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Si á�¥�$��Ç[£Ç��
 Si pÖ7á�zÔ��Nì�3pª+��A^. �é SiGe p .7á�z
Ô��N|�A+ (PMOSFET) (�, ÏL¦)p���Ñt�§, ��
ì��p�>³©Ù, ¿3dÄ:þïá

ì��K�>Ø�., ?Ø
 Ge |©!�À�þÝ!Si l�þÝÚ�.�,éK�>Ø�K�. du SiGe ��
���, O�¥�Ä
T�d�³²¥�þfz�A. �»>Øýé�L��, duU��ÚU?©�E¤ SiGe

���¥��Ç¬�L³^�� Si/SiO2 .¡, lÚåì�5U�òz. ïá
þf² SiGe PMOSFET ����
�Ç¡�Ý�., JÑ
��ó�»>Ø�Vg, éd»>ØÚå����Ú?1
O�Ú©Û. ïÄ(JL², ì
��K�>ØÚ��ó�»Ø� SiGe � Ge |©'X��, Ge |©�·�Jp�±¦ì�ó�»>Ø��k�O
�.

'�c: SiGe p .|�A+, K�>Ø, þf², �Ç¡�Ý

PACS: 61.72.uf, 85.30.De, 85.35.Be

1 Ú ó

éu SiGe p .7á�zÔ��N|�A¬N
+ (PMOSFET), duØ AC� SiGe �Ç���
9ÜAC� Si >f���¥16f[£Ç�J
,, 3�$�k�>|e (� 0.3 MV/cm3), �Ç[
£Ç�±J, 60%[1], Ïdì���Ýò'~57
ì�k²wJp. 3æ��!�æ��«, du7
÷ MOSFET ¥16fk�ÝLÀy�, É�(ì
�äk�²w�`³, Ïd7÷ì�U
¼��
p�ª�!����ÝÚ�$�õÑ. �©?Ø

�«AC SiGe PMOSFET ì�(�, éAC Si

ÚAC SiGe .¡?1
ïÄ. du SiGe �þÝé
� (A nm ��A nm), Ïd�ÇU�Ñy²w�þ
fz, =ÏL¦)Ñt�§����¥�16fß
ÝØ2O( [2]. �©ÏL¦)Å½��§����
ÇU?� �, ïá
AC SiGe PMOSFET K�>

Ø�.Úþf²��¥16f¡�Ý�., ©Û

K�>ØÚ��16f¡�Ý�A�'�ëê�
'X±9üöéì�>Æ5U�K�.

2 þf² SiGe PMOSFET (�9K�
>ØÚ���Ç¡�Ý�.�ïá

2.1 þþþfff²²² SiGe PMOSFET (((���

þf² SiGe PMOSFET �k«�)µþ Si

� À � ! A C SiGe � Ú A C Si l �, X ã 1

¤«. du SiGe Ü73�zL§¥¬Ï� Ge

3 SiO2/SiGe .¡�æÈ¦.¡�O\, ¦ì�5
U�z, Ïd3AC SiGe �þ�)��� Si l�
��ã+�. AC SiGe �^�16fDÑ���
�, ÙþÝ��u�.þÝ. Si �À�^�)¤A
C SiGe ���, ±~� SiGe ��� n .�,�.
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m�.¡K�. Ó�, 3DÈ��À�!���Ú
l�Ñ´��,�, ù��±~�,�Ñ�é16
f[£Ç�K� [3]. � �� � �� � � �� �� � � �� � 	 


ã 1 þf²AC Si/AC SiGe/µþ Si PMOSFET (�

du SiGe ��Y3ü� Si �m/¤É�(,

Ïd��d�ºUþ�ØëY, 3 Si l�Ú SiGe

�.¡?/¤³², Xã 2 ¤«. Ù¥, î�I x �
ì��p�º�, p�I E �16fUþ, EC �
��, EV �d�, EF �¤�U?. ù�� Ge |©
v
p��¹e, AC SiGe ���v±�å�Ç,

duT�Ø�3,�Ñ�, ��²¡S�Y²��
��Ç[£ÇOp. Ó�, �
/¤d�å��
� Si l�, äk�l�>��Ú SiO2 ��^, l
�f
 SiO2/Si .¡é16f�Ñ�, ¦��Ç[
£Ç?�ÚJp [4]. 3T(�¥, 16fÉ�u[
£Ç��� SiGe ���¥, � Si l�ÚAC SiGe

����þÝ(½��, AC§Ý�p, SiGe ��
é�Ç��å�Ò�r.

� � � � � � � � � � � � � � �� � � �� � � �� � �� � �� � ��	 
� � � � � �� � � �
ã 2 �ý� SiGe p .|�A+U�ã

3�©�O�¥, ì�æ^þ!�,� 5 ×
1016 cm−3 � n . Si ��., 3dÄ:þ�g)�
þÝ� di �µþ Si �, þÝ tSiGe � 12 nm �A
C SiGe �, þÝ tcap � 4.6 nm �AC Si l�Úþ

Ý tOX � 3.8 nm � SiO2 »0�, ±þo�Ñ´�
�,�.

2.2 ììì���KKK���>>>ØØØÚÚÚ���������ÇÇÇ¡¡¡���ÝÝÝ���...
���ïïïááá

dã 2 ¥AC Si/AC SiGe/µþ Si p��U
�(��±wÑ, d��Czþ'���Czþ
²w, 3d�?/¤�Ç�þf², 3�nþ÷
v SiGe PMOSFET ó��^�. �â MOSFET K
�>Ø Vth � n .�.fm©?\�.«��»>
Ø [4,5], Ïd½Â

Vth = Vfb + φth − Qdp/C1, (1)

Ù¥, Vfb �»4á�� Si �²�>Ø, �©¥»4
á�æ^ N+ õ¬7. òAC SiGe �¥� Ge |©
�� y, KK�^�e�L¡³ φth �L«�

φth = 2φf + ∆EV =
2kT

q
ln

(ND

ni

)
+ 0.74y, (2)

Qdp �K�^�e n . Si �.Ñ¦«�o>Ö, C1

�l»4� n .�.m�>N:

1/C1 = 1/Cox +1/Ccap +1/CSiGe +1/Cbuffer. (3)

b�ì�p�� x ��, 3K�^�e, n . Si �
.�Ñ¦«°Ý���� xd max, KÑ¦«o>Ö

Qdp = qNDxd max. (4)

�O�L¡³ φs �Ñ¦«°Ý xd �'X,

3 n . Si �.!µþ Si �À�!AC SiGe �Ú
AC Si l�, ©Oïá��Ñt�§, Xã 3 ¤«.� � �� � � �� � � � 	� 
 � � � 	 � �

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

� 

 � � �� � � � � � � � � � � �� � � � � � � � �� �� � � � 	� � � �  � ! "! " # $! "% ! "

ã 3 SiGe PMOSFET ���Ñt�§«¿ã
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�»>Ø VG < Vth �, ²LO���

φs = − qND

2εSi

[
x2

d + 2xd

(
tbuffer +

εSi

εSiGe
tSiGe

)]
− qNDxdtcap

εSi
. (5)

Ïd, � φs = φth �, Ñ¦«°Ý xd ����:

xd max =
[
− 2εSiφth

qND
+

(
tbuffer +

εSi

εSiGe
tSiGe

)2]1/2

− tbuffer −
εSi

εSiGe
tSiGe. (6)

� VG > Vth �, 3AC SiGe ���, Ñt�§C
�

εSiGeφ
′′ = −qp(x). (7)

(7) ª ü > é x ? 1 È © � � εSiGeφ
′|x=tcap

=

−q(Ps + Qdp/q), Ù¥ Ps =
∫
SiGe

p(x)dx, = SiGe

�¥o�>Ö�Ý,  Qdp �È©�)�~ê�Ü
©. l

VG − Vth = −(qPs + Qdp)/C = εSiGeφ
′|x=tcap

/C.

(8)

>N C �Ä
��>ÖÚÑ¦�>Ö�nÜK�,

Ïd�3'Xª

−(qPs + Qdp)/C = −qPs/C2 − Qdp/C1, (9)

Ù¥ C2 �l»>4� SiGe ����m�>N:

1/C2 = 1/Cox + 1/Ccap. (10)

�ì���>��'�á (�u 1 µm) �, ¬
Ñy²w�á���A, lÚåK�>Ø�ü$,

�â Yau JÑ�>Ö©��. [6], ì��K�>Ø
�?U�

Vth1 = Vfb + φth − FQdp/C1, (11)

Ù¥, F �>Ö©�Ïf, £ã
��«¥»�
Ñ¦>Ö3oÑ¦>Ö¥¤Ó�°�. du�©
� PMOSFET �î�ì�, �éuL¡��ì�Ù
¤Éá���A�K���, F �L«�

F =1 − xj

L

{[(
1 +

2xd max

xj

)2

−
(xd max + tcap

xj

)2]1/2

− 1
}

, (12)

Ù¥, xj ��!¦� pn !�.

�X»>Øýé��O�, d n . Si �.5
\ SiGe ���¥��.>Ö�ÇÅìOõ, �
�Ü©�Ç�Uþv
p, �C½ö�L Si l�

� SiGe ��d�³^ ∆EV �, �ÇB¬�L³^
�� Si l�Ú»���.¡, duT? Si/SiO2 .
¡�©o÷, .¡�'�õ, 16f�²Ér��
L¡Ñ�, ��[£Çü$?Úåì�5Uòz,

 l
p�Ç[£Çì���OÐ©. Ïd@�
� SiGe ���¥�Çm©�Ú�, ì��»>Ø
=����~ó�>Ø. e¡Ò SiGe ���¥�
�Ç¡�Ý�»>Ø�'X?1©ÛÚ?Ø.� �� � �

ã 4 ì��d�(�� SiGe ��Ç³²

ã 4 � SiGe ��«�C�Ú�� PMOSFET

�p�d�(�� SiGe ��Ç³²«¿ã. du
»>ØÚ²�>Ø��3, ì�3»4L¡NC�
U�(�u)�, �©Cq SiGe �³²���
k�n�/³². duT��p�º�é�, �Ç
U?�þfz�A²w, �Ç u$ud�³^�
A�©áU?þ. du>|��^��U��,

n�/³²ØäCÄ, U??�Ú©�, ³²¥¤
UNB�>Ö~�. Ïd, ¦)³²�Ú��>Ö
ßÝI�¦)³²¥�Ç©Ù���ÅÄ�§, �
â�U?�k�G��ÝÚ¤�©Ù¦ÑT�o
�>Ö¡�Ý. é SiGe �d�n�/³², ¦)�
�ÅÄ�§ [7,8]:(

− h2

2m

d2

d2x
+ eφx

)
ζ(x) = Eζ(x), (13)

Ù¥, ζ(x) �ì�p��Å¼ê, φ �³²¥�>
|rÝ. ²LO�, ��ÃU?� �

En =
( h2

2m

)1/3

(eφ)2/3
[3π

2

(
n − 1

4

)]2/3

n = 1, 2, 3, · · · (14)

du��¥��Ç©Ù�é»>Øé>|�K�
�f, Ïd³²¥�|rCq��:

φ = −(VG − Vth)C2 − Qdp

εSiGe
. (15)
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�â¤�©Ù, SiGe �����Ç©Ù¼ê
� fhole =

[
1 + exp

(EF − E

kT

)]−1

, Ù¥ E ��Ç
�Uþ, EF �¤�U?. �X�ÇU?�ü$, �
Ç�©ÙVÇ�X

∣∣∣EF − E

kT

∣∣∣ �~�×�ü$,

ÏdÃU?��Ú�Ç¡�Ý�

Psat

∣∣∣
En

=g2D

[
1 + exp

(EF − En

kT

)]−1

n = 1, 2, 3, · · · , (16)

Ù¥, g2D �ü ¡È����mf����Ý:

g2D =
m

πh2
. (17)

��ÇU?�Cd�³^�, =³^��ÇU
?���u9>³ kT/q, TU?þ��Çkv

��VÇ�L³^��»��/Si l�.¡. Ïd
O�¥��Ä$ud�³^ kT/q ±e�A�U
?, �� SiGe ����Ú�o��Ç¡�Ý:

Pssat =
∑

n

Psat

∣∣
En

n = 1, 2, 3, · · · . (18)

3 O�(J9?Ø

�â�©1�!¤ïá�K�>Ø�., ²
LO��� SiGe PMOSFET �K�>Ø� Si �
À�þÝ tbuffer, SiGe � Ge |© y ±9�.�,
ßÝ ND �'X, Xã 5 ¤«. �±wÑ, ��.
�,ßÝ�½�, ì��K�>Ø�X Si �À�
þÝ tbuffer �O\Øä~�¿ªu½, � tbuffer

�L 0.5 µm �, K�>Ø�CzØ2²w. �
X SiGe � Ge |©�O\, K�>Ø�ýé�¥y
ÑÅì~��ª³, � Ge |©� 0.3 �, K�>Ø
�� −1.1 V.

� � � � � � � � � � � � �� � � �� � � �� � � �� � � �� � � � 	 
 � � 	 
 � � �	 
 � � �	 
 � � �� � � � � � � � � �� ���� �  ! " # $ % & ' ( � ) *
ã 5 ØÓ Ge |©eK�>Ø� Si �À�þÝ�'X

ã 6 �� Si �À�þÝ 2 µm �, SiGe �Ø
Ó Ge |©eK�>Ø��.�,�'X. ��,

�.�,ßÝ�p, K�>Ø�ýé���. �ì
�����Ý L �u 1 µm �, �Äì��á��
�A� xj � 0.5 µm, y � 0.3, Ó�N� Si l�þ
Ý tcap ©O� 2, 4, 6 Ú 8 nm, ��ì��K�>Ø
����Ý�'X, Xã 7 ¤«. ��, duá��
^�e, �!¦� pn !Ñ¦�é¢S���Ý
�5²w�K�, ì�K�>Ø�ýé�¬Ï�¢
S���Ý�~�C��$. ØÓ� Si l�
þÝ�ì�, K�>Ø�LyÑ�½��O, Si l
�þÝ��, ì�K�>Ø�ýé���.

� � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �� � � �� � � � � 	 
 � �� 	 
 � � 	 
 � �� 	 
 � � � � � � � � � � � � �� ���� � �  ! " # $ % � & '
ã 6 ØÓ Ge |©eK�>Ø��.�,�'X� � � � �� � � � 	 
� 	 � 	 	 �� 	 � 	 	 
� 	 � 	 
 �� 	 � 	 
 �� 	 � 	 
 �� 	 � 	 
 �  � � � � � � � � � � � � � � � � � � � � � � � � � � � �  � � � � � � � � � �� � �  ! "#$% & ' � ( ) * + , - . � / 0

ã 7 ØÓ Si l�þÝeK�>Ø����Ý L �'X

� Ge |©� 0.3 �, ò�Äþfz� SiGe �
���Ú�Ç¡�Ý�O�� SiGe ����Ç¡
�Ý?1é', ���A�ÃU? ��»>Ø
�'X, Xã 8. 3O�¥, ò�Ç¡�Ý�»>
Ø�Cz'X��I6Zç�Æ� 3D B�ì�
�[ì nextnanomat O����(J?1
é',

U
�Ð/ÎÜ. �X»>Ø�,p, �Ä� SiGe
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�³²¥�þfz�A, ³²¥��Ç¬Ñy�
Ú, �Ú�du�þ�Ç��»��/Si l�.¡,

SiGe �����Ç¡�Ý×�eü, lÚå�
Ç[£Ç�eüÚì�5U�òz, Ïd@�³²
¥�Çm©Ñy�Ú��»>Ø��pó�»>
Ø VG max. �±wÑ, �»>Ø�L VG max �, �
�¥�>ÖØ2� |VG| �O\O\, ¿�duU
�?�Ú���³²O¥>|�ØäO�ÚU
?�,p, ��¥��Ç¡�Ý� |VG| �O�
×�~�. Ïd, �
�y��¥���Çí�p
[£ÇÚì�ûÐ�5U, ì�ØAT3»>Ø�
L VG max ^�eó�.

� � � � � � � � � ��� � �� � �� � �� � � �� � � �� 	 � �
 �� � �� � � � �� � � �� � � �� � � � � �� � � � �� � � � � �� � � ��  ! " " # $ % & ' () * % + , - . / 0 1 ( 2 3 4 56 789
ã 8 �Äþfz� SiGe ����Ú�Ç¡�Ý Pssat,

SiGe ����Ç¡�Ý Ps ±9��ÇU?�»>Ø�
'X, Pssat de�þn^J�©O���Ä E1 U?!
�Ä E1 Ú E2 U?!�Ä E1, E2, E3 U?���Ú
�, lÑ:´d^� nextnanomat O���� SiGe ��Ç
¡�Ý � � � � � � � �� � � � � � � �� � � � � 	 � �� � � � � 
 � �� � ���� � � � � � � �� � � � � � � � � �� � � �� � � �� � � �� � � �

�  ! " # � $ % &� ' ( ) ) * + � � , �- . � / 0 1 2 � 3 4 � 5 �
ã 9 ØÓ Si l�þÝe SiGe ����Ç¡�Ý�Ú
�Ç¡�Ý�Ú�

�©Û Si l�þÝ tcap é SiGe ����Ç
¡�Ý�K�, � Ge |© y � 0.3, Ó�N� tcap,

��(JXã 9 ¤«. ��, �� Si l�þÝéA
X�p��Ç¡�Ý, Ó� SiGe �³²�Ú��
�Ç¡�ÝÉ tcap �K���, ØÓ� tcap e�Ú

: (éA� VG ���ó�»Ø) � �LyÑ�
���É. Ïd, ~� Si l��þÝkÏuJp�
��Ç¡�ÝÚ VG max, l¦ì��~ó���
»>ØN!��O�. � � � � �� � � � �� � � � �� � � � �� 	 � 	 
 � � �� ���� � � � �� � � �� � � �� � � �

� � � � � � � � � ��  ! "# $ % & & ' ( ) � * +, - ) . / 0 1 � 2 3 + 4 �
ã 10 ØÓ Ge |©e� SiGe ����Ç¡�Ý�Ú
�Ç¡�Ý�Ú�

ã 10 �ØÓ Ge |©e� SiGe ����Ç
¡�Ý�Úþfz��Ç¡�Ý�Ú�é'.

L 1 �Ñ
ØÓ Ge |©e� SiGe PMOSFET K�
>ØÚ��ó�»Ø. �±w�, Ø�Ä�Ú�, Ø
Ó Ge |©e�Ç¡�Ý Ps �X |VG| �O�ª
u��,  Ge |©�Czé�Ä��þfz��
�Ú� Pssat K���, cÙ� |VG| > 3 V �,

ØÓ Ge |©e� Pssat-VG �©Ñ, �ÒE¤

��m©�Ú�� VG max �O'��. � SiGe

���� Ge |©� 0.1 �, ì��K�>Ø Vth

� −1.41 V, VG max � −3.18 V,  Ge |©� 0.4 �,

Vth � −0.96 V, VG max K� −4.70 V. Ïd, ·��
Jp Ge |©kÏu*�ì��~ó�»>Ø��
�.

L 1 ØÓ Ge |© y e SiGe PMOSFET K�>ØÚ��
ó�»Ø

y 0.1 0.2 0.3 0.4

Vth/V −1.41 −1.26 −1.11 −0.96

VG max/V −3.18 −3.64 −4.16 −4.70

4 ( Ø

�©ïá
þf² Si/SiGe/Si PMOSFET �K
�>Ø�. [9,10] Ú��16f¡�Ý�., du
�Ä
���³²¥�Ç�þfz�A, �X»>
Øýé��O�d�³²¥��Ç¬Ñy�Ú, Ï
dÚ\
��ó�»>Ø�Vg. � SiGe PMOS-
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FET ��u)�Ú�, du�Ç�L Si/SiGe ³^
�� Si l��»�z�.¡l��ì�5Ue
ü, Ïdì�3�~ó��, »>ØØA�L��
ó�»>Ø. ©¥©Û
ØÓ��À�þÝ!�.
�,!Si l�þÝÚ���Ý�ì�K�>Ø�
'X, ¿?�Ú?Ø
�Ä��þfz�ØÓ Ge

|©éK�>ØÚ��ó�»>Ø�K�. (JL
², Ge |©Ú Si l�þÝ´N!ì�K�>ØÚ
��16f�Ý��(�ëê,  Ge |©�·
�Jp�±¦ì�¼�������~ó�»>
Ø. T(J�±� SiGe PMOSFET ì���OÚA
^Jøë�.
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Abstract

The low hole mobility restricts the application of Si complementary metal-oxide-semiconductor in high frequency fields. In this

paper, the SiGe p-metal-oxide-semiconductor field-effect-transistor (PMOSFET) is studied. By numeric modeling and analysis, the

vertical potential distribution of the device is obtained through solving one-dimensional Poisson equations, and the threshold-voltage

model is established. The effects of Ge-profile, thickness of Si buffer layer, thickness of Si cap layer and substrate doping on the

threshold-voltage are discussed. In SiGe layer, the quantization effect of the potential well in valence band is taken into account. When

the gate voltage is large enough, the holes in SiGe channel layer will transit to the Si/SiO2 interface due to band bending and energy level

splitting, causing the degradation of device performance. Thus, the hole-sheet-density model in quantum channel of SiGe PMOSFET

is established, and the concept of the maximum operating gate voltage is proposed, moreover the channel saturation induced by gate

voltage is calculated and analyzed. The results show that the threshold voltage and the maximal operating gate voltage are related to

Ge-profile, and a proper increase of Ge-profile can extend the range of the operating gate voltage effectively.
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