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O��Ñ$B� MOSFET ÑâD(, ¿��
Ù3¤�
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9
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1 Ú ó

B� MOSFET ì�¥, ÙL�D(±ÑâD
(�Ì [1,2], ÑâD(�3¤�³��^Ú¥Õ³
��^. ¤��^ÏL��5\>f��ÓkVÇ

~�5\>fu�Ç�Þá, ?
éÑâD(�
)³�; ¥Õ�^U
Úåì�«>³©Ù�Þá,

Ï~dÞá¬³�5\>fu�ÇÞá?
éÑ
âD(�)³� [1,3,4]. ù
16f�m��p�
^ò¬¦ÑâD(~�, ¦��u Poisson � 2eI , I

�²þ>6. �
�BïÄÑâD(, Æö�^Ñ
âD(� Poisson ��' F ≡ S/SP = S/2eI 5£
ã³�Ïf, �¡� Fano Ïf, Ù¥ S �ÑâD(,

SP �Ñt�, � F > 1 �¡���Ñt�, F < 1
�¡��æÑt�.

�X MOSFET ���Ý� á, ��¥16
f�Ñ$Ånòl�¹�þÑ�L§�¤£ - *
ÑÑ$ÅìLÞ�²{�þÑ��O��Ñ$,

$�ÃÑ����Ñ$. ¢�ÚnØ�[(JL

², � MOSFET ���Ý�u 30 nm �, O��Ñ
$ò¬�~wÍ [5−7]. ïÄö®é��Ñ$�B
� MOSFET ÑâD(�
�þ�ïÄ, ¿ïá

ÑâD(³�Ïf�O�úª [3]. �3ïáO��
Ñ$B� MOSFET ÑâD(�.�, �
{z¯
K, ïÄö��Ø�ÄÙ³��^, ����D(
úª [8]; ½´�rNÑâD(³���3
¿��
Ñ£ã³�rÝ�äNL�ª [9,10]; ¢�þ��U
ÿ�üö�Ó³��^�
¦>ØÚ»4>Ø�
Cz�¹ [1]. 
�½þ)ºÚýÿB� MOSFET

ØäO\�L�D(Ò7LéÙÑâD(�³�
?1½þ£ã, ¤±I�ïá�«UO(£ãB
� MOSFET ÑâD(�³��..

Navid �<�ÑB� MOSFET ÑâD(Ú0
*�NÑâD( [11−13] �Ônå
´���, ¿
$^0*ÑâD(nØéB� MOSFET ÑâD
(?1
ïÄ, ��
á�� MOSFET �>6D
(úª [10]. �©òÄu Navid �., í�O��
B� MOSFET ÑâD(3¤��^!¥Õ�^
Ú�ö�Ó�^n«�/e�³�Ïfúª, é
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n«�/e³�Ïf©O�
¦>Ø VDS!»4
>Ø VGS!§Ý T ±9�,ßÝ NSD �Czª
³?1
©Û, ¿©O?ØÙ3n«�/e�³
�A5, ��òÙ³�A5�©z�Ñ�¢�(
J!0*ÑâD(³�A5Ú®kO��Ñ$B
� MOSFET ÑâD(�³�A5?1
'�©Û.

2 O��Ñ$B� MOSFET ÑâD(
³��.�ïá

2.1 OOO������ÑÑÑ$$$BBB��� MOSFET ÑÑÑâââDDD(((
���ííí���

�X MOSFET º��~�, ì�¥�Ñ$Å
nl¤£*ÑÑ$ÅìLÞ�O��Ñ$$��
�Ñ$. ��� MOSFET Ñ$�¤£*ÑÑ$, Ù
L�D(±9D(�Ì; á�� MOSFET Ñ$�
��Ñ$ÚO��Ñ$, ÙL�D(±ÑâD(
�Ì. Navid �<JÑá�� MOSFET o>6D(
�²ï9D(�Ü©³��ÑâD(�Ú, ²ï9
D(�)uDÚ�¤£*ÑÑ$, 
ÑâD(�)
u��4�Ñ$ [10]. l>´�Ý©Û, �±òB
� MOSFET >6D(���ü«Ñ$/ª�¿é,

Xã 1 ¤«. ù�Ñ$/ª·ÜO��Ñ$, �O
��B� MOSFET o>6�±L«�¤£*ÑÑ
$ MOSFET >6Ú��Ñ$ MOSFET >6�Ú,

?
O��B� MOSFET o>6D(�9D(�
ÑâD(�Ú, =

SI = SI,shot + SI,thermal. (1)

¤£*ÑÑ$ MOSFET �9D(� [14]

SI,thermal =4kT
µn

L2
eff

Qinv,D

=4kT
µn

Leff
(1 − Bint)WQ(0), (2)

Ù¥, Qinv,D = (1−Bint)WLeffQ(0) �¤£*ÑÑ
$ MOSFET ���.�o>Ö, W L«ì�°Ý,

��� 2 µm; Bint �����Ç, L«��Ñ$>
fÓo>fê�'~; Leff �k����Ý; r�
.^�e, Q(0) = Cox(VGS − VTh), Cox �ü ¡
È��z�>N, VTh �K�>Ø. µn �¤£*Ñ
Ñ$ MOSFET k�[£Ç [14−19].

ã 1 B� MOSFET >6D(��>´ã (DD �L¤£*Ñ,
B �L��)

O�� MOSFET ÑâD(�

SI,shot = γSballistic = γ2qIB = 2γqIB, (3)

Ù¥ Sballistic L«Ø�Ä¤��^Ú¥Õ�^é
ÑâD(�K��¹e���D(. éu
¦­
�,���Ñ$B� MOSFET ÑâD(, 16f
{¿�^��²w�D(³�, �Ú\��Ñ$B
� MOSFET ÑâD(�³�Ïf γ.

3¤£*ÑÑ$� MOSFET ¥, Ù>6� [19]

ID = WQD(0)υD(0), (4)

Ù ¥ QD(0) = (1 − Bint)Q(0) ´ ¤ £ * Ñ B
� MOSFET ³ ^ º Ü � > Ö � Ý. υD(0) =
µnεD(0) L«¤£*ÑB� MOSFET ¥ kT �²þ
¤£�Ý, εD(0) � kT �²þ>|rÝ, e kT �
>|þ!, K εD(0) = (kT/q)/LkT−D; kT ��Ý
d LkT−D = L[kT/(qVDS)]2/3 O��� [15−19].

�{¿^�e, ��Ñ$e�>6� [17]

IB = WQB(0)υinj

1 − exp
(
− qVDS

kT

)
1 + exp

(
− qVDS

kT

) , (5)

Ù¥ QB(0) = BintQ(0) ��� MOSFET ³^ºÜ
ü ¡È>Ö. υinj ��>à�u��Ý [15−17].

Lundstrom �ÑO��>6�. IDS � [17]

IDS =WQ(0)υinj

(
1 − r

1 + r

)

×
1 − exp

(
− qVDS

kT

)
1 +

(1 − r

1 + r

)
exp

(
− qVDS

kT

) , (6)
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Ù¥ r ��Ñ�Xê, ½Â�É��Ñ�
£�
u�«�16fêþ�u�oþ�'�, Ù��
^ kT ��.)ÛO�� r = LkT /(LkT + λ0),

Ù ¥ λ0 =
2kTµ0

qυinv
� � . � 1 6 f � ² þ

gd§ [15−17].

d±þ©Û��, ���O��Ñ$�Ñâ
D(�, 7L¦Ñ����Ç Bint. �â IDS =
IB + ID, (Ü (4)—(6) ª��

Bint =

υinj

(1 − r

1 + r

) 1 − exp
(
− qVDS

kT

)
1 +

(1 − r

1 + r

)
exp

(
− qVDS

kT

) − µnεD(0)

υinj

1 − exp
(
− qVDS

kT

)
1 + exp(−qVDS

kT
)

− µnεD(0)

, (7)

Ù¥

µn =
µ0(

1 + θ(VGS − VTh

))(
1 +

µ0

υsat
εD(0)

) . (8)

� Ú � Ý υsat = 1 × 105 m/s; µ0 � O �
� MOSFET $|[£Ç��� 120 cm2/V·s; θ �
[Üëþ [17,19], £ã��R���r>|é[£
Ç�K�, ©¥� θ = 0.5.

(Ü (3) ª!(5) ªÚ (7) ª��O��Ñ$B
� MOSFET �ÑâD(�

SI,shot =γ · 2qBintWCox(VGS − VTh)

× υinj

1 − exp
(
− qVDS

kT

)
1 + exp

(
− qVDS

kT

) . (9)

2.2 OOO������ÑÑÑ$$$BBB��� MOSFET ³³³���ÏÏÏfff
���ííí���

dþ!í�� (9) ª��, ���O��Ñ$
B� MOSFET �o>6úª, �7L����Ñ
$e�³�Ïf γ. Uì©z [3] í�����Ñ
$B� MOSFET ÑâD(³�Ïf�g��{,

·�é����Ñ$B� MOSFET ÑâD(³�
Ïf?1í�. é��Ñ$�B� MOSFET, b�
�k�$���Óâ, �{zúª, PÎÒ 〈〈〉〉 �

〈〈h〉〉 ≡ 2
∫ ∞

0

dE · N1Dh, (10)

h �Ñ$��ÄU E �¼ê. ü ¡È>fßÝ�
L«�

n1D = 〈〈fS(E + EM) + fD(E + EM)〉〉, (11)

Ù¥ fS(E) Ú fD(E) �¤�).�ÓâÏf, b�
DÑ�ÓâÏfÏL§�é EM �·>A5��
K� n1D. �â (10) ª�

δn1D =〈〈δfS + δfD〉〉

+ δEM

〈〈
∂fS

∂E
+

∂fD

∂E

〉〉
. (12)

A^��AÏ�ü ¡È»4>N CG 5n
Ü¤k·>�A, dd��>f�ÝÚ��³^�
���'X

δEM = q2δn1D/CG. (13)

ò (12) ª�\ (13) ª, �

δEM =
q2〈〈δfS + δfD〉〉

CG + CQS + CQD
, (14)

Ù¥

CQS ≡ q2

〈〈
∂fS

∂EFS

〉〉
, (15)

CQD ≡ q2

〈〈
∂fD

∂EFD

〉〉
. (16)

3������, ³^ºÜO����>6�

Ib = q
〈〈

υ
[
fS(E + EM) − fD(E + EM)

]〉〉
, (17)

Ù¥ υ =
√

2E/mt �Ñ$���16f�Ý.

l (17) ª¥�±wÑ fS, fD Ú EM �ÅÄ��K
�>6. �Ä�l²ï��¹ fD ¿ 1, O���±
�Ñ fD, Kk

δIb = q

〈〈
υδfS + υδEM

∂fS

∂E

〉〉
. (18)

ò (14) ª�\ (18) ªk

δIb/q =
〈〈

υ
(
1 − υSCQS

CG + CQS

1
υ

)
δfS

〉〉
, (19)
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Ù¥ υS ��Ý υ �\�²þ

υSCQS = −q2

〈〈
υ

∂fS

∂EFS

〉〉
. (20)

�Ä�>6�z��>>Ö q Úå�>6ó

À�Ú, = δf2
S = fS(1 − fS), ¿�ØÓ�ªÓâÏ

fØ�', Ïd, Ó��¹¤��^Ú¥Õ�^é
ÑâD(K���� MOSFET ÑâD(�³�Ï
f�

γ =
S

2qIb
=

〈〈
υ
(
1 − ῡSCQS

CG + CQS

1
υ

)2

fS(1 − fS)
〉〉

〈〈υfS〉〉
. (21)

rþª�\ (9) ª��O��B� MOSFET ÑâD(��

SI,shot =2qBintWCox(VGS − VTh)υinj

×

(
1 − exp

(
− qVDS

kT

))〈〈
υ
(
1 − υSCQS

CG + CQS

1
υ

)2

fS(1 − fS)
〉〉

(
1 + exp

(
− qVDS

kT

))
〈〈υfS〉〉

. (22)

dÑâD(³�Ïf�úª��, O��B� MOSFET ÑâD(o³�Ïf (¤�Ú¥Õ�Ó�^�³�
Ïf) �

F =
SI,shot

2qIDS
= BintWCox(VGS − VTh)υinj

×

(
1 − exp

(
− qVDS

kT

))〈〈
υ
(
1 − υSCQS

CG + CQS

1
υ

)2

fS(1 − fS)
〉〉

IDS

(
1 + exp

(
− qVDS

kT

))
〈〈υfS〉〉

, (23)

Ù¥ fS(1 − fS) = fS − f2
S �Ny¤��^, � fS ¿ 1 �, ��Ñp��þ. d� (23) ªÌ�Ny¥Õ³�

�^, K³�ÏfÒ�¥Õ�^e�³�Ïf, �L«�

FC =BintWCox(VGS − VTh)υinj

×

(
1 − exp

(
− qVDS

kT

))〈〈
υ
(
1 − υSCQS

CG + CQS

1
υ

)2

fS

〉〉
IDS

(
1 + exp

(
− qVDS

kT

))
〈〈υfS〉〉

, (24)

(
1 − υSCQS

CG + CQS

1
υ

)2

�Ny¥Õ�^. �
(
1 − υSCQS

CG + CQS

1
υ

)2

= 1 �, (23) ªÌ�Ny¤�³��^, K³

�ÏfÒ�¤��^e�³�Ïf, �L«�

FF = BintWCox(VGS − VTh)υinj

(
1 − exp

(
− qVDS

kT

))
〈〈υfS(1 − fS)〉〉

IDS

(
1 + exp

(
− qVDS

kT

))
〈〈υfS〉〉

. (25)

d ± þ � í � ú ª � �, � � � O � � B
� MOSFET ÑâD(��³�Ïf, Ò7L¦
Ñ ³ ^ º Ü U þ EM. e ¡ · � í � EM � '
X ª, é � � Ñ $ B � MOSFET � � · > ³,

»4>Ø���L¡³Ú�z�Øü�Ú [20],

L«�
V ′

GS−B = ψS − Q/Cox, (26)

Ù ¥ V ′
GS−B = VGS−B − VFB−B, VGS−B ´ � �

Ñ$B� MOSFET �»4>Ø, VT = VFB−B +
(4ε0εsNAΦF)1/2/Cox + 2ΦF � K � > Ø, ΦF =
(kT/q) ln(NA/ni), NA ����,ßÝ, ni ��
�16fßÝ, Cox �ü ¡È�z�>N, VFB−B

��� MOSFET �²�>Ø; ψS �õ¼ê; Q �³
^ºÜ�>Ö. �±ò (26) ª��
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V ′
GS−B =

−EM

q
+

qnS

Cox
. (27)

þªò³^ºÜUþ EM � V ′
GS−B Ú³^ºÜ

>ÖéXå5
. éu��Ñ$ MOSFET, du³
^ºÜ16fUþd
«u���Ý���16
fÚ¦«u���Ý�K�üÜ©16f|¤,

Ïd³^ºÜ16fUþÚ³^ºÜ>Ö�3±
e'X:

nS =
N1D

2

{
exp

[
(EF − EM)/kT

]
+ exp

[
(EF − qVDS − EM)/kT

]}
, (28)

Ù¥ N1D =
√

2m∗/π~ ���k���Ý, EF �
¤�U?. éu�½� V ′

GS−B Ú VDS, ÏL¦)�
§ (27) Ú (28) �±����Ñ$ MOSFET ³^º
Ü16fê nS 9³^U��� EM, ?
Ò��O
��B� MOSFET ÑâD(��³�Ïf.

3 O��Ñ$B� MOSFET ÑâD(
�³�A5©Û

�
ïÄO��Ñ$B� MOSFET ÑâD
(3¤��^!¥Õ�^Ú�ö�Ó�^e�
³�Ïf�»4>Ø!
¦>Ø!§ÝÚ�,
ßÝ�Cz'X, �©� MOSFET ���Ý L

� 10 nm.

3.1    ���>>>ØØØéééÑÑÑâââDDD(((³³³������KKK���©©©ÛÛÛ

O��Ñ$B� MOSFET ÑâD(�¤�
³�Ïf (FF)!¥Õ³�Ïf (FC) Úo³�Ï
f (F ) �
¦>Ø�Cz'XXã 2 ¤«. lã
¥p�I�³�Ïf��±wÑ, O��Ñ$B
� MOSFET ÑâD(�³�Ïf�
¦>Ø�O
\
ÑkO\, �o³��^'¤�³��^Ú¥
Õ³��^r. �X
¦>Ø�O�, ��¥16
f¤É���5Ñ�~�, ?
¥Õ�^~f, ¥
Õ³�ÏfO�, ¥Õ³��^~f [21]. Ó�, �
X
¦>Ø�O\³^pÝü$, 
³^pÝü$
¤��^¬~f [22−24], ?
¤�³�ÏfO�.

l©z [1] �Ñ�B� MOSFET ¢�ã¥�±�
�, �
¦>ØO�, ÑâD(�o³�ÏfCz
ÌÝØ�, ù�·�nØ(J�Czª³���,

l
�é©z [1] �¢�(J�Ñ
nØ)º.

ã 2 ÑâD(³�Ïf�
¦>Ø�Cz'X­� (O�¥
»4>Ø VGS � 0.4 V, §Ý T � 300 K, 
¦�,ßÝ NSD

� 1 × 1026 m−3)

©z [1] �¢�(JL²B� MOSFET Ñâ
D(³��»4>Ø�O\
Or, 
·���.
���
�Ó�(Ø, Xã 3 ¤«. ã¥�³�Ï
f�»4>Ø�O�
~�, =Ò´ÑâD(³�
�»4>Ø�O\
Or, �o³��^'¤�³
��^Ú¥Õ³��^r. �X»4>Ø�O\,

��³^pÝ�X»4>Ø�O\
ü$, ��¥
�16fêOõ, O\»4�±¦16f¤É��
5Ñ��gêO\l
Or¥Õ�^��ÑâD
(�³� [21], Ó��¦16f{¿ÝJpl
O
r�|Ø�N�n�³� [25,26]. ��, ·��Ñ
�³�Ïf�»4>Ø�Czª³Ø=�0*�
NÑâD(�³�(Ø�ÎÜ, ��B� MOSFET

3¢�þ��ÑâD(o³�Ïf�»4>Ø�
Czª³���.

ã 3 ÑâD(³�Ïf�»4>Ø�Cz'X­� (O�¥

¦>Ø VDS � 0.8 V, §Ý T � 300 K, 
¦�,ßÝ NSD

� 1 × 1026 m−3)

3.2 §§§ÝÝÝ999


¦¦¦���,,,ßßßÝÝÝéééÑÑÑâââDDD(((³³³���
���KKK���©©©ÛÛÛ

B� MOSFET L�D(Ì�¤©�=C^�
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�Ñ§Ý�,p¬{NÑâD(¤�L�D(Ì
�¤©, Ï�ÑâD(³�ò�§Ý�,p
Or,

�©(Jy¢
ÑâD(³��ù�A5. O��
B� MOSFET ÑâD(�³�Ïf�§ÝCz­
�Xã 4 ¤«. lã¥�±wÑ, o³�Ïf�X
§Ý�,p
~�, ù�©z [9] �ÑB� MOS-

FET �³��§Ý�Cz5Æ´���, ¤�³�
ÏfÚ¥Õ³�Ïf��§Ý�O�
~�. �X
§Ý�,p, ²þ(fêOõ, (fÑ� (��5Ñ
�) gêO\, ÑâD(³�Or [21]. Ïd, O��
Ñ$B� MOSFET ÑâD(³�¬�§Ý�,p

Or, §Ý�$Ù>6D(�ÑâD(A5�²
w, �Ò´§Ý�$ÑâD(3>6D(3¥¤Ó
'~��.

ã 4 ÑâD(³�Ïf�§Ý�Cz'X­� (O�¥
¦
>Ø VDS � 0.8 V, »4>Ø VGS � 0.4 V, 
¦�,ßÝ NSD

� 1 × 1026 m−3)

ã 5 �ÑâD(³�Ïf�
¦�,ßÝ
Cz�­�ã, lã¥�±wÑ, O��BÑ$
� MOSFET ¥, �Ïf�X
¦�,ßÝ�O\

~�, 
«�,ßÝ�p, ÑâD(É³��r,

�o³��^'¤�³��^Ú¥Õ³��^r.

Jp�,ßÝ�±O\16f{¿Ý?
O\�

|Ø�N�néÑâD(�³� [25,26], Ó�¦�
~�Ý LDC (LDC =

√
εkT/(q2NSD))  á, Or

�m>Ö�A, ¦¥Õ�^³��Or [26,27].

ã 5 ÑâD(³�Ïf�
¦�,ßÝ�Cz'X­� (O
�¥
¦>Ø VDS � 0.8 V, »4>Ø VGS � 0.4 V, §Ý T

� 300 K

4 ( Ø

�©Äu Navid �., í�
O��Ñ$B
� MOSFET ÑâD(3¤��^!¥Õ�^Ú�
ö�Ó�^e�³�Ïfúª, 3dÄ:þïÄ

�³�Ïf�
¦>Ø!»4>Ø!§ÝÚ
¦
�,ßÝ�Czª³. lnØþ)º
O��Ñ$
B� MOSFET ÑâD(o³�Ïf�
¦>Ø�
CzA5, Ó���Ñ
¥Õ³�ÏfÚ¤�³�
Ïf�
¦>ØCzA5. (JL², �³�Ïf
�
¦>Ø�O�
O�, �CzØ´é²w. ,
	, ·����X»4>Ø�O�!§Ý�,p!

¦�,ßÝ�O\, �³�Ïfþ~�. �Ø©
¤ïá��.U½þ£ãì��ÑâD(³�, �
ì�L�D(³�ÚÑâD(^uÑ$&EL�
C½Ä:, éì�$D(zäk­����¿Â.
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Abstract

Previous studies of shot noise suppression in nano-MOSFET either ignored its suppression or emphasized only its existence but

gave no deeper research. In this paper, based on the Navid model, the expressions of shot noise suppression factor (Fano) in quasi-

ballistic transport nano-MOSFETs are derived with separately considering Fermi effect, Coulomb interaction and the combination of

the two effects. The variations of suppression-factors with source-drain voltage, gate voltage, temperature and source-drain doping are

investigated. The results we obtained with considering the combination of the two effects are consistent with those from experiments,

and the theoretical explanation is given.
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