
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 016803

ppp§§§òòò»»»???nnneee SiNx ������|||¤¤¤999���ÜÜÜ(((���CCCzzz*

ñru Q�R† Ü�

( u¥�E�Æ>f�Æ�EâX, ÉÇ 430074 )

( 2011 c 3 � 4 FÂ�; 2011 c 3 � 30 FÂ�?Uv )

æ^�lfOrzÆí��È{, ±RíÚ7���AíN, p .ü¬7��., $§e (200 ◦C) ��
�zÆ
Oþ'�z7 (SiNx) ��. 3 N2 ¨�¥, u 500—1100 ◦C ��Sé��?19ò»?n. ¿§e©O¦^ Fourier

C�ù	áÂ (FTIR) 1ÌEâÚ X ��1>fUÌ (XPS) Eâÿþ�ò»±9ò»?n� SiNx ��� Si—N,

Si—H, N—H ��Ü(�Ú Si 2p, N 1s >f(ÜU±9��S N Ú Si �f¹þ'� R �Cz. �[?Ø
ØÓ
§Ýò»?ne SiNx ��� FTIR Ú XPS 1ÌüzÓ��S Si, N, H �fm�Ü�ªCz�m�'X. ÏL©
Û FTIR Ú XPS 1Ìuyò»§Ý$u 800 ◦C �, SiNx ��S Si—H Ú N—H �ä��Ì�/¤ Si—N �; �ò»
§Ýpu 800 ◦C ���S Si—H Ú N—H �ä�|u N ��ºÑÚ Si B�âf�/¤; �ò»§Ý�� 1100 ◦C

� N2 � SiNx ���)zÆ�A����S N Ú Si �f¹þ'� R O\. ù
(JkÏu��p§e SiNx ��
�U�)�zÆ�AÚ`z SiNx ��S� Si B�âf��ëê.

'�c: SiNx ��, Fourier C�ù	áÂ1Ì, X ��1>fUÌ, �Ü(�

PACS: 68.55.−a, 68.60.Dv

1 Ú ó

SiNx ��á�31>fì�¥®���þ
A^, §Ø=���8¤>´¥��mý��, �
�¤�����¬N+á�^5)�²�w«ì
� [1]. d	§������U>³�~���Ú>
³�L¡ðz�±Jp>³�½5Ú��5. �
C, ¹ Si B�âf (½ Si þf:) � SiNx ��u
1A5��þïÄ [2,3]. ¢�uy7�zÔ¥� Si

B�âfÓ7�zÔ¥� Si B�âf�'3áÅ
���äk�p�u1�Ç [4], ¿�1u�Å�3
����1Ì��SäkëY�N5 [5], ù¦§3
u1�?+!1Å�Ú1pë�1>f+�k
�$^¤��«d3d��p�u1á� [6]. ,
	, ¹ Si B�âf� SiNx ��á�3�51n�
p�Ç Si Äþf:��U>³A^�¡�k�p
Ï" [7]. Ï9ò»?nU{ük�/UC SiNx �
��zÆ|¤9�Ü(�, ¤± SiNx ��ÃØ�
�u1á��´A^31n���U>³þ, ��

Ñ�éÙ?19ò»?n±B`z��(�Úv
ÛÑ Si B�âf (½ Si þf:). <�Ï~3 N2 ¨
�¥é SiNx ��¢�9ò»?n [8,9], ,, 9ò
»?nòÚå SiNx ���Ü(�Ú|¤¤©u)
Cz±9p§9?nevÛÑ� Si B�âf�U
u)�z [9,10]. d	, p§e SiNx ����U�3
©)y� [11,12]. ¤±�[ïÄ N2 ¨�¥p§ò»
?né�zÆOþ' SiNx ��|¤Ú�Ü(��
K�kÏu��p§e SiNx ���U�)�zÆ
�AÚ`z¹ Si B�âf SiNx ����ëê. �
©3$§e (200 ◦C ) ÏL�lfOrzÆí��
È{ (PECVD) �� SiNx ��. �
vÛÑ Si B�
âf, u N2 ¨�¥3 500—1100 ◦C §Ý��Sé
��?19ò»?n. æ^ Fourier C�ù	áÂ
1Ì (FTIR) EâÚ X ��1>fUÌ (XPS) Eâ
ÿþ9ò»?nc�¹ Si B�âf� SiNx ���
Ü(�!zÆ|¤!N Ú Si �f¹þ'� R 9 Si

2p Ú N 1s >f(ÜUCz, ±¼�3 N2 ¨�¥9
ò»?né SiNx ��zÆ|¤Ú�Ü(��K�.
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2 ¢��{

3DÚ²1�>Nª PECVD XÚ¥, ¦^
XÝpu 99.999%�RíÚ�íDº 10%�7�
���AíN, æ^ªÇ� 13.56 MHz �õÇ
- y � l f N � 1 � >, ± � » 10 cm � . V
¡�1ü¬7¬���.�� SiNx ��, �.
§Ý� 200 ◦C. 7�ÚRí6þ©O�±3 60

Ú 50 sccm (1 sccm = 1 mL/min) �m, �AnNS
�Ør�±3 0.8 Torr (1 Torr = 1.33 × 102 Pa) �
m, Û�L§¥�ªõÇ��3 80 W �m, �È�
m� 40 min. Û��¤�, 7¬����¤eZ�
¡±(�z¡��¬ò»c?u�ÓG�. �¬
��u¿÷ N2 (XÝ� 99.999%) ��=ò»¬S
3 500—1100 ◦C §Ý��S?19ò»?n, ò
»�ª´z¡�¬l¿§dò»¬��\9�¤
���ò»§Ý¿�± 10 min, ��äm\9>
, u�=¬S3vk?Û	\e%���^�
e��g�Ñ9e%�¿§. æ^ VG Mmultilab

.� X ��1>fUÌ¤ÿþ SiNx ���¬ò
»?nc� Si 2p Ú N 1s >f(ÜUCz&E,

XPS ÿÁ�À^ Al Kα X ��, z^Ì��×
£Ú�� 0.05 eV. æ^.Ò� VERTEX 70, ©EÇ
� 4 cm−1 � Fourier C�w�ù	1Ì¤ÿþ�
��¬ò»?nc��ù	áÂ1Ì±iÿ�¬
�Ü(�Cz. 3�¬1ÌuÿL§¥, ü«1Ì
O���ëêéu¤kuÿ��¬þ�Ó.

3 (JÚ?Ø

3.1 FTIR 111ÌÌÌÿÿÿþþþ(((JJJ���©©©ÛÛÛ

ÿþØÓ§Ýò»e SiNx �� FTIR 1Ì�
¼��¬zÆ�(��9?nCz�&E. ã 1 ´
�ò»ÚØÓ§Ýò»e SiNx ���ù	áÂ1
Ì. Ì¥�¸éA��¥�«ù	¹5�Ä�ªá
Â, 470 cm−1 NC�áÂ¸éAu Si—N ��é
¡� �Ä�ª, ¥%3 840 cm−1 NC�áÂ�
� Si—N ���é¡� �Ä�ª, 1180 cm−1 N
C�áÂ¸éAu N—H ��²¡~{�Ä�ª,

2170 cm−1 NC�áÂ¸� Si—H ��� �Ä
�ª. 3350 cm−1 NC�áÂ¸� N—H ��� 
�Ä�ª, ±þ1Ì��©ÙÓú@(J [6,13−15]

��. ã 2 ´ Si—N(840 cm−1), Si—H(2170 cm−1)

Ú N—H(3350 cm−1) ��Ä�ª��éáÂ¸
rÝ�ò»§ÝCz�. ØÓ§Ýò»e, þ
ã Si—N, Si—H Ú N—H ��Ä�ª��éáÂ
¸rÝ���ò»��¬� Si—N, Si—H Ú N—H

��Ä�ªáÂ¸rÝ�ò»cþã��¤éA
��Ä�ªáÂ¸rÝ�'�. �ò»§Ý�O\,

ã 1 Úã 2 « N—H Ú Si—H ��� �Ä�ªr
ÝÅìü$. d(JL², SiNx ��S� H �f�
ò»§Ý�,pØäºÑ. 3 800 ◦C ò»� N—H

��� �Ä�ª®Ä���,  Si—H ��� 
�Ä�ª3 1100 ◦C ò»�â������ò»§
Ý�,pØä�pÅê��£Ä (ã 1 J�¤«).

Si—H �� �Ä�ªØä�pÅê��£ÄL
² Si—H �U�ò»§Ý�,pØäO\. ùÌ�
´dup§ò»�� N—H Ú Si—H �ä�, l
Úå�õ� N �fÓ Si �f(Ü. ùÓe¡ò�
©Û� XPS 1Ìÿþ¥ Si 2p ¸ Åì�pUþ
��£Ä�ÎÜ. Rinnert � [16] ®3 a-SiOx:H �¬
¥*	��Ó Si �f(Ü� O �fêþO\�ò
�� Si—H �UO\l�5�Juä�. du3
ù	¹5áÂ�¡�z7Ú�z7äk�q5, d
d�±íä3 SiNx ��¥�Ó Si �f(Ü� N

�fêþO\�½òÚå Si—H �UO\l�
5�Juä�, ©z [4] éd�k�Ó���. dþ
©Û@� Si—H �U�ò»§Ý,pO\´�
� 1100 ◦C ò»� Si—H �� �Ä�ªâ���
��Ì��Ï.

ã 1 �ò»Ú��ØÓ§Ýò»e�¬� FTIR 1Ìÿþã

Ó Si �f(Ü� N �fêþ�O\Ø=U�
� Si—H ��UO�, ���U|u Si B�â
f3 SiNx ��S�/¤. ùÌ�´du3e¡ò
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�©Û� XPS 1Ì¥Ñy
 N Ú Si �f¹þ'
� R �ò»§Ý�,pØä~��y�. 3 SiNx

��S�Ó Si �f(Ü� N �fêþO\�Ú
å�zÆOþ'� SiNx (�Åì�CzÆOþ'
� Si3N4 (� [4], 2\���S� N Ú Si �f¹þ
'� R Øä~�, ù�´Úå Si B�âfl SiNx

Ä�¥ÛÑ. Ød�	, Si—H ��ä��´r? Si

B�âf�/¤, ùÌ�´duò»§Ý�O\ò
�� Si—H �©), ?Úå�5�õ� Si �f
�)]!�, Si �f]!��O\|u Si B�â
fv(Ø�/¤Ú Si B�âf�ÛÑÚO\ [4,13].

Si B�âf�/¤·�®3©z [17] ¥�
¿©
Øã¿3e¡ XPS 1Ì©Û¥ò�?�ÚØy.

ã 2 Si—N, Si—H 9 N—H ��Ä�ª�éáÂ¸r
Ý�ò»§ÝCz�

ã 3 �ò»ÚØÓ§Ýò»e�¬� N 1s � XPS 1
Ìã

éu Si—N ���é¡� �Ä�ª, dã 2

�uy, �ò»§Ý$u 800 ◦C �ÙrÝ�ò»§
Ý�,pO\, 800 ◦C ±þ�ÙrÝ�ò»§Ý
�,p�úeü. Si—N �é¡� �Ä�ªrÝ
O\Ì�8Ïu Si, N �fl Si—H Ú N—H ä�
�u)#|Ü/¤ Si—N �, ¿��ÏLXez

Æ�Aª?1{ü)º [18]:

N—H + Si—H → H2 ↑ +Si—N. (1)

3 800 ◦C ±þÙrÝ�ò»§Ý�,pke
ü�ª³�Uup§ò»e SiNx ��u)
©
)�A. XezÆ�Aª [19] �é SiNx ���©)
?1{ü`²:

Si—N + N—H + Si—H → N2 ↑

+H2 ↑ +Si—Si, (2)

(2) ª�L²3 SiNx ��u)©)�Ó��kÏ
u Si B�âf�/¤. p§e SiNx ��u)©)
�y�3e¡ XPS 1Ì©Û¥�?�Ú��y¢.

���¹e, FTIR 1ÌéL� SiNx ��¥� H �
üC�~¯a, , FTIR ÿþ%ØU°(�Ñ Si,

N �f��Ü(�CzÚ Si B�âf/¤�&E.

e¡òÏL XPS 1Ì©Û?ØØÓ§Ý9ò»?
n� SiNx ��|¤¤©Ú Si, N �f�äN�Ü
(�Cz.

3.2 XPS 111ÌÌÌÿÿÿþþþ(((JJJ���©©©ÛÛÛ

ÿþ XPS 1Ì�±^5©Û SiNx ��ò»
c����|¤Ú�ÜG�. ã 3 Ú 4 ©O�Ñ
�´ SiNx ��L¡? N 1s Ú Si 2p >f(ÜUÌ
�. lùüã�±uy N 1s Ú Si 2p ¸ äk�Ð
�é¡5, ùL² N Ú Si ü��3 XPS 1Ì¥ä
kéÐ�ü¤©(�. ,	, ��ß/w« SiNx �
�S Si 2p Ú N 1s >f(ÜU�ò»§Ý�Cz,

ã 5 ��Ñ
 Si 2p Ú N 1s >f(ÜU¸ ��ò
»§ÝCz�ã.

éu N 1s ¸ , dã 3 Ú 5 �uy N 1s >
f(ÜUÌ��¸ 3��ò»§Ý��S��
3 397.5—397.6 eV �mCz, ùÓ©z [15] �Ñ
� N 1s ¸ � 397.7 eV ± 0.2 eV �ÎÜ. ,	, N 1s

ãÌ¥¿�Ñy SiNx ���z�~Ñy� (Si—

)2N—O (399.7 eV) Ú Si—N(—O)2 (402.8 eV) ¤é
A� N 1s ¸ [15], ±þ`² SiNx ���¬S� N

�fÌ�� Si �f(Ü, Ùò»c� Si, N zÆ�
É����K�éf.

éu Si 2p ¸ , dã 4 Úã 5 �w�Øò»
§Ý� 1100 ◦C ±	, �ò»§Ý�O\ Si 2p >
f(ÜU¸ Åì�pUþ��£Ä. �ò»§Ý
�� 950 ◦C �, Si 2p ¸ £���� 102.5 eV ?.
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Kärcher � [20] ïÄuyX a-Si ��¥ Si0 � Si 2p

¸ � u 99.6 eV, X Si3N4 ��¥ Si4+ � Si 2p

¸ � u 102.6 eV, � Si 2p >f(ÜU¸ ?
u 99.6—102.6 eV �m� SiNx �æ7�zÔ(�.

±þL²�ò»§Ý�,p�zÆOþ'� SiNx

(�Åì�CzÆOþ'� Si3N4 (�. d(Ø
�ÏL�Å�Ü�. (random bonding model, {P
� RBM) �?�ÚØy. RBM �. [4] ÄuÚO5
Ær a-SiNx �äw� Si—Si4−nNn (n = 0, 1, 2, 3,

½ 4) Ê«¤©��«ÚO©Ù. 3ù��.¥, z
� Si 2p >f(ÜUÌ�þd������°�¸
|¤. � n ��þ,, Si 2p ¸ Åì�pUþ��
£Ä, lã 4 Úã 5 é´uy�ò»§Ý�O\ Si

2p ¸ Åì�pUþ��£Ä. �â RBM �.,

ù`²�ò»§Ý�,pÓ Si �f(Ü� N �
fê8ØäO\lÚå Si 2p ¸ Åì�pUþ
��£Ä. ��õ� N �fÓ Si �f(Ü�òÚ
å Si—H �UO\ [4], ù:�lã 1 ¥9ò»?n
� Si—H ��pÅê��£Ä�y�¥��y¢.

±þ©ÛL²�¢����ù« SiNx ��zÆ�
ÜG��ØÓ§Ý�9?nCz�æ^ RBM �.
?1)º, ¿�ù«)ºÓ FTIR 1Ì©Û(J´
���.

ã 4 �ò»ÚØÓ§Ýò»e�¬� Si 2p � XPS 1
Ìã

,, �ò»§Ý�� 1100 ◦C �, Si 2p ¸ 
�UY�pUþ��£Ä, �ü$� 101.6 eV

?, ù«Cz´du3p§ò»e Si—N ä���
Ó Si �f(Ü� N �fêþ~�, = SiNx ��©
)¤Úå, Ó�e¡ò�?Ø� N2 � SiNx ��
u)zÆ�A�y��ò�� Si 2p ¸�$U�

�£Ä. 3p§ò»e SiNx ��S Si—N �ä�
�� N �fºÑ��� Si B�âfÛÑ�y�®
3 FTIR 1Ì©Û¥?1
ÐÚ�ä¿�^ (2) ª
?1
éÐ�)º. �2gØyd©Û��(5,

æ^XeL�ª [21] O�
��S N �fÚ Si �
f' R, ¿ÏL R é SiNx ��|¤Ú�Ü(��
ò»§Ý�Cz�?�Ú©Û.

R =
ANSSi

ASiSN
, (3)

(3) ª¥ AN Ú ASi ©O�L N 1s Ú Si 2p (Ü
UÌ�3 XPS 1Ì¥�¸¡È, SSi Ú SN ©O�
L Si Ú N ���(¯ÝÏf, Ù�©O�� 0.817

Ú 1.8. ��S N �fÚ Si �f¹þ'� R �ò
»§Ý�CzXã 6 ¤«. lã 6 �uy R �
ò»§Ý�,pØä~�, 950 ◦C ������,

 1100 ◦C ò»� R �qm©O\. R �ò»§
Ý�,p~�`² SiNx ��S N �f¹þ²
ò»�Øä~�±9zÆ�A (2) ª²ò»�Bm
©u). ùÓ FTIR 1Ì¥ò»§Ýpu 800 ◦C ±
� Si—N ��é¡� �Ä�ªrÝØä~��
��. ,, ò»§Ý$u 800 ◦C � Si—N �é¡
� �Ä�ªrÝ�ò»§Ý,pØäO\, ù
´du¦+zÆ�A (2) ª3��ò»�m©u
), ��ò»§Ý$u 800 ◦C �zÆ�Aª (1) %
ÓÌ�/ , dd�� Si—N �rÝO\; �ò»
§Ýpu 800 ◦C �zÆ�A (2) ªÓÌ�/ , Ï
dÚå Si—N �rÝ~�. ±þ©ÛL², ò»§
Ý$u 800 ◦C � SiNx ��S Si—H Ú N—H �
ä��Ì�/¤ Si—N �; �ò»§Ýpu 800 ◦C

���S Si—H Ú N—H �ä�|u N ��ºÑ
Ú Si B�âf�/¤. �,·�®±Ù¦�ªy
²
 Si B�âf��3 [17], �´ XPS 1Ì¥¿v
k²w�� Si B�âf�'� Si 2p >f(ÜU
&Ò. ù�U´du3 SiNx ��S� Si B�âf
¹þ�$l��ÙéA� Si 2p ¸r&Ò�f.

©z [22,23] ½uy�Ä�¥ Si B�âf¹þ�$
�, ¦+k Si B�âf��3, � XPS 1Ìÿþ¿
ØU�Ñ²w�� Si B�âf�'� Si 2p (ÜU
Ì�.

�ò»§Ý� 1100 ◦C � R �qm©þ,, ù
L² SiNx ��S N �f¹þ² 1100 ◦C ò»�Ø
~�O. ¯¤±�, du SiNx ����zÆOþ'
(�, ��S/¤� Si âf�3�þ]!�. ù�,
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3 N2 ¨�¥p§ò»e N �fB�?\���
S¿� Si ]!�u)±ezÆ�A [21], ¿�)#
� Si—N �l�� R �þ,:

Si + N2 → SiyN. (4)

ã 5 N 1s Ú Si 2p XPS 1Ì¸ �ò»§ÝCz�
(a) N 1s; (b) Si 2p

ã 6 SiNx ��S N, Si �f'�ò»§ÝCz�

d	, SiNx ��S� Si âf3p§e�Uu
)�z½UÚå R ��þ,. SiNx ��S� Si â
f3p§eu)�z�y�©z [9], [10] Ú [24]

k¤��, ����zÅn©Û. �©¢�¥uy
ò»§Ý�p�¬uò»¬Sg,e%�¿§¤
I�m��, �¬� 1100 ◦C p§ò»�3Ã?Û

	\e%���^�e, Ùe%�¿§¤I��m
�� 20 h. �,�©�é Si âf�z�?�Ú�\
©Û, �@� Si âf�zÓ N2 ¨�¥��p§ò
»k�½'X, ùò3�5ó�¥�?�Ú©ÛØ
y.

4 ( Ø

±RíÚ7��ó�íN, p .ü¬7��.,

|^ PECVD {$§��
�zÆOþ' SiNx �
�, ¿u 500—1100 ◦C §Ý��Sé�¬¢�9
ò»?n. æ^ FTIR 1ÌEâÚ XPS 1ÌEâ©
Û
ØÓ9ò»?né SiNx ��zÆ|¤9�Ü
(��K�. FTIR 1Ìw« N—H ��� �Ä�
ª² 800 ◦C p§ò»�®éJ&ÿ. d	, �ò»
§Ý�,p Si–H ��� �Ä�ªÅì�pÅê
��£Ä¿u 1100 ◦C ò»���, Si—N ��é
¡� �Ä�ªrÝ3 800 ◦C ò»±c�§Ý,
pÅìOr, ��ªu~�. æ^ XPS 1ÌEâÿ
þ
ØÓ§Ýò»e SiNx ��� Si 2p Ú N 1s >
f(ÜUUÌ�, �ò»§Ý�,p Si 2p >f¸
 Åì�pUþ��£Ä. ù�(JÓ FTIR 1Ì
¥ Si—N, Si—H 9 N—H ��ò»§Ý,p�ü
z(J�ÎÜ. 3ØÓ§Ý�9?ne N 1s ¸ 
��?u 397.5—397.6 eV �m. ¦^�Å�Ü�
.©Û
 SiNx ��3p§ò»e��zÆ|¤9
�Ü(�CzÅn, rØÓ§Ý9?ne SiNx �
�� FTIR Ú XPS 1ÌCzÌ�8Ïu��S N,

Si Ú H �fm�Ü(��UC. ©Û¢�(Ju
y�ò»§Ý$u 800 ◦C � SiNx ��S Si—H

Ú N—H �ä��Ì�/¤ Si—N �; �ò»§
Ýpu 800 ◦C ���S Si—H Ú N—H �ä�|
u N ��ºÑÚ Si B�âf�/¤; �ò»§Ý
�� 1100 ◦C � N2 � SiNx ���)zÆ�A�
���S N Ú Si �f¹þ'� R O\. �ó�k
Ïu��p§ò»e SiNx ���U�)�zÆ�
AÚ`z SiNx ��¥ Si B�âf���ëê.
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Abstract

Non-stoichiometric silicon nitride (SiNx) thin films are deposited on p-type crystalline silicon substrates at low temperature

(200 ◦C) using ammonia and silane mixtures by plasma enhanced chemical vapor deposition. The evolutions of Si—N, Si—H and

N—H bonding configurations, the variations of Si 2p and N 1s electron binding energy and the ratio R of nitrogen to silicon atoms

in SiNx films annealed at temperature in a range of 500—1100 ◦C are investigated at room temperature by Fourier transform infrared

spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), respectively. The relationship between the evolutions of FTIR and

XPS spectroscopy of the samples at different annealing temperatures and the variations of bonding configurations of Si, N and H atoms

is discussed in detail. According to the arguments about FTIR and XPS spectroscopy we conclude that when the annealing temperature

is lower than 800 ◦C, the breakings of Si—H and N—H bonds in the SiNx films lead mainly to the formation of Si—N bonds; when

the annealing temperature is higher than 800 ◦C, the breakings of Si—H and N—H bonds are conducible to the effusion of N atoms

and the formation of silicon nanoparticles; when the annealing temperature equals 1100 ◦C, the N2 react on the SiNx films to cause the

ratio R of nitrogen to silicon atoms to inerease. These results are useful for controlling the probable chemical reaction in SiNx films

under high annealing temperatures and optimizing the fabrication parameters of silicon nanoparticles embedded in SiNx films.

Keywords: SiNx film, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, bonding con-
figurations
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