¥ IE % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

INR LR B R R

ANRF EFET

(P RLK B TR BB 058, B A0 R SR TR s, B K22 [ AR s M 0 [ o B 26 2, B AT 210093)
(2013 4E 1 /3 26 HYgE; 2013 4F 4 A 12 HigEE 2R

ATCE R T B W TR T GRS R AR MR AR & AR A O ERE A R BB R (s T VS ) =
PATHFLFAL, JFiEE FDTD B IE T2 AT 7 i RO HERVE. XA R T KM LIRS T — 466 200 i ie
(2D-EMT) figé A7 fifé ) PR 855, 10 EL A6 75 B 132 P A A 2 X se o M0 G 5 AR O S A 46 4 B DR B 8RR A FT R, R iZ 1Y)

JS2 PRI 5.

KRR TRATHOCME, A RN BTHEAE, KPHRE RIS, 99K ERE S

PACS: 78.20.—e, 88.40.H—, 43.20.E, 61.46.Km

1 5 &

Yok /N IS B T AE K PH R FL b (12 S8 2 e
PRI 2§ DA B 38 375 Js A e 0 7 o 35 2 X A 70 UR A,
BAEA TR B4, S b = O B, e i
S R 10781, e MU Ik . 1910] 25 2
BRI IR TR Z B R RO F A 0, {H a2
BT 50 R J2 4 5 R A BR M AR 2 5 A4 S )
& O BE LA S FAf R A8 i i, KOR PR T A I ek = 2
() 8L G L 5 — 7 T, AR i s A R AR
SRATT IR M, ST TH I G A A R L AT AN R AR
R, XM IR R TR 2 T A R 2, T 1%
JE IR KRR S UM 7, FLAE T i 2R A 2K
MRS (effective medium theory, EMT) ¥ 5E.

—YEEE R ) EMT fEMT R (closed-form solu-
tion) f& % ki fff 1L 153 3] Bk 4% #4010 5 Ak o = (11121,
SR E M Bttt 2l 90 AR LK, Bk Btk Ak
B —4E S K EMT fgbfr fig i B 13151 EMT (1)
PO A AR R AAA R 1) 45 8 A A
0L NS85 HE 5 — 4 25 ¥ ( EMT fi# 47 fi,
BT P BB 77 9245 30 1t 1) R Rl ) 1) 5 2T
BRI B R s M Th g 2 B,

1T B, Bl S0 T2k f, /0N ] BA ik 4 7 AR

DOI: 10.7498/aps.62.157801

Sk 2 5 315, 17 AR IR IR (Moth-eye) 45 14 (18]
AN EBTE (black silicon)!") H T4 R A S S 26 52 3]
] RE. AR R EAR S H 48 EMT figdir
PR A5 B B A PO S5 0T S SR SR A T ke 12022,
{HIE A BeE B 4 EMT fi b fif -5 £ (i A0 Bl 5k
6 Kb 7 g B LR 22 B 2123231 A K
f 4k EMT AT 42— D HERE.

ASCiE I FDTD HUE B, IESE AR 2 — 4 EMT
FEAT IR T AN 2 — TR AL, AH IR, a1 SR 25 & A AT
PR 5 3 24 B VA — A0 0, 4 2 A5 A L P A A i I
W HER, AT TS a0 AR O 7 A T AERS T AT R )
MR 45 0, B — 2B HR T T AR AT AR R T T A A
PR Z B 7%, %7 E TR R 4T, G0 B BAIE
SEREMEHERAR TR U = . it — P e
RS R AT VAT T S R R Z B e T At

2 ZEERAFEWE T E: ERAT
St
2.1 EipiRA

B HOP BN BRI R, Ok
P EHL S5 A ASE T PRI AT, R S 7 TR R R R A T,
TG L Se Mt E BIRT S e (B 1. 8 15 BRI,

B 5 H USRI UK R TR it 5 2010CB6307030) FE 5 [ 28R 364 (iS5 11074118, 11274164) BB,

+ A WAEH . E-mail: yqqin@nju.edu.cn

© 2013 FEHMEZES  Chinese Physical Society

http:/ /wulixb.iphy.ac.cn

157801-1



¥ I % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

KoM o =AY E R, DR IE IFA — A A
AT — XA TN R, RECIERDEHEA
bR JE B IT O E AL 22 6 ARAR T 1) 4 A
P x n,, X sin 6, + P X n; X sin 6;

=mA, m==+1,42-.-, (1
R PO YA, ny F0 6, 435 R NSFE T4 T
FR 4T St R AN 2D b NS A, e A6, T
TSR m AT T2 AT S 2 AT AR, A R
ANEHGTE B A A K.

mBH

B NS 6 BT I A SO NSNS A e bl A i
RIBEOIE], RJF NI n, KEFEDR 6, (1) m BRTH 7R
=H

HIBFIE Ay = 1, ny R KT ZE oy, b
A A HE S T AT A Rk 26281,
mA  sin6;

ngP ng

2

sin 6, =

BRI, BA B AT A I I 2% A

mﬂ, sin 9i

|sin 6,,| =

> 1, 3)

ngP ng

BRIV — AN 0 B 3 /N 3
A

P< PR (4a)
B 10 3 2

P A

A" notsing

NS 6, PR &% 2 a2, R

RAE R AT, ﬁﬁiﬁﬂﬁ‘ﬁﬁﬂ%ﬁ%%%@é&fﬁﬁgﬁ%ﬂﬂ,
(4) AL AT M S A A, o T 7E X
NVA—AL A, R @R FDTD IF S22 1% 4614
I 5 A PR s s [ R VR B AT LSS RO A 2, B
Wi /& EMT 4444

2.2 HERI

K FH B30 PR 22 43 vk (FDTD) a5
S5 R 1 22 v B R O R, DLES UE B Ol M R 45 2
N R I 2% A, AE B AT FDTD solution 8.0 H,
F A 1200 nm 1) 58 €40 B IR — J5 B 9 i
IR E R R (0 2(a)). 13 3 6
BT 4 mmaEm bR &8y ks E
(real(Ex)? +real(Ey)? +real(Ez)?) (401 2(a)). 7T LA
TERE R, PG B A RE IR NS
JBS, VTV KA B, 3 2 Y T

(4b)

B 2 B 1
W7 0>

—-02 0 0.2
y/um

(b)

B2 (a) Bk 1200 nm B EOENGTRIH — 285 B BUZ IREE R ; (b), 3 ELAE _E HUI% SR BT ORI B, AT A AR PRRF IR AR A

R 15341 o = e s A0 K R4 (circle), 2>

FIAEILE #124 P = 300 nm, 330 nm, 350 nm, 360 nm

s A — 2, BAR A — B Si /AL, (8 3 P

FHATHHIS ). B 3 AT R A, AT RUR
T A M T E 1 1200 nm A SR 6, B
F A 1 JE A A 300 nm B K F 360 nm, i

157801-2



¥ I % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

N B35 JEC 1 % O S B T R, T ELAR B B
RS P=340nm A5, B THEETE 1200 nm
k&mﬁﬁzﬁuﬁn_35%uﬂ%3mmnﬂ
N U — wﬂ% 1mo E%#? , At

Ui A %iéa = (Eﬂ 3 4ﬂﬂ2%EEﬁZE:F1_) A

ﬁﬁTﬁEA%%m&wﬁ%mﬁMW% £V
THBE EGRE 2 bz ). B 3 R w7 2k
MOEH R n = 2 B4l R RL, JEIEE KN 680 nm
REFOL A 1 5 40 B AT 3 B AN Ik — M T AT T
[ (circle) A1 =fA#¥: (triangle) B & A 228 %o i wiy
() 1 B AR A, [FRE AT DL B2 05— A S0 2

—-0.1
-0.3

=08 0.1

0

=02 0 0.2
e

- 0.6
= 0.5 0.1

0.4
0.3 -0.1
0.2

=02 0 02

- 1.0 0.3

0.6
0.4 —0.1
0.2 —-0.3

—-0.3-0.10.10.3

- 0.7 0.3

0.1 -0.3

—0.3-0.10.10.3

—-0.3-0.10.10.3

P

I<——El‘]“1rél HAIEE SR R A i = 05—

%ﬂ%—>—ﬁfﬁﬂﬁm BRI AL A5 T TH e K AR
EmmHWFﬁﬁmﬂ ERIANRE T SRS I R E
BN RZE A FHEH.
LL&U%%TMﬂﬂ%ﬁ%FHH%%%
M EEEBNB AN R RA W, AR TH
R R 7 B L A — 0 W i N T 1
Z A, AR 3 UE S R G A B VA — A4 S A 2
(4) R, &AM T USROS S Bz, XA
¥ EMT 14138 FH YU [l ¥ e 22 3% 2 i S8 a0 9 2% A A,
KRIE D 7 Z B 1 3E .

0.3
- 0.8

1 0.6
0.4
0.2
0

- 0.8

0.1 0.6

0.4

0.2

0
—0.3-0.10.10.3

- 0.8

0.6
-0.1 0.4
-0.3

—0.3-0.10.10.3

—-0.1

-0.3

—0.3-0.10.10.3

E

—0.3-0.10.10.3

h
0.3

0.1

|
|
|
|
|
|
|
|
|
|
|
|
|
1 0.6 )
04 | —01
0.2: —0.3
|
|
|
|
|
|
|
|
|
|
|
|
|
|

0

A o

- 1.0
=08

0.6
0.4
0.2
0

0.3 0.3 - 1.0

=08

0.6
0.4

0.1 0.1

—-0.1 —-0.1

-0.3 -0.3

—-0.3-0.10.10.3 —0.3-0.10.10.3

300 nm 310 nm 3mnm,3wnm,3mpm 350 nm 360 nm P
P P_1 P_1 P
FERETY PR FRD 7

B3 g bW —AT A R AR R R i A P = 300 nm, 330 nm, 350 nm, 360 nm FI£K B4 4 4] () 45 44 PR, A5 34/ 4E 1200 nm 3
KOl T 3% B, R PIAT I AL RAE n =2 A FA R EFE I P = 300 nm, 330 nm, 350 nm, 360 nm 4K [E A (circle) A48k
Z A (triangle) FEF L5 I, A2 45T 680 nm 5 G IR 2 13 K

3 ZHEHANFE R BB EA
1

BIEASHDLEL A — %H%ME—<A%W
FIREE R, Je AT R — ﬁF%ﬁﬁ
RIS T LAEE RO B S0 R, EMT B A
NI R (R 2 28T A AR A AN — SR TS R

HAE (XFREE 7K T FF: filling factor) A K &.
T — E A AR 38 ONZE BT & i
TR &7 122 AR A

FE AT S0 ) P S5 2T B 26 mT DA i R e
JiVERRAS: B 6 B U7 2 B 4% A 2D-EMT fig# i
o A5 B GE5 A8 1) 5 20 AT 3 2R — MR iR R
FBUE AT SR %, 35 S R B 45 0 2 =
AR (L [¥) Fabry-Perot 3% K, [k H % 2 10 55 3808 4

157801-3



¥ I % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

% (B1729] Bk, 4% MO RIS (2D-EMT)
AT 25 78 B 06 S5 0T S 0 B (S B
GES SRS

—o— Bruggeman fi#tfiE
—%— Stavenga, AT fE20
-%- Motamedi f#fTfE23]
2.5 - ——Southwell fhf#()
—— Grann A8
R
P/A=0.3

3.0

SR
s

1.5
1.0+ (a)
0.0 0.2 0.4 0.6 0.8 1.0
D/P=vFF
3.0L — Maxwell-Garent f#EtffiB1
—— Chen fEHTfE T A 532
25 Chen gt Eili 532

—o— Grann [WE{EBHARNT:
P/A=0.001—0.1

201 o Grann MBI

SR

1.5 F

1.0l o—meoe"

B4 ng, =3 M HEMERSERITH RS KRR X R
2 (a) PRI SRR S VA — 10 RO B UE R,
45 Stavenga AT P (B AL FAE). Motamedi AT 2
(¥ 5 KF). Bruggeman A3 B GREE SO Southwell 24
3 PO (RGEE7); (b) P SRR SR AR AN U — 1k A SR
HIBE AR, ALHG Chen A P2 (LI NIRIE B L, PR Nk
4 2k). Maxwell-Garent 2430 PU (W5 522k)

WE 4 R, RT3 ng, = 3 &7 50
KRB HIE  YERI L, é%DtH T AR R T 4%
BT 5 i 28, B AL AR = VFF &N T RT %
fige b 2 045 3 1) 2 2808 S 3R SCHR [17] ' RCWA
3B BUE AT LUK

HR A H— &8 7 OARADAIE SE, ANE 2 Wt J7 ki
e BB R AE, A IR Tt 1 S5 RO — S5 80
JB %) 77 1 S 0 2 T 285 i 2 22 AT S SR A DA
A ReAS 3 B AL AR U — S 2B

P 1 11
T imsme w3033
Kl 4(a) 1 (b) " 2R 1) 20 A v KA — A ]

<§:m§ﬂ%ﬁ~%%%(fzaﬂﬂ§:00

T FROAS Bt B SR AT A DA A AU B AR, b AL
B =ARE (B 4(a) TALSEL, 18] 4(b) AL 0
(53] P A1 77 HE 2k ) H 2 SRR [17] BB AR 045 21
(S AT I R BE I 7R R AR 2. T DUE B, &
AT FE LR, B R HE 70 AR () Gk ) ) S T
RN i A T 2 A U — A R A R G R T S 1 K.
B 40) AT, % - <0104, B
70 IR I 5 A S AT B R AN PR B AR U — A R T
/J\ff]ﬁj}ﬁd\, BB BB IR A “HR AR, a2 i,
H 7S 0.1 B, LG 8 FEES A 58 4= 1Eff. @it
PO BT R AE AN RS 78 22 N 5 BB M P e R
AL LA 25 A A A A SR . B 4(a)
B 25 25 BUE AR K 1 Southwell A 3, Bruggeman
A Stavenga 4 A, Motamedi 2 AR L3R T
KIF—ALJE R BE AR 235 B 4(b) ' Chen’s upper
boundary 2 FUAE K 53 45 78 26 R B A T 50 A5 A,
AT LA N8 HERf ; Maxwell-Garnett 2 AL LE 1T —44
I 7 =02 1 = 0.1 SRR 2 I, 18T &
FENH— A JE A TR, AR P A A
() F O B A, HR T U 25 RE B g Y
FRATT AR Ml B R A i, I A AT R B 4
FEATT AFAN T T 1) B 22 iR A

8 PL g3, mr DA R 4 B AT AR IE
2D-EMT fift#fr 24 s A 24 s 96 L

D) Y E B P OLE AT 5 14 5 5% A B AR,

P
— B - > ——— IF ; E NS
EDUEII %J]/EI)L > e nsing i (XT?EH‘?H‘%

= ), 2D-EMT 554 Rl i, BRI
ng+nisin@ 3
YRR AU, TS R R BT R EEE I BN
LB A REA3 2, XA TE R R0 H.
ANREA VR B, AT SRER R MRS T R K.

2) AT A W] P AEAT S L AT A HL
4Fﬁ?§ﬁi§%§ﬁﬁf%ﬁpﬁ%#, 1E|] 5 — 1k & 1]
Wﬁ/@gm x\mlﬁ,ﬂu
HI Bruggeman #f ¢ /A XMl Motamedi 2> ZUAC & i
FH R AT 3 5 &5 K 86 250 4T 3 60 5 T 45 i B 78 &
0 < FF < 0.4 5 FF > 0.8 {45, i% F Brugge-
man AH KA 215 B 80T i R B IR IELE 3% LT
HlR %, X HA Stavenga A XN R, B B
i 5, BN X S5 IHIE 2R 0.4 < FF < 0.8
F AR 45 1), 3% Fl Motamedi 2> 3 A8 R IE 1S 21 19 2520
T ST 2 O 2 5B AR 1) R 2 IR FFAE 3% LA F.

3) Mg A Pt — g, BE— 10

157801-4



¥ I % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

ey | 1 P 2 1

1 2 3 (’Wlsme) <7<3 (m—l—nlmne) ing
( XFFREAEL 0.1 < % < 0.2), Maxwell-Garnett 2
HAE FF < 0.8 W e R BAF E O HER, X5
Maxwell-Garnett ¥ £ /2 3 TR % BN IR & e
R P

4) Hu gt A P NGRS, BIE— 46 A
e 2 < .

A ng+nsin®

EERHERf. 3X AN A — 4 JA U S0 Lt A2 A% Gt 1) Ak
S 5= BRI R E 048 S L e TR O, i
SRR AUNB LK A, X4 N
FESCES b SCIL R AR R, I A SR KIGE T
2D-EMT K& FIYE L, I Haa i 7 ASFEAEH &4~
[RIHERG 1) 2D-EMT f@ i i

i, Chen’s upper boundary

4 F T F BN B W AR AT IR R R R
LM P

N T B8R R S F AR AT AR S G 0 — AL
WA A9 2T 2 0 55 R 5 2R B R %, FRATT
HFIF Stavenga 2 A AT Maxwell-Garnett /A 2 7E i
FERL BB THERXT 650 nm 3 K IR R ES #a, HEKE
I3 R AN A A ol S 2= R IEAT BB, T8 5 R
EHFETLERERT n=2, JEE N 80 nm HI%E 4L
T A1 53 3 J2 AE A IS b, XT 650 nm S5 3 56 42 ik
B S 2R P, 310—1120 nm A BH Y18 Ik s 5t 2%
N 9.9%.

E 650 nm 4t ng = 3.85, FRHEAR TR JFEE, 24
I )2 B AT 5 2206 R IR 5 23 25K

NARC = V/Nisi X Ngir = 1.962, (5)
e VG AR AR VT B 251
A
_ 2 _650nm/2
4= = ax 196 =83 nm, ©

VR B LR A A AR 4 9 /b A
&5, ML AR Z K, TN 650 nm 3 K6 58 4
W

56 Stavenga 24 ST SE MR R AR
557 34 M 18, Stavenga 2 RS G B AT E 0
R b B R T 15 B A S R .
% 650 nm R MORAHEI N P— — 2~

ng + n;sin 6

168 nm. 326 F R REARAE S5 4 22 7o, A2 [ A A )

B2 i Stavenga BT AUk E, &

netr = [FF x n2> 4+ (1 —FF) x n2/*]3/2

silicon air

— NARC — 1.962, (7)

o, 7% PP = 0 ML 19442, 1931
r =59 nm.

# FDTD solutions 8.0 ] x, y J7 34 5 4 14
VB N S IR L 5 2% A, ARk AR I B A i A 1
168 nm, 424 59 nm, = E A 83 nm H B4+ [ 571
YE TR SR, RS R AE 5 4 0 | Y 4 B
TN, ZEEFISEEL T 650 nm 58 A9, AR S
N 8.0%.

T3 H Maxwell-Garnett (M-G) A 20 R ¥ i 4
R R 2. HR4E M-G 2> 2 i 835 A2 1 U3 — A fel
FHZFAE, EEXT 650nm 93 5 PRk 246 449 (14 JE 19 0 20 ik

— =84 nm. A4 M-G A3

:Ens—l-nisine
2_ 2
n2—
1+2FF><( S 1 )
n2 +2n?
Neff = N S5+ = NIARC
ng—n
1—FF><< : 2)
ng +2n;
=1.962, (®)

15 %] r = 36.5 nm. 7£ FDTD solutions 8.0 H ¥ &
P =84 nm, =% 83 nm, 484 36.5 nm [ JE A A+
BE A7, i T B T i 45 8 00 SO FR AN 1] 5 i 0
IR AR, R E B2 MR TR A 5E AR
S, IS S #654 9.4%.

100
- NEERE
%0 | —o— Hstavenga AR KT
IR &R E
—— g Maxwell-Garent AN T
¥ 60 HIARE R 2
20
0 . .
400 600 800 1000
B /nm
B 5 AERERTER BT 650 nm Y Sz 4K £ B A AR
B 5= K

M 5 7] LLUE 2|, Maxwell-Garnett 23 2G5 T
VRIS ¥, AE 56 3% 3] 420 nm A2 A7 38 BE BT 7%
G RN FZ R FOR, T Stavenga A T

157801-5



¥ I % 4R Acta Phys. Sin.

Vol. 62, No. 15 (2013) 157801

M s M), FAE 500 nm B A FERF A0 02 1980
BRCER . X A2 [R5 ek /N B 98 K DA R T B K A PR R
Y13 ZRATAT VT — A B SRR I & 5 A ) T AT
G0 H B B AT S, LE B Bt R A R SR RO A
I JZ, & EMT bt 2R 2%, X — 25 5UE 128
PR A Z, BE M-G A SRS SR
NI B R RATHIAFE

&2, EMT fiitir il i) A~ BT LR G e
(R VA — A J& 1 {8 FH A G A T 15 81 A & ) 11 55 28
iy #. Stavenga 2 X AT LAAHESH A T = 4EHOK
B A 45 4, Maxwell-Garnett A 2 0] CAHAERf 11
YRR R SR R A A .

i Ja, TATHR BAE BT RES KU R I, AR
#ETfR, BT AR DLSE 3R 2 Gl 28 SR R 15 —
A S P 25 BT H A G 1) s 8 AR vkt A 1) 55 AT S
RN, NI i A ARl ) 25 1) ) L 42 1 o 4

WL E 7 A Y, A R se ik iz A
A SR S L) AT 4 3

54

AT S 7 R H &, ) FDTD solutions
8.0 75 ZI) 1l 4 ¥4 55 28 O Y s = I I3 — A JE 390 iy 2
W25, FFAEZSRAT N, R 4 2
WREHT AR AE A& ) — R AT, B R IR
AT B Tl 5 A P S AT O . e R T YRR A —
LA HER AR AT R ) R . 7E LR AL 1, A T SR
fERT R HERR M, 23 B A Stavenga A XA Maxwell-
Garnett 2 2 EARAEIT S BRI REAS K _Eisih 1
BEXE 650 nm 93 S ek S i 45 4, T8 5 A B O
JZ (PR SR B, 3P A AT g 150 T PR Ak 45 ) 52
BT WK e AR S5 R EOR, X TR
Z BB R T 5 M T R AR g 134

[1] Kelzenberg M D, Boettcher S W, Petykiewicz J A, Turner-Evans D B,
Putnam M C, Warren E L, Spurgeon J M , Briggs R M, Lewis N S,
Atwater H A 2010 Nat. Mater. 9 239

[2] Polman A, Atwater H A 2012 Nat. Mater. 11 174

[3] Kuo M L, Poxson D J, Kim Y S, Mont F W, Kim J K, Schubert E F,
Lin S Y 2008 Opt. Lett. 11 174

[4] Prevo B G, Hon E W, Velev O D 2007 J. Mater. Chem. 17 791

[S] Her T H, Finlay R J, Wu C, Deliwala S, Mazur E 1998 Appl. Phys.
Lett. 73 1673

[6] Strehlke S, Bastide S, Guillet J, Le’vy-Cle’ment C 2000 Mater. Sci.
Eng. B 69 81

[7] XiJQ, Schubert M F, Kim J K, Schubert E F, Chen M, Lin S Y, Liu W,
Smart J A 2007 Nat. Photonics 1 176

[8] Grann E B, Moharam M G, Pommet D A 1994 J. Opt. Soc. Am. A 11
2695

[9] Green M A, Pillai S 2012 Nat. Photonics 6 130

[10] Spinelli P, Verschuuren M A, Polman A 2012 Nat. Comms. 3:692 1

[11] Raguin D H, Morris G M 1993 Appl. Opt. 32 1154

[12] Raguin D H, Morris G M 1993 Appl. Opt. 32 2582

[13] Scheller M, Wietzke S, Jansen C, Koch M 2009 J. Phys. D: Appl. Phys.
42 065415

[14] Sancho-Parramon J, Janicki V 2008 J. Phys. D: Appl. Phys. 41 215304

[15] Chen S H, Wang H W, Chang T W 2012 Opt. Express 20 A197

[16] Aspnes D E 2011 Thin Solid Films 519 2571

[17] Grann E B, Moharam M G, Pommet D A 1995 J. Opt. Soc. Am. A 12
333

[18] Sun C H, Jiang P, Jiang B 2008 Appl. Phys. Lett. 92 061112

[19] Huang Y F, Chattopadhyay S, Jen Y J, Peng C Y, Liu T, Hsu Y K, Pan
CL,LoHC, Hsu CH, Chang Y H, Lee C S, Chen K H, Chen L C
2007 Nat. Nanotech. 2 770

[20] Stavenga D G, Foletti S, Palasantzas G, Arikawa K 2006 Proc. R. Soc.
B 273 661

[21] Pei T H, Thiyagu S, Pei Z 2011 Appl. Phys. Lett. 99 153108

[22] Zhu J, Yu Z F, Burkhard G F, Hsu C M, Connor ST, Xu Y Q, Wang Q,
McGehee M, Fan S H, Cui Y 2009 Nano Lett. 9 279

[23] Motamedi M E, Southwell W H, Gunning W J 1992 Appl. Opt. 31
4371

[24] Hu L, Chen L 2007 Nano Lett. 7 3250

[25] Xiong Z Q, Zhao F Y, Yang J, Hu X H 2010 Appl. Phys. Lett. 96
181903

[26] Heine C, Morf R H 1995 Appl. Opt. 34 2476

[27] Kikuta H, Toyota H, Yu W J 2003 Opt. Rev. 10 63

[28] Gaylord T K, Baird W E, Moharam M G 1986 Appl. Opt. 25 4562

[29] Diedenhofen S L, Janssen O T A, Grzela G, Bakkers E P A M, Rivas J
G 2011 Acs Nano 52316

[30] Southwell W H 1991 J. Opt. Soc. Am. A 8 549

[31] Merrilll W M, Diaz R E, LoRe M M, Squires M C, Alexopoulos N G
1999 IEEE Trans. Antennas Propag. 47 142

[32] Chen F T, Craighead H G 1995 Opt. Lett. 20 121

[33] Pe’ rez R 2009 J. Appl. Polym. Sci. 113 2264

[34] ZhouJ, Sun Y T, Sun T T, Liu X, Song W J 2011 Acta Phys. Sin. 60
088802 (in Chinese) [J&42, MK &, FMKIE, X%, RAAEZ 2011 #2E
%4l 60 088802]

157801-6



¥ 18 S #R  Acta Phys. Sin.  Vol. 62, No. 15 (2013) 157801

Nanowires array designed by means of two-
dimension closed-form solution for antireflection®

Zhu Zhao-Ping Qin Yi-Qiang’

( College of Engineering and Applied sciences, PV Engineering Research Center, National Laboratory of Solid State Microstructures, Nanjing University,
Nanjing 210093, China )

( Received 26 January 2013; revised manuscript received 12 April 2013 )

Abstract

By investigating the difference between the analytic solutions obtained from commonly used two-dimensional effective medium
theory and the numerical solutions, we found that any analytical solution was quite accurate only at its right normalized cycle, de-
termined by its own effective range. Thus, one should solve the problem that “there was no closed-form solution for the effective
permittivity of a two-dimensional zero-order grating”, and expand the applied scope of the effective medium theory to the boundary of
zero-order diffraction. Secondly, by using the two-dimensional analytical solution, we have designed a nanowires anti-reflection layer
in silicon, which fully meet the needs of the design that reach zero reflectance at 650 nm; and the spectrum averaged reflection from
310-1120 nm is 8%, lower than silicon nitride anti-reflection layer 9.9%. Stavenga formula can be used to design a large normalized
period antireflective microstructure, while the Maxwell-Garnett formula can be used to design a small normalized cycle antireflective
microstructure. Design of antireflection structure by two-dimensional closed form solution directly is viable, which have huge potential

application value.
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