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�©�â.ù1Ì�n, Äu Secular �§9.ùÀJ½K©O¼�
ü¶!V¶ (001), (101), (111) AC Si
á�ACÜþ�.ùÌ�£Ä�½þ'X, ¿3dÄ:þ, Äu2Â��½Æ�ªïá
ü¶!V¶ (001), (101),
(111) AC Si á�.ùÌ¸�Aå�nØ'X�.. T�.ïáL§�[!XÚ, ¤�(J�¡!þz, ��AC Si
á�Aå�ÿÁ©ÛJø­�nØë�.

'�c: AC Si, .ù, Aå

PACS: 72.80.Jc, 71.18.+y, 72.10.−d

1 Ú ó

AC Si á�16f[£Çp, ®¤��cIS
	ïÄuÐ­: [1,2], 3p�/p5U CMOS ì�
Ú>´, ±91>fì�¥k2,�A^cµ [3,4].
AC Si �©�ü¶ACÚV¶AC [5]. ü¶AC
´ Si 3����Éå, V¶AC´ Si 3����
Éå. AC�©�ÜACÚØAC. 8c, V¶A
C Si Ì�A^u�º� CMOS ì�Ú HBT[6], 

B�? CMOS ì���æ^ü¶AC Si[7].

Ã Ø ´ ü ¶ A C � ´ V ¶ A C Si, Ù � J
p CMOS ì�Ú>´5U
uAå�Ú\�¦
16f[£ÇOr. Ïd, Aå�þz©Û´A
C Si á�L��­��¡. AC Si á�AåL�
�ÏL.ù1Ì¤ÿÁ¢y [8], ÏL©Û.ùÌ
¸Åê ��¼�AC Si á��AårÝ. 
�
�5¿�´AC Si á�Aåa. (Ü/Ø, ü/V) Ø
Ó, Éå¬¡ØÓ, .ùÌ¸Åê ��AårÝ
�'X�Ø�Ó. Ò�ö¤�, ©z=�� [9,10] 

ü¶ [110]/(100), V¶ (100) AC Si .ùÌ¸�A
årÝ�'X�., Ù¦Aåa.9¬¡��¹
E,"y. d	, ±þ�.ïá�L§"yXÚ5.

�d, �©�â.ù1Ì�n, Äu Secular �§9
.ùÀJ½K©O¼�
ü¶, V¶ (001), (101),
(111) AC Si á�ACÜþ�.ùÌ�£Ä�½þ
'X, ¿3dÄ:þ, Äu2Â��½Æ�ªïá

ü¶, V¶ (001), (101), (111) AC Si á�.ùÌ
¸�Aå�nØ'X�.. �©�.ïáL§�
[!XÚ, ¤�(J�¡!þz, ��AC Si á�
Aå�ÿÁ©ÛJø­�nØë�.

2 �.ïá

2.1 Secular ���§§§���ÀÀÀJJJ½½½KKK

AåG�eá��fmå��AC�ØÓ [11],
.ù1Ìª£��NÑù�Cz, d=�.ù1Ì
�ÿþAC��*ÔnÄ:. �AC Si á�.ùÌ
��Åê� ω0(�� 520 cm−1), AC��� Si á
�3ùÌ�ªÇ�£Ä, Ùª£þ ∆ω kXe'X:

∆ω = ω − ω0 ≈ λ

2ω0
, (1)

ª¥, ω �AåG�e Si á�.ùÌ��Åê, λ

� Si Äa7f�(�á� Secular �§ (�eª) �
��� [12,13]:
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∣∣∣∣∣∣∣∣
pεxx + q(εyy + εzz) − λ 2rεxy 2rεzx

2rεxy pεyy + q(εxx + εzz) − λ 2rεyz

2rεzx 2rεyz pεzz + q(εyy + εxx) − λ

∣∣∣∣∣∣∣∣ = 0, (2)

ª¥, εij �ACÜþ©þ; p, q, r �1fá�~
ê [14], ©O� −1.85, −2.32, −0.71.

d±þLã��, ÿþ¤� ∆ω � Secular �
§��� λ �3éA'X, 
 λ � εij L� (á�
Aå) �¼ê. ù�, éuØÓACá�, ��ÿ�
Ù ∆ω, ¿ÏL Secular �§O�ÑTACá�� λ,
=�L�ÙAå��. ��5¿�´, Secular �§
� 3 × 3 1�ª, k 3 ����. ùÒ¿�X, éu
,�ACá��Ukõ�.ùÌ¸, ¿kõ���
����éA. e¡­:0�.ùÀJ½K, òé
d¯K�±`².

.ù1ÌÑ��Ç I �L�ª� [15]

I = C
∑

j

|ei · Rj · es|2 (3)

ª¥ C �~ê, ei Ú es ©O´\�1ÚÑ�1�
 ���, Rj ´á��.ùÜþ, �â©z [9], Si
á�kn�.ùÜþ. 3¬��IX x = [100],
y = [010], z = [001] ¥©O�

R1 =


0 0 0

0 0 d

0 d 0

 ,

R2 =


0 0 d

0 0 0

d 0 0

 ,

R3 =


0 d 0

d 0 0

0 0 0

 , (4)

ª¥, d ���"��.
d (3) ª��, ÏLÀJÜ·�\� �1

ÚÑ�1��, �*	�ØÓ�1Æ(f�Ä�
ª (=ÙÑ��Ç�"), z«�Ä�ª��A��
�� λ éA, d=�.ùÀJ½K. �â (3) ª, A
C Si .ùÀJ½KäN�L 1(

√
L«kT�ªÑ

��Ç).

2.2 AAACCCÜÜÜþþþ

d (2) ª��, Secular �§��� λ ´ACÜ

þ�¼ê. ��¼�.ù1Ìª£�Aå�nØ
�., IÄk¦);.¬¡Ü/Ø!ü/VAC Si á
��ACÜþ. Ó�, ACÜþ�AårÝ���
'. �©ÄuACÜþ�n92Â��½Æ, ¼�

±Aå�gCþ� (001), (101), (111) ¬¡V¶
ÜAC!ü¶Ü/ØAC Si á�ACÜþ. k'T
¦)L§, �©ùp�rN�Ñü:. éuü/V¶
AC Si, �.ïáL§¥I�5¿�¬�IXÚ¬
��IX�m��IC� (�«¿~ã 1); ü¶A
C Si ACÜþL�ª¥ θ ��¬�I x′ ¶��\
ü¶Aå T �m�Y�, Ù��N¬¡S?¿��
ü¶Aå (�«¿~ã 2).

L 1 (001), (101) Ú (111) AC Si �Ñ�ÀJ½K

 ��� �Ä�ª

ei es R1 R2 R3

(001) ¬¡�Ñ�

[100] [100] — — —

[100] [010] — —
√

[11̄0] [11̄0] — —
√

[110] [11̄0] — — —

(101) ¬¡�Ñ�

[101̄] [101̄] —
√

—

[101̄] [010]
√

—
√

[010] [010] — — —

(111) ¬¡�Ñ�

[112̄] [112̄]
√ √ √

[11̄0] [112̄]
√ √

—

[11̄0] [11̄0] — —
√

(001) V¶AC Si ACÜþ�

εxx =
c11 + c12

2c11c12 + c2
11

T,

εyy =
c11 + c12

2c11c12 + c2
11

T,

εzz =
−c12

2c11c12 + c2
11

T,

εxy = εxz = εyz = 0; (5)

(101) V¶AC Si ACÜþ�

εxx = εzz =
c11 − 2c12

2c2
11 + 2c11c12 − 4c2

12

T,

εyy =
c11

c2
11 + c11c12 − 2c2

12

T,

εxz = − 1
2c44

T, εxy = εyz = 0; (6)
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(111) V¶AC Si ACÜþ�

εxx = εyy = εzz =
2

3 (c11 + 2c12)
T,

εxy = εxz = εyz = − 1
3c44

T ; (7)

(001) ü¶AC Si ACÜþ� (Aå T ��é
AÜAå, K��ØAå)

εxx =
cos2 θc11 + cos 2θc12

c2
11 + c11c12 − 2c2

12

T,

εyy =
sin2 θc11 − cos 2θc12

c2
11 + c11c12 − 2c2

12

T,

εzz = − c12

c2
11 + c11c12 − 2c2

12

T,

εxy =
sin 2θ

2c44
T, εxz = εyz = 0; (8)

(101) ü¶AC Si ACÜþ�

εxx =
cos2 θc11 − 2 sin2 θc12

2(c2
11 + c11c12 − 2c2

12)
T,

εyy =
sin2 θc11 − 2 cos2 θc12

2 (c2
11 + c11c12 − 2c2

12)
T,

εzz =
c11

2(c2
11 + c11c12 − 2c2

12)
T,

εxy =
sin 2θ

4c44
T,

εxz = −cos θ

2c44
T,

εyz = −sin θ

2c44
T ; (9)

(111) ü¶AC Si ACÜþ�

εxx =
2 cos2 θc11 + (1 − 4 sin2 θ)c12

3(c2
11 + c11c12 − 2c2

12)
T,

εyy =
2 sin2 θc11 − (3 − 4 sin2 θ)c12

3(c2
11 + c11c12 − 2c2

12)
T,

εzz =
1

3(c11 + 2c12)
T,

εxy =
1
3

sin 2θ

c44
T, εxz = −

√
2

3
cos θ

c44
T,

εyz = −
√

2
3

sin θ

c44
T. (10)

2.3 ...ùùùÌÌÌAAAååå���...

¦) Secular �§��� λ, �\ (5)—(10) ª
�ACÜþ, =�¼�AC Si á�.ùÌ�Aå�
nØ'X�.. ��5¿�´, �âL 1 .ùÀJ
½K, (001) Si ¡�U*ÿ� R3 �Ä�ª, =�I
¦) Secular �§��� λ3 =�. éu (101) Si ¡,

e\�1 ���ÚÑ�1 ���þ� [101̄]
�, �U*ÿ� R2 �«�ª; e\�1 ���
� [101̄], Ñ�1 ���� [010] �, R1 Ú R3 �
ÀJ; XJ\�1 ���ÚÑ�1 ���þ
� [010] �, K*ÿØ�1Æ(f. ùÒ¿�X, é
u (101) Si ¡, I�¦) Secular �§�Ü��� λ.
(111) Si ¡��¹� (101) Si ¡aq, XJ\�1 
���ÚÑ�1 ���þ� [112̄] �, n«�Ä
�ªþ�ÀJ. 
éuV¶AC Si á�, du (111)
¬¡�pé¡5, ü�î�1Æ(f�Ä�ª­U,
�¢Sþ=kü���ØÓ����; e\�1 
���� [11̄0], Ñ�1 ���� [112̄] �, ü�
î�1Æ(f�ª�ÀJ; XJ\�1 ���Ú
Ñ�1 ���þ� [11̄0] �, �U*ÿ�p�1
Æ(f�«�ª.

z

z′

x

x′
y

y′

↼↽

ã 1 �¬�IX�¬��IX

z

z′

x

x′

y

y′

θ

ã 2 ü¶Aå θ «¿ã

�â±þ�n, (001), (101), (111) ¬¡V¶A
C Si Secular �§����©O�

(011) ¡�

λ1,2 = pεxx + q(εxx + εzz),

λ3 = pεzz + 2qεxx;

(101) ¡�

λ1 = pεyy + 2qεxx,

λ2 = pεxx + q(εxx + εyy) + 2rεxz,
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λ3 = pεxx + q(εxx + εyy) − 2rεxz;

(111) ¡�

λ1,2 = (p + 2q)εxx − 2rεxy,

λ3 = (p + 2q)εxx + 4rεxy.

ò (5), (6), (7) ª9�'ëê�\þª, �� (001),
(101), (111) ¡V¶AC Si .ùÌ��Aå�nØ
�.. (001) ¡�

∆ω3 = −5.07280224929709T ;

(101) ¡�

∆ω1 = −3.46298766929452T,

∆ω2 = −1.71550743826406T,

∆ω3 = −6.38301691993283T ;

(111) ¡�

∆ω1,2 = −5.40967383638673T,

∆ω3 = −0.74216435471795T.

�V¶�¹aq, (001) ¡Ü/Øü¶AC Si
Secular �§����� (du (101), (111) ¡��
�L�ª�©E,, ���Ñ)

λ1 = pεzz + q(εxx + εyy),

λ2 =
1
2

(
(p + q)(εxx + εyy) + 2qεzz

−
√

(p − q)2(εxx − εyy)2 + 16r2ε2
xy

)
,

λ3 =
1
2

(
(p + q)(εxx + εyyt) + 2qεzz

+
√

(p − q)2(εxx − εyy)2 + 16r2ε2
xy

)
. (11)

�A�.ùÌAånØ�.�

∆ω3 = −1.7315T

+13
√

(0.0171 − 0.0151 cos 4θ)T 2.

2.4 (((JJJ���???ØØØ

ã 3 � (001), (101), (111) ¡V¶ÜAC Si .
ùÌ�£Ä ∆ω �Aå T �m�'X­�. é
u (001) Si ¡, �â.ùÀJ½K, =k [001] ¬�
p��Ä�ªé.ùÌ��£Äk�z, ¤±.
ù1Ì¤�U*	���Ì�£Ä, éA��Å¸
ª£. �Aå T = 1 GPa �, dã 3 ��, Å¸ª
£ ∆ω � −5.073 cm−1, ù�©z [16] ¥�¢�(
J���. éuÙ¦¬¡V¶ÜAC Si, ½��â
eã¼�¢ÿ.ùÌ�¤éA�AårÝ.

-16

-12

-8

-4

0

3211 2 3/0012

D
ω
/
cm

-
1

T/GPa

3

[111][101]
 

[001]

Dω

Dω

Dω

Dω

Dω

Dω

ã 3 V¶ÜAC Si .ùÌAå�.

ã 4—6 ©O� (001), (101), (111) ¡ü¶Ü/Ø
A C Si . ù Ì � £ Ä ∆ω � A å T 9 Y � θ

�m�'X­�. Xã 4 ¤«, éu (001) Si ¡
÷ [100] ��Ú\ü¶ØAå (θ = 0) �, Ù(

J�©z [17] ¥��Ó. éu (101) Si ¡, XJ
\ � 1   � � � Ú Ñ � 1   � � � þ � [101̄]
�, .ù1Ì¤�U*	���Ì�£Ä ∆ω2,
Ù�AåéA'X�ã 5(b); XJ\�1 ��
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-3
-1

1
3

0

1

-5

5

15

T/GPaθ

D
ω
/
cm

-
1

ã 4 (001) ü¶Ü/ØAC Si .ùÌAå�.

3

0

1

-5

5

15

T/GPa

-3
-1

1
3

T/GPa

-3
-1

0

1
3

T/GPa

θ

D
ω
/
cm

-
1 (a)

(c)

(b)

-5

-15

5

D
ω
/
cm

-
1

0

1

θ

-10

0

10

D
ω
/
cm

-
1

0

1

θ
-3

-1
1

ã 5 (101) ü¶Ü/ØAC Si .ùÌAå�.

�� [101̄], Ñ�1 ���� [010] �, ¬*ÿ
�ü�Å¸ª£ ∆ω1,∆ω3, Ù�AåéA'X�
ã 5(a), (c). éu (111) Si ¡, XJ\�1 ���
ÚÑ�1 ���þ� [112̄] �, n«�Ä�ªþ
é.ùÌ��£Äk�z, �*	�n�Å¸ª£,
Ù�AåéA'X�ã 6(a), (b), (c); XJ\�1 
���� [11̄0], Ñ�1 ���� [112̄] ½\�1

 ���ÚÑ�1 ���þ� [11̄0] �, Ñ�U
*ÿ���Å¸ª£.

-5

5

15

-3 -1
1 3

T/GPa

θ

θ

D
ω
/
cm

-
1

0

-10

10

0

-10

-20
D
ω
/
cm

-
1

D
ω
/
cm

-
1

(c)

0

1

0

1

0
1

(a)

(b)

-3
-1

1
3

T/GPa

θ -3
-1

1
3

T/GPa

ã 6 (111) ü¶Ü/ØAC Si .ùÌAå�.

3 ( Ø

�©ÄuACÜþ�n92Â��½Æ, ¼
�
±Aå�gCþ� (001), (101), (111) ¬¡V
¶ÜAC!ü¶Ü/ØAC Si á�ACÜþ. �â
.ù1Ì�n, Äu Secular �§9.ùÀJ½K
?�Ú¼�
ACÜþ�.ùÌ�£Ä�½þ'
X, ¿�ªïá
ü¶!V¶ (001), (101), (111) A
C Si á�.ùÌ¸�Aå�nØ'X�. (��
�©ã 3—6). ~X, éu (001) Si ¡, �â.ùÀ
J½K, =k [001] ¬�p��Ä�ªé.ùÌ�
�£Äk�z, .ù1Ì¤�U*	���Ì�£
Ä. �Aå T = 1 GPa �, d�. (ã 3) ��, Å¸
ª£ ∆ω � −5.073 cm−1. T(J�©z¢�(J
���, y²
�©�.�O(5. Ïd, ��ÿÑ
ACá��.ùÌ¸, éì�©�.=�¼�TA
Cá�¤ÉAårÝ. o�, �©þz�.��A
C Si á�Aå�ÿÁ©ÛJø­�nØë�.
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Stress models relevant to Raman spectrum in
uniaxial/biaxial strained Si∗

Wang Cheng† Wang Guan-Yu Zhang He-Ming Song Jian-Jun Yang Chen-Dong
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( Received 13 May 2011; revised manuscript received 15 June 2011 )

Abstract
Performance enhancement of strained Si material originates from the stress on it, which can be measured by Raman spectroscopy.

A study of the theoretical model of strain-induced Raman spectrum frequency shift in strained Si material is of profound theoretical
and practical significance. The Raman frequency shift of strained Si is significantly correlated with the stress intensity, the stress type
and the crystal plane. However, the corresponding reports republished are lacking in integrality and systematization in the process
of modeling. In this paper, according to the theory of Raman spectroscopy, based on Secular equation and Raman selection rules,
quantitative relationships between strain tensor and Raman frequency shift for uniaxial and biaxial strained Si grown on (001), (101),
and (111) SiGe substrates are achieved. On this basis, theoretical models of mechanical stress and Raman spectrum for uniaxial and
biaxial strained Si materials grown on (001), (101), and (111) SiGe substrates are obtained using Hooke’s law, respectively. The
procedure for setling up these models is elaborate and systematic and the results obtained are comprehensive and quantificational,
which can provide an important reference for the stress analysis in strained Si material.

Keywords: strained Si, Raman spectroscopy, stress
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