IC/semiconductors(LOGIC, MEMORY, Analog + OSD)

(OSD: Optoelectronic, Sensor, and Discrete components)

3Dx3D x3D

Chee Wee Liu (B8 &)
Distinguished/Chair Professor / IEEE Fellow,

National Taiwan University
cliu@ntu.edu.tw

http://nanosioe.ee.ntu.edu.tw
High mobility/high K/FINFET

PPACR (performance, power, area,
cost, reliability)
Google Scholar Page
(Citation :8421/ H index:41 /110 index:205

https://www.digitimes.com.tw/seminar/DWebinar_20220824/



mailto:cliu@ntu.edu.tw
http://nanosioe.ee.ntu.edu.tw/
https://scholar.google.com.tw/citations?user=EG_kp-UAAAAJ&hl=zh-TW&oi=ao
https://www.digitimes.com.tw/seminar/DWebinar_20220824/

Distinguished/Chair (4% #%-/34 i) Professor/IEEE Fellow
Department of Electrical Engineering (& # 1 25 %),
Graduate Institute of Electronics Engineering (7 & 1 A28 #~ 7 #7),
Graduate Institute of Photonics and Optoelectronics engineering (£ & 1 25 # § “#71),
Center of Condensed Matter Sciences (#& s #1773 ¢ &)
National Taiwan University,

No. 1, Sec. 4, Roosevelt Road, Taipei, Taiwan
cliu@ntu.edu.tw http://cc.ee.ntu.edu.tw/~cliu cell: 886910666032
Google Scholar Page (Citation: 8395/ H index: 41 /110 index: 202)
Research.com (D-index 33, Citation 5821)

Taiwan Semiconductor Research Institute ( - % L #E 4= 7 ¢ o),
NARIlabs
Industry Academia Innovation School (A 5 £]#7% 7 & [x),
National Yang Ming Chiao Tung University
College of Semiconductor Research (£ #4857 7 5 [x),
National Tsing Hua University
Graduate School of Advanced Technology (£ B4 377 7 5 ),
National Taiwan University




2023 FutureTeck Award (& % 4 &)

2023 VLSI-TSA (International Symposium on VLSI Technology, Systems and Application) Best Poster
Paper Award (advisor)

2023 VLSI-TSA (International Symposium on VLSI Technology, Systems and Application) Best Student
Paper Award (advisor)

2022 MRS-T & = £ 37+ #L < % & % p& (Wah Lee Material Innovation Golden Award)

5. 2022 TECO Award & ~ & (& 3°/F /3 2 H0)

10.
11.

12.

2022 FutureTeck Award (& % £ 5t #£): High mobility channel/process/stacked channel/thermal modeling
(BB I "Ar~ § h &~ 22 £33 B

2022 FutureTeck Award (& % # 5 ##): Advanced stacked Chips (A ¥ & # = & 7 &k sdafp2 8 B R A
R T B BE 4T

2022 VLSI-TSA (International Symposium on VLSI Technology, Systems and Application) Best Student
Paper Award (advisor)

2021 International Electron Device Meeting (IEDM) Roger A. Haken Best Student Paper Award (advisor)
IEDM Roger A. Haken Best Student Paper Award — IEDM (ieee-iedm.orq)

2021 Pan Wen Yuan Foundation Outstanding Research Award (7% ~ 4/~ %A & ¢ 7 7 &0 f&)

2021 Best Paper Advisor Award, 1'" SNDCT (Symposium on Nano-Device Circuits and Technologies) # J:
W~ A ERaR

2002 Semiconductor Research Corporation Cross-discipline Semiconductor Research Award (CMOS
photonics)


https://www.ieee-iedm.org/roger-a-haken-best-student-paper-award

» S1Ge/GeSn epi/photonics, stacked 3D transistors, RF device and
circuit/thermal simulation (physics-based and machine Iearnln%lbased),
IGZO TFT, SRAM/MIM/FTJ, FRAM, FeFET/MTJ/SOT/DRAM, and
CMOS Image sensors.

* The tallest transistor (8/16/24 stacked channels), the record high 2,400,000
cm?/V/s electron mobility in strained Si, the first Si-capped SiGe/Ge channels
with 3x mobility enhancement (in 5nm node production now), the first CvD
GeSn outperforming MBE in terms of hole mobility, the first stacked
GeSn/GeSi channel GAA(nanosheet/nanowire) transistors, the first
SI/S1Ge/SIC MIS LED/photodetectors, and invented tree/E transistors, CFET
beyond Stacked GAA.

« 700+ papers (269+ journal papers, 33 IEDM, 18VLSI), 76 US patents, 2 China
patents, 50 Taiwan ROC patents, more than 8391+ citations with h-index=41

« 44 Ph.D. graduates, and 143 master graduates. 6 graduate students as
professors (2NTU, 1 NTNU, 1 NCHU, 1 NDHU, 1 NJUST), and 3 postdocs as
professors (1 NTU, 1 NCU, 1 CGU). Currently, he is advising 26 PhD
students and 21 masters.

VP/Senior Director/Director/Deft. Manager / Manager /Engineer Iin
tSMC/NTC/Innolux/MXIC/ASML/Samsung/Intel/....



MOST advanced FINFET on the market

2007 APL 2021 TSMC ISSCC

A

Sicap

Siy,Gegs

Si

13 years

g [ = — -Universal Moblity
E 808 " —=—Bulk 51 PFET ﬁ
~ gog | Si Ge,  PFET
= L
z .t (2007-2020)
g i 3x
s 300 -
2 200 |
- 100 [ T T
g 0 [ 1 i 1 " 1
910 Eﬂegfedm:::md(ﬁm) 030 Mark Liu, Plenary Session 1.1, ISSCC 2021.

C.-Y. Peng, F. Yuan, C.-Y. Yu, P.-S. Kuo, M. H. Lee, S. Maikap, C.-H. Hsu, and C. W.
Liu, Appl. Phys. Lett. 90, 012114 (2007) .(Cited No./Self Cited No.= 30/ 7)

» Si,,Geyg channel with 1nm Si cap, having higher mobility(3X) than Si.
|t takes 13 years to commercialize HMC.



8 Geg oSl o5 Nanowires with High-x Hf, ,Zr, O, (2023 VLSI)

e1d |[FF |Zr T

Yi-Chun Liu, Yu-Rui Chen et al., VLSI, T16-4, 2023.

® The 8 nanowires are surrounded by Hf,,Zr, O, and in-situ
TIN to ensure the GAA structure.



8 Ge, o:Siy o5 Nanosheets with High-x Hf, ,Zr, ;0, (2023 VLSI)

GeSi |

Yi-Chun Liu, Yu-Rui Chen et al., VLSI, T16-4, 2023.

® The 8 nanosheets are surrounded by Hf, ,Zr, ;0, and in-situ TiN to
ensure the GAA structure.



IEDM Roger A. Haken Best Student Paper Award — IEDM (ieee-iedm.org)

8 Stacked Wide Ge,y 4,Sn,; Ultrathin Bodies (2021 IEDM)

< We=230nm ,

1l
u®

i A
e
A
==
A
o
i
x
i A
==
A
=
A A
=

g C.-E. Tsai et al., IEDM,
RAREES 2021, pp. 569.

®The ~3.3nm GeSn ultrathin bodies with good vertlcal uniformity
and very high aspect ratio of 70.
(W/Hc=230/3.3)


https://www.ieee-iedm.org/roger-a-haken-best-student-paper-award

Gey4Sny, Ultrathin Bodies (2022 VLSI)

8 Stacked GeSn We,=30nm
_ Tbody~2.4nm
§600  lo=170pA/um
<\f. per footprint
3500 \atV_ =V__= 0.5V
- 400k V=0 ~-1V
S step=-0.1V
S 300
0
O 200
S
a 100 [rro-s-t-t-tttbng 3N
=T sococosececce.

T o [t
— 99— D035
' Vs (V)
GS

C.-E. Tsai et al., VLSI, 2022, pp. 401.

® T, ~2.4nm with record low SS=64mV/dec and high
lon/lorr=1.6x107 at V= -0.05V among GeSn pGAAFETSs.
® |,,=170pA/um per footprint normalized by W ,,=30nm.



Saturday 2:20-4pm graphic MOS lecture
*Free handout

*Free textbook

*Free schedule

* Cyclic

* Welcome to join 2-4 pm on Sat

(DIGITIMES ASIA) Taiwan's award-winning student paper shows breakthrough in stacking GeSn
nanosheet transistors

FEILRIRMII TR A SRR

10


https://www.digitimes.com/news/a20221202VL205.html
https://tw.stock.yahoo.com/news/%E8%8F%AF%E7%AB%8B%E5%89%B5%E6%96%B0%E6%9D%90%E6%96%99%E5%A4%A7%E8%B3%BD-%E7%94%A2%E5%AD%B8%E7%84%A1%E7%B8%AB%E6%8E%A5%E8%BB%8C-201000830.html

3Dx3Dx3D

3D
(Far backend/
3D sD Heterogeneous
e Integration)
Upper level: _ Memory
Front-end + middle-end _more
Inter-level metal /0 Chip
Lower level: O O O O O
Front-end + middle-end PCB
Channel Trans.istor - Dielets/Chiplet Stacking
_ stacki ng « SOIC (tsmc)
stacking o . X-Cube (Samsung)
Monolithic - FOVEROS (Unique and special in
/Sequentia| (W/ Greek) /EMIB (Intel)

BEOL) B



Device roadmap for More Moore scaling

Solid line: Proceeding work
Dash line: Future work

Potential rozdmap extension
) N2 ) A4 ) A0 ) A7 ) As ) A3 ) A2

Continued dimensional scaling

16-14 16-12 16-12 16-12

Device and material innovations

Tracks 7 6 6 )
-

-
w W W =l

FinFET FinFET FinFET GAA

Forksheet

Source IMEC 2022
potential roadmap.

CFET ( transistor stacking, nFET on pFET or p on n) starts at A5 (0.5nm node)
Atomic (2D) in A2 node (0.2 nm node)
We have demonstrated highly stacked nanosheets/nanowires, TreeFET, CFET, and

ultrathin bodies. 12



Intel Process Technology

3

Angstrom era

Intel
Intel NEXT
18A

Ribbon
innovation

RibbonFET increased
A Powenis performance

|r|

EUVLitho

Intel
. lmel

Intel
20A

Performance Per Watt

Continued
metal
linewidth

el Ga Intel

Intel § 22nm
Intel 45nm

.

gul FET

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

'

Every major transistor innovation in the past 20 years delivered by Intel
and we are driving the next with RibbonFet & PowerVia

*Graphic is for illustrative purposes only and is not to scale

Intel 20A & 18A(Angstrom Era) = 15t RibbonFET(4 stacked channels) + Power Via
TSMC GAA 2nm/Samsung GAA 3nm




Device Architecture Outlook

PPA

WS, MoS,, WSe,, etc.

M.-F. Chang, SSDM 2023

FinFET

Device Architecture

— “~» Time
* TMD: transition metal dichalcogenides Y —J Mii VLS|2022
- - ,

O®CFET after nanosheets, 2D after CFETs
®Innovations are needed to improve CFET/nanosheet slope. .

4



Research topics

 CMOS( channel stacking, 1nm and beyond)
Stacked Nanosheet /King/tree channel Thermal modeling
Photoluminescence and photo response
* Transistor Stacking (A5 and beyond)
CFET n/p orp/n
SRAM
IGZO (backend transistor) 3D integration
* FeFET/MIM/FTJ/DRAM
* CMOS image sensor

3 tier Epitaxial 3D IC for Beyond A2

15



2023 VLSI s &aT

(technology + Joint Focus Session)

Affiliation Session Total number
TSMC T1-4,T8-1, T13-3, T15-3, T16-1, JFS4-2(invited) 6
National Taiwan Univ (¥]3 ) T5-3, T12-4, T16-4, T17-3, 5
T10-2(% - f'v—‘gf affiliationfe P s 5 ~ 227 % » 5 RIR 5 kg
4,8 ZACERIERE F),
National Yang Ming Chiao Tung Univ T14-2, T18-5, 3
T2-4 (% - v affiliationfe p 15 2 « 22 f7 <)
National Taiwan Normal Univ T2-4, T10-2 2
National Tsing Hua Univ T9-4 1
Industrial Technology Research Institute of | T18-5 1

Taiwan, Taiwan

« The survey is based on the affiliation of the first author.

16



172023 IEDM Session: 3D Stacked Transistors

1. 3D Stacked Devices and MOL Innovations for Post-Nanosheet CMOS Scaling —
Imec

2. Demonstration of a Stacked CMOS Inverter at 60nm Gate Pitch with Power Via
and Direct Backside Device Contacts — Intel

3. 3D Sequential Integration with SI CMOS Stacked on 28nm Industrial FDSOI with
Cu-ULK IBEOL Featuring RO and HDR Pixel — CEA-Leti

4. First Demonstration of 3-dimensional Stacked FET with Top/bottom Source-drain
Isolation and Stacked n/p Metal Gate — Samsung Electronics

5. First Demonstration of Monolithic Self-alighed Heterogeneous Nanosheet
Channel Complementary FETs with Matched V; by Band Alignments of Individual
Channels — NTU

6. Complementary Field-Effect Transistor (CFET) Demonstration at 48nm Gate Pitch
for Future Logic Technology Scaling — tsmc



" Vpp Scaling Trend vs Technology Node
4.0

® Lg(n m) 0.5
3.5 ! 5
® Vpp(V)
3.0 FinFET Straihed Si
S 25
~~
— 100 £
O
>D 2.0 ’ 5
; ,14nr%?2”§?m?65?m,. Y —
nm
1.0 8nm2?m 3ImESY T aditional
O0.5p.7v O.7VO-75VO.75V: Scaling

10

Intel technology node

10 100
Technology Node (nm)

® For V scaling, the Vy of advanced CMOS becomes lower than 0.7V.



" Benchmark of nFETs (Si-based/2D/OS)

— [49]® * 8 NWs +Extremely high-x HZO 2D
E (-3) . 8 NSs +Extremely high-« HZO [36] kD simulation M. Luisier et al, IEDM, 2016
=10000 - 8 NSs + reference ZrO,/Al,O, [37] [Bi-1L MoS. (BG) Shen, PC. et al.. Nature 593, 211-217, 2021.
2 v 2D Materials (experiment) [38] MoS; back gate (BG) |A.-S. Chou et al., VLSI, 2020.
. . . [39] MoS2 Back Gate (C. J. Mcclellan et al.. ACS Nano, 2021, Stanford
3 z f)D.(I;IIa;ena'ls (Z'm:"at'on) [40] JGAA MoS2 Y. Y. Chung et al. IEDM 2022, TSMC
xide Semiconductor :
o [41] [Bi-1L MoS,(BG)  [p.C. Chen et al., Nature, 2021, MIT
c [42] MoS, S. Ghosh et al., VLSI, 2023
- 0S
o [43] E\'D double gate (DG) _JHL Ye et al, IEDM, 2020, 28.3.
+ 1000 [44] TWO BG W. Chakraborty et al., VLSL. 2020.
(@) [45] DG IGZO W. Lu et al IEDM 2022, CAS
o [46] |BG In203 [Liao et al VLSI 2022, Purdue
(TP [47] [BG ZnO |[Chand et al VLSI 2022, NUS
e [48] IDG ITO Wahid et al IEDM 2022, Stanford
Q [49] |GAA In203 7. Zheng et al IEDM 2022, Purdue, 4-3
o [50] [In203 D. Zheng et al, VLSI, 2023
[51] fiTO Y. Kang et al., VLSI, 2023,
_Q [52] ITO-IGZO S.Hooda et al., VLSI, 2023
[53] IGZO J. Zhang et al, VLSI, 2023

012345678 38 40 42 44
Vov (V)

*Accepted by TED 2023, Sept.

® Negative V, and large V5, are not acceptable for
advanced IC.



" Benchmark of pFETs (Si-based/2D/OS)

10*

[3]
[4]

~_
9
[9] ‘,GeSn NSs

10

Ge NWs

GeSn (our Group)

Si NSs

2D material (experiment)
2D material (simulation)
Oxide semiconductor

Visi(1)
VI51(3.8)

1] ~GeSn UTB
[2]

[11] [12]
0 [7] v [22]

, per footprint (nA/um)

0O 5 10

(V)

Vel

[18]@
(51) @

15 20 25 30 35 40 45 50

IVoul(V)

Si-based
[1] [5i NS ™. Shanker, et al., TEDN, 2022, 34.3.
2] sins H. Mertens, ct al., VLSL, 2023, T1-3.
[3] e NW L. Capogrece el al., VLSL, 2019, pp. T94.
[4] JGe NW H. Arimura et al., IEDM, 2020, pp. 11.
2D
[5] [WSea(BG) Ninhang Shi, el al., IEDM, 2022, 7.1.
[6] [WSe:(BG) Ang-Sheng Chou, et al., IEDM, 2022, 7.2.
[7] |WSe:(TG) Terry Y. 1. Hung, et al., IEDM, 2022, 7.3.
[8] [WSea(TG) Niong Xiong, et al., TEDM, 2022, 20.6.
9] [WSe: (DG) Ning Yang, et al, IEDM, 2022, 28.1.
[10] [WSea (. H. Navlor, et al., VST, 2023, T14-3.
[11] [WSe: (BG) kK. Maxey, et al., VLSI, 2022, TFS1-3.
[12] [WSe:(B(3) K. P.OBrien, et al.. IEDN, 2021, 7.1.
[13] [WSea(GAA) Niong Xiong, ¢t al., IEDM, 2021, 7.5.
[14] WS (TG) Chao-Ching Cheng, et al., VLSI, 2019, T19-2.
0s
[15] [SnO (BG) Yun-Shiuan Li, et al., EDL, 2016.
[16] [SnO (BG) Min-Gyu Shin, et al., Materials 2020, 13(14), 3055,
[17] [SnO (BG) IMyeong Gil Chae, et al., ACS Appl. Electron.
Mater. 2023, 5, 19921999
[18] [5nO (BG) [Hye-NMi Kim, et al., ACS Appl. Mater. Interfaces
2021, 13, 30818—30825
[19] [SnO (BG) IP.-C., Chen, et al., Journal of Display Technology,
vol. 12, mo. 3, pp. 224-227, March 2016.
120] |Ga:Cuw:0 (BG) tTun Hyeon Bae, et al., ACS Appl. Mater. Interfaces
(2020, 12, 3B350—38356.
. Yu Yang, ¢t al., Applicd Surface Scicnce 481 (2019)
[21] [CuO (BG) 632636,
[22] lcuo. (BG) :;;lné;mslll.:rt_gi.;zl al., Ceramics International, 42
(23] |Cu:0 (BG) sang Yun Kim, et al., ACS Appl. Mater, Interfaces

2013, 5, 2417-2421.

® Performances of 2D and OS are quite behind Si-based.

® |C design needs PFETs and NFETSs




"L Scaling with Different Technology Node

Technology
: 1
0| Noge
©
E 10}Gate Length
- —A— |ntel
m [1] CPP=45 nm / 3nm
Z 1 [2] CPP=45nm /2nm 1

--/x - IRDS [1] Semiwiki (for tsmc)

*x  Samsung [2] IRDS

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

Year .
® |, can belarger than node name due to narrow width

In footprint.



2D Materials for 1 nm (2532 218)

D s
EABFAREE  MIT BXEREXMAIFK
cmlr%aaxviﬁﬁmmmﬁi SERIE FRIML - (AARS).

(CEMIEE / &1bRE ) aABTFAEE ZEMKE TSR (MIT) iF%E..
2021F5H14H
@ ozt

AABE MR A FEREEB K

AASKBLHMEE HERABATHRESSHRSA  HaEREE | BE
HEBEERMM AP IFHIERRZELE  aXAEREERSRTFRME
2021FE5814H

3 musR

EBEFAARLFEERHR "8,

SEAR  aTEEEMER T2k (MIT ) HERERR - 5ERENA "3 .

BABHEAEN ,ﬁﬁbﬁiﬁﬁizﬁ THE  CHSAEESHNEEBEE. .
2021E5814H
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TSMC approaching 1 nm with
2D materials breakthrough

edn.com/tsmc-approaching-1-nm-with-2d-materials-breakthrough/

November 3, 2022
By Majeed Ahmad

TSMC’s 1-nm chip manufacturing process is starting to
take shape. After the findings of its collaboration with
MIT and the National University of Taiwan (NTU) were
made public this summer, TSMC is reportedly planning
a 1-nm fab in Taoyuan, Taiwan. According to a report
published in 7awan News, the new 1-nm chip
production facility will be located in an industrial park in
Longtan District, where TSMC is already running two
semiconductor packaging and testing plants.

Combining semimetallic bismuth electrodes with 2D materials
can significantly reduce resistance and increase current
conduction. Source: National University of Taiwan

$+p4c WeAe OpRER DFEHE
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