 

field. 
• The phonon mediated intra- and intersubband free carrier absorption in a cylindrical 

nanowire with a parabolic confining potential in a transverse electric field was 

investigated. It was shown that 10 phonon interactions have a more significant 
contribution in the intra- and intersubband absorption coefficients than CO phonons. 
It was found that the absorption coefficient as a function of incident photon energy 
has peaks corresponding to phonon mediated transitions. The spin-orbit interaction 

leads to blue-shifts in the absorption coefficient peaks and increases their amplitude. 
Transitions from the ground state to lower energy states contribute more significantly 

in the absorption coefficient than transitions to higher energy states. 
• It was shown, that the intrasubband absorption coefficient as a function of 

temperature increases rapidly in the range SOK - 200K. Also, the intrasubband 
absorption coefficient increases rapidly with increasing the confining potential. It was 
found, that with an increase in the electric field strength, the contribution of the spin­

orbit interaction decreases, which is a consequence of the weakening of the role of 

the dominant electron-interface phonon interaction 
• Polaronic effects on the electron Raman scattering in a spherical anisotropic quantum 

dot have been studied analytically and numerically. It was found that the electron and 

polaron energies and also their difference decrease with increasing the effective 
radius of the quantum dot. It was shown that the Raman differential cross-section as 
a function of secondary emitted photon energy has peeks corresponding to transitions 

between polaron states. It was found that the shifts in the Raman differential cross­
section peaks due to the electron-phonon interaction reflect the features of the 

polaron energy spectrum. 

fYKACFIH Hff PAH KAPEHOBV14 

VICCnE,LlOBAHVIE OnTV14ECKV1X XAPAKTEPVICTVIK nonYnPOBO.LlHVIKOBblX 
HAHOCTPYKTYP c Y4ETOM 3nEKTPOH-<POHOHHOrn B3AV1MO,LJ,EiilCTBV1H 

AHHOTAUVIH 

,Ll11ccepTal\l1.A nOCB.AW,eHa reoperwieCKOMY 11ccneAOBaH11t0 Bnl1.AH11.A 3neKTpoH-cpOHOHHOro 
B3al1MOAeHCTB11.A Ha OnTl14eCKl1e xapaKrep11CTl1Kl1 3neKTpoHHblX COCTO.AHl1H B 
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nonynpoBOAHHKOBblX HaHOCTpyKrypax. VlccneAOBaHO BnHRHHe BHeWHHX nonei.'1 , 

npocTpaHCTBeHHOro orpaHHYeHHR , CnHH-Op6HTaflbHOro B3aHMOAei.'kTBHR H HanHYHR 

npHMecdi Ha 3neKTpoHHble H nonRpoHHble COCTORHHR B HaHOCTPYKTypax pa3nHYHOH 

reoMeTpHH . B Yacrnocrn: 

• BapHaU,HOHHblM MeTOAOM naHAay-neKapa HccneAOBaHbl npHMeCHO-CBR3aHHble 

COCTORHHR nonRpoHa B U,HnHHAPHYeCKOH HaHonposonoKe c napa6onHYeCKHM 

orpaHHYHBatOW,HM noTeHu,HanoM s OAHOPOAHOM npOAOnbHOM MarHHTHOM none. 

BblYHcneHbl AnR 3HeprnH CBR3H nonRpoHa, a TaKJKe 3aBHCHMOCrn nHHeHHOro, 

HenHHeHHOro H nonHoro K03cjXpHU,HeHTOB nornow,eHHR H H3MeHeHHR noKa3aTenR 

npenoMneHHR OT pa3nHYHblX cpH3HYeCKHX napaMeTpoB. noKa3aHO, YTO B OCHOBHOM 

COCTORHHH CpeAHee YHCno BHpTyanbHblX co cj:>OHOHOB yMeHbWaeTCR B 3aBHCHMOCrn 

OT nonmKeHHR npHMeCH, a YHcno IO cj:>oHoHos ysenHYHsaeTCR, YTO raKJKe oTpaH<aeTCR 

Ha nonHOH 3HeprnH CBR3H nonRpOHa. noKa3aHO, YTO BnHRHHe HanpRH<eHHOCrn 

MarHHTHOro nonR H YaCTOTbl orpaHHYHBat0w,ero noTeHU,Hana Ha 3HeprntO CBR3H 

nonRpOHa KaYeCTBeHHO OAHHaKOBO H npHBOAHT K npocTpaHCTBeHHOMY orpaHHYeHHtO 

3neKTpoHa BOKpyr OCH nposonoKH. 

• 06HapyH<eHO, YTO 3neKTpOH- cj:>OHOHHOe B3aHMOAeHCTBHe npHBOAHT K " rony6oMy" 

CABHry nHKOB H3MeHeHHR K03cj:>cj:>HU,HeHTa nornow,eHHR H noKa3aTenR npenoMneHHR, 

a TaKJKe K ysenHYeHHtO CHnbl OCU,HnnRTOpa. noKa3aHO, YTO npH nepeXOAe l s--> 2px 

nonRpoHHoe snHRHHe Ha onrnYeCKHe xapaKTepHCTHKH 3aMeTHO npORBnReTCR, KOrAa 

3neKTpoH B3aHMOAeHCTsyeT B OCHOBHOM nH6o c CO, nH6o c IO-cj:>OHOHaMH . 

Vl3MeHeHHR noKa3aTenR npenoMneHHR, coorneTcTsyt0w,He 3neKTpOHHOMY nepexoAy 

l s --> 2py, AOCrnrat0T csoHx 3KCTpeMyMos s6nH3H OAHOH H TOH H<e 3HeprnH cj:>oTOHOB, 

B TO speMR KaK 3KCTpeMyMbl nonRpOHHOro nepeXOAa yAaneHbl Apyr OT Apyra. 

• VlccneAOBaHo onocpeAOBaHHoe cj:>oHoHaMH BHYTPH- H MeH<nOA30HHOe nornow,eHHe 

CBOOOAHblX HOCHTenei;i B U,HnHHAPHYeCKOH HaHonposonoKe c napa6onHYeCKHM 

orpaHHYHBatOW,HM noTeHU,HanoM B nepneHAHKynRpHOM OCH nposonOKH 

3neKTpHYeCKOM none. noKa3aHO, YTO IO cpOHOHHble B3aHMOAeHCTBHR BHOCRT 6onee 

cyw.ecrneHHblH BKnaA BO BHyrpH30HHblH H MeH<nOA30HHblH K03cpcpHU,HeHTbl 

nornow,eHHR, YeM co cj:>oHOHbl . 6b1no o6HapyH<eHO, YTO K03cj:>cj:>HU,HeHT nornow,eHHR 

KaK cj:>yHKU,HR 3HeprnH naAat0w,ero cj:>oTOHa HMeeT nHKH, COOTBeTCTBYtOW.He 

nepexoAaM, onocpeAOBaHHblM cj:>oHoHaMH . CnHH-op6HranbHoe B3aHMOAeHCTBHe 

npHBOAHT K "rony6oMy'' CABHry nHKOB K03cj:>cj:>HU,HeHTa nornow,eHHR H ysenHYHBaeT 

HX aMnnHTYAY· nepeXOAbl H3 OCHOBHOro COCTORHHR B COCTORHHR C 6onee HH3KOH 

3Heprnei;i BHOCRT 6onee 3HaYHTenbHblH BKnaA B K03cj:>cj:>Hu,HeHT nornow,eHHR , YeM 

nepeXOAbl B COCTORHHR c 6onee BblCOKHMH 3HeprnRMH. 

• noKa3aHO, YTO K03cpcpHU,HeHT BHyTpHnOA30HHOrO nornow,eHHR B 3aBHCHMOCTH OT 

TeMnepaTypb1 pe30K so3pacTaeT s AHana3oHe SO - ZOOK. TaKJKe 6bino noKa3aHo, YTO 

K03cj:>cj:>HU,HeHT BHyTpHnOA30HHOro nornow,eHHR pe30K B03pacraeT c ysenHYeHHeM 

orpaHHYHsat0w,ero noTeHu,Hana. 06HapyH<eHo, YTO c ysenHYeHHeM HanpRH<eHHocrn 
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3neKTpHYecKoro nonA f\Kll.IJ\ <:111111 C•f 
RBnReTCR cneACTBHCM 

3neKTpoHa c IO cj:>oHOtMMH 

• AHanHTHYecKH H YHcn1•t1t10 

pacceRHHR 3neKTpotto11 n 

06HapyH<eHO, YTO :>tlt.'fll Hl1 

yMeHbWatOTCR c ysenwt<'llW'M 

YTO AHcj:>cj:>epeHU,Hanbtt()(' ( l ! 'lf~ IH1 

3HeprnH BTOpHYHOrO H lllY't :1~·1, 

nepeXOAaM MeH<AY COCTOllHHllW1 

AHcj:>cj:>epeHu,HanbHoro tc•w1m 

3neKTpoH-cj:>oHOHHblM 

cneKTpa nonRpoHos. 




