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|^î�ÍÜÅnØ©Û
B��
����1ÆA5, JÑòB��
�����1Ïì�Oß�5Jp
ì��1áÂÚ=��Ç. nØ©ÛL²: B��
���'ü�Oß�k�Ð�Oß�J, U
�Ð/Jp1
Ïì��=��Ç, 3 400 nm—600 nm Åãc�wÍ. B��
�����`(�ëê: ±Ï� 500 nm, W¿Ç
� 0.2, þÝ� 110 nm. æ^�B\óEâ, 3 Φ200 µm Si &ÿì�Oß�þ��
ØÓ±Ï�B��
�, ¿�ï

�A�ÿÁXÚ. ¢�(JL²: ±Ï� 500 nm �ì��5UJp��²w, á´>63 400 nm—1100 nm Åã
Jp�� 6%, 3 400 nm—600 nm ÅãJp�� 15%; m´>ØJp�� 2%. B��
���U
éÐ/Jp1Ï
ì��=��Ç.

'�c: B��
�, î�ÍÜÅnØ, Oß�, 1Ïì�

PACS: 88.40.hj, 79.60.Jv, 78.20.Bh

1 Ú ó

du Si á�äk$¤�!;õ´L!ÃÓ5,
­½5±9\óó²¤Ù�`:, ¦Ù¤���1
Ïì���ÐÀJ [1]. 8cû^�1Ïì�Ï~ä
k 200—300 µm � Si k
�, �Ó1Ïì�¤�
� 40%, éu����A^, ¤��~p. �
ü$
���A^�¤�, ïÄ<
JÑ
 Si k
�=A
�������U>³, �´k
���1Ïì�
�1áÂÒ�f, l
��1Ïì�=��Çü$,
ÏdXÛJpì��1áÂÒ¤�
1Ïì��
ïÄ9:. Jp1Ïì�1áÂ�Ì�å»´UC
ì�L¡(�Úk
�(�. Walheim � [2] ÄkJ
Ñ¦^B�(�UCOß���ò�Ç5UõO
ß��1ÆA5, Jp
Oß��ß��J.Nayfeh
� [3] |^ Si B��â�1=�A5, ò Si B�
�âæÆ31Ïì�L¡l
Jp
ì�éb	
Ú��1�áÂÚ=��Ç. IS	ïÄ<
�
|^7áL¡DÂ��lfÅ [4] 31Ïì��L

¡æÆ Au!Ag �lfN�âJp
ì��1á
Â [5−7].Chen �JÑ¦^B��
� [8] ÚB��

� [9] 5����U>³��{, ¿?1
nØ
Ú¢�ïÄ, (JL²B��
�ÚB��
��
�U>³kép�=��Ç. duç Si[10,11] äk
éÐ�°Ì�1áÂ�J, Ïd�Úå
IS	Æ
ö�'5. B��!B��Úç Si 3Jp Si áÂ
�Ç�Ó�, UC
 Si �Ôn(�ÚU�(�, é
16f�$Äk�½�K�, Ï
ì��5U¿�
���`z. d	, L¡�(�3Jpì�1áÂ
�Ó�, Ù���{Úyk1Ïì��\óó²�
O��, l
��
ù
�{�¦^��. Ïd3
Jp1Ïì��1áÂ�¡�ké��ïÄ�m.
�©JÑ|^B��
�����1Ïì�Oß
���{5Jp1Ïì��1áÂÚ=��Ç, T
�{ØUCk
��5�, Ø=UJp1Ïì��
=��Ç, 
��yk1Ïì��\ó�oN.

�©Äk|^î�ÍÜÅ [12−14] (rigorous cou-
pled wave,RCW) nØ©Û
B��
����1
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ÆA5, O�'�
B��
�Oß�1Ïì�
Úü� Si3N4 Oß�1Ïì��1áÂA5Ú
=��Ç, ¿éB��
��(�?1
`z,

��\ó
ØÓ±Ï�B��
�, ÏL¢�
�y
B��
�Oß�é1Ïì�=��Ç
�Jp.

ã 1 B��
���(�

2 nØ©Û

B��
����(�Xã 1 ¤«, B��

���d��0�Ú�Î�
��¤, �Î�
�
�(��B�þ?, �Î�0���í (ò�Ç n =
1). �Î�3 x ��þ�±Ï�Λx, 3 y ��þ�
±Ï� Λy, � Λx = Λy = Λ, ��pÝ� t, \�0�
� («� I) Ú�.� («� III) �0>~ê©O� εI

Ú εIII. B��
�d��0�Ú
�0��O�
¤, 0>~êäk±Ï5, ε = ε (x+Λx, y+Λy). O�
��Å¥� k (α, β)! ��� θ �²¡Å\�B
��
�����¹, Ù¥ α �Å¥� z ¶�Y�,
¡�\��; β �\�1²¡� xoz ²¡�Y�, ¡
�� �;  �� θ ´>|¥þ�\�1²¡�Y
�.

�
{zO�ò��©��Ý/��|Ü, �
�Ý/�©�Xã 2 ¤«.

ã 2 ���©)

{Sn, (0,yn), (ln, wn)}L«���©�ëê, Ù
¥, Sn L«©)¬�?Ò, l S0 · · ·Sn; (0,yn) �©
)¬�¥%�I; ln L«©)¬3 x ����Ý,
wn L«©)¬3 y ���°Ý� l0 > l1 > · · · >

ln,w0 > w1 > · · ·wn. Ïd�Î
��0>~ê�
L«�

ε(x, y)=
+∞∑

u=−∞

+∞∑
v=−∞

ε(u, v)

× exp
[
j
(

2πux

Λ
+

2πvy

Λ

)]
, (1)

ε(u, ν) � ε(x, y) � Fourier C �, � � � Ý /
� Fourier C � � U \. | ^ RCWA � ± í �
Ñ B � � 
 � O ß � � � � Ç ηRmn Ú ß �
Ç ηTmn,[15−17], X (2) ª¤«:

ηRmn =|Rs,mn|2 Re
(

kIzmn

k0nIcosα

)
+|Rp,mn|2 Re

(
kIzmn/n

2
I

k0nIcosα

)
,

ηTmn =|Ts,mn|2 Re
(

kIIIzmn

k0nIcosα

)
+|Tp,mn|2 Re

(
kIIIzmn/n

2
III

k0nIcosα

)
(2)

Ù¥ Rs,mn, Rs,mn, Ts,mn Ú Ts,mn ©O���Ý

Úß�Ý
���. k0 �Lý�¥�Å¥,kIzmn,
kIIIzmn ©O½Â�

kszmn =

 [(k0ns)2 − k2
xm − k2

yn]
1
2 (k0ns)2 > k2

xm + k2
yn

−j[k2
xm + k2

yn − (k0ns)2]
1
2 (k0ns)2 < k2

xm + k2
yn

, s = I, III

kxm = k0

(
nIsinαcosβ − mλ0

Λ

)
, kyn = k0

(
nIsinαcosβ − nλ0

Λ

) (3)
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�
'�ü��ÚB��
����Oß�
J, b½\�1R����L¡, �� TE Å\�,
= α = 0, β = 0, θ = 90◦. Ó����á�� Si3N4,
ÙþÝ� 90 nm, B����» d = 360 nm, ±Ï Λ

= 500 nm, ½ÂB���W¿Ç f = πd2/4Λ2, �.
��7. á��1Æëêdë�©z [18] ��, O
�(JXã 3 ¤«:

ã 3 ü�Oß�ÚB��
�Oß���Ç'�

ã 4 ��U>³O��.

dã 3 ��, à Si L¡é\�1���Çé
r, �k 30%�\�1���; ü� Si3N4 Oß�
Uk�ü$\�1���, ²þ��Ç�u 15%;
B��
�Oß�Ó�Uk�ü$1���Ç,
�²þ��Ç�u 10%. dd��B��
��
��Oß�J`uü�Oß��Oß�J, À^
B��
�������U>³�Oß�U
ü
$��U>³L¡�1��, Jp��U>³�1
áÂ.

3 B��
�Oß���U>³1Æ
A5ê�O�9(�`z

B��
�Oß���U>³�O��.X
ã 4 ¤«, L¡�B��
�Oß�, ÙA�ëê
�: ���» d, x, y ���±Ï�Óþ�Λ, þÝ
� t; B��
�Oß��e���, Si �, o�
þÝ� h; .�� Au ���, þÝ� l.

3.1 ììì���111áááÂÂÂOOO���

b½B����» d = 360 nm, ±ÏΛ = 500
nm, W¿Ç f =0.4, þÝ t = 90 nm, �, Si ��þ
Ý h = 2 µm,Au ����þÝ l = 500 nm, \�1�
Ýα = 0, β = 0,θ = 90◦ � TE Å\�, äNO�(J
Xã 5 ¤«.

ã 5 á1ÝO�

dã 5 ��, B��
�Oß���U>³�
1áÂÇ�p, ü� Si3N4 Oß���U>³g�,
ÃOß����U>³�$. �Å��u 550 nm
�B��
�Oß���U>³é1�áÂ�J
´�r�; �Å��u 550 nm �, du��U>³
�7á��¡ÚþL¡/¤
|]n, ��áÂÌ
�u)��.

3.2 ììì���===������ÇÇÇOOO���

�
��ì�1A5éÙ>A5�K�, |^
;.���U>³�nØ�. [19] O�
ØÓL¡
(�ì�3IO AM1.5 ��1Ìì�^�e�á
´>6!m´>ØÚ=��Ç:

Jsc = eNphηc

Nph =
∑

Anano · Ssolar

(4)
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Voc = (kT/e)ln(Jsc/Js0 + 1) (5)

η =
JscVocηf

Pin
(6)

ã 6 (a) =��Ç�B��
�±Ï Λ �'X; (b) =��Ç
�B��
�W¿Ç f �'X

Ù¥, Jsc ´ì��á´>6�Ý, e ´>f>þ,
ηc ´��ÚOÆëê, �LXÉL¡EÜÚ1Ï
ì�á�K��16fÂ8�Ç, Nph ´ü �m
ü ¡ÈáÂ�o�1fê; Voc ´ì��m´>
Ø, k ´ Boltzmann ~ê, T ´m¼§Ý, Js0 ´� 
���Ú>6�Ý; ηf ´1Ïì��W¿Ïf, Pin

´ AM1.5 ��1Ìì�e�\�1õÇ. ëì©
z [19] éu¤O��ü¬ Si 1Ïì���ëê�
���: Pin = 0.1 W/cm2, ηf = 0.8, ηc = 0.85, Js0 =
1.5×10−15 A/cm2, T=300 K, Ssolar � AM1.5 ��1

Ì. ò 3.1 !O����1áÂÇ Anano �\ (4)—
(6) ªO��: ÃOß�ì�=��Ç� 8.48%, ü
� Si3N4 Oß�ì��=��Ç� 10.71%, B��

�Oß�ì��=��Ç� 12.71%. dd��,
�'ü� Si3N4 Oß�, B��
�Oß�é1Ï
ì�=��Ç�Jp�\²w.

3.3 BBB������


���AAA���������ëëëêêê`̀̀zzz

�
��B��
�Oß���ZOß�J,
�©éÙA�ëê?1
`z, `z(JXã 6 Ú
ã 7 ¤«.

b½W¿Ç f = 0.4, UCB��
��±
ÏΛ� � � � � U > ³ = � � Ç �Λ� m � '
X (Xã 6(a)). dã��, �W¿ÇØC, éuØ
Ó��, Si þÝ (h = 1 µm, h = 2 µm, h = 3 µm), =
��Ç�X±ÏΛ�ØÓ
Cz, þ3±Ï� 500
nm �����.

b½±ÏΛ = 500 nm, UCB��
�W¿
Ç f ����U>³=��Ç� f �m�'X (X
ã 6(b)). dã��, �XB��
�W¿Ç�Cz,
��U>³�=��Ç���Cz, � f = 0.2 ��
�U>³�=��Ç��.

ã 7 =��Ç�Oß�þÝ�'X

���þÝØÓ�, ��OßA5��Cz,
ã 7 L«���þÝ t Cz�, ü�Oß���
U>³ÚB��
�Oß���U>³=��Ç
�Czª³. dã��, éuB��
�Oß��
�U>³, �`�Oß�þÝ�� 110 nm; éuü
� Si3N4 Oß���U>³, �`�Oß�þÝ�
� 60 nm.

d 3.1 Ú 3.2 �©Û��, B��Oß�ü$

ì�é\�1���, Ó�e�����O\

13ì�¥�1§, Jp
ì��1áÂ, l
J
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p
ì�=��Ç. �â��0�nØ [20], duB
��
���3UC
 Si3N4 �����ò�Ç,
¦�B��
�Oß��ò�Ç�ü� Si3N4 O
ß��ò�ÇØÓ, Ïdü«Oß���ZþÝØ
Ó. dþã©Û��B��
�Oß���`(�
ëê�: ±Ï Λ = 500 nm, W¿Ç f = 0.2, þÝ t =
110 nm.

ã 8 =��Ç�\�1�Ý�'X

3.4 \\\���111���ÝÝÝééé������UUU>>>³³³===������ÇÇÇ���
KKK���

��U>³é\�1��Ýé¯a, �\�1
��ÝØÓ�, ��U>³�=��Ç�ØÓ. �
©O�
\��ÝØÓ�, ØÓL¡��U>³�
=��Ç, (JXã 8 ¤« (d?b� β=0, θ=90◦

� TE Å\�). L¡vkOß����U>³é\
�1��Ý α Cz'�¯a, �\�1 lR�¡
�, Ù=��Ç×�eü. ü� Si3N4 Oß���
U>³é\��Ý α �¯a§Ýü$, �\�1�
Ý�CzÙCz'�²­, �\�1�Ý�u 40◦

�, ��U>³�=��Ç×�eü. L¡�B�
�
�Oß����U>³3\�1\��Ý�
u ±10◦ �, Ù=��ÇÄ�ØC, �\�1�Ý�
u 50◦ �, ��U>³�=��Çeü�ÝO¯.
��, B��
�Oß�ü$
��U>³é\�
1�Ý�¯aÝ.

4 ¢�ïÄ

B��
��±ÏL1�Ú�¡ó²5¢
y. �
�yB��
���é1Ïì�5U�
Jp�¹, �©À^�1>³5U�C� Si &ÿ

ì (Φ200 µm) ��¢�ì�, |^�B\óEâ [21]

3Ù Si3N4 Oß�þ¡\óB��
�. �
��
°(�é'(J, 3Ó�� Si &ÿìþ¡\ó
Ø
Óº��B��
�, Xã 9 ¤«.

d 3.3 �©Û��B����`W¿Ç� 0.2,
�W¿Ç3 0.2—0.4 �mCz�, ì��=��Ç
CzØ�. �Ä�\ó�J´§Ý, 3ì�\ó¥
B���W¿Ç�O� 0.4. du¤\ó�B��

�º���, �d�ï
;^�ÿÁ¢�C�5
ÿþØÓ1ì^�e Si &ÿì�1>A5. |^
©11ÝOÿÁ
ì��1Ì�AÝ, ì��1Ì
�AÝXã 10 ¤«. ì�3\óB��
��c
�1Ì�AÝ­�Xã 10 ¥J�¤«; 3 Si3N4

Oß�þ\ó±Ï� 500 nm, W¿Ç� 0.4 �B�
�
��, Ù1Ì�AÝ­��ã 10 ¥�¢�¤
«. dã��, 3 400—600 nm ��Sì��AÝ
Cz��, � 3.1 !�ê�O���.

Á�¥ÏLé'ØÓ1ìe&ÿì�m´
> Ø Voc Ú á ´ > 6 Isc 5 µ d ì � � 5 U.
ë ì © z [19] 1 Ï ì � � � � Ñ Ñ õ Ç Ï ~
� P ∼0.8IscVoc, �|^m´>ØÚá´>6U

O(/µd&ÿì�5U. |^ 488 nm -1ì
Ú 532 nm -1ìÿÁì�3 400 nm—600 nm Å
ã�1>A5; |^� AM1.5 ��1ÌÄ���
������ýì5ÿþì�3 400 nm—1100 nm
Åã�1>A5. ¢�ÿ�ì��m´>ØÚá´
>6XL 1 ÚL 2 ¤«.

L 1 ØÓB��(�ì��m´>Ø Voc/V

488 nm 532 nm ��XÚ

Λ = 400 nm 0.327 0. 312 0.322

Λ = 500 nm 0.33 0.315 0.325

Λ = 600 nm 0.3255 0.31 0.32

Si3N4 Oß� 0.322 0.307 0.318

L 2 ØÓB��(�ì��á´>6 Isc/µA

488 nm 532 nm ��XÚ

Λ = 400 nm 0.604 0.2833 1.238

Λ = 500 nm 0.621 0.2915 1.249

Λ=600 nm 0.597 0.2792 1.224

Si3N4 Oß� 0.547 0.252 1.17
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ã 9 ØÓB��
��×£>ºì¡ (a) Λ = 400 nm, f =
0.4; (b) Λ = 500 nm, f = 0.4; (c) Λ = 600 nm, f = 0.4

ã 10 1Ì�AÝ­�

du\óØ���3, B��
��±ÏÚW
¿Ç�nØ�.¥�ëêk¤�O, ��¢�ÿ�
�êâ�nØ(J¬k�½Ø�. dL 1, L 2 �
�, B��
�Oß�éì��á´>6Jp��,
�3ØÓ�1ì^�e, éu±Ï� 500 nm, W¿
Ç� 0.4 �B��
�, á´>6�Jpþ´��
�. 3 532 nm -1ì�^�eá´>6�Jp�
� 15%, 3 488 nm -1ì�^�eá´>6�J
p�� 13%, ü«ì�^�em´>Ø�JpÑé
�, �� 2%, dd��, ì�3 400 nm—600 nm Å
ã=��Ç�Jp�� 15%. 3��ì�^�e,
ì��á´>6Jp�� 6.3%, m´>ØJp�
� 2%. ��, ì�3 400 nm—1100 nm Åã=��

Ç�Jp�� 9%. ¢�(JL²: B��
���
U
Jp1Ïì��1áÂ, l
Jp
ì��=
��Ç, �nØ©Û���.

5 ( Ø

3��¥\óB��
�U
UC����
�ò�Ç, l
UC���1ÆA5. �©JÑ
|^�B\óEâr1Ïì�L¡Oß���
¤B��
�(���{5Jpì��1áÂÚ
=��Ç. |^î�ÍÜÅnØ©Û
B��

����1ÆA5, ¿éB��
��(�?1

`z. B��
�����1Ïì��Oß�
U
éÐ/Jpì��=��Ç, ��B��

��±Ï� 500 nm, W¿Ç� 0.2, þÝ� 110 nm
�, ì��=��ÇJp��. |^�B\óEâ
3 Φ200 µm � Si &ÿìþ\óÑW¿Ç� 0.4, ±
Ï©O� 400 nm,500 nm Ú 600 nm �n«(�, ¿
�ï
�A�¢�ÿÁC�. ÿþ��B��
�
±Ï� 500 nm �, ì��=��Ç�p; ��'u
ü� Si3N4 Oß��ì�, 3 400 nm—1100 nm Å
ãá´>6Jp� 6%, 3 400 nm—600 nm Åãá
´>6Jp�� 15%, ¢�(J�nØ©Û��,
�y
B��
�é1Ïì�5U�Jp. nØ©
Û�¢�(JL², T�{QUJp1Ïì��=
��Çq�1Ïì��\óó²�oN, äkép
�¢^d�.
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Abstract

The optical characteristic of the nanohole array film is analyzed by using rigorous coupled wave, and the nanohole array film is

proposed to serve as photovoltaic device anti-reflection film to improve the device absorption and efficiency. According to theoretical

analysis, nanohole array anti-reflection film has a better anti-reflection effect than the monofilm and can better enhance the photovoltaic

device’s efficiency, especially in a speetral range of 400 nm–600 nm; the optimal period of the nanohole array is 500 nm, the optimal

filling factor of the nanohole array is 0.2 and the optimal thickness of the nanohole array is 110 nm. In order to testify the optical effect

of nanohole array, the nanohole arrays of different sizes are made by the micro-nano processing technology in the anti-reflection film of

the Φ200 µm Si Detector, and a relevant experimental system is set up. With the optimized nanohole arrays, the short circuit currents

of the experimental sample are increased ∼6% in a 400—1100 nm spectral range, especially, increased ∼15% in a 400 nm—600 nm

spectral range.
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