A EIEMB o

Dual-Metal GateE O| & ¢t
0| M| MOSFETZ]
SCE % Leakage Current 7|1 E1tEM

Safstu RMOEEEAeta SEME | O] Al | &+

T



712 5% &

M
a1

Planar MOSFET

Work Function Engineering?| E 82

=

FinFET / GAA

iyl BE A F 2y

EE The institute of Semiconductor Engineers

Nanosheet /| CFET

PFET

nFET 2
Gate Metal




R FoR-1i-]

A -~ = . ) ) _ N
I 7IE %%!: T'_'*—-l Work Function Engineering2| B 24 (MAAHT £4)

5. Enabling Multiple Threshold Voltages

The ability to co-integrate multiple threshold voltages (V1) is a key requirement fpr a technology to become an
industry standard. Given the unique architecture of GAA FE e space for depositing the work function metals is

limited as depicted | Figure 7. The replacement metal gate p!

E s and inner spacers open—to be filled with the work function metals as per technology requirements. This space, also
A Review of the Gate-All-Around Nanosheet FET Process Opportunities : Pacetsopal : 'S as per fechnology reaul pac
known as T, (refer Figure 2), can be controlled by controlling the thickness of SiGe layer grown during the
nanosheet stack development module, but is nevertheless highly constrained, and must be engineered carefully to
meet the industry standards for device offerings.

by Sagarika Mukesh 1.3 ® and Jingyun Zhang "t &

IBM Research Albany, Albany, NY 12203, USA

" Author to whom correspondence should be addressed.

T Current address: 257 Fuller Road, Suite 3100, Albany, NY 12203, USA. .
5.1. Integration

¥ These authors contributed equally to this work.
Two different approaches are proposed to accommodate multi-V offerings in GAA FETs—{(1) WFM modification

and (2) Ts,s modification [20]. A process flow overview for WFM maodification is presented in Figure 8. One of the

Electronics 2022, 11(21), 3589; https://doi.org/10.3390/electronics11213589
o ) . challenges highlighted by the integration sequence for Vr modulation is that large Wg,r adds process challenges
Submission received: 3 October 2022 / Revised: 27 October 2022 / Accepted: 2 November 2022 / - . . .
Published: 3 November 2022 for WFM etch back when WFM is pinched-off between Si channels. To overcome this, ref. [21] proposed filling the
space between sheets with a sacrificial material that is easy to etch, selectively opening one of the FETs, and etching

away the already deposited work-function metal. This scheme is agnostic of p-type or n-type WFM, and enables both
PG (p-FET first) and MY (n-FET first) schemes. This same process can be repeated to achieve different sets of work
function metals or to achieve a different stack with more than two WFMs.

SH Al ALSH
He 27AE WFM modification 2™ Ho|lE =2

multi-vt +¢
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Abstract

In this work, drain current I, for 7-nm gate length dual-material (DM) cylindrical gate all

around (CGAA) silicon nanowire (SiNW) has been studied and simulation results are

reported using Silvaco ATLAS 3D TCAD. In this device, we consider the non-equilibrium

D u a I M a te |:I a I G.a te E n gl n ee r i n g to R.ed u Ce Green’s function (NEGF) approach and self-consistent solution of Schrodinger's equation
D I B L in Cyl 11] d rica I Gate AI I Arou 1] d Sl with Poisson’s equation. The splitting of conduction in multiple sub-bands has been
N a n OWi re M O S F ET f o r 7 -nm G a t e L e n g t h considered and there is no doping in the channel region. The effect of DM gate engineering

(variation of screen gate and control gate length having different work function) for SINW
PHYSICS OF SEMICONDUCTOR DEVICES | Published: 02 November 2020 channel with 2-nm radius and gate oxide (SiO;) thickness of 0.8 nm on I, have been
Volume 54, pages 1490—-1495 (2020) Cite this article studied. It was found that DM gate engineering reduces drain-induced barrier lowering

(DIBL) but it also slightly increases sub-threshold slope (SS). This work has obtained small
DIBL (~54 mV/V), small SS (~68 mV/dec), and higher Ion/Iofs (~4 x 108) ratio as compared
to literature concerning the inversion mode devices. The smallest DIBL is obtained when

control gate length is the highest, and vice versa. With increase in control gate length,
there is also increase in both Iy, and Ip¢ but Ion/Iogs ratio decreases.

Gate H| 0|

) : 7t
Dual-material gate DIBL X & B ESY
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Figures on Slides 1-2 and the TCAD simulation codes, including SProcess, SDevice, and SVisual scripts, were generated with the assistance of ChatGPT by OpenAl. The generated materials were reviewed, modified, and applied by the authors for this project.
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<structure>
f

Wf S WiD
42 48

Wf S WiD
42 48

WES WfD
42 48

Wf S WiD
42 48

EOT
0.0016

EOT
0.0016

EOT
0.0016

EOT
0.0016

Gate H| 2 6:4 Raw Data

DIBL(mV/V) SS lon loff lonloff 1gS_Off
19.47 86.03 1.85E-04 2.03E-15 | 9.12E+10 4.94E-28
7t& =2 lon / 22{Lt loff ot SS £=X| KXo}
Gate H| & 5:5 Raw Data
DIBL(mV/V) SS lon loff lonloff 1gS_Off
22.35 84.85 1.84E-04  4.30E-16  4.29E+11 5.24E-29
Gate H|& 4.5:5.5 Raw Data
DIBL(mV/V) SS lon loff lonloff 1gS_Off
2.57 84.44 1.84E-04 2.88E-16  6.38E+11 1.88E-29
EEEE
Gate H| & 3.5:6.5 Raw Data
DIBL(mV/V) SS lon loff lonloff 1gS_Off
56.89 83.94 1.83E-04  2.08E-16 | 8.82E+11 3.78E-30

SS, lon, loff 4f0| 7t%& 2% / DIBL &3}

IgD_Off
9.84E-28

IgD_Off
9.90E-28

IgD_Off
4.60E-28

IgD_Off
3.56E-28

(Source Gate : Drain Gate)

IgTotal_Off
1.48E-27

IgTotal_Off
1.04E-27

IgTotal_Off
4.79E-28

IgTotal_Off
3.59E-28

1gS_On
2.87E-10

IgS_On
2.16E-10

IgS_On
1.81E-10

IgS_On
1.15E-10

IgD_On
1.20E-12

IgD_On

1.44E-12

IgD_On
1.54E-12

il ST o

IgTotal_On
2.88E-10

IgTotal_On
2.17E-10

IgTotal_On
1.83E-10

IgTotal_On
1.17E-10



il U= A F ot

<structure>

Y
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HlE 57t
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1947 =
LAY = S 2{L} loff 243t SS, DIBL =%|7
] (£12]8 22 Data Hi2) Trade-off 2| F&¥2 2 ME|Y F3
DIBL(MVIV) SS lon loff
2235 8485  1.84E-04  430E-16 SS
Drain Gate €% =i -
channel barrier H|0{7} Y& 744
DIBL(MV/V) ss lon loff lon
- 2}-57uo 8444  1.84E-04 288E-16 Source Gate €99 ZA —
ME|Y S A 8—A A Ox ""lj (o] 353
carrier injection §-X| 2147t 23}
|
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I 55, lon, lo drain HA| HE U off-state leakage A H|
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