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Äu Fermi �7{K9 Boltzmann �§-E�CqnØ, í�ïá
 (001) µþ Si1−xGex �.	òo�¬XA
C Si �ÇÑ�AÇ�Aå9Uþ�nØ'X�., �)lz,�!(Æ(f!�451Æ(f9oÑ�VÇ (U
þ 40 meV �) �.. (JL²: � Ge |© (x) $u 0.2 �, AC Si/(001)Si1−xGex á��ÇoÑ�VÇ�AåwÍ
~�. ��, Ù�Aå�Czªu²�. �á�¬X�AC Si á��', o�¬XAC Si á��ÇoÑ�VÇ�õ
�~� 66%. AC Si á��Ç[£ÇOr�ÙÑ�VÇ�~����', �©¤�þz�.��AC Si �Ç[£
Ç9 PMOS ì��ïÄ��OJønØë�.

'�c: AC Si, Ñ�VÇ, [£Ç

PACS: 73.50.Dn, 73.43.Cd, 73.50.−h

1 Ú ó

|^AC Si CMOS Jp16f[£Ç´�
c Si EâuÐ�­:, ®²¤�ïÄ�Op�!
p5U�º� CMOS ì��>´�ÄÀ�Y [1−3].
AC Si �Ç[£ÇOr�ÙÑ�VÇ�~���
�' [4−6]. Ïd, ïáAC Si á��ÇÑ�VÇ�
.´ïÄÙ�Ç[£ÇOrÅnÚ¢yA^�n
ØÄ:.

8c, IS	�éAC Si á��.��Ç[£
Ç�ïÄ®k�� (Ù¦)L§¥�¹�ÇÑ�V
ÇÜ©), ��ÇÑ�VÇïÄ3Ta�� [7,8] ¥¤
Ó'­�, �A�Øã"y�\5ÚXÚ5. ,�
�¡, Ta��æ^ Monte-Carlo �[�{¦��
Ç[£Ç, Ï
Ã{�Ñ�ÇÑ�VÇ�þz�.,
��
AC Si á��ÇÑ�VÇéÙ[£ÇK�
��\n).

�d, �©± (001) ¡µþ Si1−xGex �.	ò
)�o�¬XAC Si (�«¿ã 1) �~, Äu Fermi
�7{K9 Boltzmann �§-E�CqnØ, XÚ
ïÄ
Ù�ÇÑ�VÇ�Aå9Uþ�nØ'X
�., ¼�
k¢^d���'(Ø. �©¤��
.êâþz, ��AC Si á�Ôn�n)9�Ç[

£Ç�ïÄJø­�nØë�.

ã 1 á�¬X Si C�o�¬XAC Si/(001)Si1−xGex

Ù¥ α, β, γ, a �á�¬X�AC Si ¬�~ê, α, β, γ, a′, b′

�o�¬XAC Si ¬�~ê

2 Ôn�.

l Schrödinger �§Ñu, æ^��m�'�
���6nØ, �©Äk¼�
�ÇÑ��þfå
ÆnØÄ: —–Fermi �7{K (du�©­:?
ØÑ�VÇ�., ��Ñ Fermi �7{K�[�í
�).

Pkk′ =
2π

~
|Fk′k|2δ(Ek′ − Ek ± ~ω), (1)

ª¥, Ek Ú Ek′ ©O´ φk �Ú φk′ ��Uþ, Fk′k

´�6Ý
�
∫

Ω
φ∗

k′F̂ φkdr, ~ω ´�[¥�Çá
Â½u��Uþ, Ω �¬�NÈ.
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/NyÑ5, ÄuT{K, =�¼�ü �mS�
Çd φk ��[� φk′ ��VÇ Pkk′ .

¯¢þ, �¦^ Fermi �7{K, 7LÄk¦
��6³ F̂ , ¿O��6Ý
� Fk′k. �Ä��6
³ F̂ äk¬N�±Ï5 (	ò)��.þÝS, V
¶ACá�Ø=É�
Aå, Ó���±
¬�±
Ï5), �±Ðm¤¹k��¥ q � Fourier ?ê. Ï
d, Ñ�³ F̂ = V (r) kXe/ª

V (r) =
∑

q

A(q) eiq·r, (2)

Ù¥, é q lKÃ¡��Ã¡¦Ú. Ï��6³´
¢ê, Kk

A∗
q = A−q, (3)

Ù¥, A∗
q ´ Aq ��ÝEê (ü�þÑ´Eê, V (r)

âU´¢ê). ò (2), (3) ª�\�6Ý
� Fk′k L
�ª, Ó�ò φk C� Bloch Å/ª, ��

F ′
k′k =

∑
q

A(q)
∫

Ω

u∗
k′(r)uk(r) ei(q−k′+k)·r dr.

(4)
du ∫ 2π

0

ei(m−m′)θ dθ =

 0 m′ 6= m

2π m′ = m
, (5)

¤±, �k�
q = k′ − k (6)

� F ′
k′k âØ�". (6) ªL², �[Ó���¦OÄ

þÅð. u´ (4) ª�±{z�

F ′
k′k = A(q)Ik′kδ(q − k′ + k) = A(k′ − k)Ik′k, (7)

ª¥ Ik′k �­UÈ©

Ik′k =
∫

Ω

u∗
k′(r)uk(r)dr, (8)

éu�Ô�5�, Ik′k ≈ 1.
ù�, ���ÑÑ�³ V (r), ÏL Fourier C

� Ñ A(q), = � ) Ñ � 6 Ý 
 � F ′
k′k. � � A

C Si1−xGex á�aq, AC Si1−xGex/(100)Si á
��AÌ��Älz,�Ñ�!(Æ(fÑ�!
�m(f9Ü7ÃSùA«Ñ�Å�, ÏLÚ\§
��A�Ñ�³| V (r), =�¼��A��[V
Ç Pkk′ . d	, éuz�«Ñ�Å� i, Ñ�^Ñ�
VÇ Pi 5£ãu)T«Ñ��ªÇ, =ü �m
Su)T«Ñ��²þgê. �
¼��Ñ�Å�
�A�Ñ�VÇ, I�|^ Boltzmann �§-E�
CqnØò¤kª� k′ �Ä?5 [9]

P =
Ω

(2π)3

∫
Pkk′(1 − cos θ′)d3k′ (9)

ª¥, θ′ � k′ Ú k �m�Y�.
�ª, �©ïá
AC Si1−xGex/(100)Si á�

lz,�Ñ�!(Æ(fÑ�!�451Æ(f
Ñ�VÇ�. (©O^ PII, Pac, Pop L«):

PII =
Nie

4

16π(2m∗)1/2(ε0ε)2E3/2

× ln
(

12m∗k2
BT 2ε0ε

e2~2Ni

)
, (10)

Pac =
m∗3/2Ξ2KBT (2E)1/2

π~4c1
, (11)

Pop =
D2

0(m
∗)3/2

21/2π~3ρω0

(
nop +

1
2
∓ 1

2

)
×(E ± ~ω0)1/2, (12)

ª¥, m∗ �AC Si/(001)Si1−xGex G��Ýk��
þ (Ù�AåCz�'X�ã 2), Ù¦ëê�äN
ê��L 1.

ã 2 o�¬XAC Si �Ç��Ýk��þ

L 1 O�¤Iëê� [10]

Ônþ ÎÒ ü  ê�

lz,�ßÝ Ni cm−3 1017

(Æ(f/C³~ê Ξ eV 9.0

�451Æ/C³~ê D0 eV · cm−1 2.5×108

p��5~ê c1 kg/m−1 · s−2 1.903×1011

ý�0>~ê ε0 F · m−1 8.854×10−12

0>~ê ε — 11.9

�Å1Æ(fUþ ~ω0 eV 0.0579

1Æ(fê nop — 0.121

á��Ý ρ g · cm−3 2. 329

?Û�ÿ, �Ñ�Å�þÓ��3, Ï
I
�r�«Ñ�Å��Ñ�VÇ�\, �¼�A
C Si/(001)Si1−xGex �ÇoÑ�VÇ

P =
∑

i

Pi = PII + Pac + Pin + Pad. (13)
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3 (J©Û�?Ø
ã 3(2D, 3D), ã 4(2D, 3D), ã 5(2D, 3D) ©O

�ØÓAåG�e (d Ge |© x L�) o�¬X
AC Si á��Çlz,�Ñ�!(Æ(fÑ�Ú
�451Æ(fÑ�VÇ�Uþ�þz'X. d
ã 3 ��, AC Si/(001)Si1−xGex �Çlz,� (�

ã 3 AC Si/(001)Si1−xGex á��Çlz,�Ñ�VÇ
�Uþ E, Ge |© x �'X

, 1017) Ñ�VÇ�Uþ�O\
~�. �Uþ E

� 40 meV � (�â9åÆÚO�n��, �ÇÑ$
�²þUþ� E = 1.5 KBT = 0.04 eV), lz,�
Ñ�VÇ (PII) � Ge |© (x) �O\
O\.

ã 4 AC Si/(001)Si1−xGex á��Ç(Æ(fÑ�VÇ
�Uþ E, Ge |© x �'X

ã 5 AC Si/(001)Si1−xGex á��Ç�45Æ(fÑ�VÇ�Uþ E, Ge |© x �'X
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dã 4, ã 5 ��, AC Si/(001)Si1−xGex �Ç
(Æ(fÚ�451Æ(fÑ�VÇþ�Uþ�
O\
O�. �Uþ E � 40 meV �, �Ç(Æ(f
Ñ�VÇ (Pac) 3ÜAå�^e��AC Si kw
Í�ü$. �451Æ(fÑ�©�áÂ(f (+)
Úu�(f (−) ü«�¹, �Uþ E � 40 meV �,
�I�ÄáÂ(f�¹e�Ç�Ñ� (Xã 5(c) ¤
«), TÑ�VÇ (Pop) � Ge |© (x) �O�
~�.

ã 6 �Uþ E = 0.04 eV �, AC Si/(001)Si1−xGex á�
�ÇoÑ�VÇ� Ge |© x �'X

Äu (13) ª, y3?ØUþ� 40 meV �A
C Si/(001)Si1−xGex �ÇoÑ�VÇ�Aå (d Ge
| © x L �) � n Ø ' X (� ã 6). d ã � �,

AC Si/(001)Si1−xGex �Ç�oÑ�VÇ� Ge
|© (x) ¤�'. � Ge |© (x) $u 0.2 �, A
C Si/(001)Si1−xGex � Ç � o Ñ � V Ç 3 A å
��^eÍü¶��, Ù�Aå�Czªu²
�. �á�¬X�AC Si á��', o�¬XA
C Si/(001)Si1−xGex �Ç�oÑ�VÇ�õ�~�
� 66%.

ùpI�AO�Ñ�´, á�¬X�AC Si
á�d��Ç�Ñ�Å�þ©��mÚ�SÑ�
ü«�¹, éÙÑ�VÇ?1O��, ��Ñ�m
Ñ��¹ [11]. �á�¬X�AC Si á��', o
�¬XAC Si á�d�º{¿�Ø, “�”!“­”
�Ç�u)©� (�«¿ã 7), �Ç�mÑ��¹
�ÃL�Ä. �©¤�ã 6 �(ØÒ¿�Xo�
¬XAC Si á�Aå��ÇoÑ�VÇ�ü$
��Ç�mÑ�Ã', Ì�´dud�©��)
� “�”!“­” �Ç�mÍÜ�^��Çk��þ
�CzÚå, ��d�©���ÇÙØCz?
Ú
å��Ýk��þ�?�ÚCzk', =o�¬X
AC Si á��Ç��Ýk��þ�Aå�Cz�
¦ÙoÑ�VÇü$.

AC Si á��Ç[£ÇOr�ÙÑ�VÇ�
~����', �©¤�AC Si/(001)Si1−xGex �
ÇÑ�VÇþz�.�� Si ÄACá�Ôn�n
)9ì��ïÄ�OJøkd��ë�.

ã 7 o�¬XAC Si d�©�«¿ã

4 ( Ø

�©Äu Fermi �7{KÚ Boltzmann �§-
E�CqnØ, ¿�Älz,�Ñ�!(Æ(f
Ñ�Ú�451Æ(f�Ñ�³U, ïÄ¼�A
C Si/(001)Si1−xGex �Ç�AÑ�VÇ�.9oÑ
�VÇ�.. (JL²: AC Si/(001)Si1−xGex �
Çlz,�Ñ�VÇ�Uþ�O\
~�. �U

þ� 40 meV �, Ù� Ge |© (x) �O\
O\¶
AC Si/(001)Si1−xGex �Ç(Æ(fÚ�451Æ
(fÑ�VÇþ�Uþ�O\
O�. �Uþ E

� 40 meV �, �I�ÄáÂ(f�¹e�Ç�Ñ
�, TÑ�VÇ� Ge |© (x) �O�
~�. A
C Si/(001)Si1−xGex �Ç (40 meV �) oÑ�VÇ
� Ge |©�O\~�, � Ge |© (x) $u 0.2 �,
�Ç�oÑ�VÇ3Aå��^eÍü¶� �, Ù
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�Aå�Czªu²�. ��AC Si á��', A
C Si/(001)Si1−xGex �Ç�oÑ�VÇ�õ�~�

� 66%. ±þþz(Ø�� Si ÄACá�Ôn�
n)9ì��ïÄ�OJøkd��ë�.
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Hole scattering mechanism in tetragonal strained Si∗

Song Jian-Jun† Zhang He-Ming Hu Hui-Yong Wang Xiao-Yan Wang Guan-Yu

( Key Laboratory of Wide Band-Gap Semiconductor Materials and Devices, School of Microelectronics, Xidian University, Xi’an 710071, China )

Abstract
Based on Fermi’s golden rule and the theory of Boltzmann collision term approximation, hole scattering mechanism in strained

Si/(001)Si1−xGex, namely, tetragonal strained Si is studied, including ionized impurity, acoustic phonon, non-polar optical phonon and
total scattering rates. It is found that the total scattering rate of hole in strained Si/(001)Si1−xGex decreases obviously with the increase
of stress when Ge fraction (x) is less than 0.2 and the values continue to show a constant tendency. The total hole scattering rate of
strained Si/(001)Si1−xGex decreases about 66% at most in comparison with one of unstrained Si. The hole mobility enhancement in
strained Si material is due to the decrease of hole scattering rate. The result can provide valuable references for the research of hole
mobility of strained Si materials and the design of PMOS devices.
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