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AAACCC Ge/Si1−xGex ddd���ÚÚÚÑÑÑ���...*

�w=† 
§ yï� Üä´ Ï� xeA

( ÜS>f�E�Æ�>fÆ�, °B���Ná��ì���Ü­:¢�¿, ÜS 710071 )

( 2012 c 1 � 11 FÂ�; 2012 c 2 � 15 FÂ�?Uv )

Äu k · p �6nØ, ÏLÚ\ACM�îþ���6, ïá
V¶AC Ge/Si1−xGex d�ÚÑ'X�.. �.
·u?¿¬�µþ Si1−xGex J�.þ�AC Ge d�(�, ÏLT�.�¼�?¿ k ��AC Ge �d�(�Ú�
Çk��þ. �.� Matlab �[(Jw«, AC Ge/Si1−xGex d��>�Çk��þ� Ge |©�O\
~�, Ù
��É5'µþ Ge �\wÍ. �©ïÄ¤Jé Si ÄAC Ge MOS ì�98¤>´���Aå�¬���Okë
�d�.

'�c: AC Ge, d�(�, k · p nØ, ÚÑ'X�.

PACS: 71.15.−m, 71.70.Fk

1 Ú ó

Ge(÷) � > f � � Ç [ £ Ç © O ´ Si(7)
� 2.8 �Ú 4.2 �, Ù�Ç[£Ç´¤k��N
¥�p� [1]. �AC Si �q, AC Ge �16f[
£Ç�k���J,, �AC Ge �� p-MOSFET
A'N7 p-MOSFET äk�p��Ç[£Ç [2].
Ï
, ¦^AC Ge á����>��, ò¬��J
p Si Ä CMOS ì��8¤>´�5U. du Ge 9
AC Ge `É�á�A5, ±9 Ge 9AC Ge Eâ
�IO Si ó²��oN�A5, Ï
 ITRS (IS�
�NEâ´�ã) r Ge 9AC Ge �� 16 nm 9±
eó²!: Si Ä CMOS ì�98¤>´^5Or
��16f°ÄUå��Z��á� [3,4].

IS	k'AC Ge Eâ�ïÄffm©, Ì
�8¥3 Si ÄAC Ge �� pMOS ì����ï
Ä [5]. kïÄ��, |^�þ Si l�½þ SiO2 »
0�, Si Äî�AC Ge pMOS ��Ç[£Ç�
Jp 6—8 � [6,7]. U�(�´AC Ge á��Ä
�á5, �´�Op�!p5U Si ÄAC Ge �
� CMOS ì��>´�­�nØ�â, �8céA
C Ge U�(��ïÄÿ��k��, =kAC Si

ÚAC SiGe U�(��k'ïÄ�� [8,9].

�©Äu k ·p �6nØ, ÏLÚ\ACM�î
þ���6, ïá
·^uµþ Si1−xGex �.þ
?¿¬��V¶AC Ge �d�ÚÑ'X�., �
�
AC Ge/Si1−xGex �d�(�9�Çk��
þ, � Si ÄAC Ge �� CMOS ì�98¤>´�
�OJøë�d�.

2 AC Ge �ACM�îþ�.

2.1 AAACCCÜÜÜþþþ ε

éu?¿¬�µþ SiGe J�.þ)��A
C Ge, ÙACM�îþ�(½ÄkI�O�ÙA
CÜþ ε. �
?Ø��B, Aïá9Ï��I
X (x′, y′, z′), Ù¥ z′ ¶R��.�L¡. T�IX
�ÐÄ���IX (x, y, z) �C��ÏLÝ
 U

¢y.

U =


cos φ cos θ − sinφ cos φ sin θ

sinφ cos θ cos φ sinφ sin θ

− sin θ 0 cos θ

 , (1)
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ª¥, θ Ú φ ´ z′ ¶�éu (x, y, z) �IX�4�
Ú� �. du¬���, 	ò�3²1u�.�
²¡Su)
AC, �Ø�3¡S}�AC [4,7]. ¡
SACÜþ ε‖ �d Vegard ½K(½ [10]:

ε‖ =
(
aSi1−xGex − aGe

)
/aGe, (2)

ª¥, aGe ´AC Ge �¬�~ê, aSi1−xGex ´µ
þ Si1−xGex J�.�¬�~ê, aSi1−xGex �d Si
Ú Ge ¬�~ê��5��¼� [10]. u´�� [11]

ε′11 = ε′22 = ε‖, (3)

ε′12 = 0. (4)

du	ò�3R��.���þvkÉ�	å T

��^, ÷T���Aå©þ�", =

T ′
33 = T ′

23 = T ′
13 = 0. (5)

3�5�5��S, Aå�ACÜþ÷v��½Æ,
�3Xe'X

T ′
αβ + C ′

αβijε
′
ij = 0, (6)

Ù¥, α, β = 1, 2, 3, C ′
αβij ´ (x′, y′, z′) �IXe

��5§ÝXê. éu (αβ) = (33), (23), (13), �
â (5) Ú (6) ª, �±��

C ′
33ijε

′
ij = 0,

C ′
23ijε

′
ij = 0, (7)

C ′
13ijε

′
ij = 0.

éu (ij) = (11), (22), (12), ε′ij ´®��. |^Üþ
é¡5, ¿é (ij) Ðm¦Ú, (8) ªC�

C ′
αβ33ε

′
33 + 2C ′

αβ23ε
′
23 + 2C ′

αβ13ε
′
13

= − (C ′
αβ11 + C ′

αβ22)ε‖. (8)

þª��Ý
/ª�
C ′

3333 C ′
3323 C ′

3331

C ′
2333 C ′

2323 C ′
2331

C ′
3133 C ′

3123 C ′
3131




ε′33/2

ε′23

ε′31



= −
ε‖

2


C ′

3311 + C ′
3322

C ′
2311 + C ′

2322

C ′
3111 + C ′

3122

 . (9)

d u � 5 § Ý X ê Cαβij ´ (x, y, z) � I X
� C ′

αβij . I�ÏL�ICz5¦�. |^ (1) ª
�C�Ý
 U ��

C ′
γδkl = UαγUβδUikUjlCαβij , (10)

ª¥�5§ÝXêÜþ Cαβij /ª�

c11 c12 c12 0 0 0

c11 c12 0 0 0

c11 0 0 0

c44 0 0

c44 0

c44


(11)

Ù¥, �5§ÝXê©þ C11, C12 Ú C44 �L 1.
�
¦L�ª{'!�BA^, ½Â
Ñt

' σ Ú}�Xê τ ü�Ônþ, =

σ = −
ε‖

ε′33
, τ =

√
(ε′13)

2 + (ε′23)
2

ε‖
, (12)

é (x′, y′, z′) �IXe�ACÜþ?1�IC�,
Ò��� (x, y, z) �IXe�ACÜþ, C�úª
�

ε′αβ = UiαUjβεij . (13)

2.2 AAACCCMMM���îîîþþþ

7f�(�� Ge äk Oh é¡:+, Ø�Äg
^;�ÍÜ�^�, �AC Ge d�º?�nÝ{
¿�, Ù k · p M�îþL�ª�

∣∣∣∣∣∣∣∣∣
Lk2

x + M(k2
y + k2

z) − E′2
k Nkxky Nkxkz

Nkxky Lk2
y + M(k2

x + k2
z) − E′2

k Nkykz

Nkxkz Nkykz Lk2
z + M(k2

x + k2
y) − E′2

k

∣∣∣∣∣∣∣∣∣ = 0, (14)

ª¥, L, M , N �d¢�5(½ [11]. ¦)TÝ
����, Ò�±ïá�AC Ge Ø�Äg^;�ÍÜ�d
�ÚÑ'X.

ACÒ´¬�u)
 £, Ny3ÚÑ'XþÒ´Å¥ k õ
��ACþ, 
Ù��Uþ��¬u)
�ACz. Äuù�g�, ACM�îþA�aqu (14) ª���L�ª [13], =
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L 1 �©�.¤^ëê

ëê ë�©z

Si ¬�~ê aSi/Å 5.431 [1]

Ge ¬�~ê aGe/Å 5.658 [1]

C11,C12,C44/106 N·cm−2 16.56 6.39 7.95 [8]

k · p ëê L, M , N −30.53 −4.64 −33.64 [12]

k · p ëê a, b, c/eV 2.0 −2.2 −4.4 [13]

HS =


lεxx + m(εyy + εzz) nεxy nεzx

nεxy lεyy + m(εxx + εzz) nεyz

nεzx nεyz lεzz + m(εyy + εxx)

 , (15)

Ù¥, l, m Ú n d/C³ëê a, b, c (½ [12], =

a =
l + 2m

3
, b =

l − m

3
, c =

n√
3
. (16)

3 AC Ge d�ÚÑ'X�.

�
¼���°[�AC Ge d�(�, 7L
�Äg^;�ÍÜ��^. Äkò k · p M�îþ
ÚACM�îþlü+��/ª=C�V+��
/ª, =,

HKP =

 H 03×3

03×3 H

 ↑

↓
, (17)

HStr =

 HS 03×3

03×3 HS

 ↑

↓
, (18)

,�\\g^;�ÍÜM�îþ HSO, ¦) HKP +
HStr +HSO ����, ïáAC Ge �ÚÑ'X. g
^;�ÍÜM�îþ�

HSO = −∆

3



0 i 0 0 0 −1

−i 0 0 0 0 i

0 0 0 1 −i 0

0 0 1 0 −i 0

0 0 i i 0 0

−1 −i 0 0 0 0


(19)

�Ä� 6 × 6 � HKP + HStr + HSO ÈÏ1�ª�
é¡1�ª, ÙUþ��)7� 3 � 2 ­�. Ïd,
b�Ý
����� E, �±òT 6 × 6 é¡1�

ªü� 3 g��A�õ�ª, ¿-Ù�", =

E3 + pE2 + qE + r = 0, (20)

ª¥, õ�ªXê p, q Ú r L�ªXe

p = ∆ − (a11 + a22 + a33),

q = a11a22 + a22a33 + a33a11 − a2
12

−a2
13 − a2

23 − (2∆/3)(a11 + a22 + a33),

r = a11a
2
23 + a22a

2
13 + a33a

2
12 − a11a22a33

−2a12a23a13 + (∆/3)
(
a11a22 + a22a33

+a33a11 − a2
12 − a2

13 − a2
23

)
,

(21)
ª¥, aij (i, j = 1, 2, 3) ´Ý
 Ha ���. |^O
�Å9ÏO�¿�Ü¦^î.úª, ò (20) ª�¢
ê�Ïª)�¢ÜJ�Ñ5, �ªïá
AC Ge
�d�ÚÑ'X�., =

Ev1 = 2
√

Q cos
(Θ

3

)
− p

3
,

Ev2 = 2
√

Q cos
(Θ − 2π

3

)
− p

3
,

Ev3 = 2
√

Q cos
(Θ + 2π

3

)
− p

3
,

(22)

ª¥, Q = (p2 − 3q)/9, R = (2p3 − 9pq + 27r)/54,
Θ = cos−1(−R/

√
Q3).

4 AC Ge d�(�

ã 1 �ã 5 ´æ^ MATLAB ^�óäO��
�� Si1−xGex J[�.þµþ Ge 9AC Ge �d
�(�U�ã, dã�±wÑ, �X Ge |©~�,
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d�º�­�Ç�Ú��Ç�Åì©�. ­�Ç�
þ£, ¡��>, ��Ç�Úg^;�ÍÜ�e£,
©O¡�f�>Úg�>.

ã 1 w«, µþ Ge �d��> (­�Ç�)
Úf�> (��Ç�) 3 k = 0 4�:?{¿, �
÷ [001] Ú [100] ü�¬��d�(�é¡, �A�
�Çk��þ��Ó.

ã 2 Úã 3 L², ACÚå
 Ge �d��
>Úf�>�3�, �Ø
d��>�{¿Ý. �
µþ Ge ØÓ�´, Aå��^e, Ó�¬�xS
÷ [001] Ú [100] ü�¬��AC Ge d�(�Ø

2é¡, Ù�A��Çk��þ½Ø�Ó. [101]
Ú [111] ¬���>���'µþ Ge �k¤Jp,
¿�� Ge |© x �O�
Jp. g^;�ÍÜU
?'µþ Ge �k¤ü$, ¿�� Ge |© x �~�

ü$, =�Aå�O�
ü$.

ã 4 Úã 5 ©O�AC Ge/(101) Si0.3Ge0.7

Ú A C Ge/(111) Si0.3Ge0.7 ÷ [100], [001], [101]
Ú [111]4 �¬��d�(�, �ã 1 ¤«�µþ Ge
d�(�'�, 3Aå��^e, ÷ [100] Ú [001]
¬��d�(�9�A��Çk��þ�)

� (100) ¡�Ó�Czª³.

� � � � � � � � � � � � � �� � � �� � � �� � � �� � � � 	  � � � 	

 � � � � 
 � � � �
 � � � �

 k� � � 
 � � �
 � � � �
ã 1 µþ Ge d�U�(�

 
� � � �

 
� � � �

 k
� � � � � � 	
 � � 
 
 � � 
 � � 
 
 � �
 
 � �
 
 � �
 
 � � 


� � 
 
 � � � � � �� � 
 � �� 
 
 � �
ã 2 AC Ge/(100)Si0.1Ge0.9 d�U�(�

� � � � � � � � � � � � � �� � � �� � � �� � � ��
� � � � � � � � � �� � � � �� � � � �

 � 	 
 �  � 	 
 �
 k	 � � 
 � � �

ã 3 AC Ge/(100)Si0.3Ge0.7 d�U�(�

� � � � � � � � � � � � � �� � � �� � � �� � � � �
� � � � � � � � � �� � � � �� � � � �

 � 	 
 �  � 	 
 �
 k	 � � 
 � � �

ã 4 AC Ge/(101)Si0.3Ge0.7 d�U�(�
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� � � � � � � � � � � � � �� � � �� � � �� � � ��
� � � � � � � � � �� � � � �� � � � �

 � 	 
 � � 	 
 �
 k	 � � 
 � � �

ã 5 AC Ge/(111)Si0.3Ge0.7 d�U�(�

� � � � � � � � � � � � � � ��� � � �� � � �� � � �� � � �� � � �� � � �
	 


 �
� 
 	 
 � � � � � 	 
� 
 	 
 � � � � � 	 
� 
 	 
 � � � � � 	 


 

�� ��
ã 6 AC Ge/Si1−xGex d��>3�U� Ge |©�'X

ã 6 ´ A C Ge/Si1−xGex d � � > 3 � U
� Ge |© x �'X, lã¥�±wÑ, d��
>3�U�X Ge |° x �O\
Åì~�. 3�
Ó Ge |© x ��¹e, Ge/(101)Si1−xGex �d�
�>3�U��, 
 Ge/(111)Si1−xGex �d��>
3�U��.

5 �Çk��þ

ã 7 � Ge |© x = 0.8 �, Si1−xGex J[�
.þAC Ge d��>9f�>ål�g�pUþ
�� 50 meV ��Uã. dã��, �>Úf�>Ñ
LyÑ
��É5, 
��>���É5'�î­,
f�>�C��Ó5.

� â � � N U � n Ø [14], é þ ã A

C Ge/Si1−xGex d � ( � � . � � > U þ ? 1
���©, ����>�Çk��þ. L 2 �Ñ

 Ge |© x ©O� 1(µþ Ge)!0.9 Ú 0.7 �, A
C Ge/Si1−xGex ÷ [001], [100], [101] Ú [111] ¬�
�d��>NCk��þ.

dL 2 ��, µþ Ge ÷ [100] Ú [111] ¬��
�>�Çk��þO��©O� 0.2155 Ú 0.4862,
�©z [10] ��� 0.21 Ú 0.5 (J¬Ü/éÐ.

dL 2 �±wÑ, µþ Ge d�(�´��É
5�, =÷ØÓ k ¥�� (~X 〈001〉, 〈101〉, 〈111〉
n�;.¬�x��) �µþ Ge �Çk��þØ
Ó, 
Ó�¬�ØÓ¬¡��Çk��þ´�Ó�.
ù´Ï�µþ Ge ��Uã´¥%é¡ã/, ¤±
'u�:é¡�¬�, Ùd�(�Ñ�Ó, ��Ç
k��þ��Ó.

� � � � � � � � � � � � � � � � � � �� � � � �� � � � ��� � � �� � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � �� � � � �

 k� 	 

 k� � � � 
 � � �

 k � � � � 
 � � �
 k � � � � 
 � � � k

���� �� ��
ã 7 AC Ge/Si0.2Ge0.8 �>Úf�> 50 meV �Uã
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L 2 µþÚAC Ge/Si1−xGex �>�Çk��þ

Si1−xGex |© x = 1.0 x = 0.9 x = 0.7

¬¡ (100) (101) (111) (100) (101) (111) (100) (101) (111)

¬� [001] 0.2155 0.2155 0.2155 0.1368 0.1433 0.1556 0.0776 0.1187 0.0864

¬� [100] 0.2155 0.2155 0.2155 0.2155 0.2012 0.2276 0.2155 0.2133 0.2167

¬� [101] 0.4124 0.4124 0.4124 0.2997 0.3045 0.3144 0.1311 0.1579 0.1952

¬� [111] 0.4862 0.4862 0.4862 0.4108 0.4487 0.3984 0.3112 0.3563 0.3024


 A C Ge á � � d � ( � 3 A å � � ^
eu)UC, Ù��É5�\wÍ, =Ó�¬�
SØÓ¬¡��Çk��þ�Ø�Ó. ~X, A
C Ge/(001)Si1−xGex [001] ¬�� [100] ¬���
Çk��þØÓ. ù´Ï�, Si1−xGex �.þÉ�
	ò)��)�Aå¦�á�¬X�µþ Ge C�
o�¬XAC Ge, é¡5�ü$�Ø
d�º{
¿, Úå
�>�f�>�©�. �>Úf�>U
?�m��é£ÄUC
§��m�ÍÜp�^
å, ¦�d��>Úf�>÷ØÓ k ¥���­Ç
u)
Cz, �A��Çk��þ��UC.

6 ( Ø

�©3Ú\
ACM�îþ���6�Ä:
þ, æ^ k · p �6nØ�., î�í�¿�ªï
á
AC Ge d��ÚÑ'X�., T�.·u

?¿¬�µþ Si1−xGex J�.þ�AC Ge d
�(�. ÏLT�.� MATLAB O�, �Ñ
A
C Ge ��>Úf�>�U¡, ¼�
?¿ k ��
AC Ge/Si1−xGex ��Çk��þ. ù
ïÄ(J
òé Si ÄAC Ge �� MOS ì���OJøkd
��ë�.

�µþ Ge �', AC Ge/Si1−xGex �>�Ç
k��þ���É5�\wÍ. 3 Ge |©�Ó,
=AC�Ó��¹e, AC Ge/Si1−xGex[001] ¬
���>�Çk��þ´�¬�¥���. �µ
þ Ge[001] ¬��>�Çk��þ�', � Ge |©
�~� (�A/ACO�), AC Ge/Si1−xGex[001]
¬��>�Çk��þ²w~�. Ïd, l~��
Çk��þ!Or�Ç[£Ç�A^�ÝÑu, Ä
uAC Ge/Si1−xGex á�� Si Ä Ge �� pMOS
ì�A±Ù [001] ¬����>���ÄÀ�Y.
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Abstract

Based on the k · p theory, the valence-band dispersion model for biaxial strained Ge/Si1−xGex is derived by taking strained

Hamiltonian perturbation into account. The model can be used to calculate the valence band structure and hole effective mass along

arbitrarily k wavevector direction in strained Ge grown on arbitrarily oriented relaxed Si1−xGex virtual substrate. The MATLAB

simulation results of the model show that by comparison with relaxed Ge, the more anisotropy of the hole effective mass occurs in

strained Si1−xGex and the hole effective mass of the top valence band decreases with the increase of Ge fraction. The results can

supply valuable references to the conduction channel design related to stress and orientation in the Si-based strained Ge MOS devices

and integrated circuits.
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