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KBaHTOBBIE MeTOAbI MOAemupoBaHUs finFET.

'TyHHe/IbHbIe TPAH3UCTOPBI:

yBe/TM4eHUe KPyTU3HbI => CHIDKeHHe paboyero
HaIlPSDKEHUA => YMEHbLIeHWe pa3orpesa =>
yBeJIM4YeHUe TAKTOBOU YaCTOTHI.

[ToneBbie TpaH3UCTOPHI Ha OCHOBe IrpadeHa.



The end of Moore’s ‘law’?
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NMhere does nanoelectronics start
from?

Micrometer channel length

Nanometer
channel length

Semiconductors )\T 10 nm
Metals )‘F ~1 nm
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Charged waves:

Schrédinger equation /.\/\

Charged particles:
Boltzmann kinetic equation

Charged fluid:
Hydrodynamic equations




Structure in simulation
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Quantum effects in nanotransistors

Fermi-Dirac statistics.
Transversal quantization in channel:

Quantum longitudinal motion:
a) interference on random impurities;
b) quantum reflection;

c) source-drain tunneling.
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'Main strategy of simulation

Self-consistent solution of

Schrodinger equation

+

Maxwell equation
(Poisson equation)




Silicon conduction band structure

o Effective mass and transversal
quantization energy m, = 0.19m,, m; = 0.98m,
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Charged waves:

Schrédinger equation /.\/\

Transversal quantization

Wave-guide modes in the channel

[Landauer-Buttiker formalism




equation
o o AV(X Y24V (X, Y DR, Y. 2) = 2H(X,,2)

V(X,y,2) Is a potential.

The direct solution of the stationary 3D Schrodinger
equation via a finite difference scheme comes across a
well known instability caused by evanescent modes.

In fact, the exponential growth of upper modes
makes a computation impossible.




D.K Ferry et al. (2005

(CLLA, Arizona State University):
results of simulation
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Solution of Schrodinger equation:

transverse mode representation +
high-precision arithmetic

Y(X,y,z) = Zai (XDy; (Y, 2)

where vi(y,z) is the i-th transverse mode wave function,
N is a number of involved modes.

The space evolution of coefficients a,(x) is governed by matrix elements

|\/Iij (X) =< Wi(y1 Z) ‘V(X’ y1 Z) ‘W](y’ Z) >

The off-diagonal elements M;; manage the mode conversion.

The diagonal elements M., manage the quantum reflection, interference and tunneling of the i-th mode.




Calculated transmission coe
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Dispersion of characteristics

5-15% in calculated I-V curves

<10% is an everlasting condition for large integrated
circuits

More severe demands to technology may arise.
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—Classical vs. quantum: quantum
noise

Classical Schottky’s shot noise
(spectral density of white noise at arbitrary temperature)

S(f)=2¢]l|

G. B. Lesovik. Quantum excess noise in two-dimensional ballistic microcontacts.
JETP Lett. 49 (1989) 594 (zero temperature T=0, Fermi-Dirac statistics)

di’ zz—re]zAv |eV |T(E)Q-T(E))

V. Wurkov et al. Solid State Electronics. 2012
Quantum measurement theory to calculate the quantum noise at finite
temperature



Quantum noise in simulated FETs

1,5x10° -

1-Impurity
—@— All quantum ballistic
—@— Longitudinal classical ballistic
—A— Noise (normalized)
channel thickness is 3nm

<
e
c
)
=
=
o
=
@
S
o)

0,4 0,6 0,8
Drain Voltage, [V]




*TpeOoBaHMs K COBPEMEHHOM
ICKTPOHUKE




TpeboBaHUA K COBPEMEHHOM 3NNIEKTPOHMUKE:
1) high performance

RC 3agep)xka nHBepTOpa [IpenenbHast yacrora:
MIPOJIETHOE BpeMs

delay time = Rin * Cout - U

max
I—ch

Heob6xonnma BbIcOKast
IIPOBOAVIMOCTD KaHajla Heo6xoauma Matas
TPAaH3UCTOPOB U MaJIbIU IIMHA KaHasia

eitiioe IRCEse sleitiolne (Intel - 22nm)

11 /1IN BbICOKAs
MTOABIKHOCTD (HOBbBIE
MaTepHaJibl)
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TpeboBaHUA K COBPEMEHHOM 3NNIEKTPOHMUKE:
2) low power

[Torpebnsiemast
AKTUBHAsA MOLTHOCTH

CV/Z
P = 2DD f
Heo0xomymo masoe
HamnpsDKeHUe TTUTAaHUS |
OBICTpOE TTepeKTIoUYeHHe
MEXy COCTOSTHUSIMU

IlaccuBHass MOIIHOCTH

P, =1 OFFVDD

p

HeoGxoaum MaibIii TOK
B 3aKPBITOM COCTOSIHUH
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IlpegenpHass KpyTH3HA NepeKa0YeHuss: 60 mB/mek
AJISI TEPMO3MHUCCUOHOIO MEXaHHU3Ma MepeHoca TOKa
Kak cpenars kpyue?




TYHHEenNbHblE TPAH3UCTOPLI
MO3BOJTAKT AOCTUYDb

Nnoanoporosoun KpyTusHbl Boile (60mB/gek)-1
Npn KOMHATHOU TeMmnepaType




-Tunnel FET vs. thermionic FET

® | oc exp{—%}
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Limits the drive voltage V;>240 mV
to achieve 4 decade switching

onauction

Low voltage switching possible —
low power operation




Tunnel transisors

Shottky-barrier FET Interband tunnel FET

* Gate-controlled reverse-biased o Gate-controlled reverse-biased
Shottky junction Esaki junction

* Intraband metal- * Valence-to-conduction band

semiconductor tunneling tunneling
Conduction

Semiconductor
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The subthreshold slope of tunnel
component is large only when
tunnel component is small and
masked by thermionic current =
The (60 mV/dec)-1 limit persists
for SB FET despite the presence
of tunneling
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Schematic view of current components in SB
FET vs gate voltage illustrating the
impossibility to achieve subthermal steepness

D. Svintsov et.al. Semiconductors 47, p. 279 (2013)
W. G Vandenberghe. et al. Appl. Phys. Lett. 102,
013510 (2013)
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FIGURE 3. Published [26], [29], [31], [32]. [37]. [39]. [47] and extracted [27], [28], [30], [33]. [35]. [41] TFET sub-threshold swing versus drain current per
unit width for n-channel (circle with solid line) and p-channel (diamond symbol with dashed line) TFETs that show SS near or below 60 mV/decade at
room temperature. With the exception of the CNT TFETs [48], [49] this is a comprehensive plot showing 12 TFETs with reported SS below 60 mV/decade.

H. Lu ans A.C. Seabaugh IEEE Journal of the Electron Devices Society 2 p. 44-49 (2014)
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slope:
band tails

~ No band Nonzero current
= ovenap due to tunneling

from the DOS

DOS> tails!

Band overlap
due to DOS tails

E.O. Kane Phys. Rev. 131, (1963)
S. Mookerjea et. al. IEEE EDL 31 (2010)
DOS> C.D. Bessire et. al. Nano Lett. 11 (2011)




mits of the subtr
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Graphene FETs




Graphene and nanotubes:
electronic properties  oj<®
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Graphene structures

Deposited or epitaxial (on SiC or
hBN) graphene: mobility 5000-
10000 cm”2/V s due to

interface defects and bulk phonons

Suspended graphene or twisted
graphene stack: mobility 100000-
200000 cm”2/V s

no
interface defects and bulk phonons
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FET structure
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22 o D. Svintsov, V. Vyurkov, S. Yurchenko, V. Ryzhii, T.
Pes Pn electron and hole mass densities p# Nm, Otsuji "Hydrodynamic model for electron-hole

SR e plasma in graphene”, Journal of Applied Physics,
u,, u, —drift velocities

Vol. 1, p. 083715 (2012)
B = Bh—' —friction coefficients P Svintsov, V..Vyurkov, V. Ryzhii, T. Otsuji :
e ' Hydrodynamic electron transport and nonlinear
n P waves in graphene”, Physical Review B, Vol. 88, p.
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Bipolar graphene FET channel
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Graphene
=> good Ohmic source
and drain contact
Gap=o0
=> big OFF-state current

Bilayers, nanoribons or graphane
=> bad Ohmic source and
drain contact
Gap=o

=> low OFF-state current
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Top graphene
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Drain layer
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Layout of vertical graphene tunnel FET. Band diagram of graphene lateral TFET. The
Tunneling occurs between two graphene layers gate voltage controls the tunnel density of
separated by 3-10 monolayers of boron nitride states, but not the barrier height

L. Britnell et al ,Science vol. 335 p. 947 (2012)
L. Britnell et. al., Nature Communications vol. 4 art. no. 1794 (2013)




Graphene vertical
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Measured tunnel conductivity of vertical
graphene TFET vs. gate voltage

L. Britnell et. al., Science 335 p. 947 (2012)
T. Georgiou et. al. Nature Nanotechnology 8 p. 100 (2013)

tunnel FETs

100.0.

50.0:

10.0
3.0 14,200 meV

0 1000 10"
Frequency w/2n, Hz

Calculated current gain of vertical graphene
TFET vs. frequency at different electron Fermi
energies in source layer. Cutoff frequency
~10MHz expected due to small tunneling
probability

A. Mishchenko et. al. Nature Nanotechnology 9 p. 808 (2014)
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Lateral graphene FET: realization

10*

Undoped SiC

Resistance (Mohm)

- Lds =250 nm

Vds =50 mV

" | On/offratio = 10°

' Room Temperature

0 1 2 3
Vgs (V)

J.S. Moon et. al. [IEEE EDL 34 (2013)
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*Gap opening up to ~0.4 eV by transverse
electric field;

*Symmetric “Mexican-hat” band
dispersion

Conduction and valence band electron dispersions
in graphene under applied transverse electric field
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Conduction and valence band electron dispersions
in graphene under applied transverse electric field

ilayer

Gap opening up to ~0.4 eV by transverse
electric field;

Symmetric “Mexican-hat” band
dispersion

Density of states in gapped graphene bilayer
demonstrating a van Hove singularity




xploiting the van Hove
singularity in tunnelmg
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(A) Layout of the proposed graphene bilayer TFET with electrically deflned source Schematic dependence of direct interband tunneling current
and drain regions (B) Band diagram of graphene bilayer TFET for the optimal on the band overlap in parabolic band semiconductors of
biasing conditions: Vg > 0, Ug < 0, Uy > 0. At zero top gate bias, Vg = 0, the TFET different dimensionality (3D, 2D, 1D) and graphene bilayer.
is switched on, while at Vs < 0 it is switched off.




~Graphene bilayer TFET
characteristics

£ R s A e ! ' ' T
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TS 0.4} s | —
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S 0.0l I T 3 e T
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Top gate voltage, V., (mV) Drain voltage, Vp (mV)

Calculated room-temperature gate transfer (left) and current-voltage (right) characteristics of
graphene bilayer TFET at fixed bias voltages at auxiliary gates: Vg =3.3V, Ug=-0.6 V, U, =0.25 V. Top
gate dielectric is 2 nm ZrO,, k = 25, back gate dielectric is 10 nm SiO2, spacing between the source
doping and control gates d, = 5 nm, spacing between drain doping and control gates is 10 nm. The regions
highlighted in yellow correspond to the drive voltage swing of 150 mV, in which sufficient ON/OFF ratio and
high ON-state current are achieved. Inset: gate transfer characteristic in the log scale.
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tunnelmg in GBL
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Gayduchenko, S. G. Xu, A. Principi, M. Top gate voltage, Vig (V)

Moskotin, I. Tretyakov, D. Yagodkin, S. (A) (B)

Zhukov, T. Taniguchi, K. Watanabe, I. V.
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Detection Using Graphene Plasmons”

Nature Communications 9,

article number 5392 (2018)
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