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TECHCET employs subject matter experts having first-hand experience within the industries
which they analyze. Most of TECHCET’s analysts have over 25 years of direct and relevant
experience in their field. Our analysts survey the commercial and technical staff of IC
manufacturers and their suppliers, and conduct extensive research of literature and commerce
statistics to ascertain the current and future market environment and global supply risks.
Combining this data with TECHCET's proprietary, quantitative wafer forecast results in a viable
long-term market forecast for a variety of process materials.

Readers Note: This report represents the interpretation and analysis of information generally
available to the public or released by responsible agencies or individuals. Data was obtained
from sources considered reliable. However, accuracy or completeness is not guaranteed.

ALD, CVD and SOD Precursors Page 2 (of 158) Copyright TECHCET CALLC
C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.



Table of Contents

Page #
1 Executive SUMMACY ..cccuuiiiiiiiire i e e 8
1.1 Highlight Material Segment Business Trends (M&A, plant closures, new suppliers, etc.)...8
1.2 Highlight Material Segment Technology Trends ..........cccceiiimiiiiiiiiicr e, 10
1.3 5-Year Material Segment FOrecast..........ccoiiiiuuiiiimieiniinii e 11
1.4  EHS/LOGISEICS ..oiireeiiiiiiiiii i 13
1.5  Concludes with analyst assessment of the covered materials market..............cccvvvunnnnn. 14
Y o o T 15
1R T Y o o o1 15
2.2 PUIPOSE .o e 15
2.3 Methodology.....ccuuiiiiiieiiiiii i 15
1 S L= 1 -G SO 1 o Yo < 16
3.1 Worldwide ECONOMY ......iiiiiiiiiiiiii s 16
3.2  Electronic Goods Market........ccceiieiiiiiiiii s e e e e e e 22
3.3 [T/ Data Systems ... 22
3.4  Smart Phone Market ... e e e e e 23
TR o OO e 4 ] 1U - . 25
T T XU e 4T 1YY 25
3.7 Semiconductor Device OULIOOK .....c.oieuiiiiiiiiiii e e e e e e 27
3.8 Equipment Spending and Fab and Capital Investments ...........ccceiimiiiiiiniiinincnes 30
3.9 MEMS & Legacy DeViCeS.....ccivuuiiiruiiiieiiiiiiiras s s s s 34
3.10 Wafer Start FOreCast ... er s s s e s s s re s s s e s en s e s e s rnnsennsennss 35
3.11 Overall China Market News and Trends...........couiimuiiiiimiiiiieeere e e e 37
3.12 Semiconductor Market Overview SUMMArY .......cc.cooieiiimmiimiiiirirrer e e e 39
4 Material Segment Trends.........oovuuiiiiiiiie e 40
4.1 Technical drivers/material change & transitions ........c.c.cecciiiiiiniiicn 40
4.1.1 Material trends for the leading-edge...........ccoooiiiiiiiiiiiii e, 41
4.1.2 Multi-patterning & EUV Lithography...........coooiiiiiiiieee e 41
A0 S 143 =Y ¢'eTo) o 4 1=ttt I =Y Ve [ SR PPOY 47
4.3  Logic Transistor EVOIULION .........cocieiiieiiiiiir s e e e 48
4.3.1 5NM AN DEYONG...ciiiiiii e 54
4.4,  Extending FinFET to Horizonal Nanowires GAA FETS ........cceuuuiiimmuuinimmnnninnnsnnneessne 56
4.5 Realizing vertical Logic - Going vertical (2.5/3D) ......ccocimuiiiiiinniiiii e 61
4.6 Memory Evolution & FULUIre Trends .........c.oieieiiimiiimeieeeecreeee e eeee e e e e m e e e e e eees 64
4.6.1 D1 64
4.6.2 2D 10 3D NAND Transition ...c...u i iiiiii i 67
4.6.3 Trends/impact/status of legacy materialS............coccvvviieiieiiiiiiiiie e, 72
4.7 Comment on Regional trends/drivers...........cuiiiieiiiiinii 74
ALD, CVD and SOD Precursors Page 3 (of 158) Copyright TECHCET CALLC

C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.



4.8 EHS and, if possible, LOGiStiCS iSSUBS™ .......ccuuuiiiiiiniiiirinir i s e e 75

4.9 Changes in standard packaging/valve types.......cccccoiiiimmiiimiiiinicii e 75
5 Supplier Market Landscape.......cccuciieuiiieuiiiiniiireirre s e ra s r e e e 77
5.1 M&A ACHIVIEY cuuieeeiiiei i e e 77
5.1.1 [T g T L D 1 77
5.1.2 DOWDUP N .. e 77
5.1.3 Versum Materials takeover deal by Merck KGaA............ooviiiiiiiiiiiiiecee e 78
5.1.4 MPD Chemicals acquires Norquay Technology ...........cccoiiiiiiiiiiiiiic e 78
5.2  New plants/New entrants ..........cooveiiiiiiiii i e 79
5.3 ldentify recently closed plants or “to be” closed plants..........cccccooiiiiniiiiniiincnecceee, 79
5.4 NeW entrants. ..o e 79
5.4.1  Adekas'new liquid YHtrium precursor ..o iiiiiiiic i 8o
5.4.2  Strem Chemicals’ offers new La-FMD ALD precursor for future leading-edge logic and
(0aT= g oY VA o7 'e o ¥t {3 PSR 81
5.4.3 RASIRC : Effective Silicon and Metal Nitride Deposition at Reduced Temperature using
Brute HYArazine ...ttt e e e e e e e e e e e e e e e e e neees 82
L o o ¢ =Y U o P 83
5.5.1 Precursor IP filiNg .....oouueeie s 84
5.5.2 DieleCtriC PreCUISON IP ... ... it e e e e 85
5.5.3 ALD IP filing and global distribution of IP ...........cueiiiiiiii e 87
5.5.4 Dielectrics and High-K 1P trends ........oooiiiiiiie e 89
5.5.5 Cobalt CVD/ALD deposition [P trends ..........ccooiiiiiiiiiiiieeoiiiieeee e 91
5.6  Suppliers or parts/product lines that are at risk of discontinuance or capacity reduction . 93
5.7  Materials Market Size & FOrecast..........coouiimiimiii e e e e e 94
5.7.1  Advanced dielectric ALD/CVD/SOD PreCursorsS........ccccceeeeeeeeeieieeeeeeeeeeeeeeeee 95
5.7.2 Market Shares and Regional Shares ..........oooi i 98
5.7.3 TECHCET Analyst Assessment and outlook for raw materials supply-chain issues.
99
6 SUPPliEr Profiles........ceieeueiiiiiiiiric 100
Appendix 1: Copper Interconnect History & Status ...........cooimieniiniimeiininrecere e 101
Appendix 2: Fundamentals of thin film deposition by CVD, ALD, and SOD, and ASD and
O 103
6.1 Chemical Vapor Deposition - CVD ........cceuuiiiiminiiiiiiisn s 103
6.2  Atomic Layer Deposition — ALD........c.ccouuuiiiiiiiiiiiii e 105
6.3  SPin-0n Dielectrics (SOD)......ciiiuiireuiirarrrar e s rra s rma e e s e s e e s e na s e ran s enan s ennns 105
N o 1= T [ T X el o T3 4T 107
ALD, CVD and SOD Precursors Page 4 (of 158) Copyright TECHCET CALLC

C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.



List of Figures

page #
Figure 1 TECHCET Wafer Starts by Technology Node and Device Type — 2/2019
modified to show the high growth nodes concerning ALD, CVD, and SOD...........c........ 9
Figure 2 : Metal and High-k Precursor Market Shares by Precursor Type Estimates..... 12
Figure 3 Dielectric Precursor Market Shares by Precursor Type Estimates for 2019 &

2024, e e ranas 13
Figure 4 2018 Global Economy and the Electronics Supply Chain...........c.ccoovviveniennnen. 17
Figure 5 Worldwide Semiconductor Sales..........ccoviuiiiiiiiiiiiirc e 18
Figure 6 Global Purchasing Managers INAeX ........cuvvvviieiiiiiieeieiisrn e e e eens 19
Figure 7 Global Electronics Production Annual Growth .........cc.coveviiiiiiiiiicinceeee, 22
Figure 8 Global Electronics Production Annual Growth ...........c.oovviiiiiiiiiiiiiieee, 23
Figure 9 Automotive Electronic Content Growth.........ccoiiiiiiiiiiii i, 26
Figure 10 Automotive Semiconductor Market Growth ........cccocoviiiiiiiiiiin e, 27
Figure 11 2019 Semiconductor Revenue Growth FOrecasts .........ccovvviviiiviiinnniennenn. 28
Figure 12 2019 Semiconductor Market Size by Device Segment........c..ccoeevvevivennennnen. 29
Figure 13 Semiconductor Device Unit GroWth .........ccovviiiiiiiiiccc e 30
Figure 14 200 mm Fab Capacity Outlook t0 2022.........cccoviiiiiiiiiiiiiiere e 34
Figure 15 TECHCET Wafer Starts by Technology Node and Device Type — 2/2019...... 36
Figure 16 China IC Production Share and Consumption Trends.........c..coevevnieenniennnenn. 37
Figure 18 IC Technology Roadmap Evolutions and Revolutions............cccceevveiienennnen. 40
Figure 19 Process and materials changes required to shrinking logic and memory
0Tl P 41
Figure 20 Double patterning by increases density so called LELE for “Litho-Etch-Litho-
(ol PP 42
Figure 21 Self-aligned quadruple patterning (SAQP). .....icuvieiiiiiiiiiiren e e 43
Figure 22 Hardmask and Relationship to Pattern Collapse.........ccoceviviiiiiiiiiiiinenn, 44
Figure 23 Dimensional scaling UNder PreSSUIe ........cuvvriireveiiiieeresesnsensenssssenseensens 45
Figure 24 EPE is the difference between the intended and the printed features of an IC
layout. Shrinking dimensions exacerbate EPE iSSUES........cccovveiiiriiiiiinniiicciceesseeeaen, 46
Figure 33 The evolution of High-k / Metal Gate Transistors, from planar 45 nm to the
L C o 0 I T o = PP 49
Figure 34 Comparison of CMOS Transistor used today. (A) Planar, (B) FD-SOI and (C)
T = PSP 50
Figure 35 Possible uses for dielectrics in state of the art 10 nm FinFET Technology ....51
Figure 36 Logic Process nodes compared. .......cueveveeiirienneenieeesnsesesnsesennensensennnens 52
Figure 37 Logic Technology Industry Roadmap (Techlnsight, January 2018)............. 53
Figure 38 After the introduction at 22 nm by Intel a taller fin height and narrower fin
width leads to more vertical profile in 14 nmand 10 NM.....occeiiiiiii e 53
ALD, CVD and SOD Precursors Page 5 (of 158) Copyright TECHCET CALLC

C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.



Figure 39 Leading-edge Logic Wafer Starts, historical and forecasted..............ccceeu..e. 54

Figure 40 Air Spacers Used Between Gates and Contacts..........ccovvvviiiviiiniinnnnennenn. 55
Figure 41 A Gate-all-around FET that could come into play at 5 or 3 nm.................... 56
Figure 42 Imec CMOS ROAAMAP. ..cvuiruiiiiiriiiieeiieiiessr s es s e e s s e s s e s e s e enneens 57
Figure 43 Imec has achieved the CMOS integration of vertically stacked gate-all-around
(GAA) silicon N@NOWIre MOSFETS. ...iuiiiiiiiiiieiri e eaeans 58
Figure 44 Three principal Cross-section simulation of (a) finFET, (b) nanowire, and (c)
NANOSNEEL. ... e 59
Figure 45 TEM cross section of 5nm-node GAA-FETs by IBM, Samsung and

(€[] 0= | o 10T gV [ = PP 60
Figure 46 Leti roadmap for introducing monolithic 3D Logic scaling at 5 nm............... 62
Figure 47 Stacking FINFETS 0N FINFETS. ....ivuiiiiiiii e 63
Figure 48 DRAM nodes by the top 3 companies, Samsung, SK Hynix and Micron (Elpida,
Nanya) compared with Winbond and the Chinese DRAM manufactures ..................... 65

Figure 49 The implications of the transition to 3DNAND, less dielectrics for multiple
patterning but more for the multilayer stack as well as etch hardmasks (Applied

= LT = ) TP 67
Figure 50 Transition from 2D t0 3DNAND.......cccoiiiiiiiiiiiieerr e e 68
Figure 51 NAND Technology ROAdmMap. .....cccuveriieiiriieiiieesesessssesn s e ses e enneens 69
Figure 52 Wafer forecast for XPOIiNt MemoOry. ....c.cuvieeiiiiiiiiiiii e 70
Figure 53 Ferroelectric hafnium oxide by ALD can be integrated in 3D capacitors (FRAM)
in BEOL as well as in @ FEOL HKMG stack (FEFETS)......civiiriiiiiiiiiiiieeeneeieeesseeeaen 71
Figure 54 An overview of emerging memory technologies that has been announced by

the Major PlaYerS. ... 72
Figure 55 Introduction of High-k in high volume production. ..........cccooeviiiiiiiiiininnen, 73
Figure 56 Adeka yttrium precursor Y-5000. .......cccuviuiiiiiiiiiiiiiirir e a e 80

Figure 57 La-FMD is a promising metal-amidinate ALD precursors for lanthanum (La)
based ALD thin-films which are potentially strong candidates for high-k gate dielectric

in the next generation of CMOS techNOlogy........ccoveuiieiiiiieiiiire e e e 82
Figure 58 TiNx grown with Brute Hydrazine at 300°C gives comparable resistivity to

TiNXx grown With NH3 at 400°C. .....c.oiuiiiiiiiii e e e e e 83
Figure 64 Air Liquide New SAM for multiple patterning. .........coooiviiiiiiiiinsee, 83

Figure 65 The relative age distribution of segmented dielectric precursors filed by OEMs,
chemical companies, fabricators and research organizations over the last two decades.

........................................................................................................................ 86
Figure 66 Distribution of dielectric precursor IP by OEMs, IDM/Foundries and Chemical
NS0T 0] o] 1= = PP 87
Figure 67 Filed IP in the field of Atomic Layer deposition. .........cccvvviriiiiiinnieiienienn, 88
Figure 68 Global Filed IP in the field of Atomic Layer deposition. ..........cccccevvvnvennennnen. 88
ALD, CVD and SOD Precursors Page 6 (of 158) Copyright TECHCET CALLC

C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.



Figure 69 PEALD publications for dieleCtriCs. .....oiuvviiriiiiiiiiiiiieris e 89

Figure 70 Dielectric and High-k IP Applications segmented by deposition method....... 90
Figure 71 High-k IP Applications segmented by metal oxide type......c..ccocevveviinennnen. 91
Figure 72 Cobalt IP-filiNg ...uvveieieeie e 92
Figure 73 Cobalt CVD/ALD process and hardware IP. ........cccocevieiiiiiiniinienees e 92
Figure 74 IP Applications for Cobalt chemical compounds 2011 to 2018. .........c......... 93
Figure 77 Dielectric Precursor Market Shares by Precursor Type Estimates for 2019 &
2024, e 95
Figure 78 Dielectric Precursor Market Forecast Estimates 2015 to 2024 (CAGR of 13%)
........................................................................................................................ 96
Figure 82 2018 WW Market Shares Dielectric Precursor Suppliers Estimate. ............... 98

Figure 83 2018 Regional Market Shares - Dielectric Precursor Shipments 2018-2019...99
Figure 91 : The copper damascene and dual damascene process for copper

1= o] g T o P 101
Figure 92 : The fundamental differences between continuous, pulsed and atomic layer
PIOCESSING. +uuttutututeuseusessssensenseasessssens e e e seassasassseasensensanssnssnsnsensensenssnsnns 104
Figure 93: CVD vs. Spin on Deposition PrOCESSES. .....cuvveiiriiiiiiriiriiseneseees s eseeens 106
List of Tables

page #
Table 1 Global GDP and Semiconductor REVENUES ..........cuvvvuiiiiiiiiiiiiiireceneereenneens 16
Table 2 IMF World ECONOMIC OULIOOK .......cvuiieiiiiiiceie e eees e e e e e e 20
Table 3 World Bank GDP FOreCast.........coviuiiiiiiiiiiiieiisiis s ss s en s e s e e enn e 21
Table 4 Worldwide IT Spending Forecast (Billions of U.S. Dollars)........c.ccceeveeviiennnenn. 23
Table 5 Smartphone Vendor Shipments (Millions of UNits) ......cccceeveiviiiiiiiiiniiiiinennns 24
Table 6 VLSI Research Semiconductor Revenue by Segment...........cccooeviviviiiiniinnnnn. 28
Table 7 2019 Semiconductor Equipment OUtIOOK ........ccuveeiiiiiiiiii e 30
Table 8 Top IDM and Foundry Capex SPEndErs .........ouuuveuiiriieirnnseirennsesenssesennannnes 31
Table 9 2019 Investment Plans for Selected Device Companies.......c...cvvevnrernnrennnenn. 32
Table 17: OEM Tool Sets for Sub-5 Nnm LOGIC deVICES. .....c.vvvuiiriiriiiiiiiiiiiceieeeeeeeans 61
Table 18 : Critical thermal budget steps summary in a planar FDSOI integration and 3D
CoolCube process for top FET in 3DVLSL......cciuiiiiiiiiiiiiieir e 63
Table 19 Assessment of China need for advanced ALD/CVD precursors. ........cc.ceeeennes 75
Table 20 Overview of ALD OEMs supplying 200 mm toolS. .......ccceeuvieriieriiinnniennnennenn, 94
Table 21 TECHCET Market Segmentation Categories. ......ccovvviiiiiiiriiiiiiiiiiieeeeeeeens 94

ALD, CVD and SOD Precursors Page 7 (of 158) Copyright TECHCET CALLC

C#:CMR-ALD-M&D-CMCF-060119LS COMPANY USE 2019. All rights reserved.





