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�³�á���AÚ916f�A, JÑ
�«�é¡ HALO �,»�U��,¦�» MOSFET #(�. Ï
L3�Î�IX¥°(¦)nãëY�Ñt�§, í�Ñ#(����·>³!K�>Ø±9æK�>6�)Û
�.. (JL², #(��k�³�á���AÚ916f�A, ¿äk���'�>6. d	, ©Û�L²»�U
«��,ßÝéì��æK�>6A�vkK�, »>4õ¼êéæK�>6�K���. )Û�.(JÚn�
ê��ýóä ISE ¤�(JpÝÎÜ.

'�c: �é¡ HALO �,, »�U��,¦, �» MOSFET, )Û�.

PACS: 85.30.De, 73.40.Qv, 02.60.Cb

1 Ú ó

� X ì � º � � Ø ä   �, V » (Double
Gate)! õ . » (FinFET) ± 9 � » (Surrounding
Gate) �n� MOSFET ì��5�É�<��'
5. Ù¥, �» MOSFET �»>4ò������,
»�Uåér, �@�´�äcµ�B�ì��
� [1−9]. ,, =¦´�» MOSFET, ����Ý�
u 100 nm �, Ùá���A (XK�>Ø¤£, ¦
�³^ü$�A (DIBL)) ±9916f�A�ØU
�Ñ [10].

HALO �, [11,12] �±k�³�á���A.
Li � [6] ò HALO �,Ó�Ú\�» MOSFET ì
��àÚ¦à, JÑé¡ HALO �,�» MOS-
FET ì�(�. ,, HALO �,^3à�±k
�³�á���A, �´^3¦à�¬¦¦à>
|Or, Ø|u³�916f�A [13].

d	, �
Jpì��ÂB>Ø¿k�³�9
16f�A, Ogura � [14] JÑ
��,¦ (Lightly-
Doped Drain, LDD) (�. ,, DÚ� LDD (�¬

��ì��>6°ÄUåeü. �d, Izawa � [15]

J Ñ » � U � � , ¦ (Gate Overlapped Lightly-
Doped Drain, GOLD) (�. ¢� [16,17] L², ä
k GOLD (��ì�Ø=äkp�ª�Ú>6
°ÄUå, �Uk�ü$¦à>|, lk�³�
916f�A.

ã 1 AHGSG MOSFET ì�(��¿¡ã
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* ¥
p�Ä��ï�Ö¤;�]7 (1OÒ: K50511250001) ÚI[g,�ÆÄ7 (1OÒ: 61076101) ]Ï��K.

† E-mail: cong.li@mail.xidan.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

078504-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 078504

JÑ
�é¡ HALO �, GOLD �» (AHGSG)
MOSFET #(�. T(�3���Cà�/�æ
^ HALO �,, �C¦à�/�æ^ GOLD (�,
l�±k�³�á���AÚ916f�A. �
�y#(��A5, �©�ÏL°(¦)nãëY
�Ñt�§, ��Tì��)Û�.. ¿3dÄ:
þ�\©Û
 AHGSG MOSFET �á��A5Ú
æK�A5. ÏL�n�ê��[óä ISE é',
�y
)Û�.��(5.

2 �é¡ HALO �, GOLD � » MOSF-
ET �)Û�.

2.1 ···>>>³³³���...

Xã 1 ¤«� AHGSG MOSFET ì�(��
¿¡ã. Ù¥���Cà�«�æ^ HALO �
,, /¤
�Ý� L1 � p+HALO �,«, �,ß
Ý� N1. ���C¦à�«�Kæ^
 GOLD
(�, �Ý� L3−L2 � n− ��,¦«fÐ�»>
4�U, Ù�,ßÝ� N3. ¥m ���� p− �
�,, �,ßÝ� N2, �Ý� L2 − L1. b��z�
¥��½>Ö±9æK�«��.>Öé��·
>³�K��±�Ñ, ���3æK�«®�Ñ¦.
d�nã��«�¥�·>³©O÷vÑt�§

1
r

∂

∂r

(
r

∂

∂r
φ1(r, z)

)
+

∂2

∂z2
φ1(r, z)

=
qN1

εsi
, 0 6 z 6 L1, 0 6 r 6 R, (1)

1
r

∂

∂r

(
r

∂

∂r
φ2(r, z)

)
+

∂2

∂z2
φ2(r, z)

=
qN2

εsi
, L1 6 z 6 L2, 0 6 r 6 R, (2)

1
r

∂

∂r

(
r

∂

∂r
φ3(r, z)

)
+

∂2

∂z2
φ3(r, z)

=
qN3

εsi
, L2 6 z 6 L3, 0 6 r 6 R. (3)

|^U\½n, z�«����·>³���

φj(r, z) = Vj(r, z) + Wj(r),

j = 1, 2, 3. (4)

d	 φj(r, z) �÷v±e>.^�:
1) ��¥% �>|�"

∂φj(r, z)
∂r

∣∣∣
r=0

= 0, j = 1, 2, 3; (5)

2) ��L¡?�>ÏþëY

εsi
∂φj(r, z)

∂r

∣∣∣
r=0

= εox
(Vgs − φMS − φj(r = R, z))

t′ox
= 0, j = 1, 2, 3. (6)

ª¥, t′ox ��» MOSFET ����z�þÝ [18].
|^þã>.^�, ØJ(½ Wj(r) Ú Vj(r, z)

�Ï)/ª�

Wj(r) =
qNj

4εsi
r2 + Vgs − φMS − qNjt

′
oxR

2εox

−qNjR
2

4εsi
, j = 1, 2, 3, (7)

Vj(r, z) =
∞∑

n=1

[
C

(n)
j exp

(αnz

R

)
+D

(n)
j exp

(−αnz

R

)]
J0

(αnr

R

)
,

j = 1, 2, 3, (8)

ª¥, ��� αn ÷v�§
εoxR

t′oxεsi
J0(αn) − J1(αn)αn = 0. (9)

ò��·>³÷v�¦>.^�, nã«
�3�.¡?�>ÏþÚ>|rÝëY�^�±
9 (7) ªÚ (8) ª�\ (4) ª, ¿?1Fp�_C�,
��Fp� - �l�?ê�Xê÷vXe~Xê�
5�§|:

1 0 0 1 0 0

E1 −E1 0 F1 −F1 0

0 E2 −E2 0 F2 −F2

E1 −E1 0 −F1 F1 0

0 E2 −E2 0 −F2 F2

0 0 E3 0 0 F3





C1

C2

C3

D1

D2

D3


=



VbiS0 − S1

S2 − S1

S3 − S2

0

0

(Vbi + Vds)S0 − S3


, (10)

ª¥

S0 =
1

[Nn(0)]2

∫ R

0

r · J0

(αn

R
r
)

dr =
2J1(αn)

αn(J2
1 (αn) + J2

0 (αn))
, (11)
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S
(n)
j =

1
[Nn(0)]2

∫ R

0

r · Wj(r)J0

(αn

R
r
)

dr = VgsS0 + U
(n)
j , (12)

U
(n)
j = −

(
φMS +

qNjt
′
oxR

2εox
+

qNjR
2

4εsi

)
S0 +

Njq(R2αn · J1(αn) − 2R2 · J2(αn))
2εsi(J2

1 (αn) + J2
0 (αn))α2

n

, (13)

Ej = e(αn/R)Lj , (14)

Fj =
1
Ej

. (15)

(10) ªü>Ó��¦XêÝ
�_Ý
��

C1

C2

C3

D1

D2

D3


=

1
E3 − F3



−F3 E3 E3 F3 F3 1

−F3 F3 E3 F3 F3 1

−F3 F3 F3 F3 F3 1

E3 −E3 −E3 −F3 −F3 −1

E3 −E3 −E3 −E3 −F3 −1

E3 −E3 −E3 −E3 −E3 −1





−S0Vgs + VbiS0 − U1

(U2 − U1)/2E1

(U3 − U2)/2E2

(U2 − U1)/2F1

(U3 − U2)/2F2

−S0Vgs + (Vbi + Vds)S0 − U3


. (16)

Ïd�)�Fp� - �l�?ê�Xê C1, C2, C3, D1, D2, Ú D3 �L�ª�

C1 =
1

2 sinh
(αnL

R

){
− F3[(Vbi − Vgs)S0 − U1] + (Vbi + Vds − Vgs)S0 − U3 + (U2 − U1) cosh

(αn

R
(L3 − L1)

)

+ (U3 − U2) cosh
(αn

R
(L3 − L2)

)}
, (17)

C2 =
1

2 sinh
(αnL

R

){
− F3[(Vbi − Vgs)S0 − U1] + (Vbi + Vds − Vgs)S0 − U3 + (U2 − U1)F3 cosh

(αn

R
(L1)

)

+ (U3 − U2) cosh
(αn

R
(L3 − L2)

)}
, (18)

C3 =
1

2 sinh
(αnL

R

){
− F3[(Vbi − Vgs)S0 − U1] + (Vbi + Vds − Vgs)S0 − U3 + (U2 − U1)F3 cosh

(αn

R
L1

)

+ (U3 − U2)F3 cosh
(αn

R
L2

)}
, (19)

D1 =
1

2 sinh
(αnL

R

){
E3[(Vbi − Vgs)S0 − U1] − (Vbi + Vds − Vgs)S0 + U3 − (U2 − U1) cosh

(αn

R
(L3 − L1)

)

− (U3 − U2) cosh
(αn

R
(L3 − L2)

)}
, (20)

D2 =
1

2 sinh
(αnL

R

){
E3[(Vbi − Vgs)S0 − U1] − (Vbi + Vds − Vgs)S0 + U3 − (U2 − U1)E3 cosh

(αn

R
L1

)

− (U3 − U2) cosh
(αn

R
(L3 − L2)

)}
, (21)

D3 =
1

2 sinh
(αnL

R

){
E3[(Vbi − Vgs)S0 − U1] − (Vbi + Vds − Vgs)S0 + U3 − (U2 − U1)E3 cosh

(αn

R
L1

)

− (U3 − U2) cosh
(αn

R
L2

)}
. (22)
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2.2 KKK���>>>ØØØ���...

é AHGSG MOSFET ó, ��L¡³�$:
� ��ûu«� 1 ��,ßÝ. Xã 2 ¤«, �«
� 1 ¥��,ßÝ�� (X N1 = 3×1018cm−3) �,
��L¡³�$: � u«� 1 ¥. �«� 1
¥��,ßÝØ´é� (X N1 = 3 × 1017cm−3)
�, ��L¡³�$: � u«� 2 ¥. �
�
BO�, |^«� 1 Ú«� 2 �.¡?��L¡
³÷ z ����ê�5(½L¡³�$:� �.

�
∂φ1(r = R, z)

∂z

∣∣∣
z=L1

> 0 �, ��L¡³�$:

 � u«� 1 ¥. �
∂φ1(r = R, z)

∂z

∣∣∣
z=L1

< 0

�, ��L¡³�$: � u«� 2 ¥. e¡±
��L¡³�$: u«� 1 ¥�~, �ÑK�>
Ø)Û�.�¦{.

ã 2 AHGSG MOSFET ��L¡³� N1 «��,ßÝ�C
z�

duFp� - �l�?ê3L¡³�$: �
NCP~��~¯. Ïd�±^Fp� - �l�?
ê�1��O���?ê5O�K�>Ø. ¤±«
� 1 ¥���L¡³�±CqL«�

φ1(r = R, z) = Vgs − φMS − qNjt
′
oxR

2εox

+
[
C

(1)
1 exp

(α1z

R

)
+D

(1)
1 exp

(−α1z

R

)]
J0(α1). (23)

é«� 1 ¥��L¡³÷ z ��¦�, ���
·>³�$: �Ú·>³���©O�

zmin =
R

2α1
ln

(D
(1)
1

C
(1)
1

)
, (24)

φ1(r = R, z = zmin) = 2
√

C
(1)
1 D

(1)
1 J0(α1)

+ Vgs − φMS − qN1t
′
oxR

2εox
. (25)

- (25) ª�uü�¤�³, ¿¦)d��»>
Ø, ���K�>Ø�L�ª�

Vth =
−ω2 +

√
ω2

2 − 4ω1ω3

2ω1
, (26)

ª¥

ω1 = 4J2
0 (α1)Q1P1 − 1, (27)

ω2 = 4J2
0 (α1)Q2P1 + 4J2

0 (α1)Q1P2 + 2H, (28)

ω3 = 4J2
0 (α1)Q2P2 − H2, (29)

Ù¥

H =2φF + φMS +
qN1t

′
oxR

2εox
, (30)

Q1 =
exp

(
− α1L

R

)
− 1

2 sinh
(α1L

R

) , (31)

P1 =
1 − exp

(α1L

R

)
2 sinh

(α1L

R

) , (32)

Q2 =
1

2 sinh
(αnL

R

){
[U (1)

1 − VbiS
(0)
1 ] exp

(
− α1L

R

)

+ T
(2)
1 cosh

[α1(L1 − L)
R

]
+ T

(3)
1 cosh

[α1(L1 + L2 − L)
R

]
+ (Vbi + Vds)S

(0)
1 − U

(3)
1

}
, (33)

P2 =
1

2 sinh
(αnL

R

){
[VbiS

(0)
1 − U

(1)
1 ] exp

(α1L

R

)

− T
(2)
1 cosh

[α1(L1 − L)
R

]
− T

(3)
1 cosh

[α1(L1 + L2 − L)
R

]
− (Vbi + Vds)S

(0)
1 + U

(3)
1

}
. (34)

L¡³�$: � u«� 2 ¥�, �æ^Ó
���{¦�K�>Ø�L�ª.

2.3 æææKKK���>>>666���...

3��·>³)Û�.�Ä:þ|^>6ë
Y5�§, �±�� AHGSG MOSFET ì��æK
�>6�L�ª [19]
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IDS =
kTni{1 − exp[−VDS/(kT/q)]}∫ L

0

1

2πµn

∫ R

0
r exp[φ(r, z)/(kT/q)]dr

dz
, (35)

Ù¥, ni ���16fßÝ,  µn �>f�[£Ç.
I��Ñ�´, AHGSG MOSFE ��¥��,

©ÙØþ!, 16f�[£Ç��,ßÝké��
'X. d	, æK�^�e, »>ØÚ¦>Ø�$,
l�±�Ñ[£Ç�>|rÝ�Cz. �©æ^
$|[£Ç�. [20] 5L�>f[£Ç����,
�Cz, >f[£Ç�.�

µn = µmin +
µd

1 +
(

N(z)
N0

)A∗ , (36)

Ù ¥, µmin = Amin

( T

T0

)αm

, µd = Ad

( T

T0

)αd

,

N0 = AN

( T

T0

)αN

, A∗ = Aa

( T

T0

)αa

, N(z) ��

�¥�«���,ßÝ, T0 = 300 K, T �¬�§
Ý, �.¥Ù¦ëê�½� Amin = 88 cm2/V · s,
αm = −0.57, Ad = 1252 cm2/V · s, αd = −2.33,
AN = 1.25 × 1017 cm−3, αN = 2.4, Aa = 0.88,
αa = −0.146.

3 (J�©Û

|^���æK��., �±©Û AHGSG
MOSFET ì��·>³©Ù, >|©Ù, K�>
Ø ¤ £, DIBL ± 9 æ K � > 6 � 5 U. � 
 `
² AHGSG MOSFET 3Jp16fÑ$�Ç, ³�
á���A�¡�`³, �©�ò AHGSG MOS-
FET �DÚ�» (SG)MOSFET ì�?1
é'.
d	, �
�y�.��(5, ¦^n�ê��
[^� ISE é�'ì��A5?1
�[�ý,
¿ � ) Û � . ( J ? 1 
 é '. � [ L § ¥,
AHGSG MOSFET ì���'(�ëê�: »7
áõ¼ê φM = 4.7 eV, ��«� 2 �,ßÝ N2 =
1 × 1016 cm−3, ¦�,ßÝ Nd = 1019 cm−3, �
��» R = 10 nm, �z�þÝ tox = 5 nm. Ù¦
ëêK3©Û�äN`². ã 2 �ã 8 ¥, ÎÒL
« ISE �ý(J, ¢�L«)Û�.�[(J.

ã 3 ¤«� SG MOSFET Ú AHGSG MOSFET
���L¡³©Ù. dã��, AHGSG MOSFET �
���Cà�/�æ^
 HALO �,, ÏdT?
�L¡³' SG MOSFET ��$. ù«·>³©Ù
��¡�±~�à pn (*Ñé��L¡³�K

�, ,��¡��±¶-¦à>ØCzé��·>
³�K�; ���C¦à�/�, Kæ^ GOLD
(�, ¦�T?�·>³' SG MOSFET �p. ù
«·>³©Ù��¡�±¦��L¡³3¦àN
C�)
����G©Ù, lk�³�¦à>Ø
CzÚå� DIBL �A. ,��¡¦�L¡³3d
?�©ÙC�, ùÒ¿�XT?�>|rÝòk¤
ü$, l�±k�³�916f�A.

ã 3 SG MOSFET Ú AHGSG MOSFET ��L¡³©Ù

ã 4 SG MOSFET Ú AHGSG MOSFET ��L¡�>|rÝ
©Ù

ã 4 ¤«� SG MOSFET Ú AHGSG MOSFET
��L¡�>|rÝ©Ù. dã��, æ^ AHGSG
(��, 3ì����¥m/¤
ü�>|rÝ�
¸�. ù��>|rÝ©Ù, Ø=�±ü$���
C¦à�>|rÝ, lk�Uõì��916f
A5ÚÂBA5, ����CàNC�>|¸
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���±k�Jp16f�Ñ$�Ç, ¦ì��ó
�ªÇ?�ÚO�.

ã 5 é'
 SG MOSFET Ú AHGSG MOSFET
�K�>Ø¤£þÚ DIBL Xê (ã¥�ã) ��
��Ý�Cz. dã��, AHGSG MOSFET nÜ

 HALO �,Ú GOLD (��`:, �±k�³�
K�>Ø¤£Ú DIBL �A, 4�Uõ
ì��á
��A5. ���Ý� 60nm �, AHGSG MOSFET
� DIBL Xê� SG MOSFET eü
� 45.5%.

ã 5 SG MOSFET Ú AHGSG MOSFET K�>Ø¤£9 DIBL
Xê����Ý�Cz�

ã 6 SG MOSFET Ú AHGSG MOSFET �æK�>6�»Ø
�Cz�

ã 6 �Ñ
 SG MOSFET Ú AHGSG MOSFET
�æK�>6�»ØCz��. dã��, �Ó
»Øe, AHGSG MOSFET �æK�>6��. ù
¿�X AHGSG MOSFET ì��'��¦>6�
�. '�>6��ì�3$õÑ�5�8¤>´¥
kép�A^d�.

ã 7 ¤«� AHGSG MOSFET �æK� I-V
A5� GOLD «�,ßÝ N3 �Cz�. dã
��, N3 ��,ßÝCzéì��æK�>6A
�vkK�. ù´Ï�, ì��æK�>6Ì�d

��·>³�$: (��³^�p:) û½. 
3 AHGSG MOSFET ì�¥, ��·>³�$:�
Ñy3«� 1 ½ö«� 2 ¥. \� GOLD «��,
�Ý�á, Ïd GOLD «��,ßÝéì��æK
� I-V A5A�vkK�.

ã 7 AHGSG MOSFET �æK� I-V A5� GOLD «�,ß
Ý N3 �Cz

ã 8 AHGSG MOSFET �æK� I-V A5�»>4õ¼ê�
Cz

ã 8 �Ñ
 AHGSG MOSFET �æK� I-V
A5�»>4õ¼ê�Cz�. dã��, �X
õ¼ê�O\, æK�>6×�~�. I��Ñ, �
©í��æK�>6�.´3æK�^�e��
�. Ïd3æK�«, )Û�.(JÚ ISE �[(
JÎÜ���Ð. �ì�?\r�.«�üöÑ
y��� �.

d	, du�Ìk�, �©=�Ä
«� 1 Ú
«� 3 ��Ýþ� 20 nm ��¹. «� 1 �±k�
³�á���A, �eÙ�ÝL�, �,«é1
6f�Ñ�q¬¦���[£Çeü. «� 3 �±
k�³�916f�A, ,Ù�ÝL�q¬��
ì��»��Uåeü, K�>Ø¤£þO\. Ï
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d3 AHGSG MOSFET ì���O¥, «� 1 Ú«
� 3 ��Ý¤Ó'~Ø¨L�.

4 ( Ø

�©�Ñ
�«�é¡ HALO �, GOLD �
» MOSFET #(�. ÏL3�Î�IX¥°(¦
)nãëY�Ñt�§, �#(�ïá
)Û�

.. ©Û(JL², �é¡ HALO �, GOLD (�
�k�³�á���AÚ916f�A, ¿äk�
��'�>6. d	, ©Û(J�L², GOLD «
��,ßÝéì��æK�>6A�vkK�, 
»>4õ¼êéæK�>6�K���. )Û�.
(JÚn�ê��ýóä ISE ¤�(JpÝ¬Ü.
�©(Jé�» MOSFET ì���Ok�½��
¿Â.
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Abstract
A novel asymmetric HALO-doped surrounding-gate MOSFET with gate overlapped lightly-doped drain is presented. The per-

formance of the new structure is studied by developing physics-based analytical models for surface potential, threshold voltage, and
subthreshold current. It is found that the new structure can effectively suppress the short-channel effects and the hot-carrier effects, and
simultaneously reduce the off-state current. It is also revealed that subthreshold current is a slight function of doping concentration of
overlapped region, while work-function of gate electrode has a strong influence on subthreshold current. The accuracy of the analytical
model is verified by its good agreement with the three-dimensional numerical device simulator ISE.

Keywords: asymmetric HALO-doping, gate overlapped lightly-doped drain, surrounding-gate MOSFET, analyti-
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