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Chapter 1
Research and Development History of
Three-Dimensional Integration Technology

Morikirpe Kada

1.1  Introduction.

Smmconductor integrated circuits have been developed according to Moote’s law:
the congectme made in 1965 was that the number of fransistors in a dense integrated
sireuit (1CY will deuble every 2 years, and the mdustry-has developed according fo
this trend [1]. Two different concepts have béen proposed.for firture advancements,
One is “More Moore,” which suggests that technological progress will continue to
follow scaling theory, and the other is termed “More than Moore,” which empha-
sizes the evolution and divessification of fimction [2].

11,1 The International Technology Roadmap
Jor Semiconductors

The international semiconductor research, community gathemd in 2005, at the
aboveinentioned meeting (the International Techriology Roadmap for Smmcondum .
tors, ITRS), which Jed to the coneept of “More than Moore.” Two years Iater, at
ITRS 2007, & number of such ideas were formally defined. We elabarate on two of
these: scalmg and ﬁmcnonal diversification with reference to Fig. 1.1.

1. Scalmg Fig. 1. 1 vertical axis of “More Moore”

a. Geomerical scaling: Also referred to as constant field scaling, this design
methodology involves reducing the horizontal and vertical dimensions of
physmal features of the on-chip logic' angd memory storage components to
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Baseline CHOS: CPU, Memory, Logic

Fig. 1.1 A diagrammatic representation of the concepts of “Moore’s law™ and “More than Moare™,
(Reproduced with permission from Ref. [3], Fig. 4). RF radioc frequency, CPU central processing
unit, CMOS complementary metal-oxide—semiconductor

improve density (cost per function reduction), performance (speed, power),
and reliability (Fig. 1.1).

b. Equivalent scaling: This approach refers to (a) three-dimensional (31)) device
structure (“design factor”) improvements as well as other nongeometric pro-
cessing techniques and the use of new materials that affect the performance
of the chip: (b) novel design techniques and techmologies, such as multi-core
design. Equivalent scaling occurs in conjunction with geometric scaling and
aims for the continuation of “Moore’s law.”

2. Funetional Diversification: Fig. 1.1, horizontal gxis of “More than Moore.”

Moore’s law is not the only way to provide additional value to the end user, A
complementary approach is that of functional diversification, which reférs to the
incorporation of new functionalities into devices that are not necessarily scalings
of existing hardware or software. Typical of this “More than Moore” dpproach
is the migration of non-digital functionelities (e.g., radio frequency (RF) com-
munication, power control, passive components, sensors, and actuators) from
the system board level into a ‘particular chip-level (system on a chip; SoC) or
package-level (system in package; SiP) implementation. As the need increases
for evermore complex software to be embedded into SoCs and SiPs, the role of
the software itself in performance scaling may also need to be considered. The
objective of the “More than Moore” design methodology is to incorporate digital
and non-digital functionalities into compact systems,
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Fig, 1.2 Toward the new TSV 3D-S[F Era. 3D-5iP three-dimensional system in packags, TSV
through-Si via, BGA/CSP ball grid array/chip-scale package

1.1.2 3D Integration Technology

Although 3D integration technology is not explicit in the definition of “More than
Moare,” it is generaily considered to be one of the most important technology de-
velopment strategies, The transistor scaling thar has continued for more than 40
' years is approaching the atomic level of silicon, and this physical limit will likely
be reached in 1013 years.

Entirely new device structures, such as carbon nanombes spintronics, and mo-
lecular switches are being developed to replace transistor technology. However,
they will not be rgady for 10—15 years. In the interim, 3D integration technology
offers a viable solution for continued performance and economic advancement [4).

“More than Moore™ is not just a solutien to the litditation of “More Moore,”
it also recognizes the evolution and potential for improvements of packaging
technology. Figure 1.2 illustrates the history of IC packaging technology. Every
10 years since the 1970s, packaging technology has undergone a technologlcal
revolution. The first decade of this century is the era of the 3D system in package
(3D-8iP), and work has begim to develop new 3D technology termed through-Si
via (TSV) that will define the present decade [S]. In TSV, the electrode passes
completely through the silicon wafer (or chip). It represents the fusion of silicon
wafer process technology (front end of line, FEOL) and semiconductor packaging
technology (assembly/packaging).

3D integration using conventional technologies, such as with the wire bonding
(WB) as shown in Fig. 1.3 (left), is referred to as 3D integration packaging tech-
nologies. In this book, we focus our attention on systems in which semiconduc-
tor chips are stacked and connecied by T8V, as shown in Fig. 1.3 (right), which
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define 3D integration technology [6]. We do not discuss 3D integrated circuits
(3D-IC) that use FEOL, such as’3D NAND in which transistors are stacked, nor
the Tntel tri-gate transistors that were introduced in the 22-nm generation ivy

bridge

4D integration packaging technology and 3D intégration technology [6]

CPU.

1.2 Motivation for 3D Integration Technology

The development impetus is accounted for in the following two points.

1. If semiconductor integrated circuit chips are connected using TSV, the'inmfr—
comnected distance is approximately 1/1000 of that using conventional WB
(micrometers compared with millimeters). This results in dramatic reductions
in electric resistance and capacitance, making possible high-speed operation and

low power consumption.

2, Ti i difficult to make (wire) connections between the conventional packages on
the mounting hoard on the order of thousands, but this task is straightforward,
and on even grander scales, between Si chips using TSV, Thus, TSV-based sys-
tems that have several 1000 input/ontput (I/O) circuits are realizable, which also

* benefit from being lower power consumption devices with higher data transmis-

sion speeds,

3D integration need not be confined to like technologies. By combining semicon-
ductor integrated circuits with, for example, micro-electro-mechanical systems
(MEMS) devices, unique functionalities can be developed in what is termed hetero-

geneous 3D integration technology.
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1.3 Research and Development History of 3D Integration
Technology

1.3.1 3D Packaging Technology

Even as of 2015, the use of 3D-IC (TSV) is lincommon, with the exception of
complementary metal-oxide—semiconductor imaging sensors (CIS). However,
high-volume manufacturing of 3D integration packaging technology using WB
continues.

In 1998, Shmp Corporation developed the world’s first stacked two-chip chip-
scale package (CSP) using WB [7]. Before that time, there was no notion of chip
stacking in CSP. This led to its development for use in mobile phones, mostly by
Japanese chip makers, such as Sharp; Mitsubishi, Hitachi, NEC, Toshiba, and Fujit-
su. This technology was called stacked chip-scale (size) package (S-CSP) or multi-
chip package (MCP). Figure 1.4 shows the typical construction of S-CSP (MCP).

8-CSP/MCP was first used to make combinations of NOR flash memory and of
static random-access memory (SRAM), which are at the heart of all mobile phones,
Consumer demand fuelled the development of sinaller sizes and higher performance
[8]. When Sharp developed the world’s first stacked CSP, the combination memory
development race was called the “East versus West War” over standardization by
the Joint Electron Device Engineering Couneil. It became a demonstration of the
strength of Japanese packaging technology.

Although, in the beginning, the interconnect technology was only WB, CSP

stacking has given rise to the package on package (PoF) model. which also uses
flip chip (FC) technology. Today, this approach is intefzral to modern smart phones
and tablets; dynamic random access memory (DRAM) and application and/or base-
band processors are stacked together using this technology. Upon these founda-
tions, newer technologies continue to diive advances in télecommunications, such
as through mold via (TMV) [9, 10]; see Fig. 1.5.
" In the present-day flash memory, there are more than eight chips stacked into a
single package [11]; see, for example, Fig. 1.6. This technology will likely continue
being a mainstay of 3D integration packaging technology for some time yet, On the
horizon are wireless interconnect technologies, such as capacitive and inductive 3D
coupling [12].
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Fig. 1.5 3D integration packagmy m‘hndlogy transition [10]. (With permission from Ambkor
Technology, Inc., Chandler AZ), WE wire bonding, PoP package on package, FC flip chip, TMV
ihrough-mold via, 787 through-8i via

Fig, 1.6 World’s first nine-
chip stacked memory, (With
permission from Toshiba
Corporation)

132 Origin of the TSV Concept

The underlying concept of TSV technology is not new. International Business Ma-
chines Corporation filed the patent USP3,648,131 entitled, “Hourglass-shaped con-
ductive connection through semiconductor structures” in November 1969, with the
following abstract [13}:
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Fig. 1.7 US Patent 3,648,131 A [13]

“An integrated semiconductor stucture including the fabrication thereof, and
more particularly, an improved means for interconnecting the two planar surfaces
of a semiconductor wafer. To provide the electrically conductive interconnections
through the wafer, a hole is etched, insulated, and metallized. Active or passive
devices may be formed on either or both sides of the wafer and connected to a
substrate by solder pads without the use of beam leads or flying lead bonding.” The
drawings are shown in Fig, 1.7,
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3D Projects in Tohoku Univ. (Koyanagi Group)
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Fig. 1.8 Extracts from presentaiions by Tohoku University researchers in 1989 {14] and 1991
[15]. (With permission from Tohoka University, Fapan). TSV through-Si via, LS wafer large-scale
integration wafer

Later on, patents JP (859)1984-22954 (June 1, 1983) and patent JP (561)1986—
88346 (October 5, 1984) were filed by Hitachi Ltd. and Fujitsu Ltd, respectively.
The patent JP (863)1988-156348 (December 19, 1986), by Fujitsu, describes a
stacked chip structiwe: Figure 1.8 shows key schematics of chip stacking techniques
sourced from 1989 and 1991 conference presentations by Tohoku University, Japan
(14, 15].

1.3.3 Research and Development History of 3D .
Technology in Organizations

Research and development of 3D integration technologies has been carried out
through global efforts [16]. Some of the major contributions by region are sum- -
marized n Fig. 1.9 [17].
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Fig. 1.9 History of global research and development on 3D integration technology. (Adaptéd from
Ref. [16]). NEDQ New Energy and Industrial Technology Development Organization, DARPA
Defense Advanced Research Projects Agency, VISA vertically interconnected sensor arrays, 4D-
STAC Advanced Stacked-System. Technology and Application Consortium, 75F through-silicon
via, ASSM All Silicon System Module, EMC Equipment and Materials Consortium, SiC stacked
integrated circuit, German BMFT German Ministry of Research, BMBF Federal Ministry of Edy-
cation and Research, FP7 Seventh Framework Programme

1.3.3.1 Japan

In Japan, research and development of the “Three-Dimensional Circuit Element
R&D Project” by the Research and Developiment Association for Future (New)
Electron Devices was conducted from 1981 to 1990, and the technology deVeloped
was termed “Cumulatively Bonded IC” (CUBIC): (in Japanese); TSV was not in-
tegral to the design. A thin film (approximately 2-um thick) of electron channel
metal-oxide-semiconductor field-effect transistor ("MOSFET) was laminated onto
the bulk silicon device. The electrical interconnection of 1600 wn-mg contact arrays
was checked, and the contact volume resistance of 5 % 1(5‘6 Q- cim? did not adversely
affect the operation [18].

In Japan, the Association of Super- Advanced Electronics Teckmologies (ASET)
carried out a research and development project of 3D integration technology using
TSV during the 5-year period 1999-2003. The project was entitled, “R&D on High
Density Electronic System Integration Technology” (in Japanese). Its execution
was entrusted to the New Energy and Industrial Technology Development Organi-
zation (NEDQ) organization of the Japanese government’s Ministry of Bconomy,
Trade, and Industry (METI) [19]. Following on were the “Stacked Memory Chip
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Technology Development Project” (in Japanese), 2004-2006 [207 and:the “Devel-
opment on Functionally Innovative 3D-Integrated Cironit (Dream Chip) Technol-
ogy Project” (in Japanege), 2008-2012, I 2010, research was. conducted with a
focus on “Design Bnvironmental Technology, Tnterposer Technology, Chip-Testing
Technology, Three-dimensional Integration Basic Téchnology, Flex chip (FPGA)
Technology, and RF MEMS.”

The majority of the semiconductor-related businesses in Japan were involved in
these projects, These inclided semzconductor companies Elpida, Toshlba, Rene-
sas, and Rohm; electronic companies NEC, Sharp, Nac Image Tech., IBM, Pana-
soni¢, Hitachi, and Pujitsu; and material/equipment companies Advantest, DNF,
Ibiden, Shinko, TEL, Toppan, Yamaichi, and Zycube. Finthermore, The Upiversi-
ty of Tokyo, Tahoku University, and the Natmnal Institute of Advanced Industrial
Sciepce and Techuology repiesented the academic participation [21-23].

In 2010, an interitm assessment led to a focus shift to thermal management/chip
stacking-technology, thin wafer téchnology, 3D integration technology, ultra-wide
bus 3D-SiF; mixed signal (digital-analog) 3D inbegration technology, and hetero-
geneous 3D integration technology. The research outcomes are descnbed in fater
sections of this baok [24, 25]. '

However, desplte the sizeable investment by the Japanese govemment over these
long periods of time, the national semiconductor industry is presently in decline and
future research and development yemains pncertain,

The WOW alliance based at the Tokyo Institute ‘of Technology (based at The
University of Tokyo until 2014) was founded in 2008 [26], dnd the “Three-Di-
mensional Semiconductor Investigation Center” (translated fmm the Japanese) in
Kyushu commenced operations in 2011 [27).

1332 Japanese 3D Integration Technology Research and Development
‘Projéct (I)ream Chip)

The second full-scale national rasearch and developmmt (R&D) initiative of 3D
integration technology using through-silicon via (T8V) was implemented over
the 5-year period from 2008 to 2012, Super-Advanced Electronics Technologies
(ASET) conducted the pioject “Development on Functionally Innovative 3D-In-
tegrated Cifenit (Dream Chip) Technology Project,” and it was managed by the
NEDO Organization that is"based on “IT Innovation Program® of Japanese govern-
ment’s Ministry of Economy, Trade and Industry (METI). After the 2010 interit as-
sessment, the two focus areas became 3D integration process basic technologies and
application technologies using TSV, The former eonsisted of thermal managément/
chip-stacking technology, thin wafer technology, and 3D integration technology,
while the latter focus ares comprised ulira-wide bus 3D-SiP, mixed signal (digital-
analog) 3D, anid heterogeneous 3D); see Fig. 1:10. For details beyond research and
development subjects and results, the reader is referred to Chapter 9 [17, 28].
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Fig, 1.10 Research and development subject of the Dyoam Chip Project, (With permission from
the Electrochemical Society: ECS) [17]. 75V through-Si via

1333 TheUSA

The US Defense Advanced Research Projacts Agency (DARPA)Y's work in mi-
crosystems technology has a long history. 3D-related research and development
projects are controlled by the “Microsystems Technology Office (MTO).” These
projects are:

1. Enhanced Digital (3D-IC Program)
— Large amounts of tache memory
— High memory bandwidth
2. Enhanced Analog (COSMOS Program)
— Heterogeneous integration
- Disparate process technologies (e.g., SiGe/S$i, C.S./51, SOL/Bulk)

3, Smart Focal Planes (Vertically Interconnected Sensor Arrays, VISA Program)
— Processing at each pixel
- High fill factors

4. Photonics (EPIC Program)
~ Optical and electronic tiers
DARPA funding and the Microelectronics Center of North Carolina Research and

Development Institute (MCNC-RDI) supported a project that was started in 2003
The research and development device comprised VISA that implemented highly
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parallel and densely interconmected architectures with micedn-sized vias pengtiat-
ing stacks of datec’tors,, Whlch were made from aualog, ‘digital, aind mixed signal
cireuits,

The Massachusetts Institute of Technology' Lincoln Laboratory developed “A
SOI-Based Wafer-scale 3-D Circuit Integration Teckmology.” Integral to this project
were precision wafer aligner-bonder, low temperature oxide—oxide bonding, and
concentric 3D via, all 3D-enabling technologms Major roilestones were the deliv-
ety of the 3DL1, 3DM2, and 3DM3 chips in April 2006, and November 2007 and
2010, respectively, Participants of the 3DM3 chig project were ftorm umversmes,
commercial laboratories, and the business sector. -

They afe Anzona State University (ASU), Nornh Carolina State Umverslty
(NCSL), The Naval Reseamh Laboratory (NRL), the US Department of Defense
" (Do), Fermi’ National A covlerator Laboratory, IBM; The State University of New
York (SUINY), MIT Lincolp: Laboratory, and so on. A for third 3DHIC Multxpro; ect
Run (3DM3)3D Circuits, 39 designs Were submitted as ﬂ:»l]ows R

3D Circuits’ Aiiti-tamper. authe{nmanon chip, stac(ked memory (SRAM & DRAM)
stacked microprocessor, hi-speed’ transmit/receive, one-chip GPS; netwoik-on-chip,

. reconfigurable ueural natwork, SAR processor elements, RF—swmhmg power con-
verler, powet managamem for 3D-1€ ’s Iutegramd RF MEM‘S, implantable bms,en-
sors, and bio lab on chip.

3D Inaging Applications Intemanonal Linear Colhcler QLQ) pixel readout, low-
powet pattern recognition 3D-vision chip, multi-core processor with i image tecogni-
tion, focal plﬂne image processor, and sub-1- sized p:xel lmagmg m'ray

3b Teahnolagy Characterization. 3}) tadiation ‘test stuctures, jitter-clock skew-
propagation’delay, hi-speed I/O, RF building block, meta-material inductors, and
stacked MOSFET. ,

"3D.design soﬁware were also developed by PTC, NTSU R3L ogxc,, and the Uni-
versity of Minnesota {UMN) [29-32].

Following are the overview of press releases by Hiternational SEMATEC from
2004 to 2006. “June 10, 2004 they released its several top techmical ch&llenges
..for 2005, one of several-top technical challanges was 3-1) interconiect on the Ht
for the first time” [33). “Then abming to expand the range of potential solutions
to the challenges of continned CMOS scaling, they launched a project to explore -
the feasibility of 3D interconnect technology for the semiconductor industry, in
February 9, 2006 [34], Also, “Deoembex 13,2010, SEMA’I‘.ECH, the Semiconduc-
tor Industry Association (SIA), and Semiconduetor Research Cmporauon (5RC)
annownced they had established-a new 3D Enablcment progratn to: drive cohesive
industry standardmaﬂon efforts and. tﬁchmcal spemﬁcauons fm heterogeneous 3D
integration” [35].

In September 13, 2011, members of SEMATEC were Hymx IBM, Intel Sam-
sung, ADI, and ON:Semicondugtor as the IDMS. As for foundries, Global Found-
‘ rles TSMC, and UMC. As for Fabless, HP, AI‘cera, L8], and Qualcumm As for
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OSATs, ASE. As for Suppliers Atotech, COSAR, NEXX, TEL, R&D Parmers,
CNSE/FRMC, NIST, and SRC[36].

1.3.3.4 Europe

Ir: Europe, 3D integration technology research has a long history, which was re-

vigwed in the welcome presentation at the IEEE 3D System: Integration Cnnferenc&
2010 (3D-IC) in Munich, November 16-18 [37].

© - Biemens, AEG, Philips, andl Fraunhofer IFT formed the 19871989 consortium
for developing 3D integration technology. From the 1980 through 1o the early
2000s, projects were supported by the German Ministry of Resesrch (Genman
BMFT) and the Federal Ministry of Education and Research (BMBF). Subsequent
projects were supported by the European Cotnmittes: Brom 2006 to 2008, thé Eu-
ropean ICT Project “e-CUBES (6th Europesn Framework ICT)WBD-Integrated
Wireless Sensor Systems, Technology Platform for 3D Heterogenoous Integration”
was conducted. They said fonr optimized 3D integration technologies were suc-
cessfully used in the development of three e-CUBES application demonstrators:
thin-chip-integration technology (TCI/UTCS) for Philips’ Health & Fitness dem-
onstrator, TSV technology ICV-SLID, HoViGo for Infineon’s Automative demon-
strator (TPMS) and Package-in-Package tachnolngy HIPPIP for Thales” Aeronan-
e demonstrator [38, 39].

And the latest was the Seventh Framework Programme (FP? 2007-2013) of the
Ewropean Union for research, technological R&D, and demonstration activities. “e-
BRAINS"-—Best Relizble Ambient Ttelligént Nanosensor Systems for develbpmg

3D Heterogeneous System Infegration.
" The projéct members were Infineon, Fraunhoer, Siemens, SINTEF, sensonor,
imgc, SORIN Group, CEA, IQE, FPFL, 3D phis, Tyndall, DMCE, TU, Vermon,
ITE, MaganaDiagnositics, TECHNICHE UNIVERSITAT CHEMNITZ, and eesy-
id. Applications ars smart biosensor grain, Infrared imager, active medical implant,
air quality syster, and smert wlira-sound inaging probe [40, 41]. Following arethe
overview of press releasos by IMEC from 2005 and CEA-Leti fiom 2011, © ,

July 2005, “IMEC announced that IMEC Jaunched advanced Packaging snd In-
terconnect Center (APIC) and started to develop 3D Stacked IC “3D-SIC.™ APIC
grouped more than 30 partners worldwide including integrated device manvfactur-
ers (IDMs); system houses, packaging, assembly and vest honsps and o en. The

- programs were based ott interconnects at the global or medlate level of the chip
wiring hierarchy.” [42],

. Then “IMEC developed another R&D subject “3D-WLE," waler Tevel packag-
mg, and “3D-8IP” {raditional packaging interconnect technology. These were the
part of IMEC’s Industrial Affilistion Programp (ITAP) on advanced interconnect
technology for future technology node” [43].
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And, “Qualcomu announced to participate in IMEC’s industrial affiliation pro-
gram (TAP) on 3D-integration 2008 and also extends 3D research dgreement with
Qualcomm focnsing on advanced teclinologios and deviess 2011 [44, 45].

Also, “IMEC and TSMC announced 2009 that they have forged an Innovation
Incubation Alliance to create a platform enabling the R&D of innovative product
solutions using emerging More-than-Moore technology options [46].

Parmers of IMBEC 31 System Integration Prograra in 2011, were for Logic TDM,
* Panssonic, Intel, Fujitsu, Sony, As for Memory, IDM Micom, As for foundries
TSMC, GlobalFanundries. As for fabless Quacornm, Xilinx, Nvidea, Aliera. As for
OBAT Amkor UTAC. As for EDA Synopsys, Acdnxe; Atrenta. As for Material sup-
pliers Hitachi Chemical, ThinMaerials, Henkel, BASF. As for Equipment Suppli-
exe Applied Meaterisl, Lam, TEL, Suss Screen, Ultrstec, CascadeMicortech, Disco,
Nanda Tech PVA Tepla, Sthart Equipment Technology (Set) [471.

Followings are the annonncement of CEA-Leti. “January. 2011, they sxgmﬁcantm,
Ty expand its technology offering this month when it ramps wp one of Europe’s first
300 mm lines dedicated to 3D-integration applications.” (48],

And “CEA-Leti anponnced Janvary 2012 that the launch of a major new plat-
form that provides industrial and academic partety with a global offer of mature
3D innovative technologies for their advanced produets and research projects™ {491

1335 Asia

The research and.development projem: entited, “Advanced Stacked-System Tech-
nelogy.and Application Consortimnm’ (Ad STAC), centering on ITRI, has been sup-
ported by the Taiwanese povernment since 2008, The initial anmouncement was as
follows: '
“Formed on July 23 2008 AdSTAC prowdas. A umque platform for both techni-
cal exchanges and information sharing amang the partners distributed worldwide,”
“The putpose of Ad-S8TAC is to unify companies In different field but not limited
acadernia, government indnstries, and institute, to co-operate and i mprove the 3D
IC technology [50]. e
- Members were 22 compamas in October 2010, Applied Materiale Ine of Talwan,
Atotech, Dentechland GinbH, Brewer Science Ine., Cadence Design: Systems, Inc.
Graduate School of Engineering, the University of Tokyo, Hermeg Epitek Corp.,
SUSS MicroTec AG., Tazmo.Co,, Ltd, Unimicron Corporation, IV Technologies,
Air Products, GPT, Disco, ASE, Leading Precision, Dupont, BASF SPTS, UMC,
SPIL, Cabot Microslectronics, aud Cisco, :
* The full 300 min line-for 3D development wasg mstalled by.the end of 20()9 [511.
In Sputh Korea; there hag been speculation of a national project led by Hynix and
Ambkeor but details presently remain confidential [52]. ,
~ The Institute of Microslectronics (}ME) Ageney for Science, Technology, and
Research (A*STAR) has been active since 2011, They armounced, “Dec 6, 2011,
IME and Tezzaron Semiconductor announced a research collaboration, agreement to
develop and exploit advanced Through Silicon Interposer (TSI) technology™ [53].
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June 5, 2012-IME apd United Microeleciranics Corporation agrced to develop Through-

 Silican Via (TSV) technology for backside illuminatsd CMOS image sensors (CIS). [54]
Avg 17, 2013-IME and Fuawei Technologies, signed MOU o develop snd advence
Through Silicon Interpossr (TSI) technology. Thé two organizations will collaborate: on -
advanced packaging, with TSI, 2.50/3D-IC rescarch and development, aod demopsirate
heterogeneous .50 design and manufacturing flaw, [55] :

1.3.3.6 International

Press releases of mtematmnal 3D imegration technology mscarch and development
consortia-are as follows:
“Semiconductor 30 qupment and Materials Consomum (EMC-BD) isafew
 consortium -created to address the technical and cost issues of creating 3D intet-
coimects using TSV technology for chip stacking and MEMS/sensors packagmg
‘Equipment companies initiating the consortium are Alcatel, EV Gmup, Semitool
and XSil.. Associate research members include Fraunhofer IZM, SAIT (Samsung
Advanced Institute of Technology), KAIST (Koren Advanced Institute of Science
- and Technology) and TAMU (Texas A&M University). Material members include
- Rohui and Haas, Honeywell Enthone, and AZ with wafer service support from
Isomics [56).
Another mtemationa;l congortium’s mbm;wnent was as follows; “The Micro-
systems Packaging Research Center (PRC) at Georgia Tech, in' partnership with
- Fraunhofer LZM.(Germany) and the Korea Advanced Instxtute of Scionce and Tech-
‘nology (KAIST) lannchied a global mdustry consomum titled“3D All Silicon Sys-
tem Module (3DASSMY’ in Dcmb&r, 2008 [571. i

1.4 Research and'.-],)gve\lopment Histoty of 3D Integration
Technology for Appliqaﬁons i

141 CMOS Image Sensor and MEMS

- Toghiba, Aptina, STMicroelectronies, and several other companies cemmercial-
ized the complementary metal-oxide-semiconductor (CMOS) image sensor dur-
- ing 20072008, which used TSV as the target electrode formation technology. The
+ advantage of using TSV was its compaciness, permm:mg the design of miniature
“devices. :
Toshiba named the new application of penetration electrode technology “’I’hmugh
Chip Via” (TCV). This space-saving technology made it possible 10 mount an
assembly of camera module components in a wafer state. For example, the conven-
tional substrates and wire bonding spaces were reduced by forming & solder ball in
the back side of the ch1p



14 . M. Kada

STMieroeleetranics’ 'mulﬁ-chip MEMS devices, ‘such as amart sensors and
multi-axis inertial modules, efiable a higher level of ﬁmctmnal ntegiation and per-
fmmance in & sroaller form factor [58-601.

142 DRAM

DRAM is anticipated to be the principle application driving volume manufacturmg
of full-scale 3D integration technology.

In June 2011, Elpide Memory shipped the world’s first § GB DRAM sample it
consisted of four 2 GB (double data rate type 3; DDR3} modules stacked using TSV
technplogy [61).Then in August of the same year, Samsung Efectronics announced
that they had developed 30-nm-class 32 GB Green DDR3 DRAM using TSV pack~
age technology for next-generation servers [62]. '
~ Hynix becamme a member of SEMATECH's 3D Interconnect progrem at fhe Col-

loge of Nanoscale Sc1ence and Engmeermg (CNSE) of the Unwers;ty at Albany

[631. .

Srart phone and tablet $0Cs have reached i unpresswe Ievels of perfnrmance in
the past few years, However, limited memory bandwidih has become a bottleneck
for further advancements, and the continued growth of the display resohution onty
exacerbates this problem Despite their size difference, tablets have now overtakm
laptop computers in display resolution. |

JEDEC Solid State Technology Assocmtmn the global leadér in the develop-
ment of standards for the microelectronics industry, announeed the availability
of a new standard for wide VO mobile DRAM: JESD229 Wide U0 Stngle Data
Rate (SDR). They said “WIdely anticipated by the mdustry, Wide /0 mobile
DRAM is a bre,akchmugh techmology that will meet industry demands for in-
creased levels of integration as well as improved bandwidth, latency, power,
weight and form factor; praviding the ultirnate in performance, energy sfficiency
and small size for smartphones, tablets, handheld gaming comsoles and other
mobile devices,™ JESD229 nsing TSV was standardized in December 2011 in
JEDEC [64, 65].

However, wide VO memory, which has a bandw1dth of 12.% GB/s for mobile
applivations, has not been adopted because of the significant improvements of clas-
sical DDR membry. It is now possxble to achieve the desived bandwidth using more
traditional 2D+IC integration in both PC/server and mobile DRAM apphcatlom
JEDEC more recently moved to standardize Wide 102 '

Ong ofthe primary challenges facing DRAM engineers is the memory bandw:dth
reqaired by high- -performance computers and next-generation networking equip-
ment. Conventional DDR is not gisitablle for these architectures. To address these
needs, in October 2011, Samsung Electronics and Micron Technology annownced a
collaboration to implement a5 an open interface the Hybrid Memory Cube (HMC):
They said “The Fybrid Memoty Cube Consortinm (HMCC) will work elosely with
fellow developers Altera, IBM (added by another annouwncement), Open-Silicon

- and Xiliux to collectively accelerate industry efforts in bringing to market a broad
set of technologies. The consortium will initially define a specification to enable
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‘. apphcatmns ranging from latge-scale- nenvoﬂmg to, mduamﬂI products and lugh
performance computing.”

Then, in May 2012, HMCC anm)unced that chrosoft COI'p has joined the con-
sortivm and in fune 2012, they also. announced that few . members ARM, HP, and
SK. hymx Inc. have Jmned the global- effort 1] accelera!e w1despread industry adops
tion of HMC techinology.

In August 2012, they announced that its &waluper me:mbm ha.ve teleased the
mitial draft of the HMC mtexface specxﬁcatmn toa mpﬁy growing nomber' of in-

. dustry adopters [66—70]

143, . 2:5D with Inferposer

The technology of mounting IC chips-side by side,usinga §i Interposer, rather than,

3D stacking with TSV, has gamed populanty Because the 8i interposer-is techni-
calIy a silicon chip with the witing, layer only, the IC is also referred to as being 2.5
dimensional. . .

Xilink announcement in October 2010 for. 2,50 is a8 follows “The indusiry’s
first sta(:ked silicon interconnect techmology for dehwsrmg breaktbrough capacity,
bandwidth and power savings using multiple FPGA, die in 4 single package for ap-
plications that require high-transistor and logic density, as well as tremendous levels
of computational and bandwidth performance” {71, 72]. '

Them, just 1 year Jater, i 2011, Xilinx snmounged the progression. “First ship-

‘ments of its Virtex®-72000T Field Programmable Gate Array (FPGA), the world's
highest-capacity programmsble logic device: buflt using 6.8 billion transistors, pro-
viding customers access to an uirprecedented 2 milfion legio vells, equivalent to 20
million ASIC gates, for'system intégration; ASIC repldcement, and ASIC prototyp-
ing and emiglation.” [73].

One and & half years later, the competition started. Taiwan Semiconductor Many- -
facturing Co. Ltd. (TSMC) and Altera Corp, onMarch 22, 2012, announced “The
joint development of & heterogeneous 3-DIC test vehicle using TSMC’S chip-on-
wafer-on-substiate (CoWoS) infegration process TSMC said the-technelogy. is an
intograted process technology: that attaches deviee silicon chips ta a wafer through
1 chip-on-wafer bonding process [747 .

1.4';4 . -Others .

Many other senucomductor caumues, such as IBM [75] and Qualcomm [76], have
also been developmg 3D integration technology, '

Tn September 2006, Intel announced at their develc)per forum, the promise of an
80-core chip within § years based on the innovation of connmecting memory directly
to pmcessor cares. They also showcased TSV alongside the 80-core, chip proto-
types, which piggybacked 256 MB of SRAM directly to each chip’s 80 eores [77].

But, in-June 2010, they said as foilows. “There are several problems with TSV
technology: Lack of DA design tools; complexity of designs; integration of
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2010

oks by F017

Fig. 1,11 Worldivide research and development activities in 2008-2010, DRAM dynamic ran-
dom access memory, TSV through-silicone vie, TSMC Taiwan Semicondoctor Manufacturing Co,
L1d, 4D-STAC Advanced Stacked-System Technology and Application Consortium, UMC United
Microelecironics Corporatiofi. MdPW multi-project wafer, MOSIS metal-oxide—silicon implemen-
tation service, CMP circuits multi-projects, SEMI semiconductor equipment and materials inters
national, /O input/output -

2011

ié’i’ihiiﬁmf meting Wide "7i6-’iié’mo;y"i'*_-Ehi"dﬁ‘l?éiii'é;aﬁZZI‘DW'- ar Look |
" [(201:4/3) Mynix devéldped IDSDDRS. - |

Fig. 1.12 Worldwide research and development activities in 2011. DDR3 double data rate type 3,
CNSE College of Nanoscsle Science and Engineering, 3D-JC three-dimensional integrated cireuit,
MOSIS metal-oxide-silicon implementation serviee, DRAM dynamic rmdom access memory, 15V
through-gilicone via, HMC hybrid memory cube, FPGA field-programmable gate array, 70 input/
output, RAM random access memory, SeC system on clip, TSMU Taiwan Semiconductor Manufag-
turing Co. Ltd, TS through silicon interposer, 4 *STAR Agency for Science, Technology, and Research
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2012

¥ig. 1.13 Worldwide research and development activities in 2012, BIS back-illuminated sensor,
CIS complementary metal-oxide—semiconductor imaging sensors, TSMC Taiwan Semiconductor
Manufacturing Co. Ltd, JEIT4 Japan Electronics and Information Technology Industries Associa-
tion, TSV throwgh-silicone via, FFGA field-programmable gate array, A#ST4R Agency for Science,
Technology, and Research, UMC United Microelectronics Corporation, SiP svstem in package

assembly and test; cost; and lack of standards. As previously reported, Intel Corp. is
still searching for an application for TSVs, It does not make sense for Intel to go to
3D with CPU cache memory™ [78].

A summary of worldwide research and development actwttles from 2008 to
2012 are shown in Figs, 1.11, 1.12, and'1 13,

The 3D integration technology using TSV ha$ not yet reached high-volume
manufacturing despite the sizeable global investment in research and development.
There are several reagons for this, Standardization is difficuit because of the diversi-
ty of architectures, such as Via Size and TSV, process order, for example; Via First/
Last/Front/Back, and issues with the supply chain for high-volume manufacturing
and high component cosis.

However, the 3D integration technology in which TSV is used and the arguments
surrounding its application and forecasted use is actively béimg discussed,
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