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L¡��´�«k�ü$L¡��Ç!Jp7Ä��U>³�Ç��{. æ^�lfNEvlf5\��{
��
ç7|���. ©OÏL�fåw�ºÚb	 - �� - Cù	©11ÝOéç7�¬L¡/mÚ��Ç?1
©Û, (Juyç7�¬L¡Ù÷
pÝ� 0—550 nm �ì¸G(�, (��¥7NÈ©êÚò�Ç�|���þ
ÝO\ëYü$. 3 300—1000 nm Åã��S, ç7�¬�\�²þ��Ç$� 6.0%. ÏLD4Ý
�{éç7
�¬��Ì?1�[, �����Ì�¢ÿ��Ì�~ÎÜ.

'�c: �lfNEvlf5\, ò�Ç, |���, ç7

PACS: 81.07.–b, 52.77.Bn, 78.67.–n, 85.40.Ry

1 Ú ó

�r���uü«á�.¡?ò�Ç�Ø
ëY5, X3�íÚ7á��.¡, ò�ÇÒ´d
�í� nair = 1aC� nSi = 3.5, ù«ò�Ç�a
C���©7¡L¡���Çp� 40%, îK�

7Ä1>ì�AO´7Ä��U>³�5U [1].
�
ü$\�137¡L¡���,Ï~37�L
¡�È��ò�Ç0u7Ú�í�m�|���,
X�È��ò�Ç0u 2.0—2.3 ��z7��, �
ù�UéA½Å��\�1å|���^ [2]. L¡
��´,�«k�ü$7L¡��Ç��{, Xó
�þ~æ^w�@¡��{3ü¬7L¡���
�?�7i©(� [3], duõ¬7á�¬��Ø�
�5, w�@¡��{ØU^uõ¬7��O. ó
�þ~æ^��@¡��{3õ¬7L¡���
�?�]ø(���~����8�, ���@¡
�7¡L¡��ÇEp� 25%[4]. �
?�Úü$

7¡L¡���Ç, <�ïÄ
õ«��ç7|�
����{. �¦-1�U��°Åã$��Ç�
|��� [5,6], �Ù���|���  þ�A�
��, du|����g��ÑlK�
��U
>³�5U. >zÆ@¡ [1,7] Ú�Alf�¡ [8] �
�{�U��þÝ� 1 µm �|���, �Tã�
{���|����$��Ç«��Ä.

�©æ^�lfNEvlf5\ (plasma im-
mersion ion implantation, {P� PIII) ��{��ç
7|���. ©OÏL�fåw�º (atomic force
microscope, {P� AFM) Úb	 - �� - ù	©1
1ÝOéç7L¡/mÚ��Ç?1©Û. ¿ÏL
D4Ý
�{éç7�¬1Æ��?1�[, ©Û
ç7�|��A5.

2 ¢ �

¢ � ¤ ^ � 7 ¡� p . (100) ¬ �, � »
� 150 mm, >�� 125 mm �a�/ü¬7, 7
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¡þ 210 ± 20 µm, >{Ç� 1—3 Ω/cm. ç7|�
�����d PIII ��XÚ�¤. ¤^ó²íN
� SF6/O2, íN6þ'� 4/1; �lfN>õÇ
� 1000 W, ó�Ør� 1 Pa; ¤\ �>Ø�óÀ
�6 Ø, >Ø���� –500 V, óÀ°Ý 30 µs;
���lfN?nL§±Y 5 min. 3 PIII L§
¥, lz�ÍÄ¬5\�7�.¥¿�7�A)
¤�u5� SiF4 íN, lå��¡��^; )
¤Ô SixOyFz ¬�È�7�L¡{�ÍÄ�7�
UY�A, lå�ðz��^; 3ùL§¥, 3
�6óÀ Ø�^e\��pUlf¬EÂ�
È� SixOyFz , l¦ÍÄUY�7�A. 3þã
n«�A��Ó�^e, 7¡L¡/¤�Å©Ù
�(� [9].

ç7�¬L¡/md AFM ÿ�. ç7�¬�
�Çd�kÈ©¥�b	 - �� - Cù	©11Ý
Oÿ�, ÿÁÅ���� 300—1000 nm, 1\��
� 8◦.

3 (J9?Ø

ã 1 � Ñ æ ^ PIII � � � ç 7 L ¡ / m
� AFM ã. ��ç7�¬L¡Ù÷
�Å©Ù
�ì¸G(�, (�pÝ©Ù3 0—550 nm, =|�
��þ 550 nm, (�±Ï�� 300 nm.

ã 1 ç7L¡/m AFMã

ã 2 ��©ü¬7Úç7�¬��Ç�,
Ù¥� a ��©ü¬7��Ì, � b �ç
7 � ¬ � � � Ì. � ± w Ñ: 3 � � Å ã, ç 7
� ¬ � � �Ç² w $ u � © 7 ¡ � � �Ç. 3
I O AM1.5G (1000 W/m2, 25 ◦C) �� 1 Ì e,
é 300—1000 nm Åã��S��Ç¦\�²þ
��Ç, ���©ü¬7Úç7�¬�\�²þ�
�Ç©O 29.8%Ú 6.0%. ç7�¬�$��Çu

ÙL¡�ì¸G(�|���. 3ç7|���¥,
7�NÈ©ê�|���þÝ�CzCz, ��
ò�Ç�|���þÝ�CzCz, �ª��ç
7�¬3°Åã�$��Ç.� �� ��� ��� � �� 	 

ã 2 �©ü¬7Úç7�¬��Ì a��©ü¬7��Ì;
b�ç7�¬��Ì

ã 3 �Ñ
7NÈ©êÚ(�pÝ'Ç�X
|����Ý�©Ù�, Ù´�â AFM ÿ��
ç7�¬L¡/m (ã 1) ©Û��. ã 3 � a
�7NÈ©ê�|����Ý�©Ù, � b �
(�pÝ'Ç�|����Ý�©Ù. dã 3 �
�: �X|����Ý�O\, 7NÈ©êl 100%
(7�.�|���.¡?) ëYü$� 0 (|�
����í.¡?). �|����Ýl 0 O\
� 150 nm �, 7NÈ©êl 100%�úü$� 93%;
�|����Ýl 150 nm UYO\� 370 nm �,
7NÈ©êd 93%×�ü$� 7%; �|����
ÝUYd 370 nm O\� 550 nm �, 7NÈ©ê
d 7%�úü$� 0. 7NÈ©ê�ü$Ì�©Ù
3 150—370 nm, `²|���¥�(�pÝõ©
Ù3 150—370 nm «m, �ã 3 � b �Ñ�(�
pÝ'Ç�|����Ý�©Ù��.

duç7(�A�º��u\�1Å�, ¤±
�1ì��ç7�¬L¡�, 1Ø´ÏL�ü�
(��ûÑ��^ü$��Ç, ´ÏL���(
����^ü$��Ç. �âk�0�nØ, A�
±Ï�u\�1Å��ç7|����±��¤
õ�k�0�, k�0��ò�Ç0u�í�7�
m, z���0��ò�Ç n(z) ��â Maxwell-
Garnett �.¦Ñ [10,11]:

n(z)2 − n2
air

n(z)2 + 2n2
air

= (1 − f(z))
n2

Si − n2
air

n2
Si + 2n2

air

, (1)

Ù¥, f(z)�7NÈ©ê, nair ��í�ò�Ç, nSi

�7�.�ò�Ç.ã 4 �Ñ
��ç7|���
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¥ò�Ç�|����Ý�©Ù�, Ù¥� a
��5Cz� (é'�), � b�ç7|��
�¥ò�Ç�|����Ý�©Ù�. dã 4 �
�: �Xç7|����Ýl 0 O\� 550 nm, ò
�Çl��.��?� 3.5 ëYCz���í��
?� 1. ù«ëY�CzØ´{ü��5Cz,ÏL
õ�ª[Üuy, ò�Ç�|����Ý�O\¥
Ôg�¼ê©Ù.� �� �� � �� �� �� � �� � �� � ��� ��� ��	 
� � 
ã 3 7NÈ©êÚ(�pÝ'Ç�|����Ý�©Ù�
a�7NÈ©ê�|����Ý�©Ù�; b�(�pÝ'Ç
�|����Ý�©Ù�� � �� � �� � �� � �� � �� � �� � � 	 
 � � � � � � � � 
ã 4 ç7�¬�ò�Ç�|����Ý�©Ù a��5©
Ù; b�ç7�¬�ò�Ç�|����Ý�©Ù

òç7�¬��¤õ�|���, �±3Ù¥
?���, rþ¡����¤��.¡, e¡��
��¤,��.¡, ��XÚ��¤��|���,
2|^�r�úª=�¦�õ���|��Xê,
U¦�õ�����Ç [12]:

R = |r| =
∣∣∣∣n − Y

n + Y

∣∣∣∣ , (2)

ª¥ Y = C/B ���1Æ�B, �^D4Ý
{
¦�:B

C

 =

∏ cos δ (i sin δ) /η

iη sin δ cos δ


1

n

 , (3)

ª ¥ 2δ ���ü � Z 1 å � � �, δk =
2πnkdk cos θk/λ (k = 0, 1, · · · ,m),  θk � d
sin (θ0) = nk sin θk (k = 1, 2, · · · ,m) ¦Ñ.
ã 5�¢SÿþÚ�[�ç7�¬��Ì, 

� a �¢Sÿþ���Ì, � b ��[���
��Ì, Ù¥�[Ì´^D4Ý
{�[��, �
[Å���� 300—1000 nm, �[�b�1R�
\�. é'ã 5 � a Ú� b uy: 1) �[Ì�
¢ÿÌA���ÎÜ,ÏLO����[Ì�\�
²þ��Ç� 5.9%, A��u¢ÿÌ�\�²þ
��Ç 6.0%; 2) �[���Ì1wÃ��. ùØ
Óu��¥�(J, ��¥��[��Ì  pu
¢ÿ�, ��[���Ì�3²w��� [1,7]. �
©��[(J�¢ÿ(JÎÜ��Ï´: 1) �[
´Äu AFM ÿ��ç7L¡/m�¤�, O(�
N
ç7�¬�L¡o÷Ý, �Ø
L¡o÷Ýé
�[(J�K�; 2) �[�z���0��þÝ
� 1 nm, ��0���êþv
õ, ¦�ò�Ç�
|����ÝëYCz, �ª��°Åã��S²
w�$��Ç�.��� �� �� ��� �� �� ��� �� � 	 

ã 5 ¢ÿÚ�[�ç7�¬��Ì a �¢Sÿþ��Ì;
b��[��Ì

4 ( Ø

ÏL�lfNEvlf5\��{��

ç7|���. ��|���þÝ�k 550 nm,
3 300—1000 nm Åã, ç7�¬�\�²þ��
Ç$� 6%. ÏL�[uyç7�¬|��A5´
dò�Ç�|����ÝëYCzÚå�, ��[
�����Ì1wÃ��, �¢ÿ��Ì�~ÎÜ.
d«°Åã�ç7|����k�ü$13|�
��¥�áÂ�Ñ, lJp��U>³�ì��
5U.
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Study on the optical characteristic of “black silicon”
antireflection coating prepared by plasma

immersion ion implantation∗
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Abstract
Surface texturing is an effective method to reduce surface reflectance and improve the efficiency of silicon solar cell. In this

paper, the “black silicon” antireflection coating is fabricated by using plasma immersion ion implantation. The surface morphology
and reflectance are investigated by atomic force microscope and UV-VIS-NIR spectrophotometer, respectively. Results show that
mountain-like structure with a depth of 0—550 nm is fabricated on black silicon surface. Both the fractional area occupied by silicon
and refractive index decrease smoothly with the increase of depth across the antireflection coating. The weighted average reflectance
of black silicon is as low as 6.0% in a wavelength range of 300—1000 nm. The depression mechanism of the optical reflectance is
analyzed by simulating the structure with the transfer matrix method, and the simulation result fits the measured spectrum well.
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