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Äué Poly-Si1−xGex »õ¼ê�©Û, ÏL¦) Poisson �§, ¼�
 Poly-Si1−xGex »AC Si N .7á - �
zÔ - ��N|�Aì� (NMOSFET) R�>³�>|©Ù�.. 3dÄ:þ, ïá
�Ä»Ñ¦� Poly-Si1−xGex

»AC Si NMOSFET �K�>Ø�.Ú»Ñ¦°Ý9Ù8�z�., ¿|^T�., éì�AÛ(�ëê!Ônë
êcÙ´ Ge |©é Poly-Si1−xGex »Ñ¦�°Ý�K�, ±9»Ñ¦�°Ýéì�K�>Ø�K�?1
�[©
Û. (JL²: õ¬Ñ¦� Ge |©Ú»�,ßÝ�O\
~f, ��.�,ßÝ�O\
Or; d	, õ¬Ñ¦§Ý
�Or¦�ì�K�>ØO�. ¤�(ØU
�AC Si ì���OJønØ�â.

'�c: Poly-Si1−xGex, AC Si, »Ñ¦, K�>Ø

PACS: 73.40.Ty, 73.43.Cd, 73.21.Ac

1 Ú ó

pÖ7á�zÔ��N (CMOS) 8¤>´®
²?\B���, �
Jp8¤>´�5U, IS
	�ïÄÅ�Ñ�kmu�«#Eâ [1−3], cÙ´
�yk8¤>´ó²oN!Uk�Jpì��8
¤>´5U�AC Si Eâ, �´ïÄ�9: [4−7].

8c, Ì67ó²õæ^ Poly-Si ��7á�
zÔ��N (MOS) ì�»4>4, �´, Poly-Si �
�»>43 MOS ì�ó��¬�)õ¬Ñ¦�
A, T�Aò��k�»4�z�þÝO\ [8], l

éì�>6°ÄUå!ÂB>Ø!K�>Ø�
�)K¡K�, ¦ì�>Æ5Ueü, ù«K�3
�æ��ÚB� MOS ì�¥c�wÍ [9].

�
)ûþã¯K, ïÄ<
JÑæ^ Poly-

Si1−xGex �� MOS ì��»4á�. du Poly-

Si1−xGex á�¥ Ge |©�N, 
�ÙB�°Ý�
X Ge |©�Cz
Cz [10,11], Ïd, 3ì��O

��E¥, �±ÏLN! Poly-Si1−xGex »4á�
¥� Ge |©5³�»Ñ¦�A [12], ¿��Ó�N
!ì�K�>Ø, Uõ CMOS 8¤>´¥ N/PMOS

ì�K�>Ø���A5, l
��`zì�5U
Ú{z��ó²�8� [13,14].

�©�é Poly-Si1−xGex »AC Si N .7á -

�zÔ - ��N|�Aì� (NMOSFEF) 5U©
Û!(��O9`z�I¦, ­:ïÄïáTì�
�K�>Ø!»Ñ¦98�z�., ©Ûì��Ô
nëê!AÛ(�ëê±9��Aå (Ny3�
. Ge |©) é Poly-Si1−xGex »Ñ¦�þÝ�K
�, �AC MOS ì��8¤>´��O!�EJ
ønØ�â.

2 Ôn�.

2.1 Poly-Si1−xGex »»»õõõ¼¼¼êêê���...

ã 1 � ä k Poly-Si1−xGex » � A C Si
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NMOSFET ì � ( �, l þ � e � g � Poly-

Si1−xGex » ! » � z � ! A C Si � � ! µ
þ Si1−yGey �9 Si �.�. Ù¥, µþ Si1−yGey

��AC Si ��� P .�,, �,ßÝ� NA,

Poly-Si1−xGex »� P .­�,, �,ßÝ� NG.

ã 1 Poly-Si1−xGex »AC Si NMOSFET (�«¿ã

ã 2 Poly-Si1−xGex »U�(�ã

Poly-Si1−xGex » U � ( � X ã 2 ¤ «. Ù
¥ χ, W ©O� Poly-Si1−xGex ��Ú³�õ¼
ê, E0 �ý�U?, EC, EV ©O���.Úd�
ºU?, Ei ��� Fermi U?, EF � P . Poly-

Si1−xGex � Fermi U?. K Poly-Si1−xGex �õ¼
ê�

Φp+Si1−xGex
= χ + Eg(x) + (EV − EF) , (1)

d>¥5^�� [15]:

2Nv√
π

F1/2

(
EV − EF

k0T

)
=

NG

1 + 2 exp
(

EA − EF

k0T

) .

(2)

- ξ =
EV − EF

k0T
, þªz�

NG

√
π

2Nv
=

[
1 + 2 exp

(
∆EA

k0T

)
exp (ξ)

]
F1/2 (ξ) .

(3)

|^ Change-Izabelle Cq [16] ¦� ξ Cq)�

ξ = ln
(

u

1 + u

)
+

[
Γ

(
5
2

)]2/3
u

(A + u)1/3
, (4)

Ù¥, u = p/NV, p ���NS�gd16fßÝ,

~þ A, u0, Γ (5/2) ©O�

A = [Γ (5/2)]2 u3
0

[
ln

(
1 + u−1

0

)]−3

= 0.59010, (5)

u0 = F1/2 (0) = 0.76515, (6)

Γ (5/2) = 3π1/2/4 = 1.32934. (7)

éu�½� NG, d©z [17] ��,�>lÇ
�u 50%, �>lÇ� 0.5, @o p � 0.5NG K�±
¦� ξ ��. d EV − EF = ξk0T , K (1) ª�z�

Φp+Si1−xGex
= χ + Eg (x) + k0T

[
ln

(
u

1 + u

)
+

[
Γ

(
5
2

)]2/3
u

(A + u)1/3

]
, (8)

ª¥, Eg � Poly-Si1−xGex B�°Ý [18].

2.2 Poly-Si1−xGex »»» AAA CCC Si NMOSFET
RRR���>>>³³³©©©ÙÙÙ���...

��N MOSFET ì�R����>³©Ùé
ì��K�>Ø!ª�!»>N!>6 - >ØA
59>6°ÄUåÑk­��K�. Ïd, �©Ä
kïÄ Poly-Si1−xGex »AC Si NMOSFET R�>
³!>|©Ù.

2.2.1 R�>³!>|©Ù�.
Xã 1 ì�(�UR���©�o�«�, ©

O�: µþ SiGe Ñ¦«!AC Si «!»�«9
õ¬»Ñ¦«. 3ùo�«�¥©O¦) Poisson

�§
d2Vj (x)

dx2
= −ρj (x)

ε0εs
, �±���«�¥�>

| Ej Ú>³ Vj �©Ù (j = 1, 2, 3, 4), Ù¥ ρ ��
«��>Ö�Ý, ε0 �ý�¥�0>~ê, εs ��
�N��é0>~ê.

1) µþ SiGe Ñ¦« (tox + tsSi < x < tox +
tsSi + td)

T « � � Ü Ñ ¦ � K > Ö � Ý �
ρ1 (x) = −qNA, d Poisson � § Ú > . ^ �
V1 (tox + tsSi + td) = 0 9 E1 (tox + tsSi + td) = 0,
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�±¦�T«�¥>³�>|�©Ù�

E1 (x) = − qNA

εSi1−yGey

x

+
qNA

εSi1−yGey

(tox + tsSi + td) ,

V1 (x) =
qNA

2εSi1−yGey

x2

− qNA

εSi1−yGey

(tox + tsSi + td) x

+
qNA

2εSi1−yGey

(tox + tsSi + td)2 .

(9)

2) AC Si « (tox < x < tox + tsSi)
T « � � Ü Ñ ¦, | ^ > . ^ �

V2 (tox + tsSi) =V1 (tox + tsSi), εsSiE2 (tox + tsSi) =
εSi1−yGeyE1 (tox + tsSi) 9 K > Ö � Ý ρ2 (x) =
−qNA ) Poisson �§, �±¦�T«�¥>|
�>³©Ù�

E2 (x) = −qNA

εsSi
x +

qNA

εsSi
(tox + tsSi + td) ,

V2 (x) =
qNA

2εsSi
x2 − qNA

εsSi
(tox + tsSi + td) x

+
qNA

2εsSi
(tox + tsSi)

2

+
qNA

εsSi
(tox + tsSi) td

+
qNA

2εSi1−yGey

t2d.

(10)

3) »�« (0 < x < tox)
T«�¥>Ö�Ý� ρ3 ��~þ, ò>.^

� V3 (tox) = V2 (tox) 9 εoxE3 (tox) = εsSiE2 (tox)
�\ Poisson �§�±¦�T«�¥>|Ú>³©
Ù�

E3 (x) =
ρ3

εox
x − ρ3

εox
tox +

qNA

εox
(tsSi+td) ,

V3 (x) = − ρ3

2εox
x2 +

ρ3

εox
toxx

−qNA

εox
(tsSi + td) x +

qNA

2εsSi
t2sSi

+
qNA

εsSi
tdtsSi +

qNA

2εSi1−yGey

t2d

− ρ3

2εox
t2ox +

qNA

εox
(tsSi + td) tox.

(11)

�Än��¹, = ρ3 � 0, K�� SiO2 �¥�>|
9>³©Ù�

E3 (x) =
qNA

εox
(tsSi + td) ,

V3 (x) = −qNA

εox
(tsSi + td) x +

qNA

2εsSi
t2sSi

+
qNA

εsSi
tdtsSi +

qNA

2εSi1−yGey

t2d

+
qNA

εox
(tsSi + td) tox.

(12)

� Si / SiO2 .¡?�>³� Vs, K

Vs = V2 (tox)

=
qNA

2εsSi
t2sSi +

qNA

εsSi
tdtsSi +

qNA

2εSi1−yGey

t2d. (13)

ò (13) ª�\ (12) ª V3 ¥, ��n��¹e»�
«>³©Ù�

V3 (x) = −qNA

εox
(tsSi + td) x + Vs

+
qNA

εox
(tsSi + td) tox. (14)

4) õ¬»Ñ¦« (−tpd < x < 0)
T«��ÜÑ¦, Ù¥K>Ö�Ý ρ4 (x) =

−qNG, | ^ Poisson � § Ú > . ^ � V4 (0) =
V3 (0) 9 εSi1−xGexE4 (0) = εoxE3 (0) �±¦�T
«�¥>|9>³©Ù�

E4 (x) = − qNG

εSi1−xGex

x

+
qNA

εSi1−xGex

(tsSi + td) ,

V4 (x) =
qNG

2εSi1−xGex

x2

− qNA

εSi1−xGex

(tsSi + td) x

+
qNA

εox
(tsSi + td) tox + Vs.

(15)

2.2.2 K�>Ø�.
K�>Ø´ MOSFET ì��­�ëê. éA

C Si MOS ì�, K�>ØÉõ¬»�,ßÝ!»
�þÝ!���,ßÝ!µþ�. Ge |©9A
C Si �þÝ�õ«Ï��K�.

�©3éõ¬»Ñ¦Å�ïÄ�Ä:þ©Û
õ¬»Ñ¦éuK�>Ø�K�, T(ØkÏu

)õ¬Ñ¦�Aéì�Ù¦>Æ5U�K�.
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Äuc¡�©Û�� p+Poly-Si1−xGex »4>
Øüá�

Vg = V4 (−tpd) + VFB

=
qNG

2εSi1−xGex

t2pd +
qNA

εSi1−xGex

(tsSi + td) tpd

+
qNA

εox
(tsSi + td) tox + Vs + VFB, (16)

Ù¥, Vs �ì���K��.:�L¡³, VFB �
²�>Ø, L�ªXe:

VFB = Φms −
Qox

Cox

=
Φm − Φs

q
− Qox

Cox

=
1
q

(
Φp+Si1−xGex

− ΦsSi

)
− Qox

Cox
. (17)

ò (8) ª�\ (17) ª¥, ��²�>Ø�

VFB =
1
q

[
χ + Eg (x) + k0T

[
ln

(
u

1 + u

)
+

[
Γ

(
5
2

)]2/3
u

(A + u)1/3

]

−ΦsSi] −
Qox

Cox
, (18)

ò (18) ª�\ (16) ª�K�>Ø VT L�ª�

VT = Vg = V4 (−tpd) + VFB

=
qNG

2εSi1−xGex

t2pd +
qNA

εSi1−xGex

(tsSi + td) tpd

+
qNA

εox
(tsSi + td) tox + Vs

+
1
q

[
χ + Eg (x) + k0T

[
ln

(
u

1 + u

)
+

[
Γ

(
5
2

)]2/3
u

(A + u)1/3

]
− ΦsSi

]
− Qox

Cox
.

(19)

�Ä­�,����YN��A, (19) ª¥� Eg

A^ Eg–0.225 (NG/1018)0.5 �O [19].

3 õ¬»Ñ¦���þÝ8�z�.

� © æ ^ � � � z � þ Ý (equivalent oxide

thickness, {P� EOT) 5L� Poly-Si1−xGex »
Ñ¦, ¿ÄudïáAC Si NMOSFET � Poly-

Si1−xGex »Ñ¦�..

dK��.:��L¡³L�ª (13) �±¦

��.Ñ¦���°Ý�

td max = −
εSi1−yGey

εsSi
tsSi +

[(
εSi1−yGey

εsSi
tsSi

)2

−
εSi1−yGey

εsSi
t2sSi +

2εSi1−yGeyVs

qNA

] 1
2

, (20)


þª¥� Vs �´AC Si Úµþ Si1−xGex U�
�¼ê [12]

Vs =
k0T

q

[
ln

NA

nsSi
i

+ ln
NA

n
Si1−yGey

i

]

−
(

∆EC + ∆EV

2

)
, (21)

d�z�üýü ¡È�>Ö�� [20], � Q =
εsSiE2(tpd + tox) = εSi1−xGexE4(tpd), =

−qNGtpd = −qNA (tsSi + td max) , (22)

K

tpd =
NA (tsSi + td max)

NG

=
NA

NG

{(
1 −

εSi1−yGey

εsSi

)
tsSi

+

[(
εSi1−yGey

εsSi
tsSi

)2

−
εSi1−yGey

εsSi
t2sSi +

2εSi1−yGeyVs

qNA

] 1
2
}

. (23)

|^
εSi1−xGex

tpd
=

εox

tPD
, ò tpd ��� SiO2 �

�þÝ tPD =
εox

εSi1−xGex

tpd, ò (21) ª�\ (23) ª,

�� SiO2 þÝ�

tPD =
εox

εSi1−xGex

· NA

NG

{(
1 −

εSi1−yGey

εsSi

)
tsSi

+

[(
εSi1−yGey

εsSi
tsSi

)2

−
εSi1−yGey

εsSi
t2sSi +

2εSi1−yGeyVs

qNA

] 1
2
}

, (24)

Ko��z�þÝ

tEOT = tox + tPD

= tox +
εox

εSi1−xGex

· NA

NG

{(
1 −

εSi1−yGey

εsSi

)
tsSi

+

[(
εSi1−yGey

εsSi
tsSi

)2

−
εSi1−yGey

εsSi
t2sSi +

2εSi1−yGeyVs

qNA

] 1
2
}

. (25)
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�
Bu?Ø, ò�� SiO2 �?18�z?n [20],

K��8�zëê�

δ = 1 − tox
tEOT

. (26)

õ¬Ñ¦éu�z�L¡³�K��±^õ
¬»Ñ¦þ�ØüÓ���z�þ�Øü'~=
8�zØü5L«:

σ =

qNG

2εSi1−xGex

t2pd +
qNA

εSi1−xGex

(tsSitpd + tdtpd)

qNG

2εSi1−xGex

t2pd +
qNA

εSi1−xGex

(tsSitpd + tdtpd) +
qNA

εox
(tsSitox + toxtd)

. (27)

4 (J�?Ø

|^ matlab ^�éïá�þã�.?1�ý,

��õ¬»Ñ¦�A�ì�ëê�m�'X9Ù
éì�5U�K�, �ý¥¤^ëêXL 1 ¤«,

(JXã 3—9 ¤«.

L 1 �.�ý¥¤^ëê

ëê ëê� ü 

xsSi 4.05+0.58x[12] eV

EgsSi 1.084–x(0.31+0.53x)[12] eV

εrsSi 11.9[12] —

xSiGe 4.05–0.05x[12] eV

εSiGe 11.9+4.1x[12] —

EgSiGe 1.12–0.41x+0.008x2[15] eV

∆EC 0.63x[12] eV

∆EV x (0.74–0.53x)[12] eV

NC 2.8×1019[3] cm−3

mv (0.81–0.47x)m0
[21] kg

T 300 K

k0 1.38×10−23[15] J/K

nisSi 1.5×1010[12] cm−3

ã 3 �8�z���z�þÝ��.�,ß
Ý9õ¬»¥ Ge |©�Cz'X­�. µþ�.
¥ Ge |©� 0.2, »�,ßÝ� 1019 cm−3, �z�
þÝ� 2 nm, AC7�þÝ� 10 nm. dã 3 ¥�
±wÑ, 8�z���z�þÝ��.�,ßÝ�
O\
O�, 3�Ó�.�,ßÝ�^�e, 8�
z���z�þÝ�»¥ Ge |©�O\
~�.

þãy��±)º�du3�Ó Ge |©9»�,
ßÝ�^�e, �.�,ßÝ�p, �ÜÑ¦��
z��C���ý�ü ¡È�>Ö�õ, Ïd»
¥Ñ¦þÝ¬O\, ±�±�z�üý�ü ¡È
�>Ö²ï.

ã 4 ¤«�8�z��þÝ�õ¬»�,ß
Ý9»¥ Ge |©�Cz'X­�. µþ�. Ge |

©� 0.2, �.�,ßÝ� 1017 cm−3, �z�þÝ
� 2 nm, AC7þÝ� 10 nm. lã 4 �±wÑ, 8
�z��þÝ�X»�,ßÝ9»¥ Ge |©�O
\
~�, 
��»�,ßÝ�Cz��ì�. ù
´Ï�3�½��.�,ßÝÚ Ge |©e, »�
,ßÝ�p, ^±�±�z�üý�>Ö²ï¤I
��õ¬Ñ¦þÝÒ��.

ã 3 δ � NA 9 Ge |©�Cz'X­�

ã 4 δ � NG 9 Ge |©�Cz'X­�

ã 5 ´8�z��þÝ��. Ge |©�Cz
'X­�. »�,ßÝ� 1019 cm−3, �.�,ßÝ

107301-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 107301

� 1017 cm−3, �z�þÝ� 2 nm, AC7�þÝ
� 10 nm. lã 5 �±wÑ, 8�z��þÝ�µþ
�.¥ Ge |©�O\
~�, ù´du3�Ó�
.Ú»�,ßÝ9�½�»¥ Ge |© x e, �µ
þ SiGe ¥ Ge |© y �O\, L¡³eü, �.Ñ
¦�þÝ~�, ¦��.�L¡>fßÝeü, l

��õ¬»Ñ¦þÝ~�.

ã 5 δ ��. Ge |©�Cz'X­�

ã 6 Úã 7 ©O�8�z��þÝ�AC7
�Ú�z�þÝCz�­�. Ge |©� 0.2, �.�
,ßÝ� 1017 cm−3, »�,ßÝ� 1019 cm−3. l
ã 6 �±wÑ, 3Ù¦^�ØC��¹e, 8�z
��þÝ� tsSi �O\ (�u�.þÝ) A�vk
Cz, ù´duÙ¦^�vku)Cz, ¤±L¡
³ÚL¡�.��>fßÝØC, tsSi Ø¬K�»
Ñ¦�þÝ. d	dã 7 �±wÑ, 8�z��þ
Ý�X�z�þÝ�O\
~�.

ã 8 � Ñ 
 õ ¬ Ñ ¦ þ Ø ü � ' ~ � �
z � þ Ý 9 Ge | © C z � ­ �. » � , ß Ý
� 1020 cm−3, �.�,ßÝ� 1017 cm−3, AC
7��þÝ� 10 nm. lã 8 �±wÑ, õ¬Ñ
¦þØü�'~��z�þÝ9 Ge |©�O\

ü$.

dK�>Ø�.�±��ì�K�>Ø¤£
þ. ã 9 �ì�K�>Ø¤£��. Ge |©Cz
�'X­�, »�,ßÝ� 1020 cm−3, �.�,ß
Ý� 5×1017 cm−3, �z�þÝ� 2 nm, AC7�
�� 10 nm. lã¥�±wÑ, �Xµþ�. Ge |
©�O�, K�>Ø¤£þ�ýé�O�, ù´Ï
� Ge |©�O\ü$
ì��õ¬Ñ¦�A, ¦

»Ñ¦Ü©þ�Øü~�, ü$
ì��K�>Ø.

ã 6 8�z��þÝ δ �AC Si ��þÝ tsSi Cz­�

ã 7 8�z��þÝ δ ��z�þÝ tox Cz­�

ã 8 σ � Ge |©9�z�þÝ tox Cz­�
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ã 9 õ¬Ñ¦éì�K�>Ø�K�

lã 9 ¥�±wÑ, �õ¬7÷»¥ Ge |
© x = 0 �, �©¤ï�.¼��K�>Ø¤£
þ�©z [22] ¥�(JÄ���; 
� x = 0.2,

x = 0.4 �, �õ¬7»�', ÙK�>Ø¤£�C
zÌ�´du»�õ¼êCzÚå�. lã¥�±
wÑ, õ¬7÷»AC7 NMOSFET �K�>Ø¤
£�õ¬7»Czª³��. lã¥ 3 ^­��±

�Ñ, �Xõ¬ SiGe »¥ Ge |© x �O\, AC
7 NMOSFET ì��K�>ØÅìü$, =æ^õ
¬ SiGe »U
³�õ¬Ñ¦�Aéì��5�K
�, ü$ì��K�>Ø, l
Jpì��>6°
ÄUå9Ù¦5U.

5 ( Ø

�©Äkïá
 Poly-Si1−xGex »õ¼ê�
., ¿Äu SiGe ÚAC Si á��A5, ÏL¦
) Poisson �§, ¼�
 Poly-Si1−xGex »AC Si

NMOSFET ì�õ¬Ñ¦��Cq�.. 3dÄ:
þ, ?Ø
õ¬Ñ¦�õ¬» Ge |©!õ¬»�
,ßÝ!SiGe �.�,ßÝ9 Ge |©�Ônþ
��6'X; Ó�|^ïá� Poly-Si1−xGex »õ
¼ê�.©Û
õ¬Ñ¦éuì�K�>Ø�K
�, �ý(J�©z [22] ���(JÄ���. �
©�ïÄ(J�� MOSFET ì���EJøkÃ
�nØ��.
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Abstract

Based on the analysis of Poly-Si1−xGex gate work function and by solving Poisson equation, the models of vertical electric

field and potential distribution in strained Si NMOSFET with Poly-Si1−xGex gate are obtained; threshold voltage model and the

gate depletion thickness and it’s normalization model are established in strained Si NMOSFET based on the above results, with the

gate depletion effect of Poly-Si1−xGex taken into account. Then the influences of device geometrical and physical parameters of

device especially the Ge fraction on Poly-Si1−xGex gate depletion thickness are investigated. Furthermore, the effect of gate depletion

thickness on threshold voltage is analyzed. It shows that the poly depletion thickness decreases with the increases of Ge fraction and

gate doping concentration, while it increases with the increase of substrate doping concentration. Furthermore, the threshold voltage

increases with the increase of gate depletion thickness. The results can provide theoretical references to the design of strained Si

devices.
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