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æ^$pª�lfNOrzÆí��ÈEâp��È
kÃd¬�ü�X��¬7��. ÏLý� �1
Ì!.ù1ÌÚ XRD é��?1
©Û, uyæ^d¬��, 3���ÈÐÏkr?¬z��^; dud¬�~�

���p�¤Ø�m, Jp
����È�Ç. é'
¢�3�Úl�ý� �1Ìü«ÿþG�é©Û�¬7
���K�. ïÄuy, ������, ¢�3�ÿþ�����þÝ�ul�e�ê�; ����þ�, ü«ÿþ
^�e�����þÝ�É��; ¢�3�^�e���L¡o÷Ý��ul�^�e���ê�§ù´du�
��³3�í¥�L¡k7�zÔ)¤, éL¡k²w�^.

'�c: �¬7��, d¬{, p��È, ¢�3�ý� �1Ì

PACS: 68.55.ag, 68.55.jd, 52.80.Pi

1 Ú ó

$ p ª � l f N O r z Æ í � � È (very

high frequency plasma enhanced chemical vapor de-

position, VHF-PECVD) �{�È�¬7 (µc-Si:H)

�� [1−8] ®2�A^u��ì�, X��>³!
��¬N+!Daì�. du�� µc-Si:H ���
���>³�áÂ�, ¤±JpÙ�È�Ç®¤�
¦Ù×�¢yó�z�:. �´3p��È�
� µc-Si:H ���, ÐÏ�È��¬Èz��þ, ¿
����p�þ!5��. �Uõù�G¹, �ï
Ä�|3�±p��È�Ó�, æ��«�{5J
p µc-Si:H ����þ, X©Ú�È [1]!�DºF
Ý [2]!õÇFÝ [3]!§ÝFÝ [4] ±97�¢�5
\ [5] �. ��K|é�¬7����È�?1

NõïÄ [6−7], ©Ú�ÈÏ~kæ^pØr2æ^
$Ør [1], ·�kæ^$Ør!$õÇ!�7�
ßÝ$��È����¡�d¬�, ,�æ^pØ

r!põÇ!p7�ßÝ��{5Jp���È
�Ç. �æ^ý� �1ÌïÄd¬�é��¬z
G¹±9�È�Ç�K�.

ý� �1Ì (spectroscopic ellipsometry, SE)

´ÿþ��þÝÚ1Æ5���Ãã��, ´�
«ÌÄ�!�»�5�!Ã6Ä�!�0\��
{. d	�äk(¯Ýp!�B¯$�`: [9,10].

SE ÏL©Û\�1Ú��1 �G��Cz?1
ÿþ, �´L��¬7Ú µc-Si:H ��1ÆÚ�(
�A5�k�Ãã. X Kurmar � [11] æ^ SE ©Û

�1�>�È�¬7Ú µc-Si:H ����(�
Ú)�G¹; �<u� [12,13] æ^l� (ex situ)SE

ïÄ
�ÈíØ±9�È�Çé µc-Si:H ��)
��ª�K�. ¢�3�ý� �1Ì (real time

SE, RTSE) �±iÿ���)�L§, X Collins
� [14,15] æ^ RTSE iÿ
��)�L§¥�(�
Ú�=C. l�ý� �1Ì�ÿþ´3�¬�È
(å�, e%�g,G�e3�í�¸¥?1�.
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¢�3�ý� �1Ìÿþ´3�¬�È(å
���?1ÿþ, U�ý¢/�N�¬�(�Ú
1Æ&E. e�iÿ���)�L§, æ^Ä��
A�m�á�3�ý� �1Ì�±¼��\ý
¢���)�&E. �Ä��A�m�á� SE �
�3¤�þ�éul�� SE ���\[B, l
� SE ��±¼����L¡Ú�(�&E. �é
'ùü«ÿþG��m��É, ·�éæ^ VHF-

PECVD �È��¬?1
¢�3�Úl� SE ÿ
þ�'�, �æ^l� SE ©Û��5��Jø¢
�ë�.

�©æ^ VHF-PECVD Eâ�È
kÃd¬
��ü�X� µc-Si:H ��. ÏL SE!.ù1Ì
Ú X ��û� (XRD) Ãã©Û
d¬�3��
�È¥é��¬zÚ�È�Ç��^. æ^ RTSE

Eâiÿ
���)�L§, 3���È(å�
æ^ ex situ SE ?1
2gÿþ, '�
 RTSE

Ú ex situ SE ü«ÿþG�é©Û µc-Si:H ���
K�.

2 ¢ �

æ ^ ! � � Æ ¤ ì � ï � � ( / p ý
� PECVD XÚ���¿�È µc-Si:H ��. d
¬ � æ ^ $ Ø $ õÇ� � { � È, � È ^ �
� 200 Pa �AØr, 200 sccm íNo6þ, �.
§Ý� 220 ◦C, 7�ßÝ� 2%, �1õÇ� 5 W,

�È�m� 5 min, 4�må� 1 cm. 1�Ú��
Èæ^pØpõÇEâ, �È^�� 900 Pa �A
Ør, 160 W �1õÇ, 7�ßÝ� 5%, Ù¦�È
ëê�±ØC. UC1�Ú��È�m��ØÓþ
Ý���, $pª�-uªÇ� 75 MHz, Àæ�.
3�Èc�gæ^W'°!ZÑ!Ë°Ú�lf
Y�(Å�W, ,�^pX N2 NZ. ��(¬G¹
æ^ Renishaw-2000 ..ùÑ�1Ì¤©Û, ±C
-1ìÅ�� 532 nm, -1õÇ� 5.27 mW. ��
� XRD ãÌæ^Ö= Philips . X ��û�¤ÿ
Á. æ^{I J. A. Woollam úi)�� VASE .ý
� �1Ì¤é���È?1¢�3�iÿÚl
�ÿþ. ¢�3�iÿ��)��, 3n¿üýS
Ck\�Ú�Â �1&E�&Þ, ��1�>(
å���Èª��, 3ý�G�eé��?1ÿþ,

���1Ì=�3�ý� �1Ì, ��¬e%�

¿§�, ln¿¥r�¬�Ñ�2gé�¬?1
ÿþ, ����l�G�e�ý� �1Ì. é�
¬?1¢�3�Úl�ý� �1Ìÿþ�, þ�
± 70 ◦ \��Ú 10 nm �ÿþÚ�, ±9Å���
l 240 nm � 1100 nm ØC. �â WVASE32 ^�,

éÿþ�����ý ëê?1[Ü©Û.

3 (J�?Ø

3.1 ���...������nnn

ý 1Ìëê ψ Ú ∆ �±£ã��c�1Å
 ���Cz, Ù����©O� 0 6 ψ < π/2,

0 6 ∆ 6 2π, o��Xê�'� ρ � ψ Ú ∆ �'
X� [11,16]

ρ = Rp/Rs = tan ψei∆ (1)

Ù¥, Rp � Rs ©OL«�\�¡²1ÚR��
���r���Xê, tanψ L«1Å��c�²
1!R�ü©þ��ÌP~', ∆ L«1Å²1!
R�ü©þÏ��Úå�� Cz. ëê ψ

Ú ∆ �Cz����þÝ!5�!L¡o÷Ý
�k' [12]. ý 1ÌEâÿþ��®��2�
A^, Xÿþ���þÝÚ1Æëê� [17]. ý 
1ÌL���5��'�´ÀJÜ·�[Ü�.,

æ^ Bruggeman k�0�Cq�. (Bruggeman ef-

fective medium approximation, BEMA) ?1ý 1
Ì[Ü´O�äk�½(¬Ý7á�(�A5�
k��{ [17]. �z�¬7��´�¬â!¬â>
.!�ÉÚ�¬7���EÜ�á�, æ^k�0
��. EMA £ã0>¼ê [18]:

fmc
εmc − εeff

εmc + 2εeff
+ faSi

εaSi − εeff

εaSi + 2εeff

+fv
1 − εeff

1 + 2εeff
= 0, (2)

Ù ¥ εeff L « k � 0 > ¼ ê. ,	, εmc(fmc),
εaSi(faSi), εv(= 1)(fv) ©O´¬7!�¬�Ú�
Y�0>¼ê, ©z [12] 3[Ü µc-Si:H ���æ
^ 2 �1Æ�., r µc-Si:H ��w�d7��N
�ÚL¡o÷��¤, Ù0>~ê�æ^ BEMA £
ã. ·�æ^ã 1 ¤«� 3 �1Æ�. [19] [Ü. d
u7��3Ð©)�L§¥�3�¬Èz� [20],

��¬Èz�é��5�K�é�. �
�C¢S
�¹, 3N�e¡O\
��Ð©)��/¤��
¬Èz� di, Xã 1 ¤«. di ��¬Èz�þÝ, db
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�N�þÝ, ds �L¡o÷�þÝ, Ù¥L¡o÷
�w�d 50%�7��Ú 50%��É|¤. ��o
þÝ dt � di + db + 0.5ds. b��¬�Ú¬�þ�
n��mïÄé�, z��þÝÚNÈ'þæ^�
5�ü¦ δ2 ��=�, ù�´^5EO´Ä��
�Ð[Ü���IO [11].

δ2 =
1

N − m − 1

N∑
i=1

[(
tanψexp − tanψcalcu

)2

+
(
cos∆exp − cos∆calcu

)2
]
, (3)

Ù¥eI exp Ú calcu ©OL«¢��ÚO��, N

´¢�êâ��ê, m ´[Üëê��ê, ·�[
Ü�æ^�ëê´ di, db, ds, ÏL`z[Ü¦ δ �
�, l����þÝ��Z�.

ã 1 ý [Ü�æ^� 3 �1Æ�. [22]

3.2 ddd¬¬¬���������^̂̂

�ïÄd¬�é���È��^, Äkæ^$
Ø$õÇ^���
d¬�. ã 2 �d¬��.
ù1ÌãÚ0>¼êãÌ. éd¬��.ù1Ì
?1pdn¸[Ü���Ù¬zÇ� 64.3%. æ
^ 3 �1Æ�.éd¬��ý 1Ì?1[Ü, �
���oþÝ dt � 5.40 nm, L¡o÷�þÝ ds

� 1.96 nm. lý� �1Ì¥�±�����0
>¼ê [6], ε = 〈ε1〉 + i〈ε2〉, ���´�¬��, Ù
0>¼êJÜ 〈ε2〉 vkkb�¸, �´�^1w�
�, ù´du�¬7�ÃS5E¤�. éu¬N7
5`, 3Uþ� 3.5 eV Ú 4.2 eV NC¬kA�¸Ñ
y [21], ù´du¬N7�°[U�(�E¤�. l
ã 2(b) wÑ, d¬��0>¼ê3 3.5 eV Ú 4.2 eV

NCÑy
A�¸, L«d¬�äk�½�¬z,

ù�æ^.ù1Ìÿþ���(J´���.
�é'd¬�3���È¥��^, ©O�È


kÃd¬��ü|�¬. ã 3 �æ^d¬�c

����È 30 s Ú 180 s ��0>¼êãÌ, ã¥
J�´[Ü�¢�´ÿþ�, lü^��Ü
§Ý�±wÑ[Ü�Ú¢���´�Î�. �â
0>¼êãÌ�±���ä���¬z�¹, l
ã 3(a) ¥wÑ, 3vkd¬�����È 30 s �Ù
0>¼ê 〈ε2〉 vkA�¸Ñy, �´�^1w�
�, L²��vk¬z, ´�¬�; O\d¬��
3 3.5 eV Ú 4.2 eV ?®k¸Ñy, `²��u)

¬z. ã 3(b) ´��3�È 180 s ��0>¼êã,

�±wÑ3 3.5 eV Ú 4.2 eV ?þkA�¸Ñy, �
�¬z. du0>¼êãÌØUé���¬z?1
þzL�, Eæ^DÚ�.ù1ÌÚ XRD é��
�¬z?1½þL�.

ã 2 d¬�� (a) .ù1ÌãÚ (b) 0>¼êãÌ

ã 4 ¤ « � k Ã d ¬ � � � � .ù1 Ì
Ú XRD ãÌ. �±wÑÃd¬���È 30 s �
��3.ù1Ì¥ 480 cm−1 k���¬�, �
3 520 cm−1 ?vk¬z¸Ñy, 3 XRD ãÌ¥
�vkû�¸Ñy, ùL«��´�¬�, =�
�3É��.þÐ©)��/¤�¬Èz� [22].

æ^d¬�����¬zÇ×�Jp, û�¸r
ÝO\, ù�l0>¼êãÌ©Û��� &E
´���, l XRD ãÌ¥wÑû�¸©OéA
u (111)!(220) Ú (311) n�¸  [23], l¸rÝþ

036802-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 036802

wÑ��3 (111) ��þ¥yJ`�� [24], kd¬
��È 30 s ���, 3 (111) ��kû�¸Ñy, ¬
âº�� 17.16 nm, ùL²d¬�ép���¤Ø
(¬ké��^. �È�m� 180 s �, vkd¬�
��� (111) ¸�¬â��� 25.74 nm, kd¬�
� (111) ¸�¬â��� 29.41 nm. Ï���È�
m�O\��þÝO\, ��¥�¬âm©)�!
��, ¤±���.ù&ÒOr, ���¬zÇO
\, ¬âº�O\.

ã 3 kÃd¬��ØÓ�È�me7���0>¼ê
ãÌ (a) 30 s Ú (b) 180 s, 1 �L«vkd¬�, 2 �L«
kd¬� (eÓ)

é�È�kÃd¬����ý 1Ì?1[
Ü�����þÝ. ã 5 �ÑkÃd¬����
oþÝ��È�m�üz. l��oþÝ5w, O
\d¬��3�ÈÐÏ��þÝ²wO\, ��
�È�m�O\, ��þÝ�ÉC�. 3�Ð�
È� 30 s S, æ^d¬������È�Çd�
5� 2.67 nm/s Jp� 3.70 nm/s, �È�ÇJp�
C 1 nm/s. 3���È 60 s �, æ^d¬����
��È�ÇJp
 0.23 nm/s, ��È�m�ò�,

d¬�éJp���È�Ç�`³Ø2²w. ¬â
�¤Ø�mÉ��.�G¹±9�lfNé�.
�?n�¹�^��K� [25]. 3�Ó��È^�
e, kd¬����Ù¬zÇ¬Jp [26], ®²�3

�d¬��üX�¬7��)��¤Ø/:, ¤±
��¡Jp
Ù¬zÇ,,��¡~�
p�¤Ø
�m, l¦�����È�ÇJp. ��¬7�
���3�¬�Àæù«É��.þ�È�, I�
���p�¤Ø�m, Fang Ú Drevillon[27] æ^¢
�3�ïÄ
��¬7��3 TCO �.þ�È�
I� 30 s—60 s �p�¤Ø�m. d¬�\�
�
��¬zL§, ~�
��¥��¬�.

ã 4 kÃd¬��7��� (a) .ù1ÌãÚ (b)
XRD ãÌ

ã 5 kÃd¬����þÝ��È�m�Cz

3.3 ¢¢¢���333������lll���ýýý���   ���111ÌÌÌ���'''���

· � � È
� X�� ¬, é '
¢ � 3
� RTSE Úl� ex situ SE ü«ÿþG�eé
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©Û�¬7����É. ã 6 � RTSE Ú ex situ

SE ü « ÿ þ G � e Ø Ó þ Ý � ¬ � 0 > ¼ ê
ã Ì, J � � l � ^ � e ÿ þ � � � ý �   �
1Ì, ¢�´¢�3�^�e���ãÌ. �±
wÑ��3 3.5 eV Ú 4.2 eV ?ÑyA�¸, �
�¬z. ��±wÑ, 3Uþ$u 3 eV ?kZ
� ¸ � 3, � � � þ Ý O \ �, $ U þ ? � Z
� ¸ ê 8 O \ [28]. Ï ~ @ � 0 > ¼ ê 〈ε2〉 �
� Ì r Ý � � � L ¡ o ÷ Ý ± 9 � � N S �
�   � " � k ' [29], l ã 6 ¥ w Ñ 3 $ U þ

ã 6 RTSE � ex situ SE ^�eÿþØÓþÝ7��
�0>¼êãÌ (a) $Ø$õÇ�È 5 min; (b) pØp
õÇ�È 30 s; (c) pØpõÇ�È 150 s

Ü©ü^���É��, �´ RTSE ^�e 〈ε2〉
�¸ �$UþÜ©u)
ù£, Ó�3pUþÜ
© 〈ε2〉 ��Ìu)
eü, ùL²���L¡o÷
Ýu)
O\ [30,31].

l0>¼ê�Cz·�½5��
ü«ÿ
þG�e��L¡o÷Ý��É, �?�ÚïÄ
ü«ÿþG�e��É, ©Û
���þÝÚL
¡o÷Ýê�. éã 6(a) ¥þÝ�����5
`, [Ü�� RTSE eoþÝ� 4.32 nm, L¡o
÷�� 2.59 nm; ex situ SE ^�e��oþÝ
� 5.40 nm, L¡o÷�� 1.96 nm. é' RTSE

Ú ex situ SE ü«ÿþ^�e�êâ, uy���
oþÝ´ ex situ SE G�e��, ���L¡o÷
ÝE� RTSE e��. ù´Ï�3�ÿþ���?
uý�G�, ��L¡vk��z; ��¬lý�
�¸=£��í¥���L¡��z, ù���L
¡�Ü©�Y���z7¤O�, ����L¡o
÷Ýeü. �?�ÚïÄü«ÿþG���É, ©
Û
��þÝ���ü«ÿþG�e����É.

ã 7 RTSE Ú ex situ SE e��oþÝ�L¡o÷Ý
��È�m�üz

ã 7 ¤ « � � � þ Ý � � � © O 3 RTSE

Ú ex situ SE ü«ÿþG�e�����þÝÚ
L¡o÷Ý�&E. ��oþÝÉ RTSE Ú ex situ

SE ü«ÿþG��K���; ü«ÿþG�e
L¡o÷ÝKk����É, RTSE e���L¡
o÷ÝoNþ�u ex situ SE e���ê�. ù�
lã 6 ¥©Û0>¼êCz�����L¡o÷
Ýê��Cz�¹´���. du RTSE �±Ä�
�N���)�L§, lã 7 �±�����L¡
o÷��üzµ��È�m�O\, ��L¡o÷
Ý¥yÑkO\2~�, ,�2gO\�L§, ù
«Czª³�©z [5,32] æ^ AFM L��(J´
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�¬Ü�. éïÄ���L¡o÷��)��m�
Cz5`, RTSE Ø�����Ð�Ãã.

4 ( Ø

æ^ VHF-PECVD Eâp��È
kÃd¬
�ü�X� µc-Si:H ��. ÏLý� �1Ì!.
ù1ÌÚ XRD é(J?1
©Û. 3���ÈÐ
Ï, d¬�ér?��¤ØÚ¬z�^��²w,

¿�~�
���p�¤Ø�m, ¦�����È

�ÇJp. 3��þÝ�þ�, d¬��r?�^
Ø2²w. æ^ RTSE é����ÈL§?1
i
ÿ, 3���È�æ^ ex situ SE 2gé��?1

ÿþ, é'
ùü«ÿþG�é©Û µc-Si:H �
���É. ïÄuy, ���þÝ���, RTSE e
ÿþ�����þÝ�u ex situ SE e�ê�; �
��þÝ���, ü«�{������oþÝA
��Ó. éL¡o÷Ý5`, RTSE ^�e����
�L¡o÷Ý��u ex situ SE ^�e�ê�, ù
´du���³3�í¥�L¡��z, ¿�)¤
��zÔé��L¡k²w�^.
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Abstract

Microcrystalline silicon thin films with and without a seed layer are deposited using very high frequency plasma enhanced chem-

ical vapor deposition method at a high growth rate. The influence of the seed-layer method on the film growth and structure are

investigated using spectroscopic ellipsometry (SE), Raman spectrum and X-ray diffraction. The results show that the seed-layer can

not only increase the growth rate, but also promote crystalline nucleation at the initial growth stage. The deposition processes are

monitored by real time spectroscopic ellipsometry (RTSE). The film is also measured by ex situ SE in the air. The differences between

the RTSE and ex situ SE are studied in testsing the microcrystalline silicon thin films. Results show that for the thin films the total

thickness obtained by RTSE is smaller than that by ex situ SE, while for the thick films the measured total thicknesses by the two

methods are almost the same. However, the surface roughness thickness detected by RTSE is larger than that by ex situ SE. The reason

for this is due to the oxidation of the thin film exposed to the air which can smooth the film surface.

Keywords: microcrystalline silicon thin film, seed layer method, high rate deposition, real time spectroscopic
ellipsometry
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