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CMOS today

14 nm 10 nm 7 nm 5 nm

L.z=20 nm L= 10-12 nm

CTO to senior device engineer:
“As we begin work on the 5 nm node. Is their a

new device technology we should be seriously
looking at?”

Lundstrom, et al. IEDM 2015



Challenges at the 5 nm node

1) Electrostatics

2) Parasitics

3) Leakage

4) Low-voltage operation

Question: What performance at V5, = 0.5 V do various
emerging device options promise at the 5 nm node?

-how does it work?

-why is it promising?
-what are the trade-offs?
3 -where do things stand?

10 min / option
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Low-voltage: challenges
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Low-voltage: approaches
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1) Red option:

-ON-currernt
(I1I-V FETs, NW
FETs, even
BJTs)

2) Blue option:

-SS
(internal gain
FETs, TFETS)



MIT VS (MVS) Model

1674 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 8, AUGUST 2009

A Simple Semiempirical Short-Channel MOSFET
Current—Voltage Model Continuous Across All
Regions of Operation and Employing
Only Physical Parameters

o : A
u, W, apparent mobility
Vi = Uy “injection velocity”

- Y,

M. S. Lundstrom and D. A. Antoniadis, “Compact Models and the Physics of
Nanoscale FETs,” IEEE Trans. Electron Dev., 61, pp. 225-233, 2014.




MVS-2 Model

Includes FD statistics and nonparabolicity
Improved capacitance model (i.e. quantum effects)
Semi-empirical electrostatics

Predicts injection velocity and complete IV
characteristics from m*, mobility, L g and
degeneracy.

(See invited paper 28.6 by Rakheja and Antoniadis.)

Lundstrom, et al. IEDM 2015
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14 nm CMOS FinFET technology
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S. Natarajan, et al., “A 14 nm Logic Technology Featuring 2nd-Generation FinFET
Transistors, Air-Gapped Interconnects, Self-Aligned Double Patterning and a 0.0588
um?2 SRAM cell size.” IEDM 2014.
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Benchmark Low Voltage Si Device

1) Map the FinFET to an “equivalent” planar structure.
(Divide measured current per micron by 2)

2) Fit the 14 nm Intel data with a planar MVS-2 model.

3) Then, assume EOT = 0.6 nm and Tg; = 8 nm and the
same MVS fitting parameters for SS, DIBL, mobility, Rg

and R, etc., to produce two benchmark low voltage
devices:

Low Power: Vpop=0.5V, I5e =100 pA/um
High Performance: V;;,=0.5V, [y =100 nA/um

12



MVS-2 fit to 14 nm FinFET data
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EOT=0.9nm /L_=20 nm Effective mobility= 200 cm?/V.s
Subthreshold Swing = 76 mV/decade  m,* = 0.19m,;, m* = 0.89m,
DIBL = 50 mV/V vy = 1.13x107 cm/s (non-degenerate):
Rs, Rp =100 ohm.pym assumed constant v,
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Benchmark LV / High Performance Si N-MOSFET
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Key parameters
EOT=0.6 nm/L_z=20 nm Effective mobility= 200 cm?/V.s
Subthreshold Swing = 75 mV/decade  m," =0.19m,; m*=0.89m, ->
DIBL = 50 mV/V vy = 1.13x107 cm/s (non-degenerate):
Rs, Rp=100 ohm.ym assumed constant v;,= 0.9 x10” cm/s
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Benchmark LV / Low Power Si N-MOSFET
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Subthreshold Swing = 75 mV/decade
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Effective mobility= 200 cm?/V.s

m* = 0.19m,; m* = 0.89m,
vy = 1.13x107 cm/s (non-degenerate):
assumed constant
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1I-V MOSFETSs: recent results
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I1l-V MOSFETSs

Potential advantages:

v High mobility
v" High injection velocity (small m*)
v Near-ballistic performance

Trade-offs and Concerns:
o Low DOS and gate cap (small m*)

o Tunneling (small m?)
o Source starvation

18 Lundstrom, et al. IEDM 2015



Mobility and injection velocity

Silicon:

1, =200 cmz/V—s=2(:%;/q)

v, =1.13x107 cm/s L =20 nm

A =9 mm Si: L=2mfps
InAs: InAs: L=0.1 mfp

u =~12,500 cm®/V-s

_ 7 *_ o
v, =29x10" emls (" =0.035m, ) Expect near-ballistic

A, ~200 nm operation.

19 Lundstrom, et al. IEDM 2015



20

Id (mASmicron)

o o o
(5 TN B

o
n

o o
W

bt
(8]

0.1F

Increasing importance of ballistic mobility

InGaAs 30-nm gate length HEMT
(D.H. Kim and J. del Alamo, EDL 08)
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“DOS bottleneck”

nextNano SP simulations
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Lundstrom, et al.

Silicon:
EOT = 0.6 nm
Tsi=38nm
C.=0.6x2C
InAs:
EOT =0.6 nm
T2 =8 NM
C,=02x2C,,
I[EDM 2015
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InAs MOSFET vs. Si CMOS

Approach:

Compare a hypothetical InAs FInFET with EOT = 0.6 nm, L
= 20 nm, to the benchmark Si device.

Assume the same series resistance and electrostatic
parameters (SS and DIBL), but use appropriate eff. mass,
non-parabolicity, and degeneracy for charge and injection
velocity for quasi-ballistic transport in InAs.

Project High Performance and Low Power [V's with the
MVS-2 model.

Lundstrom, et al. IEDM 2015



Benchmark LV/HP N-MOSFET Using MVS-2
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DIBL = 50 mV/V vy = 2.88x107 cm/s (non-degenerate):
Rs, Rp=100 ohm.pm degeneracy included in v, = 3.4 x10” cm/s
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Benchmark LV/LP N-MOSFET Using MVS-2
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High channel mobility summary

» Gate capacitance / injection velocity trade-off results
In performance that is similar to silicon.

» Other materials (e.g. Ge) and bandstructure
engineering to increase DOS without lowering
velocity should be examined.

* Tunneling will increase leakage.

25 Lundstrom, et al. IEDM 2015



Importance of Tunneling
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Lg=7 nm

Spectral Current
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Recent results: Sub-10 nm CNTFETSs

Ly =9 nm

—

SS=
94 mV/dec

Aaron Franklin, et al., Nano Letters, 12, pp. 758-762, 2012.



Nanowire FETs

Key advantage:

-electrostatics
Lmin = 3R

L . =5nm (Si)
L . =~10nm (InGaAs)

@
)

mi 1) — — 4
Bo Yu, et al, TED, 2008.
2) 77> ----> BTBT1
C
— > HIBL

Key challenge:
-tunneling e > BTBT3
4) BTBT3=0 if E_>qV,_

29
Lundstrom, et al. IEDM 2015



NW FETs: Intraband Tunneling
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NW FETs: Real vs. imaginary bandstructure

E (eV)
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NW FETs: Performance projections

L;=5nm EOT = 0.65 nm (HfO,) Vp,p=0.5V
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32 Mathieu Luisier, et al., IEDM, 2011.
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NW FETs: Summary

* GAArequired for L; <10 nm.

* Tunneling is critical for Lo <10 nm. E;>1eV is
necessary. Heavy m™ gives low off-current, but light
m™ gives good on-current.

« Key technology question: “How much effective
width can be put into the required gate pitch?”
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FINFETs vs. NWs

o eDensity [cm™3]
o O o -
“ O -
(@) Si FinFET  (b) 1-NW GAA ) 2-NW GAA ) 3-NW GAA W 1E14

Less electrostatic control at the wider bottom of FinFET
— Better DIBL and SS in GAA than FinFET

High electron density along the entire height of the FinFET
— Higher ON current in FinFET than GAA

Bottommost NW of 3-NW GAA contributes very less electrons due
to the increased access resistance (SD doping profile slide 5)

(Source: Suman Datta — see online talk)
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Basic Concept: Negative capacitance

Normal capacitor FE capacitor

36 Lundstrom, et al. IEDM 2015



Experimental confirmation

C1C2 ———————
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Asif Islam Khan, et al., Appl. Phys. Lett., 2011.



Subthreshold swing

SS = Vo = W X AVss =60 mV/decxn

a(logIOID) a(loglolp) dy

C, AV,

AVGS O A ~ AV ins —
, Vs = s c,+C, 1+C,/C,,
C.

v
C
//l s n=1+C,/C, >1

SS=60xn=>60mV/dec
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FeFET: basic concept

Ay = AVas _ AV
R G G SS=60 mV/decxn
C. =C,.<0 n=1-Cy/|C,|<1
AV,
A V
Vs =1 C/|CFE| =P AVq;
AWS:ﬁAVGS
1
'3:
1-Cy /|Cpy

B>>1or (n<<1)if |C,|=C o



FeFET: observations

1 1 .
Ay =B AV ﬁzl—Cs/ICFEIZZ B>>1or (n<<1) if |Cpy| = C;

1) Must have |C..| > Cq for non-hysteretic operation
(i.e. positive gate capacitance)

2) Must have |C.| = Cs for  >> 1.

3) Tricky because Cq(Vss, Vps)

4) Crzand Cg not well matched.
(i.e. ~250 nm for BaTiO5 and ~5-10 nm for strained HfO,).



Energy band picture

C.
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41
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Energy band picture
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(source: Suman Datta)
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Model device structure

FE: 4/8 nm HfO,

floating metal gates / 8 nm Si
+ increases MOS capam) ‘ \

+ uniform potential for each

grain FE: 4/8 nm HfO,

-leakage paths

-logic timing I

David J. Frank, et al., “The Quantum Metal Ferroelectric Field-Effect
Transistor,” IEEE Trans. Electron Devices, 61, pp. 2145 - 2153, 2014.

43
Lundstrom, et al. IEDM 2015



Comparison to benchmark device
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(Download a FeFET Verilog-A model at needs.nanoHUB.org)

Lundstrom, et al. IEDM 2015 44



Energy per Switch vs. Intrinsic Device Delay

10-10
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 Intrinsic speed/energy device advantage limited by increased FeFET gate

switching charge

« Significant advantage in interconnect dominated cases

Lundstrom, et al. IEDM 2015
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FeFET summary

Novel device concept with potentially significant
Impact.

Encouraging results emerging.

Significant challenges remain — materials,
Integration, intrinsic speed, reliabllity, ...
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Experimental results
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MOSFETs vs. TFETs

MOSFET

TFET

EC _ N—— v \ ¥
EV —f \_

N+ | N+ P+ | N+

equilibrium X equilibrium A

49 Lundstrom, et al. IEDM 2015




50

OFF-state: MOSFET

Dominated by thermal
emission over the barrier
(TE).

Tunnel currents become
important below 10 nm.

Tunneling enhanced by
small bandgaps and by
small eff masses.




OFF-state: TFET

E, "
NA
E| ————— > b=0  Dominant leakage current
for MOSFET is suppressed.
E

BTBT currents become
important below 10 nm.

BTBT enhanced by small
bandgaps and by small eff
masses.

o1 Lundstrom, et al. IEDM 2015
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OFF-state calculations
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David Esseni, et al.
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ON-state: MOSFET

A

53

v

ON current is a
thermionic emission,
over the barrier current.

Channel transmission
coefficient is about one.
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ON-state: TFET

ON currentis a BTBT
current.

High On-current
requires small bandgap,
small eff mass, small
tunneling width.

Steepness of turn-on
controlled by source
doping, phonon
scattering, band tails,
defects, ...

Lundstrom, et al. IEDM 2015



95

104,

1016

.'}J }[f"p: 1
'l.". y 4]
Vps =0.2V

NEGF Simulations

3 2.8 26 24 22 20 -1.8-16

Vg (V)
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NEGF Simulations
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Staggered and broken bandgaps
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Projections and possibilities
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TFETs: Summary

 Interesting device concept that could out-perform
subthreshold Si CMOS in ultra-low power
applications.

« Significant and growing body of experimental results
— still looking for a breakthrough.

« Serious challenges must be addressed — increasing
on-current without increasing leakage, scaling below
10 nm, maintaining SS < 60 to high currents, ...
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Introduction
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2D semiconductors

Transition metal dichalcogenides (TMD'’s) such as MoS,,
WSe, are interesting because:

Ultra-thin (atomic scale) channels
Atomically smooth

No dangling bonds / stackable HJs
Uniform thickness

Mobility maintained for thin channels

Relatively high effective mass — wide range of bandgaps and
masses available.



Ultra-thin body 2D TMD MOSFETSs
High-K, thin EOT

Doped extensions
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Electrostatics
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Role of effective mass
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2D TMD MOSFETs: Summary

Excellent scaling potential in a DG implementation

-result of ultra-thin body
-reasonably large effective mass

Challenges:
-DG implementation
-doping, contacts, mobility, etc.
-device optimization



2D TMD TFETSs?
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2D TMD TFETSs?
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2D Semiconductors: Summary

* Interesting new materials with wide range of
properties.

 Potentially suitable for MOSFETs beyond the 5 nm
node.

» Especially interesting for TFETSs.

 Very new field that could provide solutions beyond the
5 hm node.
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for more information

See appendix for references, pointers to IEDM papers,
and details about MVS modeling (also see paper 28.6).

Lundstrom, et al. IEDM 2015
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Summary

All device options face a similar set of challenges:

Cost of fabrication (esp. lithography)

Increasing role of parasitics (gate cap, series R)
Variability

Electrostatics

Leakage (esp. tunneling)

Difficulty of achieving desired /,, at desired V5 and /g-.

No device that is distinctly superior to Si has been identified.

Lundstrom, et al. IEDM 2015 74



Outlook: 5 nm node

Si is a possibility, but will it offer enough performance?

High mobility channels could work with careful
consideration of trade-offs (Ge MOSFETs?)

FeFETs, TFETs, 2D materials not ready for 5 nm node
development, but should be watched.

75



Outlook: Beyond the 5 nm node

Probably not Silicon

Electrostatic control will require NW or ultra-ultra-thin
channels in DG architecture.

Leakage will be dominated by tunneling.

FeFETs, TFETs, 2D materials could be the answer.

76
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The question

14 nm 10 nm 7 nm 5 nm

CTO to senior device engineer:
“As we begin work on the 5 nm node. Is their a

new device technology we should be seriously
looking at?”

Lundstrom, et al. IEDM 2015
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Thank you

“It ain't over till it's over.”

-Yogi Berra

Bell Labs 1947

Lundstrom, et al. IEDM 2015
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Appendices

1) References and relevant 2015 IEDM papers

2) Additional details on MVS-2 modeling

Lundstrom, et al. IEDM 2015
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Appendix: Some details of MVS-2 Modeling

1) Comparison with Nextnano CV characteritics
2) Injection velocity: Sivs. llI-V
3) VS Capacitance and Charge - Effect of V¢

4) MVS-2 Parameters in llI-V simulations

Lundstrom, et al. IEDM 2015



[lI-V Channel C-V Comparison of MVS-2 with Nextnano
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Injection Velocity — llI-V vs. Si
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 |lI-V has much higher injection velocity which also increases with degeneracy
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VS Capacitance and Charge - Effect of V4
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But, Ill-V charge decreases faster with increase of V5 (36% vs. 21%)
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MVS-2 Parameters in -V simulations

Lsd = 1e-9; % Access-region length [m]

W=1e-6; % Transistor width [m]

Lgdr=20e-9; % Physical gate length [m]. This is the designed gate length for litho printing.
dLg = 0; % Overlap length including both source and drain sides [m].

tins=0.6e-9; % Dielectric equivalent thickness [m] (dielectric between QW and gate metal)
epins=3.9*8.85e-12; % Effective dielectric constant of insulator [F/m]
Cins=epins/tins % Gate-channel capacitance [F/m*2]

Vt0 = 0.582; % LP Threshold voltage [V]

Vt0 = 0.358; % HP Threshold voltage [V]

delta=55e-3; % Drain induced barrier lowering (DIBL) [V/V]

n0=1.25; % Subthreshold swing factor [unit-less] {typically between 1.0 and 2.0}
Rc0=100 ; % Access region resistance for s terminal [Ohms-micron]
Qacc=qe*2.5e17; % Access region charge [C/m"2]

meff = 0.035*m0; % Effective mass of carriers [kg]

np_mass = 10; % Non-parabolicity mass increase [1/eV] {m=meff*(1+np_mass*E)}
ksee = 0.1; % Parameter for VS velocity

mu_eff=1 ; % Long-channel effective mobility [m*2/Vs]

mu_eff_acc=mu_eff; % Effective mobility in access region [m"2/Vs]

B=6.8e-9; % Stern QM correction numerator (fitted to C-V data)

dgm0=5.0e-9; % Distance of centroid [m] (fitted to C-V data)

nq=1/3; % QM corr. exponent. Theoretical = 1/3.{should not be fitted. and moved to the list of constants ?}
QB=(B/dgm0)*(1/nq); % Stern QM correction denominator term based on cetroid [C/m”2]
eps=13.6"8.5e-12; % Permittivity of semiconductor [F/m]

Cstern=eps/dgm0;

theta1 = 0.8; % Fitting parameter in Vdsat_acc ; NOT USED

theta2 = 2.5; % Fitting parameter for blending Lcrit_lin and _sat

beta = 1.55; % Fitting parameter to govern the shoulder shape of Fsat (typ. 1.5)

Y%beta_acc = 0.285e-3;
beta_acc = beta;
beta_crit = beta;



MVS-2 Parameters in llI-V simulations

% *** Width [m]
% *** Gate length [m]
% *** dLg=L_g-L_c *1e-7 {default 0.3xLg_no}

% *** Source accessresistance [Ohm-micron]
% *** Drain access resistance

% *** DIBL [V/V]
% *** Intrinsic swing n-factor at Tjun
% *** Punch-through [1/V]

% Saturation voltage for critical length in units of phit.

W=1e-6;
Lgdr= 20e-9;
dLg= Oe-9;
EOT=0.6e-9;
Cox=3.9*8.85e-12/EQOT;
Rs0 = 100e-6;
Rd0 =Rs0;
delta = 50e-3;
n0 =1.25;
nd =0;
theta=2.5;
beta =1.5;

beta_c = beta;
energy_diff volt
energy_diff_volt

% Saturation parameter for the channel
% Saturation parameter for critical length. Right, now both beta and beta_c are same. Can be changed lat
=-0.419; % *** LP Threshold voltage [V]
=-0.24; % ** HP Threshold voltage [V]

mt = 0.19*m0; % *** Transverse effective mass in Si [Kg]

ml = 0.89*m0; % *** Longitudinal effective mass in Si [Kg]

mu_eff = 200e-4; % *** Long-channel effective mobility [m*2/Vs]

ksee = 0.05; % *** Ratio of critical length to the channel length

B = 2.0e-10; % *** Stern QM correction numerator (fitted to C-V data)

nq = 1/3; % *** QM corr. exponent. Theoretical = 1/3.{should not be fitted. and moved to the list of constants ?}
dgmO = 3e-9; % *** Distance of centroid [m] (fitted to C-V data)

QB = (B./dgm0)*(1/nq); % *** Stern QM correction denominator term based on cetroid [C/m”2]

nu=0.7;
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