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normalized transmission (au)
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DPNVYN DNNDYY YV Mamyn HYY NI NIANINN NIAYNN NYANY DYNWRI DMI20N
NWYN PRPRIVIR DX DPIVYN DNNDYAY RN Py TMP? 1v0pa anpn ponna
910 VINN NIRN NOWND TR NWN DININDYAN HR TINND MYRNRAY NINNA PION TN
AT TN NPIPY DTN NOWND KV VN 112Y YR TMINN 021 NOYN VNN nova’
D2INDYAY NIRN NR JONY 17D 0PI IMR MPXNRL MTNN T 11MPY DN DN0YAN
IR RIN TN VYA DTN 92000 . PHNNN YV NIDVRIVIR NNINN 1M 1.4 TR N NNaYn
DIYN Lapnn ,WMN aY DINDYY MIANINY RNND I THIRAY 70 DY TTINNDN
792YyN DIIN PP2 NTI9N DIPYOV 1.3 TR 2 MKRIY N2) DINDPN R NI2AYNN NTTNA

Rayleigh-) o977 S50 199mIRD RIPI NN RYND (DY Y3 297X 9230 DINOPNY

5w vViIvan 1200 DY neon ya 2%

nYymn naova I (Woods anomality

121y NYTIN -NNANIY NADN NYAINY 720N PADN IR RINY R DOYNVVWNN DNNDYAN
Mpond DY YR DIRNN .NIANND NVHAN DITVPAD YV DITRY ANONY NN NINNN
TIN2 IXNY TINNA DINPPNND DTN NN DPNVYNRN DNNDYAN YD Poind 7N »
D9°03) PIND TR NPYY NTIPYN NR 172007 N2 79 (1.4 TR1 DIDNX DIXN) DIXIND

172N YV DINTIY WRNNN 2N THIR IR MYN (DAY DXINDN NINNN NAIY N2 :MINR

Jaxm
DNV DMNNDYE ATIAN MR YV NRN 1.4 IR ‘ ‘ ‘ ‘ ‘
NIN 9 .DMITR DMP -NINAN TTY NWVN DANPN DPIVVN
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¥R Ina
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TE ;3099 1.1.3.2

7Ry TE 210°p3 03 NR»PNN NIannn Maynn nysnw 73 5y waxn Pmynan mxxin
DY) DNYPINN RY N AT 20PN NNIYN NN XYY MIND ,VPYRIT N10W DI90IN
DNTPIND ATNIN MR L1.1.1 P91 DY IPRINY 93 DYNLYN DNINDYL DN DITMY
.TINN IND NI2YN DARY RSN NN 7PAN 12 Y TR 07 9 PN YW Dn N 20pa
Q010 MOPYRMTA TN DMINNN DOMT-DITMY DVID TINN NYAN NN NIAYN IR
50 17NN 2PNV YV RN T HY GON VINA .DIWINN NIAN ARIT NPNTNNN ARNIND

(MDA 471¥N) VIV 1117 NI

D779 DXIWVNH HTINY DNIVA D22IVPA NN NP NTAIRD AMINN 1.1.4

DTMY DYN NYa TM 2wpa niann niayn ) mMBWRIVIR NN a0 N TY
NVYN DPNVYN DNVIYI DNNDYE HVI DXINN PN Y3 PHN TN HY DNINIR DAYVWNN
DY NYAN Mannn n1aynn 1w TE 23wvp nmyH (SPP 2 91») Driaron) nonnn »y
DONINN PINY IMT TR DY DIXMIND HPN MOVPIRITA TINA DINPPNNN IRIL MINT DITMY
MY NR 25WN10 HTIN YW PN DR NIXPA PR IRI L(TINN DY DTN 219IRA Y DIIRIN)
NYNNYN .0IVPN WY RN DY NNRNND DN Dw Ny tvwy TMy TEY mwnn

JIRIND MM YR NN NPRYINIDA

() ? (®)
DININN YV NI7AVN MITPN .DPIMOR -5INI .NNIT -NAR OTX NN -NINN2 DOXINN NN (R) 1.5 IR

DTPN Y1 TNR MVPYRIT NOYWNI DXIND TIVN NR DIDVNN 12 2DVPOR K3 PHn (2) . N; -2 Damon onwn

Ng 1w

nTayna anma TE yopay TM 21oopa nhann nhayn Pa niannn nTmRn 1IRn
,DP1WNN DVIAY (R8I DI RO NADIA GNRN RN 2P ' 1 Sy v1aad Mane

,Effective Bragg Cavity (EBC) »250paR 3832 70 MIIRN NRIPI PNRNN 29 WITI P
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N ’VPAR NIV DIPN 992 MOPYRIT TIN HRI MMNND TIVNN MIRY NONINN RN

2N RIN DVPN VI NIANN NIAYNY DINTT MININAY IRIND 1D R MYV L(21.5 TR)
YVOVPARN TINN) YDVPARN DYIN PHIN YV VLIRD IRNYND MY PINS DYPNN I3
TMY Y3 0YPNNY PIN NIANN 11PN DIYPNNY T pUMRNN HTIND 29 HY L(21.5 TRV

.m=0nTIN 1218 DY NYIYNN PN Z Proa

NR 17920100 DXMINN MANa 1PN NTYN Y MM 1w pRhno pnma L,qona
%Y NOVIANN I PRYINYD .DYPRAD DI IR TANN TANN NI2YN DITVPAD HY MYSIND
P 5y PAINN NN TN T DIINN 11avn awny v Treacy 29w rooan pyan
DWN X-17p HY DN 1IWINY PN INMO I IR LIPHRRDT DINTAN NN
DOXIN 9P DN DPNONN DI0NY 1KY 19IRA DNYNNY 1NN DY NanIn T HY IR
930 7IRN DIVPN

IMYRNRI NIIPNI DTN 79K HY 27 7901 HY MTIVHINRD NR DN INMIN VNI
"ATNY RNY TINA YRR NTYN YV NIV 929199 NR NN ,1.6 TR ANIND 97 Yaph nn

ZIppRITA DA NN 9 0 DDINN AT 1WN 15V MANA DOXINA 11an YY
RCWA- Rigorous Coupled-Wave ) or1mixnn o930 nrvir Yw mnapyn Yy miomvy
2 MIRIVY NIANN NIIYN ININRND TMIYD PN DR PANY 102 1HR D2IWMN .28(Analysis
1.6 9R) mown %1 -SPP oy minna Tmy % Hw R nTv Hans Yapnn TM 1vopa
TM 210°p2 VR "R NNIR YV M DIN'N YY DININ 1PN NTYVN MY YR DAWVM

L0919 N2OY DY Mana , TE 210pa nrt nmyY .nonnn Hw nown 219 H» Nion nnnRg
T1R) NINND NVY 21a8% TIRN NP NIRY PPIANN INNIN TINNN 19902 NIIINN 137NN
20P2 NOWN 29 YY NIRD 112 NYAINI NVANYD NMIR I1YR MIRYING 2WNNNA (1.6

J1ONN5 DTN DYVINP DIWIANIN NI NI NVHYa Yaph nn Yy TM

~ TM SPP maximum TE waveguide maximum
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TM-1 TE 0721070 M2p 12131 YY DPImOR DIT W AT RN 29 Y 1"IRD ATVN DAY 929179 :1.6 IR
NNRIYY DN HNINND DITI NYAPNND NTVN DAY HV DYIRA K370 G0 PN YLD T HY 2VINN
JPORDIOPN NNANIY NNPYHNN 12 TR RVANND DININN AW P2 MNNA MWD 2 MIRIY 1N .DIPRIA NTVN
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NXNNY DIYYIN DMININN NPYYWIAIN NYOMNP MTIPI 1.2

IPNN NINAN 1N MINIVAR YV VTN NN PYTRN DNY 2191 DINMO DIVMI DYTIA DPPYN
DNMY? NPNIN 1M 198 DYTIA NV TH MRIN LOWVNY NPYVINP MPAINY TYRL -NNV
NV%9 ,0MINY PHIN NADIN .MNYWN DPNNIOM DY MITI DIVARNND DINVNY DINY

RN MOHMAVPIR NP POR DTN DR PN Pomy TNy MR v

e SN

DOPPYTIN YV NPRPIYARD MY N MUY MIRNDNT PI 10 MPYT "Mon™
DXINN DMWY DN 27P2 123Y NINPNRN IPNN NN 1N 1IN DINN MNINRD DIV1 13 HY
NP PN DIMN HY TINY ANSYN DN IXNNY DKM HY DWIANI .0YTHN DY
NPVMR-TTIOPORN MNINA KY D) YAVN PPHNN YT YR DMIININL .DMIVMNN DINNN
NPNIVPOR MR TINT HY NIRP 1PO I AYNN NPIRIND MNINN YY P R HY
DOTHNY D'PPYN DRYI DY DXWIANNY 2P 19N INRDY ,N¥NNY D0IHINI VI91 NN

.DYTRNN NWIYYWA DIMNNA ,D0MI MIVY TP D0 D0 HV 9T I3TON RN

NYVOIR MNIM DDA MAN -NXNNY D1YIN 1.2.1

2189 XY TN DIMVR 90N HY 1IN MTTI NPITIVPHR MNT MnN»H T2 DIVR N1IY
MO WA .NIVIP YVIR -NNIAX INTI NIVIP -NINI IR NNT NYAPNM 3IIRN NN
591 NP DA YW WA Y3V .Daxn HW 487 HY 727Y 10 Mapnn AnmRa mna (bulk)
7P37IR 228N DN RY 12 DIND DY) NRT DY ,NMIA 173X HP2 199N DY NI MR
199100 DAY NP VI P AT IR PO .DMN DIAXN VI PNIVPYRY PR 121 DVTN

. Energy Gap -n 1vorn 9van RN

N9 NP SV IMIPINY NMATIRN Y N2V RIN IXNND DI DITTIAN MONN P2 HTa0N
N99100 DA 199 ,N9INN DA PXNRI NRENI NI NNT DY RY IR JOP NNIIRN TIPS MIONNI
1997 DIMIN D227 D2ANN DINYPY NIMR NRT .ITNN NTIVIHNVI DI 1PN JPON IRV KON
D2NN PR 13% ;3990 15702 NI9 NNT TIRN DITH NMITIRN P DTN .NININ NIVARNN
WA AXNNY 09N TN NNVITNVA 1IN NNYPNN KDY PVNN IRV NINNY DT
IR TPOM? JOP TP N73TIRN IPY 1YR DIMN .DXTTIAN PIPYA DN 199 KeT -1 537 noanarn
NYONY MYPA N2 RN DIDAN TNRY M9 NNI NR D2IPNY DINNT DIMN POINY 1NIY
R .N12IYN ©AY DN IR N9DINN DAY DINMIVPOR HY aYNnY NWITTH TNIRD DR PavH
A1DTHY DIMIND N0 MIAY MINIRD YO NR XN 1.7
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overlap

-

DDA NN 1.7 R
DO P2 MIRD YN
199NN VaY nYIIYN
nxnnd-75m  ,nanna

TTI2M

Electron energy

- =

metal semiconductor insulator

V22 PIVPORD NR IRNY 713 (Free Electron Model) »wamnn pvphRn 9702 wnnw)
WIAIN 211 DY P PIVPYRD HY NPXPRIVIIRI DAVNNN AT HTIN 1Y .(179n) NXNnY PHn
NYNN PIVPORD HY MDVPARD NDNI MRVINND WNTVPIRD P2 NVYRXPRIVIRN TYRI

U(r) »mmn HYRX10191 N2O1MN T2 1XpNa T HY NIRINN INTNN W12 PIVPHRD

1" waINn PMOPYRN NY¥PNN Ha3IN
P = eikrU (r) (115)

K painn anana nmipa 93 May 37IRN DR M PY IOXPNA TIIY MVITIV NRNYN PNIND
NNNY PN N HI LY NMAIRN DIDAN MAN NR Y2PDY 197 19IRA DT NI PXNY NN
STDIR -DPTIR 2P 1.8 TR INNI

Energy 300K E,=0.35eV

E=1.08¢eV

X-valley E£,=1.37 eV
T-valley £ =041eV

L-valley
5w Ma1 WA YV DDA 11N :1.8 IR

PInan Yapnn InAs axnnY  Pon

32 K yInn anIna ,TIV NRNYN

<100> <111>

// \ Wave vector

Heavy holes
Light holes

Split-off band

N7 ,002NN DAY MYIIYN DO P ANNRD WA -E; TN 3R n>Ipna nyba wrd
-PIVPOR NTM NIIIPN DA NN NINY T NNY .NINNN DAY DPAYIYY DITVPHR 1YY
S0 TNYIP DYV YT YY -DNAIR VWA WNINAY NP1 PIVPYR NIYT IVIDPR RIPI 1N
WVIIN YV MTINY DIN 9apN 717 NI RY J9IRL IR AN HTNA IR HYA TN POd

D9 MNonn
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DN K IMR2 DR¥NI 199NN DI YV DINPNRN NPIIYN DY HY DIPDPNN DNAY DINMN
DN AW K »In "Hya o nnm Dinopnn 0naw ormmn nRt nmyY 1w 99 'Hya ormn
912 RHOW NIMR NRT AK =0 VN7 M PIVPOR MY YINN NY PIN .PY 9 HYa
NI2YN NI 0N POIN WNIN? 19 DR RHR NN PIN 9P DIYON YV IN1PIMPI YNINNY

mYya *Hya on AK =0 DNa PY? 9Y9 'HY1 DIMNY D7aN 1R 1991, 2230 MTINY Yan
Y Y9 Y92 0ININ TWRN TN N2 DM MVNIR

NPOINP MTIPI HY NN YNN 1.2.2

NPTIIN DWITT NV WY NPORPITA™ "N1NIS” DIITT PN NPVINP MTIPI XY N0
NP MYY Yan YYY PRIN amnn -top down YY n1wRa NNRA DR MVYY
1T NWA1Y bottom-up NRIPI NMIWD DYV .DMIVMN YTV IPIAY NI HY 1INV
MY DVPI DTN ININ HTNY T DT DIMVRN YN VMNP ITIPIN DR DOTIN
n1 *Molecular Beam Epitaxy-(MBE) 5y noman “moRpma”a nwoin .avman mow
5w MXIN HTVN NYAPY TY NVYWNN 79 HY IMOLR DATIN MM NINIRL DVINYN
700 %Y NDDIAM MM NIMNIR YV ATAY N0 NHYIG MIVA VAN .PPINN
DIVNNY DY NPRN NN NMVIANVI DNNY RIND IMIN NPAN T KY  IITRINP
DM HMR R 1Y DNY W ,NXNNY YN MWIANN TN R CDWIANN DWDNN D10
NTVPYHR IRV NIVARN NINIRD NOPVYN .NIBNR MNPHINN MTIY N1HWA DINVY
o nr .dangling bonds Yw NYYXIR MNI2 DAPLVH MTIVN NYIN NOVWA 219 HY NI
50 NN MHYA "DYTIN DYMIRYN DMOVR” 71N DY WANWAY 1Y TWARNY N
TN .NVYA 29 DR MDINN MTINHN Y MNIND O HY NPAPIN NPDOVPRI MOION
1’2 2137Y PRI INY N0 MTIPIN KT HY NVHVA IR LYRN DY MYTVND NYVINY MTIPIY
M1 -"D»PYan” DA NPANA DYTHINA W INNY Pan Fyxnn Mmny Dwannn mn
NYIANT NVNNVYA MR JINPNAY YRN SV DNY DINDY NITIN RY 19181 DMIR AN
TN PN TINY 1OR NN

DVINP DWVIANN YV 11an 1.2.3

o1n (core/shell) N205-naHp HSv nNIan NPHMIRA MTINON N2V NNINY MY qoNa
NAvN N"HN N2OY 5170 0T HY .DWANN HY NOYN N1 HY NINTVPIRN PXDAY RIN D)
mMTaYn YN N NIpn NvYan MY NR MOYNY N2 ;NN DR NAVIVA INR IINN
DOWIANNIA NHY N9HOPN IMIN P2 DIPRNN TWRI .trap states -mTmavna pyon MV HY
IMINY DIRNND 1I0 YIAPA TNN W2 -31I00 YIAP 1N PIYRIN (DPIPY DMIVNIY Y DIY?
NN Y 90NN YW NIRN YD -V L,NIANT DIMPYY NN T NYY RY Nan by nadn
VYRR PNY ANPTN NP L,NYPN TIN2 PIVHORA YV YN RpNns YV oinn NvH
199100 VA2 DN NYITIPN DAL DI NPMIPNIVA DM NAYPN YV NINIRD NNT 12 TVR Man
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IPONN IRVIIN TNR DV DIN NIXPNS NR DMN PR GONN IMINN 12 N1an type-1 11an RIp)
DXYAIRN VN NONN DWIAN 1.9 IR1 DO DNYN Dann type-1l nian R

type-1 Mana NwNNYn MR .11 NVINP NYINNA

Radial distance Radial distance
Type-1 QD . TypellQD o,
=
W s _I_,; - g
gF 2 S [Gorele %
g [case & § ErE 8 8
& 8 s o £
o 8§ = 8
‘\_l_ CdSe 5
-V
i &Y
i /-

N9 NP 9P DIVINP WA Yv type-l1 - type-l naan :1.9 TR

VIVA HTIN -0V HY YONNN (POR — 1.2.2
228N YV N7 W TYVRI WA MWAN PIVPIRY NNIRNND PRPNON NR IR 1.15 IRNVNA
12235 YN DT DIVMN YV DYTIY WD TRM NR DVPN TVRI LINMIR
A9 AN PVNIN PN PIVPIRN 12 DITIN 1D IM2 DVTI AN DVTIN JOP WIAININ

27 9Y M RIM 1YY NIpNna IN

(1.16)
&Me 053
u

dg =

0NN NYARMID - ,PIVPOR DV MIDVPAR NON-M, ,INMNN YV MVPYHRIT DTN -¢&,
PPON YV RPIAY MY WM OVAN PIVPHR DY NIXPNINT WNRNVYAY 1191 RY 92 11D NIpNA

.NoMpa
mMNJ 21N MM NN MWIANI YV IMNMIVPIRN MAND NR XN VIV HTIN NYI NN

Zmyavoparn nonn NMINI D3 YRNVN PMD1R MNTI HRNIVI NI PPYN YV IR
DIYON NI -PYOPR HIPNN Y0INP WIAN DINPN TURI (1.2.1 PI93) Y 17917 NMR
NR PO DPPONN NV YV PINRD MY DR AVNY 1YY [, NM PIVPOYRN 201NN

279 DRI IRV LD NNV NPAMNIPN DRPRIVIRN

A no_ n? a2 (1.17)
H‘P=_2me VE\P_th vhlP+ m+VWEII(re)+VweII(rh)+EQ \Pz E\Ij

7Y M1 7790 HRIIVIO N INIRA WA - B ,nnRnna im navphr oanon h -1 e TR

Ay
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v _Jo IF| < Regre (1.18)
e N

20NN o7 N R

core
9102 PN IMR L,PIAPA TN ANAND A2TIRN IYHN NYI DHYNI AIRNYWND NR 1NaY mn Hy
DR RYY .2IWNN YD PHR NN 2P IMR DN NIVP AYIAN INNN AMNPN RN
SN PAVPYRD HV NIITNIRN DIV NITIRD DR 2IN3Y N2 P9 IRNVMNN N W 1OR
25 DXWI) NYNEYN NMMMRD DR YIP1 MMDIR HRRIVIA N2 YV DINNN NXIR MYINNI
(MT72 NMIMIROY

B (hkn,l )2 (1.19)
nVI - 2mRCZOI'e
. (ﬂn)z =0 (1.20)
", P 10

N”90 YD1 TP MY N-N DARA - £, 17700 DIVRI NI DPVMP DI90N DrA nlm

JIOURIN NONN
2P MIN’ NYNRYN NPRPNN

) [ nar J (1.21)
Sin Ri
N 1 core

(1.22)

: nl m .
‘Pnlm = Anl Jl(g—I]Y| (0, @),I, m=0

core

Y,"(0,4) - Ymrin mopa - A, DYVRIN NONN MTI Y02 IOXpNa avn i (X) R

VT NN

TN AMNPN TIRPRIVIRD DR POIND W MNOVA N3IRD MNT DR RIvnY min Yy
NRNYN DR MIMON NVNRYD NPINRD T PIPRIVIR MIAPYI NAONN MIvP NIYI9Na
NPTV

E—E +(hkne,le)2+(hknh,|h)2 e (1.23)

9 Zm R2 2mhR2 colomb

e’ ‘core core
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AN MDIVRNOMG -PXPHNN HTIL NN NIRD HTI N2 0MPN DIPNN IR NR YD
-5

MO WAL 0PN D2ANND G¥IY TINIA ATT IR 'HYI BN DINM DNTVPIRN 3 TR

R G0N .PPPYNN YT NPW T Y N7IRND DA HY VIYYY 1NNIY NIMIR NRT . R

core

N11YYN NN 1A% NININN DA NHNNNN NNIN P2 AVINKD ANNIRD WY .(1.10 R) (bulk)
:NY27Yyn Va1

h ik nk (1.24)
AE = EQ + 2(mk1|'\(’)2)2 + Z(mhllgz)z - Ecolomb = Eg +(;02_ Ecolomb

M PIVPOR HY NNXNMIXND NN - 1
22379°) 110 10APY PINN NDARNN 23N NP 12V INDIR HRIRIVIG 2 HW AMINN (NI
DIDNNN N1 PN MAN NIY DIONND NN 2VNNNY W2 MPNTN RN Yaph nan Yy

JPNRRYN NPIIRM NVRPNIAN Y Yavn

CdSe Bulk Semiconductor (R) CdSe Quantum Dot (QD) ()
1D(e)
o 1P(6)
Conduction — = 15(e)
band
o tavt. e
ll Jirl\ ™ E,(bulk) £4(QD) SOELD
e v | “.;‘afg‘f
] 49 EEEREE
¢ Valence \ 3 Sth
band = == 15(h)
= 1P(h)
1D(h)

DITIOM NINNN DI NPIIPYN DA, TIVD DPATP NONTI NN HV N1 W2 NIY PRI 1R 03 (R) :1.10 TR
DYTY MYRARY MITHND NN WM YV MTTI NPMOR-INI AR M (2) Eg nmrn ava »p Hy

2R wannn

SN2 NN VY -H0I9 VPOR 1.3

JOIR HP2 TINND TMRND IR NMINT MDY YY1 DIVR KV NIRLIIAD NVHYH AXP 2VNY 1NN
D2 TN R¥MA DILRA YV AVYan MNANa MPwa Pvdnn Tern A TH TN
2619461 RWIIN DR PN TWR E.M. Percell ow Yy Y018 vpar 11310 Twan DIVRY

JOIR MY 1 RN TTIA (IR NVAN NN LV, NAN TTI2 ATIN J9IR YA PN DIVR o))

D901 DI 1IN IR ;DIVRD YV NVHAN 9TNY 21PN TINND PINA DYPNNN TN ITINN
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DY2pNY ,VON TIPRI ITHY PIIN MYION NN DVHRNYN .1V DINTIN DPININ
5w anTn Y92 T HY YVAN DIVRN MIARVIIAD NV NYAPY NINR NMINT P2 92PNN 2P NR
M9

27 (1.25)
W= ?|l\/|12|2 9(w)

S2pnn NXMIvN VINOR - M, ,D2a%NN MDA - g(w) VR

NNl A, 2aM7 DY o, N MmN %91 NTIND 1R W TINNN PINY ) DM IR

w
.Q= o :Q MRA DTPN T Y ITNINN ,pran Nan
w

DYYVNNYN pbjg(a) Jo= :07pnnd 2”0 712 TN TN YY1 TINa TRV PPN
0

: (@) My oM

gd(a,) =

A, N, —w,)” + A’

N7 2 YY1 DIORA YV 12PNN 1NN @,

:22P3 MIRN DTPN NITINT VINKY 1T HI , Wy = @, -0INTI 'RINA

2 2 (1.27)
gap) =~ =22

MA@, 7w,

:92pM MIA HV anTh K931 g(w,) NRY My, NXMIVNN VINYR NR DIXN

C

2 2 (1.28)
Wcav — 2Q/“12 2 Aa)z -
heN, = Mo, — o) +Aw;

- &
219770 HY HNIIN YRVIINR NVPL £ = b 2TVURD

plel

VAN DIVR YV 737X MINT P2 12PN AP
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2 3 .29
free __ Mza) (1 )

3rhe,C’

WAN DIVR NP I2PNN AXP 125 THN2 DIVR NIAY NINR MNT P2 72YNN 28p P2 ONN
:9079 MOVPL NR 1Y I

e _ W ~ z_FZree ~ 3Q(l/n)3 , AC()CZ (1.30)
AL SV GVA M, — @) + A}

:92pNn ,NTYVN MP TIRY OPINN 91977 TWRI ( Wy, = @,) OINT MRIND

_3Q(4/n)? (1.31)

F
P 47z2V0

NNV I8N Fp <1 PRI NP .TINN T HY NN NIRVIIADN NVYAN I TYN Fp >1
Y21 AvwMTNn Ml Fp DOWNT MR MM NVYa Haph M5 .DIVRAN NVHAN NR JOIN

Jop V, nan max Q Mmook DIpn Hya na TN
VYA DWW DN DINDTN TVRI TN Y1977 P2 TR HTIN DT IPNNI DWNNYN MR

@, NN TN 991 *NINN MIMNN NIAN PN INM ,72YN TN

N2OV-TN NNXY MNIRNA 1.4

PNn 9MoNn Man I8N 1 Poan 1o self assembly (SA) -(MadInn IR) NNIXY MIXIRND
mMIIYNN RY9Y NIPNN 210 P NN NPXPRIVIR MIAPYI NHNRND RY NN
MYP NI MYHN NPRPRIVIR -MNVN N1PNY MNP 022299300 P2 NPRPRIVIRD NN
IMADA M0V VP DY MPIN NPYPRIVIR IR YR INYADA (710 MVP ,0YRY 7T IR
D0MI DN IR MNPHN ,DMVR NPNY DN TPNRRY MAIRNNY 1120 AR .

Joonw mrpam nix Hya
JoR3 nwnann self assembled monolayer (SAM) -mnadw TN MNRYY MIIRDN
MYIP%IN YV NITION NTTIA NIV MIRI NIRVIIAD J9IRI MINIRNN NOYW MY MNPHN
VRN IR NOIPLINN YR -TNR NP YV NPPARND IRNIND NRT ,INVWHI YR HY NOW 19 HY
MNY NI NPT MPANIN MIXN 10 ,NIIPN AYAIN 11070 NPHXY MATNIRN MAIW-TN
DIMIN L, Y¥NY MNPYIN P2 NPRPRIVIR NNNTI 0’17 TNINNA YO0 IPNN MIVIRMD
mMXIAP 72NY N2 N2 MYPM ITION TIVN SV MAIXIAN IPARY MBIRNMN NVY DY

MI¥I9) MITYN NV A9R MIWN NI mw» Sv am7 N DTVaRA MNY NPYRIPEPN.
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m%pPvIn v naym anr yxn Yy (R-SH) Alkane thiol Y» n'nasw Tn novyn 11°n oinna

NMIR D3 102 ,(1.11 IPR) NVYA 79 HY NTMa n2dowa mamon (R-SiHj3) Alkane silane
215 DDA NTPNHRNN

(2 (®)
x X X X X
I~ - S
0o/g\O. //fj)}//
™ Si i S s S S s
g o ™o LSS A

alkylsilane® v na3v-1n (2) .2n1 >33 Yy alkylthiolate v na3W-TN (R) 1.11 IR

NYNRY MIINRN MY TN 02N MNPLIN YN 1.4.1

20T NRNTI NYINR NONN 217D NYVY MNPHN YW (Monolayer) Naw-Tn NN 1PHY YNNI
nYNY 1K1Y NN NN IMNN YRN DI 1N ,DPIMOR NNNTI DIARNINN NOY 219 NHY IR
mMo%a MRNN MYNPIN DM PYRNN ININ 28Y NPT IR DXVIM MY OY ,NMOLY
L0091 207 NPT MR NIINN -DPNINN PRN M0 1Y PRI .DORNNN IMINY 1T DY VR

OVPMHOR NNNTI N2INNN N2W MY MONM
q1R) SH -nnanm n9un naxnn Thiol -0 X0 nYER nonn yenh 2100 NIvpan ap
1290 IR SiH3 namn ppYoron [ Silane n¥ap NRNN N20W W AWRI NRT NMYY L(R1.11

(21.11 7R ) nownY 2v°n nrannm narTY ,SiCl; "%
200 7ANMY NP NVANYNI MR 1Y NNXIN MNONN 28Y MINwnY %130 NIvIvn 9o

.Thiol & Silane Mm% pYnn 1570 R0 o INAS " MY

DMNIXRY MINRND MAIY TN NVX? 1.4.2

D29 93 YY OMI IR T NIRA NN NPAY AN INRY MRMRND MY TN HY NPy
92pY NN HY MIRNN DT VITI 190 INRN YRNS MNPHN P2 Yan I8N PHYINN nHnna

(1.12 9YR) NITION N2V
INTYNNN YY MNMPYHIND DR DATIN NN ARG MNPYIN NN N2V -TN PINY Nan Yy
NTT1 MYP9N N13w NMao .Schwartz*® Yw KNI DYMaNA DAY 780N Y9190 PYIN
ITIN AT JUNY TN PN DITH DR DIDI0N :RIN (9IRA WYY NDNINA YN 1A HY
NN HY NI RYY MNPYINA NPIRY YW NP0 T HY NP MAVYA TR W DINYH
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20 (Au) anr yxn 22y Yy Alkanethiol 912y 95000 .nImon 17IRa PIRND N2OVNY RTND

myw 12-72 qunY (CH3—CH,—0H) Yanra Alkanethiol S» n%9yvn nonna yxnn nHaovn

yxn 9y Alkanesilane m%p%m may (N2) jpan nnn w2 DPNRA 9TNN NNVIANVA

Bicyclohexyl (BCH) Yw nwa’ nY9tn nomna ox1n nvaovn Y91 ponnn (Al) oyrmbR

NYNARY NINIRN NIV TN YW 1912 MAIRND :1.12 PR

,MpT 79Ny (C;/Hg) Toluene &
¥PIND MPXNRA DITN NPN
.onna

DYAVNN DNY DN DIY
maown oy MTNR Y
NN NMVINOA NPT
.nomnna navIn aladiah
NR  NI2VN 97NN NNVIANY
TN AMADN YV NPYOYPN
IINN YV Pm N oMo
PIR AMAD AT WNT NADIN
ITI0N Man Y5 71T I Y
ANy g1axy

PRNN MIANN YAWY NIIVN 1IN NADIN IMINN YV NIVIVD THIRN D) YOVIN NIOVN 12Ty
MRIVIYV PY TP NIRT ,NNAX MNS 120V 1IN’ NADIN YV NN MYIan Hwnh ,naoam

Alkanethiol nnayTa 90° n NNV NN MTMPY DNON YRNY MIANNN TVR MNPHIN YV

1.13 91R) Q03 YY NMYY anT HY

Enownnn kPN 23719 ONYA 30° -1 AV AT 9 5vN :1.13 IR
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DT PPARY NP0 MOV :2 PI9

MONN 1D HY PINY DMIINNN N"HN MVIANINN NI VYA TITHRY ANYD IPNND NIVN
DODINTI M HY NIANM NN L,NPHNR MYIPHIN HY NAIV-TN MPXNRA D3N TIRN VPN

PIDN DIT PARY NVYNNYA DN2 DPWIND NR VIN AT 7192 . »on YV (SPP) nrnnovs
NIIPN NRI NPARY MTTNN DY DITH YV RPN PHNN NR ,D7YVIANN NAIY-TN DY NINNN
JVVOIRD DTN

DYNXT JARD MOVYY 2.1

SEM- scanning electron microscope— P10 DVPHYR PO 2.1.1

NIMINA 1PN .5-30 KeV 5w 1371r DINna DNIvphR 11p 180 11 Loamopor ;sporipn
N0YAY NN DITH 7392 NYNA 13PN DY DOV 19 NR NPID ,PYIN IMINN NVYN DT HR
DY DYVYAIN WNIVPORD N0 .DITAV DMIMININ MNY NIINIR HPI DINIVPIR HY

Back-scattered ) ny;an j13pn n»3IRY 12PN NNIR DY DLW 21910 DININN DINITVPHR
{Secondary Electrons — SE) any 121m31 n7mR *Hya oriwvn 0ivpvrs (Electrons — BE

5® NPYNN AIRMIND (X-19p H912) AN DIVPADI MVLMIVPIR NP NVHA 19 NI

DINIVPYRD 1P 0T HY DITH IMIVRL DINTVPIR
1M DMYXNRI JYRY ,NVYAIN NIIPN NON TR KO MY DTYIPNN DIRYI 7900 PWINI
MRIY M YY1 NOWYWN 219 NN IPIYI NTPHND MR .DITD Y DINY DIYNIR TN

namn (high resolution mode- HR) nmay noviviria 1Tay o»ivma ovma opphn
IR N2OY Y2 DINTIPI MY RY (SE) DMwnn Dophivg noap mysnRa nwvm
12711 Q0N .NYAPNNN NNNND DNNN -PPPINN N2202 IR HY NTIAYN TPRPNN 12 PPN
energy dispersive X-ray ) DnbYw D1IYpaopn HYY NrNR vy X-mp novaa
MTIN IWARNN 1T 927 .DITH NR DY22290N0 DIMNN YY TINHY man Yy (spectroscopy —EDS

2501 M9IR X N1 DIVPAD IMIN HIYW 2Y

5w NNIN 1N R¥My FEI mran Yv HR-SEM Sirion -9pnna nwnnwn 13 9wann
OYDINIRD

AFM- atomic force microscope -!mvoR md MporIpPn 2.1.2

scanning -SPM pmon :1poiponn Y9 n%pan MaIRN TR 1N IMOR M 91POIPN

DYYI9N TPMIPN 1PVN MMI XN mporpn Y n9wan papy .probe microscope
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N NI .DXTN NP0 T N NOWN 219 YV MVNING NIRD DAIMIN ,DITY TIRN PT TIN P2

79N YRNY YN IR NN PWINHY RN DYY 9a1nn SEM n na Yy AFM
T MM T ,~25nM-80UmM H T 9702 MRNNT YV NVY N9 HY MTTN PXIN PWINN
MY TY TN NPV 0 WM LT T NXPA RYM PO RN Yv Tnn 107N Sw 91 910
INTN "9 5Y YHIN TIND DMV DHOTIA D'TIN DAY ,TIND N¥PI RNV TTIA DIVR HV
N2W NP0 N NVNRNVYN 1 AYYONN AN .DYIVPIHRINM DOV MYNNRA X,Y,Z DN

TTNI TINA DIPPN .DRNNA NANTA YV NOWN M50 PNINM 13pNN TINM YI2p IRV NN
PN DN D215 DRNNA ORI HR MY P70 1910 OR 1IN 199 1P HY — IRD myxnra

TIRND X2 121N DO RINTIN Y10 HaR DITH HY TIRNN XL NPV W1 AFM -0
ANY A% AmIN TR IRV D INY DNIVR DPPYNAY Y33 TIND YTRNa Monn
17991910 RN MPODIPINRN MYRNARI IMINN YV NOWYWN 219 NP0 INRY NYApNND IRNIND

MINN 2990 DR NN PPonY N0 RY IR ,03TN YV TN ndHn

9w Scanning Probe Microscope Dimension 3100 Nanoscope V -nwnnwin 11 9'wann

.VYDINIRD HVW NIRIN 19902 R¥NI .5Nm 90 YTy Veeco nian

XPS- X-ray photoelectron spectroscopy — X »9p n'd1porivpav 2.1.3

2NN 1IN 23700 ,IVANRD ANDNN HY YTN NINMIN N'APOIIVRAD NV i XPS

RNNTN NOW 219 YY DINYPR MM YV 210 PHRN
N2Y PIVPHR NMIPNINN ARXIND L,(X-ray) 12017 1P DITH NIIPN O HY NYXINN ATINN
NIIRY YTNRN NR DIINN ORLIN YW VIR INRD DR ANTNRN ORLID YIM NN

LT YOI POIAN IR - ho :wR) E, =ho-E,; —W, :axnwnn »a Yy 1vpn

IMIN +Y¥N) DITA YW ATaAYn mepna - W, Iophirn Y nTImIn morpn inmen -E,

(Mmav

OIORN IR DY TYn Yapnnn YTRN L nrnan mninn vha PIovpoiriw  vvon
RY DITN 21PNV DPINY DNIRND DINTVPOR 1991 1IN NNR VAN NIVPHRIVIAY
NWIT NOY 18 NYw RN XPS 199 1wann Hv 07T nn pry Y Y st R TY W
NV DPINYN DINMIOPORD HI (MPMOLR MY 1-30) DMIVMNIN DINNA 0 MTINM
5w NYHYY DIIVPAD LaApNN ATININ LIMNN PN DIV NPIPNN IRNIND DVHYAIN
VPN MIMRY PNIIN NINPAIRY IGDRIY DINIVPIRIVIA YV WP NNIMR T N2Y MNIVPHR
93% DMp 790N H21DN DITVPADN VYA DN DN DMORY NIIAIR DNTVPIRIVION YV
LDITN 722 YYW DIMOVRD DR 7ARN ,NVYW 219 NPLIR 1M TID

0V9NY IR 1005 MY PR 199 NHYM 3 NN MTDH P W NTTIN

9w X-Ray Photoelectron and Auger Spectroscope — Axis Ultra -nwnnwn 12 9wann

ODINIRD YV 1R 19902 Kratos Analytical nyan
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NTIYTIVI IRDI YVIR TONIIVPAD 2.1.4

DININ YV NYYA IR NYHI DIVPAD TITNRY N2 ORIY IMND J0MIVPAD MYRNRA
D210 TIRN NR HNANN NI 1D RIN 12 DWYNN DITNY PWIN 1N TOMIVPADN DMWY
SPVWONN PPNA JONN 219 HY INR DIPHRI YN D) TNIR HIV 72,100 DMIVN DITVPADN MDY
29 Y PN aY =191 12 YN IRN DY INXIY NDM TWARN ToNn HY DpInnn RN

JRDIY DINN NRD HY DITVPADN NR MDIY N1 ORI NTTNIN NNRIPN 299 JoNn
MR W Y3 INGaAS -1 721N NONR ,NXNNY PHN AMINN 210N ATYTIVID IR

93 7R R L,P-N nmix Y9 R0 Mann .papon 0.9-1.7 MNYIA 93 DR HY MY TWARNN
TNRY DIYD Y DIVNIN LIPON IRWI NTXY DI NNIND MOTIND NIV YNON DIRNN
N9 NOID KY TYND DI LAPNN I NMIRD ITNN

DSS- 89 FHR640 qumvpso %9 NT7ayna :nwnnwn Dna DR DMIvmIvpav
OMA- -%5% V11997 Moas Hw nTayna .Horiba Jobin-Yvon naan Yw IGA020L
Acton -701170P20 Y™ Jpana AMpn Princeton Instruments  naan Yw V:512-1.7
.SpectraPro-500

MPA0N PHIN MIN’A -DIPARY MTTN DNRITH NION 2.2

25700 YRN -NNIVRI NV (2.1 TPR) 1MW 023 HY INR MY WIYYN 1210 DIITH
MNINN TIVN KV RIN NPYVAIR MTTNY TYINN 112NN TYRI) MOPIRIT I0IM MNINN 1NN
N0V .(DP1IN0Y9 -DMANNT DNPIND DYVBMIVPOR MTY MINIPN IWARNT NONN1
1729 YXNN 172 VPY MNPHINA TRAN NYHNMR MYIPHIN YV NAOW-TNI YN MO -1V
5y AN MYPYINY DMIANNNA NN MWIANN -V 11OV .ARIN 129w Cowannn
.DYTTIA DIVIA NRY NPNN INT,0PPYN YV NTTIA NIV NNPNITH N9

NR MY 219709 NYINY TY MIRNDITA NN I9IR 2P DNY DMVNIO 1IN ATAYN ToNa
1NN MVRT D190 NPIYD DNY TVR DNV PYRN NN NVNRNYH AN MNVN MRXIND
DYNVRI DNY DINR MO MNPIPIN NI .MYY 79001 NI NP ,MvY 11 HY
DMVYN 179N MWIANI :DYIPY DIND VN DWIAN DAYOR MADY Mn YY MY DMIvIp
AN 0P RYMIAN N29-n929H M1ana (INAsS\CdSe) 7150-0110Tp/TI0IR-DYTIR

NYNXY MATIRN MIAIV-TN NIIRI PRNN 219 HY DMITION DIWIANIM NPLNMRD MNP
.(SAM)

NMNaIR

nizign | T §§§§§§§M %%%%%%%%:p
oA B e ya PN -DITN IR MDD MIOVA VIV :2.1 IR
oY o3 33 oM no% % m9ypPoM S NIW-TA ,DVPMYRY N YY
Glass DV HY NIV-TN OV NPRNR
DYPIPNRA YT 7170 DR GPVN R TR 1PN



RN 012N INmM 2.2.1

DOIVN YRNN MIMIN LION%Y 2.2 7RI MY PHTIY NPITVWAR 79010 10N DITH YN 1Y
23 DY TN DYPPMOYRD INN DPPMOR PID DY IO -1 HY DYINMOR INY
T0IN DPPMOYRD ,DITI MM DOXIN VAP VAR IMVYH MYNNRIAY IO
(3,82.2 91R) VHAT NV NTIYNN D2IDIN 1YAPNN YR DINIIT L2107 NPR HY NPT
Y NVAIR AINVY HHIV PN TN NYRPIIAS KV PHINI NNV DMNT -PPY0 HY anr
PN AVN T DY MINN -2NTN INNDYE AYITY .07 MR DITH HY 2Ty ,hoon

electron beam) Dy1VPHR 1P DY NNTRIIH MPXNRA (32.2 TPR) VT NDAID NTAYNIN

10 pm

5 HIM m—

DIXMINA YV VAR NPOIIPIN NYTIN -NDITI N1NNN YAV HTNL DITH NNX -NINN ANNN 10T HY DPIMOR DT (R) :2.2 TR
,SEM nann (2) .122391 PRI DNNNNY DPPMOYRA DN -NNd Yar ,DPPMYR -1702 Yax (NIVp ANNNa DPIYIAN DMIR)

.20t 223 Yy anm nnovban nwIvn 01 Sw SEM nann () .12131 223 Yy DPrmOYRn myxa

YXNN Y9 NP MY *HNN 2.2.2

-N210 INYAD YaPY NN HY MIIN RIM INPADN PHNNL PYVRI 1YW 10 DYIM YRNN NP2
DTH DY NYNIA DRI PPN DMTNID .NITION NAIV-TM NOYND YV TNR MO
mp1 WM (CH3CH,OH) Snnry ((CH3),CO) poxr oy nnnin K9 naYvw :0»9on
MAIYAR D) NPT DMONAN THNN2 .07ANR DY NPy (Plasma Asher) nnoban 9'waona
91970 1387 YaR (D990 NR DPIN 12 19IRN INT) YR DONNA ANNIN PT HY DITH NP HY
2R2.4 -1 2.3 DMIPRI MIRIY IN7Y %90 DXTY TN N1 YDOWR

ONTAN DNYDN PON HY 1772 MDD NIVARND ANAD YV PYIN MITaY XY o0
DYNIVRT TIRND DD Y 1Y A1 DIT NYHY 73 A% YV R DWIINN MNPHNI
NIOYW MYXNRA PXNN KW 'PON MDD 1IN MR NPIIVARD 799 I2YN 11OWNN RYY DINNA
,NDIINN NIRA INNR NAIV-TN NNYav Yynh mn Yy Polymethyl methacrylate- PMMA
NNY D N2 NIVA TITN ATAD RYY MR VINR PN PYIND 0 NDIN NIV
XMIN2 YO YY DYIPMYR YV DIT NYILN MYXNRA AN TPINN NIRL NMOD
™MAavY 1an INRY DIT2 DPIMORN 223 HYN NIvnN N2OW YIRS min Yy (HCI) nmvan

ASi0y) nxnn NPPYI0N N2IMNN NN KV PHNI P IRVIY 1XNNY AP MHYYa MNpHIn
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(32.2 91R) NINDYON NVTYN DY NPNTH HMaa
N VY1 ANNTN 19N PMMA naswa nnod

nonna poxra quwa PMMAR 98 1o RY

%Y NNYAv NYapnNM 0N PHNN NN ,POINN
DopbN -AnmAAR 7p1 Sw SEM namn 2,310 193 NODN NPTA2 (2.8 ,2.6 DMIVR) WY 2
MTIPIN .17 223 HY DPIMHOR DIT1 DAY PMMA nasw oy nmao Ponn mwyh inmniw
23N PHMR MDY -MT 902 DITA NP0 IR L9NNR DR PN

MYan PYNNa menrYa amp) wn ath onnn PMMAR naow nx non (Toluene)
AT 1YY PN RN RYY IRIVIV DDIND NVNINYN DN DIVIANNNY

MIRIY NN RY 799 92YyM 2.4 7R XN DIMITY PTI DN N¥NMINA nHavN HHOV PYNNN
MmN ava N1 25 HY 1IN 13 YY1 HCI R5Y YNy nr YN 12 nmaoa ormynwn D¥Y1an

ANy mMamrn

193071 21NRY POXRA NNNIN I2PY DIT (R) .1P3I9T 223 5 DrermdRY HCI 'pry Y SEM minnn :2.4 908

.200 *9 NYTINA (2)-2 20 DT MR (3) .HCI 2 nymw 5 5w nYaom 1y np2 1ayw oaT1 () .HCl 2 mp1 5 Y

NYRNR MNPHIN 2.2.3

nOWA  NPYRNR MNPYIN YV (SAM) MPNRY NHTIRN NAIW-TN 1IN IN2IN YRND 19 HY
NYNNVA 102 MNPYIND JONRNN YPIIY 1.4.2 P92 HPY PIRY 19IR2 NDNANN INPAD YW
(231 WRI) TIMIXPI MNY MIWVIP MNP MY DY DIINIRI DINNG HY MRIVIY N
MRMR NIV-TN PARY DDITH DRI NVNINYA 112 MNPRIND N0 NR VIN AT PHna

VXN N9 HY NINNY

MHNZoM 210 2.2.3.1

125 NYPLINT MIVIPN MINIAPA P2 DRNNY 1YY (1.4 PI9) YONIRMN YPIL 1ONMNW 9
MRIY MNPYIN DX IPTA ,DNW PN MIMIN T0NY PPN NADN RN POR Y¥ND Imn
.RAN 125V DIWIANIN 1720 YN P2 MW NNNY 170N YR DININY
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1,9- 5» 1OV TN NNAD 2N IINNDYE NVTY YV YRM PPYYIDY 2T yen oy Yy
N9 YV NIWIP NXIAPN DYAINND DT 23N YR I ANIpHInY (k2.5 71R) Nonanedithiol
Hamy 2000 mwpd Iy pviap ,SH -nnn

M0 NPT .0MNIY D2IDN MYIPHIN HY MNAD 790N 11IIY NI DPIMHRA YN HY
(2- 59 M%PHN NNAD TIN DT HY (R2.5 TPR) YH MONnw dithiol-n M%pHIn Hv
N YR MNP (22,5 R) methylene-1,3-propanediyl)bis[trichlorosilane] (MPdS)
1 nxap (silane) SiClg -r711193 PPYDI0N NANINN NNINPN VN DT NIVIP NIXIAP MOYa
D) 07 (Al,03) N1PMYR NN DPIMOR N9 HY NI INAND .INAN N2IVH 20N NIV
3- -0 R yxnh Nnaow mMpHhn Yv qon no (Si0y) npvo nvann N
MWvIp NP YYa wRI T NNPLINY (32.5 7R) (Mercaptopropyl)trimethoxysilane (MPS)
95 .(mercaptan owa ox y171n) (SH) thiol Yv mwip nxap Yya 2 (SiOj) silane Hw
.I¥NNY 09900 DOWAIN 79 YY IR CdSe 1R INAS MORY DY NIWPI 1951 MNpPHINn
dithiol m%p%n nmaon YN ,0N%Y DoNNA RN MYNPLINA PND Pa qON HTan
Bicyclohexyl -1 momn MPS -» MPdS m%p n inmyo S1nR oy nomna mrem
DYONNY LIRIVIVA NXPIND DI 2 DTN YR NNIPHIN MYy ANTIIan Ponnay (BCH)

PMMAR "D DY nainohan nwIyn oiT Yv MYRIN MDA NI 171771 ANPA01 MA'wnN
.2.2.2 9192 D99 91w

b)) (=) (R)

e . AAAAA

o con, cl Cl
/

5i—d CI—F:jiAs:i—CI HS SH

|

HS(CH,)oSH 1,9-Nonaneditiole -dithiol (R) :2.5 7R
H,C=C(CH,SICl3),  (2-methylene-1,3-propanediyl)bis[trichlorosilane] —-MPdS (2)
CeH1605Ssi 3-(Mercaptopropyl)trimethoxysilane -MPS (3)

MON2.2.3.2

"N MYVA 21 .DNY DPYWIN MYYNRI MYY 19DN1 YY1 PHNRD NIIVA [POR
NI2INNN DWAN NAIV-TN BYP Y 1PPN 10 TORI TPHNRD N2IVN MRYNY PPy NN
Y APYIR -NNVRIN :MIPY VAR MVYIY NV 0PI .90V NI NPRY Y¥NY 200

DPND WANPOIIPNI VINY -1vn nvwm XPS -1 EDS myxnRra nrr ,yxnn mmn Y
113 TN Y39 AFM - SEM papoipinn oy nown 9 YW maanmv nnnn nvaph

XPS myxnra nown 19 YY DM YW NI NPLIR VY TWRI .NYVN MNIOM MNIN
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YR INADI DN MO IR MY WYPNN YAR NVYA 9 HYY DININN DININD DIN IR
TWRI P NRT IR ATADN MA2ARY RPITIR 11D NI NYINMV MNND NRT NMYY ,DITH
5 DM MOXax1 ,NHNY NN HYI DNV DWW NNNTI M2 NYIVNIRG MNX V)

20T DININAIYIRI MRTNI NYTY N1 RY 11 19IR2 .0XTH
DXTN 219 %Y DWIANNIN NN NR DTTIN MR NI ,TPRNRD N2IVD DY PR 1PARD NOOY
NRT PRI .NOWN 219 HY MNPYIND MRRNNY NV PRPITIR NPADN RXOY NN VPN

M%P5M NMPav PYNN RHYY WM NN PYY DT NTTN IWRI :SEM -n pwona
PHOIN 2PV DT NRT NNYH .DONN T HY MOPA NN 190V DA PY DTPY NYHNR
MINR D) DWIANI NIIW-TN DY 7Y IRWI POR 172000 7Y NIV N2AXNIR ANIAD
(2.6 TYR) YR DONNL RPINID KV YDDVR NV PHIN IR DN DMWY DONNA NYYVY
PR NPHNRD MNPYINA DI DWIAINI NIOY PR IVRIV 1R XPS nrviva 1y nxy
RY MRNIRN NIIVN D YRVYN ,NMAD YV PHTIN 92 1D DITIY MInY oxTn Yy mnnrp
D'PY0N MR RN .(32.7 TPR) DWIANIN NR PHR 120W 7N 70 RY 12 YY) nownd nrannn
AMRRD ,DWIANNN PAY YINN P (CVIONP TVP) 20N NMIVPN TIHTNIRD 12OV 1D

T 2N NN TNIRY NN

NVYW MINRI 92 NPHNR MNIPYIN MYRNRL YXNY DNIVIPN DAL DWW YW SEM mann :2.6 IR
MYXNRI DPPMOR PYIND DHIVIPN DWIANN (R) .NVVAN IRXIND A0 DHTaN 19X RY -DONNa
MnR MPdAS m»ip5n myxnra oraomor pend onvipn o0rwana (2) R0 no*ow 195 MPAS mm»iphn

ant Yy dithiol oy Dowran (7) .oXRA PRPNIDY NAYVY aY ant Yy dithiol oy DIwIaN () .JRINIVA NAVY
JIVRRI PN NAYOY MINR

DINILRA NN NN TWRY XPS mMyxnka DiTn now 29 nNrvirR YW MmN NN 1Yns

9 D) MTYN YR MRXIN ,DWIININ DR DXIIND DN -DPATPY TIDIR DYTIR
.DAT MANRA NAIVN ATYN IR MIRXNDN
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DY 12101 YY 4TNND DPIMOR YRN 2 HY MNP0 P2 IPNVN 2.7 TR DININD D92
MPdS m%p%m oy anraon 22 mIRID N2 (2.5 R) NVNNYD 102 MNIPIINN wIbY
TMIRD DPRNND DPAN RN DITN 219 YY DnYpY My nnvden InAs/CdSe »wrann
DT Yy XPS NrvIR NRT MY LR2.7 IYRIV 9792 DITR 1P DRANIND DITIR INMOR YV
DYTIR TIDY DIRNND N2IR Y08 IRIN RY dithiol Y MPS m%phmn oy nnrav 1ayw
dithioln Mm% pHINa R¥NMIW (S) NM91M TV DINIRNND NITIR YD RYY (R2.7 TR 7))
DYIMHOYRN NAIVWHY 200 1VPI MPAS m%phin 1 19R 0mMonan opoon 1R L(22.7 973)

A1 125wY wpa RY dithiol y MPS-n m%poim inmy nioorm

x10* In 3d
7 . - MPdS sample
& 600, In 3d 5/2 (InAs)
ahoe s %))
s 8 L aa
\W ﬁ < /
PN PRIV M"‘JLM b

"- Dithiol organlc monolayer 100
=2 %)
o o
(@] @)

7 | 200;

3 %)
T N
o . 3 2]
4Mx\h/\ N - 8
| o [\ . c
M e L -— .
\J /\W ALMMNMWH/ 2\ 0, A van / :
1 - | 450 w0
800 d 400 Binding Energy (eV)
Binding Energy (eV
@ g gy (ev) ®)

DPPMHOR PN P2 ARNWA (R) .N2197 HY 4TINN DPINIOR YN %Y MOPYIND 0 nuivw May XPS mr¥in :2.7 998
NRNNN 1P1IR D'p2an .(21n%) MPS m%phin oy nnrao 2ayw 1 pen pad (o) MPAS m%iphn oy nnvao Hayw
-DvTR 97 dithiol Mm% pHn oy nnrao 72yw 037 (2) .MPS 2 maon maTa ®Y1 MPAS 2 maon DiTa oyram orTrr Moy
NNIRNND 137N DIP2A D2ANY RY DMNITH NIW .YXNN HY DIV TPRMNR N2IY -2I10X 473 ,9¥N07 HY 7292 WK N1OY
DYTER MTID? -D7WIANNY DINIRNND DA PRI (D79N NIV P'ANY DMINR DP2AN) N9 MO -NPRNRD MNPIINS
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ABSTRACT: We demonstrate a directional beaming of
photons emitted from nanocrystal quantum dots that are
embedded in a subwavelength metallic nanoslit array with a
divergence angle of less than 4°. We show that the eigenmodes
of the structure result in localized electromagnetic field en-
hancements at the Bragg cavity resonances, which could be
controlled and engineered in both real and momentum space.
The photon beaming is achieved using the enhanced resonant
coupling of the quantum dots to these Bragg cavity modes,
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which dominates the emission properties of the quantum dots. We show that the emission probability of a quantum dot into the
narrow angular mode is 20 times larger than the emission probability to all other modes. Engineering nanocrystal quantum dots with
subwavelength metallic nanostructures is a promising way for a range of new types of active optical devices, where spatial control of
the optical properties of nanoemitters is essential, on both the single and many photons level.

KEYWORDS: Plasmonics, quantum dots, nanophotonics, extraordinary transmission, nanoantennas

he miniaturization of photonic devices requires new ways to

manipulate light, down to the single photon limit, using tiny
optical elements. Tiny active elements for emission and absorp-
tion of photons and means to manipulate this light locally on the
same subwavelength length scale of the nanoemitters are needed.
An excellent example for nanoemitters are nanocrystal quantum
dots (NQDs)" > that can be used essentially as single photon
sources and are considered as building blocks for optical quan-
tum information devices.”> However, current methods for
extraction and harvesting photons from quantum dots are
generally not well controlled. The timing and directionality of
the emitted photons are difficult to manipulate, presenting a
contemporary challenge.

Various works have explored the possibilities of manipulating
NQDs optical properties using different kinds of dielectric
nanostructures.’ Since the pioneering work of Ebbesen et. al’
showing extraordinary transmission (EOT) from subwavelength
metallic hole arrays, there is a fast growing interest in metallic
nanostructures as tools for manipulating electromagnetic (EM)
radiation on the nanoscale. For example, it was shown that one
can enhance polarized emission of NQDs, as well as to alter their
spontaneous emission rate using a metallic nanoslit.® Recently,
we have shown that by placing NQDs onto a metallic nanoslit
array, a large enhancement of two-photon absorption processes
and of photon upconversion efficiency can be achieved.” In such
structures, the resonant enhancement of these nonlinear optical
processes is due to the strong local electromagnetic field

v ACS Publications © 2011 American Chemical Society

enhancements inside the nanoslit array structure at the EOT
resonances.'’ The main difficulty in realizing a high efficiency
deterministic single photon source using NQDs is the ability to
collect all the emitted photons, as the quantum dot emission is
essentially nondirectional. Therefore an external device for
directing these photons is necessary. Indeed, while summarizing
our results for this work, it has come to our attention that a step
toward this goal was made, where directional emission with a
divergence angle of 12.5° from NQDs was demonstrated by
embedding them on a nanoscale Yagi-Uda antenna.'' Another
interesting problem in this regard is to understand the physical
mechanism of the coupling of a nanoemitter to the EM resonant
modes of nanostructures.

In this paper, we demonstrate a highly directional beaming of
the photons that are emitted from NQDs embedded in a metallic
nanoslit array. The photon beaming is achieved using the
resonant coupling of the NQDs optical transitions to a metallic
nanoslit array. A divergence angle of 3.4° was found. We show
that this directional emission results from a coupling of each
single nanoemitter to the macroscopic confined optical mode of
the metallic nanostructure. We also show that this coupling is
both a wavelength selective as well as a polarization and a
position selective process, allowing a good control of the desired
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Figure 1. (a) A schematic drawing of the first configuration: An Al
nanoslit array covered with a polymer with NQDs. (b) A color-plot of
the measured angular transmission maximum of TE polarized white light
through the configuration shown in (a). The white dashed line is a
numerically calculated angular transmission maximum using a dynamical
diffraction model."*"* (c) A schematic drawing of the second config-
uration: A nanoslit array covered with a monolayer of NQDs. (d) A
color-plot of the measured angular transmission maximum of white light
through the configuration shown in (c) in TM polarization with the
same colorscale as in (b). The dashed white lines are the calculated SPP
dispersion lines given in the text.

optical properties. The experimental results are compared to
calculations of the excited structure resonant modes and to a
dipole-cavity resonant coupling to elucidate the underlying
process responsible for the photon beaming effect. While here
we present photon beaming in a single axis, the same concept can
be extended to control directionality in two axes.

Our concept is based on a metallic nanoslit array structure.
Such structures have been shown to have a unique EM response,
such as resonant EOT," strong resonant surface EM-field
enhancements in subwavelength areas,’® and a well-defined
transmission and reflection band structure for incoming EM
radiation.”> The origin of these special optical characteristics
have been a subject of intense research in recent years and are in
general a result of the selective resonant excitation, via Bragg
diffraction, of standing optical Bloch modes in the periodic
metallic structure."*"* Such structures were suggested for reso-
nant light beaming and focusing devices.'>'®'® For example, it was
shown that fabricating linear or circular arrays on top of a
quantum cascade laser, the emitted coherent classical radiation
could be directed with a small divergent angle.'®

The nanoslit array structures used in this work are shown
schematically in Figure la,c. It consists of an Al grating with a
thickness of w = 250 nm, slit width a = 350 nm and a period of
d ~ 1 um, fabricated on top of a SiO, substrate. Two distinct
configurations are measured: in the first conﬁ§uration, shown in
Figure 1a, a thin dielectric polymer (PECB)*’ layer is deposited
on top of a grating structure with a period of d = 1.1 um. This
transparent polymer layer with a thickness ¢ = 200 nm contains
an homogeneous dispersion of InAs/CdSe core/shell NQDs*
with a core diameter of 4.5 nm and an overall diameter about
5.5 nm with an estimated volume density of 4%. In the second
configuration, shown in Figure 1lc, a monolayer of InAs/CdSe
NQDs is attached to the surface of a bare grating structure with a
period of d = 1.2 um, by first binding a monolayer of short
organic molecules to the surface of the grating, followed by a
selective binding of the NQDs to the organic monolayer. This
forms a dense monolayer of NQDs with estimated average NQD
surface density of ~10"* cm . The NQDs properties and

—
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Figure 2. (a) A schematic drawing of the angular emission measure-
ment setup. (b) (Top) Drawing of the reference sample: NQD/polymer
layer without a grating; (bottom) colormap of the normalized TE
polarized NQD angular emission spectrum from the reference sample.
Solid black line: a cross section of the emission spectrum at zero angle.
(c) (Top) Drawing of the first configuration; (bottom) a colormap of
TE-polarized NQD angular emission spectrum of the sample normal-
ized to (b) (note the intensity scale difference between (b) and (c)).

monolayer assembly details are further explained in the Support-
ing Information.

To characterize the transmission properties of both nanoslit
configurations, angular dependent transmission measurements
of a collimated white light source were performed. The angular
transmission spectrum of a TE-polarized light through the first
configuration is shown in Figure 1b. A clear EOT is observed
in which well-defined high transmission resonant lines are
seen. Such EOT resonances of TE light in subwavelength
nanoslit arrays were predicted””** and recently experimentally
observed.**

The underlying mechanism responsible for such an EOT in
TE polarization was recently explained by a formation of a
standing wave of the Bragg diffracted incoming light in the
dielectric layer on top of the metallic grating.'® This light
evanescently couples through the slits into the top dielectric
layer. This standing wave of the higher Bragg modes interferes
constructively with the zero order mode, resulting in a Fabry—
Perot cavity-like resonance with a high forward transmission.
Another consequence of such a cavity resonance is the enhance-
ment of the EM field intensity inside the effective cavity.'® In the
case of an EOT of TE polarized light with a thin dielectric layer
on top of the nanoslit array, this effective cavity is the dielectric
layer. The predictions of numerical calculations using a dynami-
cal diffraction model'*" for the expected EOT resonances are
marked by the dashed white lines in Figure 1b.

A similar white light transmission measurement but now in
TM polarization was performed on the second configuration,
and the corresponding angular transmission spectrum is shown
in Figure 1d. Here, a set of EOT resonances are seen in red. More
importantly, a set of transmission minima are clearly observed.
These minima correspond to the excitation of standing surface-
plasmon-polariton-like (SPP-like) modes, which in such struc-
tures only exist with TM excitation. Two sets of transmission
minima are identified. The first set, marked by “glass—metal”

dx.doi.org/10.1021/nl200052j |[Nano Lett. 2011, 11, 1630-1635
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in Figure 1d, corresponds to the SPP on the glass—metal interface
of the periodic structure. This SPP-like mode dispersion is given
by:> kepp(A) = ke(A) + 2mm/d, where kgpp(A) = 27/
[(emesio,)/ (&m + €si0,)] Y2k, = (27nsi0, sin 0)/A. 4 is the wave-
length of the light in vacuum, 6 is the incident angle, &,,, and &g,
are the permittivities of the metal and SiO, respectively and ng;co,
is the SiO, refractive index. The second set of minima lines
corresponds to the SPP-like mode on the air—metal interface
with a similar dispersion relation to the one above but with 1
replacing the permittivity and refractive index of the SiO, &g,
and ng;0,. These SPP resonances are marked by “air—metal” in
Figure 1d. As opposed to the EOT resonance, exciting one of the
SPP resonances results in a reflection of the excited light and
therefore in a minima in transmission (N. Livneh, R. Rapaport,
unpublished results). Similar to the first configuration, the SPP’s
form a standing wave in the structure that is characterized by
strong local field enhancements. In the case of these SPP-like
modes, the field enhancement is mostly located close to the
corresponding dielectric metal interfaces (either glass or air). We
will show later in the paper the important role of these well-
defined angular dispersions and strong local EM field intensity
amplifications in both configurations on the emission properties
of the NQD’s.

Figure 2a depicts the schematics of the experimental setup for
the measurements of the angular emission spectrum of the
embedded NQDs. The sample was excited by a CW diode laser
at 655 nm. The angular emission was scanned by changing the
angle of the sample with respect to the optical path from the
sample to the spectrometer while keeping the angle between the
sample and the exciting laser fixed. The angular emission
spectrum from a reference sample having NQDs in a polymer
layer on glass with the same parameters as the sample, but
without a nanoslit array, is shown in Figure 2b. A typical emission
spectrum of InAs/CdSe NQDs centered around 1.2 #m with an
inhomogeneous broadening of ~200 nm fwhm is observed. This
is clearly seen in the emission cross-section at zero angle plotted
by the black curve. No angular dependence was observed for
both TE and TM polarizations, indicating a spherically sym-
metric emission pattern from the NQDs with no preferred
emission direction, as is expected from randomly distributed
spherical particles.

Figure 2¢ presents the TE polarized angular emission spec-
trum from the nanoslit array sample in the first configuration
under the same excitation conditions as for the reference sample.
The spectrum shown is normalized to the reference sample
spectrum. In contrast to the reference sample, a clear angular
dependence is observed with narrow emission lines that are
much stronger than the background emission, their angular
spectral dispersion corresponds closely to the EOT transmission
maxima of Figure 1b. The emission from the back side of the
nanoslit array sample was also measured, and a similar directional
angular emission spectrum was found (not shown), but with a
much lower intensity. We verified that the results were insensitive
to the laser excitation angle, thus excluding that the observed
effect results from resonances in the NQD excitation.

Figure 3 presents the TE polarized angular emission intensity
from the nanoslit array sample and the reference sample at a
specific wavelength marked by the dashed line in Figure 2b,c.
This wavelength was chosen such that the emission from the
nanoslit array sample is maximal in the forward direction (zero
angle). The emission from the reference sample (blue squares)
displays no angular dependence, while the emission from the
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Figure 3. (a) An angular cross section of the emission spectrum at 4 =
1160 nm, marked by the dashed-dotted line in Figure 2b,c from the
nanoslit array sample (red dots) and the reference sample (blue
squares). The red line is a Gaussian fit with 3.4° fwhm. The black
dashed line is a fit to the model (explained in the text). The bottom
pictures depict the calculated unit cell near field intensity at emission
angles marked by the arrows, (b) 6 = 0, and (c) € = 15° with the same
color scale.

nanoslit array sample (red circles) shows a clear angular pre-
ference with an emission peak at zero angle almost 20 times
higher than the reference sample and a fitted angular divergence
angle of 3.4° fwhm. Therefore, the nanoslit array acts as a one-
dimensional beaming device for the NQDs emission. For NQDs
with a given emission wavelength, there is a preferred emission in
the angular direction that corresponds to the EOT resonance at
that wavelength.

To estimate the efficiency of this emission beaming, we
estimated the percentage of the forward TE emission with
divergence of £3° from 0°, compared to the measured total
emission intensity at this wavelength into half circle of 180°. We
find this number to be 21% of the total emission. It is important
to note that the spontaneous emission of each NQD is indepen-
dent of all the rest of the NQDs, thus this photon beaming effect
should be due to the coupling of each individual NQD to the
optical modes of the whole structure and not a collective effect of
all the NQDs. To verify this point, we estimated the flux of
photons emitted from the sample. The estimated photon flux
R per NQD lifetime per NQD spectral bandwidth is found to be
R < 0.05[(photon)/(TngpAdngp)], where Tygp and Adngp
are the NQDs emission lifetime and spectral bandwidth
respectively.”® Since R << 1, which means that at any point of
time there is only one NQD with a given emission wavelength
emitting a photon, we conclude that the observed beaming effect
happens on the single NQD level.

The similarity of the transmission and emission spectra in
Figures 1b and 2c for the first configuration (and in Figures 1d
and 4a for the second configuration, as will be shown later)
implies that the beaming effect is a result of a coupling of the
nanoemitters to the resonant EM modes of the structure. This is
expected due to the local enhancement of EM field intensities
inside the structure at or near the EOT resonant wavelengths or
in SPP-like reflection resonances. These resonances correspond

1632 dx.doi.org/10.1021/nl200052j [Nano Lett. 2011, 11, 1630-1635
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Figure 4. (a) A colormap of the normalized NQD angular TM
polarized emission spectrum of the second nanoslit array configuration
shown in Figure 1c normalized to a reference sample without the slit
array. The laser excitation is from the air side and the emission collection
is from the glass side. (b) Similar colormap with the same colorscale but
with a laser excitation from the glass side and emission collection from
the air side. (c) An angular cross section of the emission plotted in (a) at
A = 1195 nm. The red dots mark the normalized emission and the red
line is a guide to the eye. (d) Calculated near-field intensity in a unit cell
of the sample at the point marked by the arrow in (a). The orange line
marks the position of the NQD monolayer. (e) Cross sections of the
near-field intensity as a function of the distance from the surface along
the blue dashed lines in (d). The red dots A and B mark the position of
the NQD monolayer and correspond to the red dots in (d).

to the structure’s standing wave conditions.”” The emission
probability of the NQD into these modes should then be
enhanced compared to the probability of coupling into other
leaky modes, such as leaky modes propagating along the slits or in
other angles. This probability enhancement is related to the
modification of the emission lifetime of optical dipoles in
resonant structures, such as has been observed recently for
NQDs in single metal slits.® The directionality of this dipole
emission stems from the fact that in a periodic nanoslit array
structure, the EOT or SPP-like standing modes couple to free
space with a particular angular and spectral dependence, given by
the boundary conditions and the Bragg momentum conservation
of the light."* These in turn dictate the light transmission
dispersion shown in Figure 1. To show this point more clearly,
we calculated the transmission spectrum and the local fields in
both the nanoslit array sample and the reference sample for an
incident monochromatic plane wave in various incident angles
and wavelengths. The calculation was done using a dynamical
diffraction theory developed for such structures in refs 14 and 15

and its results matches the transmission angular spectrum very
accurately (as seen in Figure 1b). In Figure 3b we show the
results of these calculations for a unit cell of the periodic structure
at the wavelength in which maximum emission is observed in the
forward direction (i.e., zero emission angle, marked by the arrow
in Figure 3a). Strong field intensity enhancements are clearly
seen inside the polymer/NQD layer, reaching a value which is
~20 times larger than in free space. Therefore, a preferred
emission of the NQDs into this mode, that propagates normal
to the structure is expected. For comparison, the field intensities
calculation inside the polymer/NQD layer for an angle of 15°, far
away from the structure EOT resonance at this wavelength, is
plotted in Figure 3c. No significant field intensity enhancements
are seen and therefore no preferred emission into a propagating
mode in this angle is expected, as is indeed observed. This
explains the large difference in the emission intensity to different
angles and the beaming effect.

To be more quantitative, we can estimate the relative angular
emission efficiency using a model of dipole-cavity coupling in the
weak coupling limit, known as the Purcell effect.”®”” We
approximate our standing EM resonances by a Lorentzian in
the frequency domain. Under this assumption, the coupling rate
of the NQD to the resonant mode (W_ity) with respect to the
coupling rate to the free space leaky modes (Wicay) is given by
(see e.g, ref27)

(Aa)c)2

ﬂ o Wcavity o
4(0)" + (Aw.)*

71/\/1631(},7

0

Here f3, is the rate ratio at resonance, Aw. = w./Q, w. is the
NQD optical dipole frequency, and Q is the quality factor of the
resonant mode. f(6) = 27C sin 6 where C is the experimental
slope of the dispersion relation w(k) = Ck extracted from
Figure 1b for small k values and 0 is the emission angle. The
dashed black line in Figure 3a is a fit of the experimental data to
the above formula. The best fitting was achieved for Q =23 and
Bo = 18.3 after subtracting the emission baseline, coming from
NQD’s located outside the cavity. The fitted Q factor is in a
good agreement with the estimation of Q = 21.5 extracted from
the numerically calculated near field distributions, such as the
one shown in Figure 3b. This justifies the physical picture we
have described above. The large f3, and therefore the good
directional beaming efficiency, is achieved with a rather low Q-
factor due to the small optical modal volume at resonance. An
even better efficiency can be thus achieved by increasing Q
by various means, such as using a less lossy metal in this
wavelength range.

It is evident from the near-field calculations of Figure 3 that
there should be a strong spatial selectivity in the enhancement of
the coupling of the NQD optical dipole transition to the resonant
EM modes of the nanoslit array. This is because the EM
enhancements of the optical resonances have a spatial variation
within a unit cell, and NQDs that are positioned at different
locations within a unit cell should feel a different EM field. In the
case of the first configuration, this selectivity is harder to isolate
experimentally, as the NQDs are dispersed homogeneously
within the resonant structure. A strong evidence for such spatial
selectivity was obtained by investigating the angular emission
spectrum from the sample in the second configuration (depicted
in Figure 1c).

Figure 4a presents the measured TM polarized angular emis-
sion spectrum of the monolayer sample when the laser excitation
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is from the top of the sample. In this case, the excitation of the
NQDs that reside on the metallic surface is efficient. Again, a
clear directional emission is observed with the emission disper-
sion matching the air—metal SPP-like resonances seen in
Figure 1d. It is also evident that no emission is observed at the
glass—metal SPP-like resonance. Figure 4c plots the angular
emission cross section of Figure 4a at A = 1195 nm, showing
directional emission with fwhm of 5.6°. As mentioned before, the
air—metal SPP-like resonances are accompanied by strong
localized resonant EM fields. In contrast to the resonant modes
of the first configuration, the field enhancements here are
localized close to the air—metal interface (hence the name
SPP-like modes). This can be clearly seen in the near field
calculation in Figure 4d. This calculation refers to the forward
directional emission point marked by the arrow in Figure 4a. Two
observations point toward the spatial selective coupling property.
(1) No directional emission was observed at the glass—metal
SPP-like resonances. This is because the strong field enhance-
ments in that case are localized mostly on the glass—metal
interface, where no NQDs are present. (2) Figure 4b presents
the emission from the sample when the laser excitation was done
from the glass side. In this excitation geometry, in contrast to the
previous one, mostly the NQDs that reside in the bottom of slit
of the metal grating (on the glass substrate) are excited. As can be
seen in Figure 4b, there is a very weak directional emission
compared to the one observed when the laser excitation is from
the air side. This is explained well by the field intensity distribu-
tion in Figure 4d and in its cross sections shown in Figure 4e. It is
clear that for the air—metal SPP-like resonance, only the NQDs
on the air—metal interface (marked by point A) experience
significant field enhancements and therefore directional emis-
sion, while the NQDs on the glass substrate at the bottom of the
slit (point B) do not.

In conclusion, we have demonstrated a highly directional
beaming of the photons that are emitted from nanocrystal
quantum dots embedded in a subwavelength metallic nanoslit
array. We have shown that the photon beaming is achieved via
the enhanced resonant coupling of the quantum dots to the
resonant Bragg cavity modes of the structure, and that the
emission probability to those modes is 20 times larger than to
the nondirectional leaky modes. This enhanced coupling dom-
inates the emission properties of the quantum dots. These Bragg
cavity modes, which are the eigenmodes of the structure, result in
localized electromagnetic field enhancements at the Bragg cavity
resonances, which could be controlled and engineered in both
real and momentum space. This can be used to engineer
wavelength and angular selective emission of nanoemitters using
the polarization, spatial, and angular selectivity of such resonant
standing EM modes. We have shown such selectivities in two
different nanoslit array configurations, supporting different types
of resonant modes. The simple calculations support the physical
picture of enhanced optical dipole coupling due to a large
enhancement of EM density of states at the EOT or SPP-like
resonances, which cause a preferred coupling of the optical
dipoles to those modes that have a well-defined angular direc-
tionality as well as well-defined polarization. We have shown that
this beaming effect occurs on the single quantum dot level, which
could be useful for exploiting such effects for future single photon
based devices for quantum information or other quantum optics
applications. Such devices can be engineered by selective binding
of single quantum dots to specific areas on similar nanoslit array
samples.
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Metallic nanoslit arrays exhibit several unique, surprising, and useful
properties, such as resonant enhanced transmission and resonant local field
enhancements. Here we present both a theoretical study of these static
properties, as well as experiments showing the utilization of these features
combined with active optical media. We develop an approximated. simple
closed-form model for predicting and explaining the general emergence
of enhanced transmission resonances through metallic gratings, in various
configurations and polarizations. This model is based on an effective index
approximation and it unifies in a simple way the underlying mechanism of all
forms of enhanced transmission in such structures as emerging from standing
wave resonances of the different diffraction orders of periodic structures. The
known excitation of surface plasmons polaritons or slit cavity modes emerge
as limiting cases of a more general condition. We also use this understanding
of the resonant behavior of nanoslit arrays to design and fabricate such
structures with embedded nanocrystal quantum dots, and show beaming of
non-classical light to a narrow angle of less than 4 degrees. as well as an
enhancement of the two photon upconversion fluorescence process by a factor
of ~ 50. (©) 2011 Optical Society of America

OCIS codes: 190.7220, 310.6628.

1. Introduction

Subwavelength optics is becoming a prominent field for both new physical effects as well as

new device functionalities. In particular, the response of subwavelength metallic corrugated



Abstract

Semiconductor Nanocrystal Quantum Dots (NQDs) are candidates with high potential
in the field of single photon sources. That is because of their well defined band
structure, showing discreet excitation energies that enable single photon emission.
However, photons emitted from NQDs have no defined direction and are randomly
distributed in space. This makes it difficult to collect those photons reducing the
single photon emitter external efficacy.

Metallic subwavelength nanometric gratings are a focus of intense research because of
their unique electromagnetic response. An interesting phenomenon is the focusing of
very high electromagnetic fields in small areas by Surface Plasmon (SP) resonances.
This phenomenon raises new possibilities for ways of focusing light emitted from
NQDs.

This study examined the possibility of coupling between a subwavelength grating,
which enables formation of SP resonances and single photon emitting NQDs, in order
to receive a deterministic emitter that generates photons in a defined direction.

We show a controlled coupling of NQDs to a subwavelength metallic nanoslit array,
resulting in a highly directional emission of photons. We have achieved binding of a
monolayer of NQDs to a subwavelength metallic patterned structure. Using specific
organic molecules for binding we are able to control the chemical and electronic
coupling of the dots to the surface. We show that at the resonances of the metallic
structure, there is an efficient coupling of the optical transitions of the NQDs to the
structure resonances- surface plasmon polaritons. This efficient coupling results in a
highly directional emission of the light that follows the surface modes dispersion. This
efficient coupling has been also observed for a film of nanocrystals with very low
density. We also present a good match between the numerical calculation of enhanced
modes in the near field of the structure and the results of the measured NQD emission
spectrum, according to polarization, angle and excited side of the sample. These
results prove that that the calculated near field enhancement influences the density of

states for emission from a NQD.

This study provides a basis for the development of a directional deterministic source

of efficient single photons.





