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æ^^�í�{��
L7�z7��, ,�©O²L�Ú9?n!üÚ9?nÚ¯�9?n��
�
ik7B�¬��z7��. ¢�(JL², 37¹þ� ∼ 42.63 at.%�L7�z7��¥, n«9?nþU/
¤ 1012/cm2 þ?�7B�¬. Ù¥3üÚ9?n¥, 7B�¬��Ý�p, �� 2.2× 1012/cm2, ¿�º�þ!!(
¬��5Ð; �Ú9?n���¬¥, 7B�¬�Ý�$, ¿�Ü©B�¬(¬Ø¿©; ¯�9?n���¬¥, 7
B�¬�Ý�$!º�©ÙØþ!, ¿��3Ì¬(�. ©Û@�, 9?nÐ©�ã�/ØL§éB�¬��Ý9
�*(�kX­��K�, üÚ9?n¥�$§ãr?
B�¬�¤Ø, kÏu/¤p�Ýp�þ7B�¬.

'�c: 7B�¬, �z7��, 9?n

PACS: 78.67.Bf, 68.55.−a, 81.15.Cd

1 Ú ó

��z7Ä�¥�î�7B�¬ (nanocrys-

talline Si) duäkþf���A, UOr7�¿§
u1�Ç, 
�äk�yk��Nì�ó²oN�
`:, �@�´��7Ä1>ì��n�á� [1,2].

�CAc, du��z7Ä�¥7B�¬B�°Ý
�N (1.4—1.7 eV), ØÓº��7B�¬|¤�õ
��(�Uÿ°é��1Ì��A��, ¿�37
B�¬¥�3õ­-fu��A, Ïd7B�¬�
��^u��p5U�7þf:��>³ [3,4].

8c, ®²kéõ�{�±��7B�¬��,

X^�í�!zÆí��ÈÚlf5\�. ÏL
±þ�{3�.þ�È���¬�L7�z7�
�, 2²p§9?n=�¼��i3��z7Ä�
¥�7B�¬ [4,5]. p�Ý (1012/cm2)!º�þ�
��!(¬5Ð�7B�¬, ´¢yp>fDÑ�
Ç!$u1ì�mé>ØÚp�Ç>³�kû^

� [2,4,6]. K�7B�¬/¤�Ì�Ï�´L7�
z7���¤©Ú�Y9?nó². ïÄL², 3
L7�z7��¥, �7ßÝ' O/Si 3 1.4—1.6 �
m�, �±3��¥��º��� 3 nm �7B�
¬, 
7¹þ�?�ÚJpò¬��B�¬º�
©Ù�Øþ! [7]. �Y9?n�´/¤p�þ7
B�¬�­�Ï�. Ï~æ^�Úp§9?n��
{, ¦�L7�z7¥7Ú��z7�©l, )¤
7B�ìq, ìqÅì��/¤B�¬ [5,7]. Ø
�
Úp§9?n, ¯�9?n (rapid thermal annealing,

RTA)[8,9] Ú-1p�9?n [10,11] �9?n��{
��^5��7B�¬. �éu�Úp§9?n,

¯�9?nÚ-1p�9?n�±¢y«�B�
¬�]�p§¬z [12], ü$
B�¬����m.

,
, 8c9?nó²éB�¬�/¤L§!
�ÝÚ/m���ïÄ�Ø´é�õ, vkXÚ�
é'ïÄ. �ó�æ^�½�L7�z7��|©,

ïÄ
�Ú9?n!üÚ9?nÚ¯�9?né
��¥7B�¬�©Ù�Ý!º�©ÙÚ�*/
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m�K�. ïÄuy, 9?nÐ©�ã�¤ØL§
éB�¬��Ý9�*(�kX­��K�, üÚ
9?n¥�$§�ã?nr?
B�¬�¤Ø, k
|up�Ýp�þ7B�¬/¤, 
3�Ú9?n
Ú¯�9?n¥, B�¬Ø%�/¤Ì�´�)7
ìq�¬z, ���B�¬�þ�$, �Ý�$.

2 ¢ �

Äk3 (100) 7�.þæ^�í�{ (!��
lý�Eâk�úi, MS 500B �pý�õq^
�í�Û�¤) ��
L7�z7��, qá� Si,

SiO2 q (�®kÚ7áïÄ�, XÝ 99.99%), �
�þÝ� 300 nm. ,�©Oæ^�Ú9?n!ü
Ú9?n!¯�9?nn«ØÓ�9?n�{
3L7�z7��¥��7B�¬. �Ú9?n
�^��r1k�¬��=°�úí\Ð©¬§
� 1100 ◦C Y²�=+ª¬¥, 3 1100 ◦C �§ 1 h;

üÚ9?n�^��k3 750 ◦C e�§ 5 h, ,�
± 3 ◦C/min ��Ç,§� 1100 ◦C, 2�§ 1 h; ¯
�9?n�^��,§�Ç� 100 ◦C/s, 3 1100 ◦C

e9?n 3 min. �Ú9?nÚüÚ9?nþ3Y
²�=+ª¬¥?1, ¯�9?n´3®��\
9�¯�9?n¬ (�®À�(A^ÔnïÄ¤,

RTP-300 .¯�9?n¬) ¥?1�, ¤k9?n
þ3pX�í¥?1.

¢�¥æ^ X ��1>fUÌ¤ (XPS, Kratos

AXIS UltraDLD) éL7�z7��¥�7¹þ?
1ÿ½, qá� Al q, 1fUþ� 1486.6 eV; æ
^Fp�ù	1Ì¤ (FTIR, Bruker IFS66) é�
��ù	áÂ5U?1©Û; æ^ß�>fw�
º (TEM, JEOL JEM-2100) é7B�¬���/m
?1*	, |u�>fl>Ø� 200 kV.

3 ¢�(JÚ?Ø

ã 1 w«
��ÈL7�z7��� Si 2p

� XPS ã. Ì�æ^ C 1s (284.5 eV) ¸ ��. l
ã¥�±wÑ, Si 2p Ì��¹ 2 �Ì¸, ¿¥yÑ
Øé¡Ú°z, L²L7�z7�´�zÆOþ'
���. �â�Å�Ü�. [13], L7�z7��
¥�¹7�Ê«�U��z�. Si0, Si4+ �(Ü
U©O� 99.3 eV, 103.3 eV, Ù{g?�z� Si1+,

Si2+, Si3+ (ÜU¸ ©O' Si0 ¸ p 1, 1.7,

2.6 eV[14]. ¦^pdâÔ[¼ê©¸[Ü�(J
Xã 1 ¤«, Si0 � Si4+ �zÆ��z©¹þ©O
� 6.21%, 9.31%, 20.16%, 61.21%, 3.1%. O/Si ��
�¹þ'�d XPS Ìã¥ O 1s, Si 2p �1>f¸
rÈ©¡È¿(Ü(¯ÝÏf [15] O���, =¦
^úª

RSi/O =
ASiSO

AOSSi
,

ASi, AO ©O´�� Si, O ¸ e�È©¡È, SSi,

SO ©O´ Si, O �(¯ÝÏf, � 0.328 Ú 0.78. ²
O��, ��È��¥� Si ¹þ� ∼ 42.63 at.% .

ã 1 ��ÈL7�z7��� Si 2p � XPS Ìã

ã 2 w«
9?nc�L7�z7���
¬� FTIR Ìã, Ù¥7�.�&Ò®²�Ø. ¸
 3 1012—1082, 810, 460 cm−1 �áÂ¸©Oé
A Si-O-Si �� �Ä!�­�ÄÚ~{�Ä. �
±wÑ, ²L9?n�, ¤k�¬� Si-O-Si � �
Ä (1012—1082 cm−1) �¸rOr, Ù¥üÚ9?
n�¬�¸rOr�²w, Ùg´�Ú9?n�
�¬, ��´¯�9?n��¬. ¿�, ��u�
�È�L7�z7��, 9?n���� Si-O-Si

� �Ä¸ þ�pÅê£Ä, =l 1012 cm−1

� 1082 cm−1  £, L²9?n���¥�z7�
¤©�ªCuzÆOþ'� SiO2, =L7�z7�
�¥7Ú��z7�u)
©l [16]. lã 2 �±
wÑ, üÚ9?n�¬¥ Si-O-Si � �Ä�¸�
r, L²L7�z7�©l����, )¤���
z7�'~�p.

ã 3 ´²L�Ú9?n!üÚ9?n!¯�
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9?n�����¬��¡ TEM ã. du�f
�þ�Ý��É, 7B�¬wy���ôÚ. lã
¥�±wÑ3n��¬¥þ���p�Ý�7B
�¬, Ù¥3üÚ9?n���¬¥, 7B�¬�
�Ý�p, �� 2.2 × 1012/ cm2, ¿�õ¥5K�
¥.; 3�Ú9?n���¬¥, 7B�¬��Ý
� 1.5 × 1012/cm2; ¯�9?n���¬¥, 7B
�¬��Ý�$, �k 1.15 × 1012/cm2. ©OÚ
O TEM ã¥7B�¬�º�, �Ñn«9?n�
¬¥�B�¬º�©Ùã, ¿?1
pd[Ü, (
JXã 3 ¤«. �Ú9?n�¬¥, 7B�¬�²
þº�� 3.79 nm, IO �� 1.11 nm; üÚ9?
n�¬¥, 7B�¬�²þº�� 3.84 nm, IO 
�� 0.63 nm, ¯�9?n�¬¥, 7B�¬�²þ
º�� 3.92 nm, IO �� 1.44 nm. dd��, 3
7¹þ�Ó�L7�z7��¥, ØÓ�9?n�

ª¼��7B�¬��ÝÚº�þ!5k'�²
w��O, Ù¥üÚ9?n���¬¥7B�¬�
�Ý�p!º�©Ù�þ!.

ã 2 ØÓ9?n�ª���7B�¬��� FTIR Ìã (a)

��È��; (b) �Ú9?n; (c) üÚ9?n; (d) ¯�9?n

ã 3 ØÓ9?n�{���7B�¬����¡ TEM ãÚ7B�¬�º�©Ùã (a) �Ú9?n; (b) üÚ9?n; (c) ¯�
9?n
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¦ ^ p © E ß � > º (HRTEM) * 	 
 7
B � ¬ � � * ( �. 3 n « � ¬ ¥, º � ' �
� (< 3 nm) �B�¬þ�L¡U'���C¥
/, 
º�'���B�¬Ø
¥/	�kÙ¦
/m. ã 4 w«
3n«�¬¥*	��;.
��º�B�¬� HRTEM ã. 3�Ú9?n�
��¬¥, *	�Xã 4(a) ¤«�, äk {220}
¬¡��º�7B�¬, ¬â¥Ø5K/G, �
�º��� 10 nm. ¿�, 3B�¬�	��k

�¿©(¬Ü©, L²B�¬�¬z�Ø´é�
�. ã 4(b) w«
üÚ9?n�¬¥;.��
º�7B�¬� HRTEM ã, B�¬äk {111}
¬¡, (¬ûÐ, ¥y5K�¥/. 3¯�9?
n��¬¥, ·�*	�
�º��õ ­Ì¬
( �, X ã 4(c) ¤ «. l [011] ¬ � w, T B �
¬ 	 / ¥ Ø 5 K õ > ., � � º � � � 12 nm,

B � ¬ d n � ¬ â | ¤, Ì ¬ ¡ þ � {111}
¬¡.

ã 4 ØÓ9?n�{����¬¥��º�7B�¬� HRTEM ã (a) �Ú9?n; (b) üÚ9?n; (c) ¯�9?n

�L7�z7��¥7�ßÝ�½�, 7Ú
��z7u)�©l±97B�ìqu)¬z�
�9?n�§Ýk'. Ï~@�, 3�$�§Ý
e (� 800 ◦C) 7���z7u)�©l/¤�¬
7ìq, 
3�p�§Ýe (> 1000 ◦C) �¬7ì
q¬z/¤B�¬ [17]. 7B�¬��ÝÌ�dÐ
©�ã/¤�Ø%�Ýû½. 3�Úp§9?n
¥, du9?n�§Ýp, B�¬��./Øº�
'�� [18], Ø|u#Ø%�/¤, Ïd7B�¬/
¤Ì�±�)��¥7ìq�/Ø¥%. 
3üÚ
9?n¥, $§�ã�9?nkÏu7�f�à8
/¤#�7B�ìq [19]. Ïd3üÚ9?n��
¬¥B�¬Ø%��Ý�'�Úp§9?n��

¬¥�p. ~5¬ò»9?n¥7B�¬���É
7�f*ÑÅnK� [17], L�Ú�7�f*Ñ�
Ø%þ¦Ø%��. Ø%��Ý�p, ©Ù�þ!,

K�ª���B�¬�Ý��p, º�©Ù�þ
!, Ïd3üÚ9?n��¬¥���B�¬�Ý
p, º���þ!. 3�Ú9?n��¬¥, �º�
B�¬�/¤�±@�´�)��º�7ìq3
p§e¬z���(J. du�Ú9?n�¬¥�
Ø%�Ý�é5`'��, ¤±k�õ�7�fÏ
L*Ñà83Ø%NC, I����9?n�mâ
U¦B�¬¿©¬z, 3���7B�¬L¡*	
��¿©¬z�Ü©�U´Ï�9?n��m�
Ø
. 3üÚ9?n��¬¥, 9?n��m'�
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�, ÏdB�¬¬z�'���, ²þº����
�:.

¯�9?n�,§�Ç¯, �� 100 ◦C/s, k
|u�)7ìq�¯�¬z¤Ø [9]. ,
¯�9
?n�§Ýp, �méá, Ø|u#�7B�ì
q�/¤, Ïd3�¬¥B�¬�/¤´�)7
ìq�¯�¬z¿��, �Ý�'�$. d	, �
ÊÏ¬ò»ØÓ, ¯�9?n´±®��\9�
¬, 3 1100 ◦C 9?n�, ��L¡�7�f¬á
ÂpU1f�Uþ, ¢Sþ7�f¼��Uþ�
�puÊÏ¬ò»�7�f¼��Uþ, Ïd7
�f�*Ñ�Ý'~5¬S9?n�Or
 5 �
êþ? [12]. 7�f¯�*Ñ��B�¬Ø%�
¯���, �duØ%�º�Øþ�, Ïd3¯�
9?n���¬¥, B�¬�º�©Ù�ÒØþ
!. ¯�9?n�¬¥�õ­Ì¬(�3±c©
z¥�k��, �@�´A�C���¬â��
�ÊÜ3�å/¤� [5]. Ì¬¡þ� (111) ¡, ù
´Ï� (111) ¡äk�$�L¡U, ¦Ì¬(��
­½.

4 ( Ø

ÏL�½L7�z7|© (∼ 42.63 at.% Si),

ïÄ
n«ØÓ�9?n�ªé7B�¬��
Ý!º�©Ù9(¬/m�K�. �Ú9?n�
���¬¥, B�¬�Ý��p (1.5 × 1012/cm2),

º�©Ù'�þ! (IO �� 1.11 nm), �Ü©
�º�7B�¬�U��(¬; üÚ9?n��
��¬, B�¬�Ý�p (2.2 × 1012/cm2), º�
©Ù�þ! (IO �� 0.63 nm), ¿�(¬5U
�Ð; ¯�9?n����¬¥, B�¬�Ý�
$ (1.15 × 1012/cm2), º�©ÙØþ! (IO �
� 1.44 nm), ¿�3�º�Ì¬(�. ©Û@�, �
��È��¥7ßÝ�½�, 9?nÐ©�ã�/
ØL§éB�¬��Ý9�*(�kX­��K
�. �Ú9?nÚ¯�9?n�¬¥, B�¬Ì�
´�)7ìq¬z/Ø; 
üÚ9?n¥�$§ã
r?
#7ìq�/¤, #�7ìqÚ�)7ìq
3p§�ãþU¬z¤B�¬, kÏu/¤p�Ý
p�þ7�B�¬.
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Abstract

Silicon oxide films containing nanocrystalline Si (nc-Si) are fabricated by magnetron sputtering method followed by one-step-

annealing, two-step-annealing and rapid thermal annealing (RTA), separately. In silicon-rich oxide films containing ∼ 42.63 at.% of

Si, dense nc-Si in a magnitude of 1012/cm−2 are obtained in all of the samples subjected to three different thermal treatments. In the

two-step-annealing sample, the density of nc-Si reachs a maximum (2.2 × 1012/cm−2), and the nc-Si is well crystallized and uniform

in size distribution. In the one-step-annealing sample, the density of nc-Si is silightly lower than in the two-step-annealing sample,

and large deficiently crystallized nc-Si is observed in the sample. The RTA leads to the lowest density of nc-Si with the largest size

distribution among the three samples. Moreover, large nc-Si formed by coalescence of small ones and twin crystals are also discovered

in the RTA sample. It is believed that nucleation at the early stage of nanocrystal growth influences the density and the micostructure

of nc-Si. The annealing at low temperature in the two-step-annealing facilitates the formation of new nulcei, which is beneficial to

improving the quality and density of nc-Si.

Keywords: nanocrystalline Si, silicon rich oxide films, thermal treatment
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