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technology trends
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models for devices (conceptual and computational)
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21st Century electronic devices

molecular electronics
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“Electronics from the Bottom Up”

1) Introduction

2) Generic model of a nanodevice
3) The ballistic MOSFET

4) Scattering in nano-MOSFETSs

5) Discussion

6) Summary
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eneric model
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S. Datta, Quantum Transport: Atom to Transistor, Cambridge, 2005
(“Concepts of Quantum Transport” nanohub.org)




filling states from the left contact

ludes spin

INC

(E)-N

N

Each energy channel is

Assumption
independent

(E)=D(E-U)1(E)

dt

0
1

dN(E)

s

S

e

F1
N
nanoHUB.org

-—n
L8N



L 0 R TR
o 0 0 0 A A 0 0 0 2o

£
iy

e

st
S

#
b

A
L e e

T
R

G
S

filling states from the right contact
(E)-N
2

N

(E)=D(E-U)T,(E)

0
2
dt

N
dN(E)




steady-state

dN(E) _ Ny N Nj-N _

dt T, 7,

0

(1/7,)N; = (1/7,))N +(1/7, )N, = (1/z, )N = 0

_ (1/71) 0 N (1/72) 0
VE- T O ™ ®
f NY(E)=D(E-U)f(E) 7n=Nrg \
< NJ(E)=D(E-U)f,(E) 7 =h7, >

\. 7
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steady-state electron number, N(E)

N(E)= 711172 D(E-U)f,(E)+ 711272 D(E-U)f,(E)

N(E): Dl(E_U)f1(E)+ Dz(E_U)fz(E)

g )
D(E-U)=—"*_D(E-U) DOS that can be filled by
Y1t 72 contact 1
) .
D,(E-U)=—/2 _p(E-u) DOS thatcan befilled by
- Y1172 contact 2 y
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steady-state current, |
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result

1(E)= %[Zfij D(E-U)(f,- 1,)

V1=V =7

I, = [ 1(E)dE =2qu[g) ZD(E-U)(f, - f,)dE

N = [N(E)dE :j{D(EZ_U)(fl(Eﬁ f, (E))}dE
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final results

rw=v,=r=h/t

D'(E-U)= D(E-V)

density-of-states per spin

2
I :quynD’(E—U)(fl— f, JdE

N = [D'(E-U)(f, + f, )dE

= NCN 14
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determining t (y)

energy channels are independent:

10(E)=297 7D/ (E-U)( - 1,)
V(€)= D'(E-UY 1 (E)+ 1(E)

If f, >> f, (source injects, drain collects), then:

N h
q— = —=T7
l, 7
| Q stored charge
° ¢ transit time
NCN 15
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“Nanoelectronics and the Meaning of Resistance”

1) What and where is the
resistance?

2) Microscopic model for electrical
resistance

3) Spins and magnets
4) Energy conversion

5) Beyond the one-electron
picture

Supriyo Datta

“Electronics from the Bottom Up” on nanoHUB.org
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outline

1) Introduction

2) Generic model of a nanodevice
3) The ballistic MOSFET

4) Scattering in nano-MOSFETS
5) Discussion

6) Summary
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controlling current with energy barriers

electron energy vs. position

Ve Vs = 0.05 V

o

Energy (eV)

035 0 5 0 5 10 15

Energy (eV)
5 & o

135 40 5 0 5 10
Distance along the device (nm)

15

E.O. Johnson, “The Insulated-Gate Field Effect

Transistor: A Bipolar Transistor in Disguise,” RCA
Review, 34, pp. 80-94, 1973.




“top of the barrier” MOSFET model

low drain bias:

LU =E. = Eco_quJ

>
o
D
S| E
Fl ‘device’ /
EF2
— /K e \
t=L N Ec (X)
\ J — g———
contact 1 contact 2
h position
V1=V =7
(7)
. NCN 19
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“top of the barrier” MOSFET model

{u = E.(0)= Ec, (0)- q%]

high drain bias:

>
O
O
o
E, ‘device’
E.(0) - 9~ -
/H—/ \ F2
— /<<L \
N J N v \j\ _____ E (X)
contact 1 contact 2 ¢ \
~_h position
V1=Vo=7\
()

20



electron density

U=E(0)
y —
W / / Z.@ v
contact 7 X contact 2
|
) / ,

N = [D'(E-U)(f, + f,)dE

. 1 1

/ m - —
b= ﬁ\/\” ! (E)_ 1+ eEri—Ec (O)/kT E (E)_ 1+ g1 Vos ~Ec (O ke

o NCN 21
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electron density

N =[D'(E-U)(f,+ f,)dE

(

N\

n(0)= o =~ 22 7 (e 4 74 (1)

~N

J

P
\ nanoHUB.
o 9

/NZD =m'k,T /7zh’ O

e = [EFl - E¢ (0)]/k|3 T

Neo = Ther — qVDS/kBT

22
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current

U=E(0)

23

contact 2



current (cont.)

U =E.(0)
W/ P

contact V 0. x contact 2

|

) / .

h h{v,) B B "

y:<r>: I ux_ucose_\/Z(E—EC)/m cosé
<UX>=J-”/2 vcosedo = U \/Z(E = )2
7l T m T

NCN 24
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current (cont.)

2
|D=qumD'(fl—f2)dE

2(E-E .
7/7ZD’(E)=IE\/ ( . C)g><7z><m—2W|

m T 27h

y D" (E)=W \/Zm*ngh— EC): M (E) {M(E)

ID:ZquI\/I(E)(fl— f, )dE

NCN 25
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current (final result)

I =2qu|v| (E)(f, - f,)dE

4 I
N
;= WCI[ 22D UT) [ﬁ/z (77|:1)_ 71/ (77|:2 ):|
\ J
4 . R
Nyp =Mk T /7zh? Mk = [EFl - E¢ (O)]/kBT
\UT = \/ZkBT /ﬂm* TMeo = Tl — qVDS/kBT

NCN 26
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re-cap

1o =W 0 [ 72, () 72 ()]

N22D [ﬁ) (77F1)+ 717) (77F2 )}

Ng (O):

Solve (2) for N,p, then insert in (1):

NCN 27

(1)

(2)



|-V characteristic

Pz (1)~ P (11, )}

|, =Wagn, (O)UT { F (77F1)+ 7o (77F2)

e e

dns (0)~ C,, (Ves —V; )  (simple, 1D MOS electrostatics
Vs > Vy)

NCN 28



final result

I D — WCox (VGS _VT )81/0|:

B =

2k.T o (7701

m’ 7o (77F1)

1- A (77F2 )/5/2 (77':1)

1+ 7, (UFZ)/HO (77':1)

S NCN
"‘---'? nanoHUB.org
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Boltzmann limit

7i (e )—> €™

1 _ e_qVDS TkgT
1+ e—qVDS/kBT

I, =WC,, (VGS — Vs )UT {

2k T
U = -
T

. NCN 30
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lp = WCOX%(VGS — Vs ){

)

—l
(=}

on-current

1- A (77F2 )/5/2 (77':1):|
1+ /Z:) (77F2 )/7110 (UFl)

IDS

—
o

—
:;L

Injection velocity (x107 cm/s)
[N

—_—

10

2ke T Fur2 (7761)
8/ - B* 1/2 F1
i zm ﬁ(ﬂm)

10 10"
Inversion layer density {r:m'z]

| D WCOXB'I/O(VDD _VT )

‘11:'1? 1013

(100) [110] Si (single subband)

> NCN
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VGS = VDD

A 4

|
Visar = KgT /CI VDS




velocity saturation in a ballistic MOSFET

|- WCOXB{O(VGS V. ) 1- 711/2 (UFZ)//ZI/Z (nFl):| —WQ (O)<U(O)>

1+ E) (77F2 )/ﬁo (77F1)
(v(0)) o 1

‘ballistic injection

~ velocity’

U; + Vas = Voo
| = =

~ [EFl - E¢ (0)]/q VDS VDS
~._ NCN 32



channel resistance of a ballistic MOSFET

ID = WCOX%(VGS _VT ){

1- A (77F2 )/711/2 (77':1)}
1+ /Z?) (77F2 )/7110 (UFl)

3
I DS

finite channel
resistance

N

33
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IS a nanoscale MOSFET really ballistic?

Typical N-channel MOSFET:

lon 1 MA/um I, (ballistic)= -WQ, (0)&

L=100 nm
1200 .

1000 | / -Q,(0)/q=C,, (VDD — Vs )

| ~ 13 -2
about 50% of the ~ 0.8 x10™ cm

ballistic limit
v ~1.8x10" cm/s

02 04 06 08 1

Vos (V) oy /W (ballistic) ~ 2 mA/um
(Courtesy, SX%I Ikeda, ATDF, Dec. 2007)

about 10% of the ballistic limit.
NCN 34
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outline

1) Introduction

2) Generic model of a nanodevice
3) The ballistic MOSFET

4) Scattering in nano-MOSFETs
5) Discussion

6) Summary
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scattering in Si n-channel nano-MOSFETSs

L=100 nm

W
I; = T/unCox (VGS =V )VDS —?

~_ NCN 36
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",

“top of the barrier” MOSFET model

(ballistic)
ﬂk
: : 2(E-E A . A
low drain bias: Dz\/ ( . C)(cost+sm6?y)
2 m
X
()
S| E
i ‘device’ /
EF2
EC (O) ] /"' TN~
. A
_7 A
t~L N Ec (X)
\ ) — o ————
contact 1 contact 2
h position
Yi=72= 7%
(7)

NCN
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diffusive current

U=E. (0)

O
W /
contact 1 / contact 2
> X
I
< L >

2
ID:qusz’(fl—fz)dE

h h<u> . h e
= X2 pallist =—="7 diffusive —
1 allistic 7 ) (7)




between ballistic and diffusive

~h ([ 1 h
4 Z'B-I-Z'D_kl-I-TD/TBJTB

o- e (k)

__

y D’

0

P
(
I, =WC,, (Vas — Vs )L
\_

1- A1 (UFZ)//ZI/Z (77':1)
81/0{ 1+ 7, (77,:2)//110 (77|:1) }

NCN 39
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linear-region current

Boltzmann statistics:

I, =WC,, (Vg5 — V; )L
Low V!

A
5 :WCox (VGS —V; )L;to _i LJ 2(k

NCN

% nanoHU B.org
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A,

Ur

\ 1-¢e —QVps /kgT
/1 + LJ |: quDS/kB

V
T/9) 7

g

|, =

W
L+ A,

H, Cox (VGS _

VT )VDS
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scattering in Si n-channel nano-MOSFETSs

==100nm on-current

1

06 0.8 1 2
UDS (V)
W W
Ip = T:unCox (VGS - V; )VDS =y = L+ 4, 14,Co, (VGS - V; )VDS

o NCN 41
%g-and-lm.w



where scattering matters (the most)

E. vs. x for Vgg = 0.5V Ec vs. xfor Vgg = 0.5V

5 . 0.2
I ; : . ! : 0.1F
A . Increasing ;V A
: of | _ : DS : of
| 1 1 H 1
I -0.1}
/'\ R g i ) N
> DR e R \\: >
QD oa \q.)/ e |
| “:\‘ ‘\. """"""" -0.4F
O o4 \ 4N @) ol
L osf T
—o6l N -0.6
_0.7F e 0.7
_08 |-—————-|—————-————-|—————JI =N
-10 5 0 5 10 -10

_ NCN 42
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outline

1) Introduction

2) Generic model of a nanodevice
3) The ballistic MOSFET

4) Scattering in nano-MOSFETS
5) Discussion

6) Summary
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“Physics of Nanoscale Transistors”

Mark Lundstrom

“Electronics from the Bottom Up” on nanoHUB.org

1) Review of MOSFET Fundamentals
2) Elementary Theory of the Nanoscale
MOSFET
3) Theory of the Ballistic MOSFET
4) Scattering in Nanoscale MOSFETs
5) Application to State-of-the-Art
MOSFETs
6) Quantum Transport in Nanoscale
MOSFETs
7) Connection to the Bottom Up
Approach
o NCN 44
s =
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S/D quantum mechanical tunneling

Lg=4 nm

-02 4)

Spectral Current

1 10 20 30
Slab Position

Lg=10 nm

Spectral Current

202 2)

1 20 30 40

Slab Position

Lg=7 nm

Spectral Current

2 3)

-0
—).

=Y

1 10 20 30 40
Slab Position

Lg=13 nm

Spectral Current

1)

1 1M 20 30 40 50 60
Slab Position

from M. Luisier, ETH Zurich



del to NEGF

generic mo
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S. Datta, Quantum Transport

(“Concepts of Quantum Transport” nanohub.org)



randomness is the rule - not the exception!

Random dopant fluctuations
side view

PSSR )
nanonets

47



“Percolation in Electronic Devices”

1) Percolation in Electronic Devices
2) Thresholds, Islands, and Fractals

3) Nonlinear Electrical Conduction in
Percolative Systems

4) Stick Percolation and Nanonet Electronics

5) 2D Nets in 3D World: Sensors, Solar Cells,
and Antennas

M. Ashraf Alam

“Electronics from the Bottom Up” on nanoHUB.org
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outline

1) Introduction

2) Generic model of a nanodevice
3) The ballistic MOSFET

4) Scattering in nano-MOSFETS
5) Discussion

6) Summary
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0

summary

1) The bottom-up view provides a simple, but rigorous
approach to nanoelectronics.

2) It's useful for familiar devices, like MOSFETS.

3) It's also a good starting point for new devices.

4) You can learn more on nanoHUB.org or by attending the
annual “Electronics from the Bottom Up” summer
schools at Purdue University.

NCN 50
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nanoHUB.org

| Logout (lundstro)

online simulation and more

My nanoHUB Resources Contributors Events About Support

helo! )

« Jaoin the nanoHUB community

Simulate

4{ Nanoelectronics
#™ Tools for nanoelectranics

Q NEMS/Manofluidics
™ Tools for NEMS and Nanofluidics

% Nano-Bio Devices
#™ Tools for nano-hio devices

5N More »
Browse all available tools

Over 60,000 annual users

Take a tour

Research

[7] Seminars / Workshops

' Cutting edge research

Collaborate
Work with your colleagues

Web Meetings
Right in your browser

User Groups
“* Share with your colleagues

A resource for nano ce and technology, the nanoHUB was created by the NSF-funded
NCM - ww-w.Tment is driven by research themes in:

Nanoelectronics
P -

= =3
Nano-Bio Devices

Nanophotonics

Sign up loday P | Learn more

Teach & Leamn

> Nano 101 /f Nano 501
Introdu orials

Manocurriculum
Curriculum on Nanotechnology

4% Self-paced web instruction

™ Teaching Materials
Graduate, Undergrad, K-12

Contribute

E] Contribute Content
| Upload your own materials

) Give us Feedback
Success story? Suggestions?

Take a Poll
Il What would you like to be able to purchase
B with your peints in the new nanoHUB
store?

Donations
Contribute your financial support

NCN
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Questions & Answers
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