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I) Introduction: FETs

Lillienfield, 1925

Heil, 1935

50 nm (2003 production)

  5 nm (2003 research)

4004 Intel (Hoff, 1971)

•  Si MOSFET, 1960

•  PMOS IC’s, 1963

•  CMOS invented, 1963

•  NMOS IC’s, 1970
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I) Introduction: MOSFET as a BJT in disguise

S DG

ID

VDS

VGS

electron energy

   vs. position

VD� 0V

VD= VDD

E.O. Johnson, RCA Review, 1971
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I) Introduction: device metrics

electron energy

   vs. position

VGS -->
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g

1
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D
S
--

>

off-current

S > 60

mV/dec

on-current

VT

Technology generation --->

on-current � 1000 µA/µm

off-c
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nt
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o
g

 1
0
 I

D
SION � ID VGS =VDD ,VDS =VDD( )

IOFF � ID VGS = 0,VDS =VDD( )
SmV/decade DIBLmV/V

DIBL
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I) Introduction: traditional theory

S D

G

S DG ID =W Qn �x

=W Cox VGS �VT( )µeffE x

i) low VDS:

E x =VDS L

ID =
W

L

�

�
�

�

�
�µeff Cox VGS �VT( )VDS

ii) high VDS:

E x (0) � VGS �VT( ) 2L

ID =
W

2L
µeff Cox VGS �VT( )

2

+ +   + +
- -   - -

ID

VDS

VGS
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I) Introduction

VD= VDD

1) electrostatics:

2) transport:

ID =Q x = 0( ) �(x = 0)

Q VG,VD( )

�(VG,VD )

S DG
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II) Theory

gate

µµ1 µµ2LDOS(x,E,Uscf )

S. Datta,  IEDM Tech. Dig., 2002

1) Electronic states in the device are controlled

     by the terminal voltages (electrostatics)

2) States in the device are filled from the two contacts

      according to their Fermi levels (transport)
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II) Theory: ballistic quantum transport

LDOS (x, E)

n (x, E)

(Ramesh Venugopal, TI)
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II) Theory: role of  the contacts

�1 =
h

�1

gate

µµ1 µµ2LDOS(x,E,Uscf )

�2 =
h

� 2
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II) Theory: two kinds of transistors

n+ n+

i or p-

gate

source drain

MOSFET

tunneling
GSV

TE

metal metal
i or p-

gate

source drain

SBFET
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II) Theory: single electron transistors

tunnel barriers

gate

source drain q2

C�

> kBT

VDS

ID

VG

q C�

Coulomb

blockade

Requires a particle approach

not  a wave approach

�1,� 2 < kBT
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II) Theory: MOSFETs

�(x)

µ1

µ2

k

E(k)

contact 1 contact 2

device

LDOS:

E k( ) =
h
2k 2

2m*

USCF

e
n
e
rg

y

position
electrostatics control USCF

---> raise and lower LDOS
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II) Theory: electrostatics

CG

USCF

VS
VD

CDCS

VG

A. Rahman, et al. IEEE TED, Sept., 2003

Q = �qN

USCF is  controlled by  the gate, drain, and source

voltages and by the charge in the device
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II) Theory: electrostatics

CG

USCF

VS
VD

CDCS

VG

Q = 0

ULaplace = �qVG
CG

C�

�

�
�

�

�
�� qVD

CD

C�

�

�
�

�

�
�� qVS

CS

C�

�

�
�

�

�
�

C� = CG + CD + CS
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II) Theory: electrostatics

CG

USCF

CDCS

Q = �qN

UP =
q2N

C�
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II) Theory

USCF N( ) = �qVG
CG

C�

�

�
�

�

�
�� qVD

CD

C�

�

�
�

�

�
�� qVS

CS

C�

�

�
�

�

�
� +

q2N USCF( )
C�

qN = CG VGS �VT( ) VGS >VT( )

FETToy:

well-tempered MOSFET:
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II) Theory: transport

�1 =
h

�1

gate

µµ1 µµ2D(E �USCF )

�2 =
h

� 2
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II) Theory: filling from the left contact…..

�1 =
h

�1

gate

µµ1 D(E �Uscf )

dN(E)

d t
=
N1(E) �N

�1

N1(E) = D(E �Uscf ) f1(E)

(ballistic)
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II) Theory: filling from the right contact…..

� 2 =
h

� 2

gate

µµ2D(E �Uscf )

dN(E)

dt
=
N2(E) � N

� 2

N2(E) = D(E �Uscf ) f2(E)
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II) Theory:

dN(E)

dt
=
N1 � N

�1
+
N2 � N

� 2
= 0 (steady-state)

N = A1(E) f1(E) + A2(E) f2(E)[ ]� dE

2�

A1(E) = 2�
�1

�1 +�2
D E �Uscf( )

A2(E) = 2�
� 2

�1 + � 2
D E �Uscf( )
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II) Theory: steady-state

ID =
N1 � N

�1
=
� N2 � N( )

� 2

ID =
2q

h
T (E)� f1(E) � f2(E)( )dE

T (E) =
�1�2
�1 +�2

�D E �Uscf( )

(Landauer)
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II) Theory: summary

�1

gate

µµ1 µµ2D(E �USCF )

� 2

Given:

Device structure (CG, CD, CS, etc)

Contacts (�1, �2)

D (E -USCF)

Compute:

µ1, µ2

USCF (VGS, VDS, N)

N(USCF, VDS)

ID(USCF, VDS)

FETToy

www.nanohub.org
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III) Nanowire MOSFETs

coaxial gate

n+ n+p

tins

�(x)

µµ1

µµ2

k

E(k)

L

L

Cins =
2���0

ln
2tins + twire

twire

�

�
�

�

�
	

F/cm

twire
x
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III) Nanowire MOSFETs

N = A1(E) f1(E) + A2(E) f2(E)[ ]� dE

2�

steady-state electron number:

A1(E)

2�
=

�1
�1 + � 2

D E �Uscf( ) =
L

2� h

2m*

E ��
H E �Uscf ��( )

N = N + µ1( ) + N� µ2( ) =
N1DL

2
F�1/ 2 �F( ) +

N1DL

2
F�1/ 2 �F �UD( )

N1D =
2m*kBT

� h
2

�F = µ1 ��0 �USCF( ) kBT

UD = qVD kBT
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III) Nanowire MOSFETs

�(x)

µµ1

µµ2

k

E(k)

L

N + µ1,USCF( )

N� µ2,USCF( )
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III) Nanowire MOSFETs: electrostatics

USCF N( ) = �qVG
CG

C�

�

�
�

�

�
�� qVD

CD

C�

�

�
�

�

�
�� qVS

CS

C�

�

�
�

�

�
� +

q2N USCF( )
C�

N USCF ,µ1,µ2( ) = N + + N� =
N1DL

2
F�1/ 2 �F( ) +

N1DL

2
F�1/ 2 �F �UD( )

�F = µ1 ��0 �USCF( ) kBT

“well-tempered MOSFET”

N

L
=
Cins

q
VGS �VT( ) =

N1D
2

F�1/ 2 �F( ) +
N1D
2

F�1/ 2 �F �UD( )



15

29

III) Nanowire MOSFETs: ID

ID =
2q

h
T (E)� f1(E) � f2(E)( )dE

T(E) =
�1� 2
�1 + � 2

�D E �Uscf( ) =1

D(E) =
2

�

L

h�k
�1 = �2 =

h

�
= h

�k
L

ID =
2qkBT

h
F0 �F( ) �F0 �F �UD( ){ }
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III) Nanowire MOSFETs

Cins

q
VGS �VT( ) =

N1D
2

F�1/ 2 �F( ) +
N1D
2

F�1/ 2 �F �UD( )

ID =
2qkBT

h
F0 �F( ) �F0 �F �UD( ){ }

ID = Cins VGS �VT( )�̃T

1�F0 �F( ) F0 �F �UD( )
1+ F�1/ 2 �F( ) F�1/ 2 �F �UD( )

�
�
�

�
�
	

�̃T =
2kBT

� m*

F0 �F( )
F�1/ 2 �F( )

�

�
	

�

�

 “injection velocity”

(1)

(2)
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IV) The nano-MOSFET

�(x)

k

E(k)

L

N(µ1,µ2,USCF ) =
D E �USCF( )

2
f1(E) + f2(E)[ ]� dE = N + +N �

D E �USCF( ) =WL
m*

2� h

�

�
�

�

�
	H E �� �USCF( )

µµ1

µµ2

W
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IV) The nano-MOSFET: filling the states

f0 =
1

1+e(E�EF ) / kBT
� e(EF �E ) / kBT = e(EF �EC ) / kBT �em

*� 2 / 2kBT

f0 �e
m* (� x

2 +� y
2 ) / 2kBT
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IV) The nano-MOSFET: filling the states

Increasing  VDS

X (nm)  --->

-10 -5 0 5 10

�1 vs. x for VGS = 0.5V

� 1
(e

V
)

--
->

f (kx, ky)

electrostatics: qN = CG(VGS - VT)
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IV) The nano-MOSFET: velocity saturation

Increasing  VDS

X (nm)  --->

-10 -5 0 5 10

�1 vs. x for VGS = 0.5V �(0)� �̃T

� 1
(e

V
)

--
->

VDS  --->

�(0)

�
in

j
(1

07
cm

/s
)

--
->

�̃T =
2kBT

� m*

F1/ 2 �F( )
F0 �F( )

�

�
�

�

�
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IV) The nano-MOSFET

IDS

VDS

IDS(on) =W Cox�̃T VGS �VT( )

IDS =WCox (VGS �VT )�̃T �

1�
F1/ 2(�F �UDS )

F1/ 2(�F )

1+
F0(�F �UDS )

F0(�F )

�

�
��

�
�
�

�

	
��

�
�
�

quantum
conductance

VG � VT( )�

IDS

� M
2q2

h

K. Natori, JAP, 76, 4879, 1994.
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IV) The nano-MOSFET

      0.2    0.4  0.6    0.8    1.0

VDS (V)

I D
S
 (
µ

A
)

1800

1600

1400

1200

1000

 800

 600

400

200

0

measured on-current

~50% of ballistic limit
measured channel conductance

 ~10% of ballistic limit
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IV) The nano-MOSFET: scattering

position, x

en
er

gy

en
er

gy

EC (x)

EC (x)

low VDS high VDS

T �
�o

L + �o
� 0.10 T �

�o
l+ �o

� 0.50

position, x

L l
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V) Molecular MOSFETs? Organic Molecular FETs

L� 1 nm

tox << L

tox � 1-2Å !!

S. Datta, A. Ghosh, P. Damle, T. Rakshit

temperature-
independent

MIGS

S� 300 mV/dec



21

41

V) Molecular MOSFETs? CNTFETs

)nm(8.0 deVEG �

( ) ( )2231
2

kd
E

kE
G +�
�

�
�
�

�
±=

McEuen et al., IEEE Trans. Nanotech., 1 , 78, 2002.
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V) Molecular MOSFETs?: CNTFETs

8 nm HfO2

10 nm SiO2

p++ Si

SD

45 nm 

Al  Gate

SWNT

D SG

7 nm Pd

4-8 nm

Al2O3

I on( ) �12 µA
S �110 mV/dec
GD � 0.4G0

Hongjie Dai Group, Stanford
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V) Molecular MOSFETs? ambipolar conduction

EC

µ1

µ2

EV

VG < VD/2 hole conduction

Guo, Datta, and Lundstrom, IEEE TED, Jan. 2004

midgap SB CNTFET

VVD 4.0=

VG < VD/2

hole

conduction

VG > VD/2

electron

conduction

EC

EV

µ1

µ2

VG > VD/2 electron conduction
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V) Molecular MOSFETs? CNTFETs vs. MOSFETs

lo
g

1
0

I D

VDD

VGS

Key device metrics:

ION IOFF
� = CGVDD ION
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V) Molecular MOSFETs? CNTFETs vs. MOSFETs

lo
g

1
0

I D

VDD

VGS

good ��

poor ION / IOFF
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V) Molecular MOSFETs? CNTFETs vs. MOSFETs

poor ��

good ION / IOFF

lo
g

1
0

I D

VDD

VGS
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V) Molecular MOSFETs? CNTFETs vs. MOSFETs

The �� vs. ION/IOFF

characteristic can

be used to compare

technologies.

log10 (ION / IOFF)

�
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V) Molecular MOSFETs? CNTFETs vs. MOSFETs
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VI)  Conclusions

1)  Ballistic nano-MOSFETs are easy to understand 

2) Present-day MOSFETs operate at ~ 50% of the

     ballistic limit.

3) Carbon nanotubes promise improved performance,

      but….

4) At the end of the ITRS, the Si MOSFET will operate

     close to fundamental limits.


