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Outline

- Reminder: steep subthreshold slope:
device categorization

-Negative Capacitance as Next

Technology Booster for Computation
near 100mV

* Negative Capacitance FET's
- Negative Capacitance Tunnel FETs

- Conclusion
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Subthrehold Slope Scaling

- Re-engineering the slope of the FET

_oor, or, oy 1+ C. kT
o(logl,) Ay a(logf) C.. 4q
—_——

- Steep (subthermionic) slope:

m < 1 and/or

n<kT/qlni0=60mV/dec @ RT

by new physics and new device architecture.

steep

slope Device

Concepts

m>1, n<60
Tunnel FET

m>1, n>60
MOSFET

m<1, n<60
Hybrids:

NC (T)FET,
MIT FET

m<I1, n > 60
Landau FET
(NC FET,
NEM FET)
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Field Effect Transistors with
Active Gates: Landau Switches

Negative Capacitance
Devices

NEM FETs
- The energy landscape defines the sign of the U,
capacitance
Positive Capacitance Negative Capacitance
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Negative capacitance 1n
ferroelectric FET's

- Designing a good charge line & stabilized stack.
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Negative Capacitance 1n
ferroelectrics: principle (2)

- The small signal concept-capacitance C at a given charge Qy 1s related to the potential
energy U by the relation C= [dZU/ dQFZ] -1

- Important: ‘negative capacitance’ refers to ‘negative differential capacitance’.

- For a ferroelectric material, the capacitance is negative only in the barrier region
around Q=0. Starting from an initial state P, as a voltage is applied across the ferroelectric
capacitor, the energy landscape U is tilted and the polarization will move to the nearest local

minimum. .
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Negative Capacitance 1n
ferroelectrics: principle (1)

* Step-up voltage transformer to
internally amplify the gate voltage, leading
to values of S lower than 60mV/dec.

¥
(

« Exploits a : the

negative capacitance should be stabilized, as
1t 1s an instable region of operation.

Goal: body factor, m <1 by C, . <0

d¥ C, (V)
1+ <
dV CinS (Vg)

Sallahuddin & Datta, Nanoletters, 2008.
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Negative Capacitance as Additive Performance
Booster for Field Effect Transistors

| Ferroelectric
d, max hysteresis

Sub-1 body factor by

SS,,,<60mV/dec
negative capacitance: = ; ; 1
- Ferroelectric gate stack = gl [
- Reduced V,, = | % _C
- Improved overdrive o 50mV/dec I D_E ’
= :

- Steeper slope g !

o g Cint i Ferroelectric
Additive technology | K dQ  dP
booster on any type of TR A e C=WO<E

Field Effect Transistor. Gate vohtage, V.,

A. Saeidi et al, IEEE EDL 2017.
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Advantages: ultra-low leakage, medium-k organic dielectric, low temperature processing
Disadvantages: slow response of dipoles (>0.5us), thickness difficult to scale below 10nm
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Internal Node Voltage, V,  [V]
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Signature: S-shape polarization

- The region with voltage gain > 1 (and reduction of subthreshold swing)
corresponds to the S-shape region of the P-V,, . where the negative
capacitance effects occurs.

Gate Voltage, Vg V]
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Ferroelectric Voltage, V. [V]
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PZT as inorganic ferroelectric

- 50nm of Pb(Zr;,Ti;;)O; (PZT) ferroelectric film grown by chemical solution
deposition root on a T1i02(2nm)/Pt(100nm)/T102/T1/S102/S1 substrate

- Polycrystalline: ferrolectric multi-domains!

- Relative permittivity, coercive field, and remanent polarization: 220 — 240, 260kV/cm,
and 32uC/cm?
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Ferroelectricity: PZT versus S1:HfO2
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(@) Vre ) (b)
a) Polarization and current characteristics of the 46 nm thick PZT capacitor. A coercive field of +80 2
kV/cm; -260 kV/em and a remanent polarization of +30 pC/cm2 is measured. Very low leakage ;
current, in the order of nA/cm2. <

b) P-V and I-V characteristics of a silicon-doped HfO2 ferroelectric capacitor with a thickness of 15
nm and a Si concentration of 4.3%. The coercive field of £1 MV/cm and a remanent polarization of
about +15 pC/cm2 are extracted together with a relatively higher switching current.




NC as surface potential ‘amplifier’

- Calibrated simulations (PZT gate stack): NC influence on the
MOSFET surface potential, internal voltage gain, transfer
characteristics and transconductance (weak to strong inversion)
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107 |' - Open symbol: on current
NC as technology booster N
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NC FD SOI MOSFET's + PZT capacitors:
experiments

|
|
O

| =0

int — V

B _“MOSFET int int
T Co
L1 ,
— v—? I o 1




Quasi non-hysteretic NC FD SOI n-type
MOSFET: experiments

Overdrive ~0.2V Swing : 3.5 (20mV/dec) g .. .x20
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A. Saeidi et al, IEEE EDL 2017.




Limits of polycrystalline NC PZT
capacltors: voltage training needed

- 46 nm of PZT with 43/57 (Zx/T1) ratio is deposited on a stack of T102(2 nm)/Pt(100
nm)/T102/T1/S102/S1 by employing the sputtering technique
- Training of PZT capacitors: multi-domain trained to single-domain ferroelectric
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Piezoelectric response of the PZT ferroelectric thin film (PFM measurement).
(a) Before training: broad distribution of nucleation energies and coercive fields
(b)After training: single-domain behavior of poled PZT layer (20 cycles at £7V).




Negative Capacitance in HZO gives 2D
Transistors a Positive Pertormance Boost

F. A. McGuire,
Nano Lett. 2017.

4 60 mVidec

Lep =1 pm
Vg =01V 7]

gate/ leakage :

-11 -10 -89 -8
Vie (V)

Steep Slope NC MoS2 Transistors
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Hfy 521050, —
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10} 140
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M. Si et al., arXiv.org, 2017.
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P-type NC MOSFETSs

- Negative Capacitance as booster of digital and analog performance of both n-
and p-type MOSFETs needed for complementary logic

- Similar PZT matched capacitors as in previous experiments (~10 x 10 um?)
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Effect of drain-to-source voltage on NC
effect and internal voltage gain

* Internal voltage gain is reduced
* Swing is increased at low currents

» Leakage floor is increased

p-type NC (PZT) MOSFET n-type NC (S1:HfO2) MOSFET
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Small Hysteresis NC n-MOSFET's
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NC-TFET: Device concept

An effective enhances TFET NC-TFET
the tunneling probability b +D
at lower gate voltages !
vi. DS
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channel ;:’ TFET
U b 3 /O Thermal
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w 3 ‘ § dw ij
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GOOONI 90 c é
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Device structure: Back-Gated

WSe,/SnSe,,

SnSe, —_ 2D/2D TFET

WSe

2

“ Ferroelectric stack @

1 Deterministic transfer irrespective of lattice mismatch
1 Type III, broken-gap band alignhment in WSe,/SnSe,: good for tunnel FETs
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Device structure: Fabrication

TiN sputtering #»  Si:HfO2 ALD +» Top TiN sputtering #» W sputtering
& RTA
v

WSe
2 SnSe,

Cr/Pd evaporation WSe2 & SnSe2 Patterning MFM
& lift-off < transfer < Lt capacitor

Source: S. Kamaei et al., ESSDERC 2022.




Device structure: Metrology

Si-doped HfO,

1 Optical image 1 PFM profile

Sharp and coherent
polarization domain

pattern, good quality FE . - .

-90° NN

WSe,/SnSe, junction,

both the flakes and
drain/source electrodes

silicon

1 Raman Spectrum _pF T 7T 71T T 1= 1 PV&CV & 30
S E | H—Junctpon K E -
= T TR L 20t
Identifying the peaks of ZEA_ | ) e Wse”: i High and uniform % ok
both materials at the % E [ i L spontaneous = of
. . - 1Eg 1 1 ; E . . 9O B
junction E A R—— polarization and low 5 ol
c b | I El.ai - l . N - -_
Co : = eakage conduction =
EED R £ 5 2ol f
© 1 'E 1 14 :Bng O B
I:llI : M ;l 1 4 0--30-II|III|IIIII
120 160 200 240 280 320 3 2 1 0 2
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TFET characterization

o
o - - 10° © _
10 ! —IVD=100 MV . § 240 =0V, = 100 mV
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NDR tuned by gate, I .,,/I > 10
Subthermionic slope at room temperature
Sub-60 mV/dec SS and NDR, signatures of BTBT

valley



NC-TFET characterization

NC-TFET outperforms reference TFET due to the NC effect

I I n I T

Baseline TFET
Igo ~6%x10° (LA/ pm)
SS,,e ~ 57 mV/dec

(2 dec of I)
Sub60(dec of Iy) ~ 1.5
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- NN
© = A
o O O
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150 = Vp =500 mv
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Iso ~ 2X104 (PA/ pm)

Vp =500 mV Ssavg ~ 56 mV/dec

f
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X
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Voltage amplification in the
gate, signature of NC
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Extracted P-V characteristic, presence
of various NC domains




NC-TFET: effect of V...,

8 240f—o—v,z10omvi | | " . .
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NC-TFET: Analog feature

"V, =100 mV

A Baseline TFET

=x9.8
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NC_TFET
| T R IAiA
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NC TFET shows larger transconductance than the reference Tunnel FET
device at all the investigated Vp




Benchmarking: EPFL’s NC Tunnel FET

Steepest room
temperature slope

SS =24 mV/dec

Outperforms all
previous 2D/2D
TFETSs in terms of

low-slope region and

160

Material Sub-60 SS hin
system region (mV/dec) | P | B Ref
(decade) @RT (nA/pm)
WSe,/SnSe, 1 35 ~ 4 X105 10° N. Oliva et al.,
@Vp=0.5V IEDM, 2020
WSe,/SnSe, ~1 37 3 X10° 10° X.Yan et al.,
@Vp=05V small, 2017
MoTe,/MoS,, 1 34 ~ 105 108 K, Bondae, et
@Vy,=-0.6V | al, APL, 2018
BP/MoS, 65 104 Xu, Jiao, et al.,
@V,=-08V | APL, 2017
WSe,/SnSe, 90 106 S.Fan et al.,
@Vp=0.5V ACS, 2019
NC + 2.3 24 2 x104 > 104 This work
WSe,/SnSe, @V, =05V

Performance comparison of EPFL’s NC TFET with recently reported

2D/2D TFETs




Benchmarking: SS vs. I

200

-_I_I-I'I'I'I'I'I'I T 11 |||I'|'| T 11 "
180 = s-Si NW SG _
— Si MuG Knoll (Julich)
8 160 '_ Leonelli (IMEC) _'
ke I -
>
E 140 - L s-SiGe SG
~ L_Villal LETI
87 120 illalon ( )
'Ug) 100
- 80% -
(@) - —
< 60 - E/ 5‘{1# : |
O 40} - This work =
Z 2L Si G /] S. Kamaei et al, ESSDERC 2022.
(?) L Jeon (SEMATECH) This work @V, =0.5V
0

108 1077 10 10°° 104 1073
Drain Current (uA/um)

EPFL’s 2D/2D Tunnel FET device shows promising
performance compared to any other p-type TFET technologies.




(Near) Hysteresis-Free Negative
Capacitance (PZT) InGaAs Tunnel FETs

Mono-crystalline PZT: no

voltage training needed!

46nm of PZT grown
on a (110) DyScO3
(DSO) substrate

20 nm SrRu0O3
(SRO) layer as
bottom electrode

1, (nA/um)

10°
107
10°
10° L =6 um
" i
10 W =4"(94 um)
10°
10° NC-TFET
7 — Baseline TFET]
10 | M R |
0.2 00 02 04
Vgseﬂ(V)
)

SS (mV/dec)

—
=

P (uClem?)

U

120

NC-TFET
———Baseline TFET,

)
L=

|, (nA/pum)

1.4
Vie (V)

c « dP/dV
s c<()

EPFL + IMEC: non-hysteretic improved results
with PZT and Si-doped HfO2 @ IEDM 2018
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Negative Capacitance Si1:HfO2
InGaAs Tunnel FETs

20 * Low T suppresses TAT: only BTBT.

Si-doped HfO, + STFET = 54mV/dec, SNCTFET=15mV/dec
3.4% Si

10

d; Baseline TFET

10° |
’g d; NC-TFET 3
21 10 “ Ig; NC-TFET %
— 10° SS=60mV/decade s
pm/V =
10° g
10”7 .
-0.2 <
as eff (V)

A. Saeidi et al., to appear, 2018.




Conclusions

- Negative capacitance stands as a performance and additive technology booster
at the end of the CMOS roadmap (applicable down to 2nm).

- It equally applies to n- and p-type MOSFETSs with same/similar ferroelectric gate
stacks.

- Ferroelectricity (NC) in doped high-k dielectrics seem most promising
integration path; NC in PZT is a very useful experimental vehicle

- Majority of reported data is in static regime; more dynamic experimental data is
needed.

- Negative capacitance is a very beneficial performance booster for tunnel
FETSs, it improves both swing and overdrive.

- NC improves both digital and analog figures of merit; therefore, of interest for
low power IoT sensor nodes.
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