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- Research career of Hideo Sunami

1967 - 1969 <Tohoku University>
1.Crystallographic defects in silicon epitaxial growth layer

1969 - 1998 <Hitachi>

. Stress characterization in multi-level metallization

Charge transfer mechanism in charge-coupled device (CCD)
Photoemission spectroscopy (PES) for silicon surface at Stanford
. Selective oxide coating of silicon gate (SELOCS)

. Trench capacitor dynamic-random-access (DRAM) cell

. Three-dimensional LSI on silicon-on-insulator (SOI)

. Development of process CAD

. Joint design of 256-Mbit DRAM with Tl in Dallas, Texas

. Joint development of 1-Gbit DRAM with Tl and Mitsubishi in Tokyo

©O~NOUAWNERE

1998 - 2008 <Hiroshima University>
1.Silicon optical modulator based on free-carrier absorption
2. Three-dimensional MOS transistor
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Proto-typé 1-Mbit DRAM with trench Capacitor 'ceII
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Scaling of memory cell and die size of DRAM

Storage capacitance should be kept constant despite the cell scaling
to provide adequate operational margin with sufficient signal-to-noise ratio.

(1-T memory cell )

Transfer gate (Word line)

i Storage node
Bit line | \ Plate
Cell transistor

Storage capacitor

(o =
C = eAIT,

e, Permittivity of insulator

T : Insulator thickness

A : Area of storage electrode

N
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Die size (mm?), Memory cell size (um?),
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Memory cell size

Storage capacitance, C_

Die size

1K 4K 16K 64K 256K 1M 4M 16M 64M 256M 1G
DRAM generation
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DRANI ceII structure mnevatlon

C.=¢AlT,

1K:3 transistors

v

MOS capacitor (4K)

J j_ Stack (4M -) Multi-fin Cylinder Cylinder + HSG

Word
[ Storage node
L] Plate

Double poly (16K) Hemi-spherical

grain (HSG)

it

pt-sub pt-sub

Planar with Folded Trench (1M -) Substrate plate Substrate plate + HSG
bit-line (64K-1M)
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“Invention of a trench-capacitor DRAM cell

Orientation-dependent  One-transistor DRAM cell
preferential etching

20% KOH, 64% H20, 16% n-Propanol
Etch rate of (111):100 times less

K. E. Bean, R. L. Yeakley, and T. K. Powell,
"Orientation Dependent Etching and
Deposition of Silicon,"

XXxX, 19747

Patent application

Highly efficient solar cell 3-T 1-T
5TS Aol
S 3 N Vs
/ :' T ! ‘ - _(—\v

i ; 4 Japanese patent application
Nk BLATING 7 10~ 30 5em (_ E('\jkug;ln1sg;>5§)0—53883
ay /,

R. I. Frank, J. L. Goodrich, and R. Kaplow, "A Low Series \_/
Resistance Silicon Photovoltaic Cell for High Intensity

Applications,” Conf. Rec. 14th IEEE Photovoltaic Spec. Trimmer condenser
Conf. , IEEE, New York, 1980, p. 1350.
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'Trench solar cell with high COnve.r_sidn'effic_iehcy

Trenches were formed by an orientation-preferential etching
with KOH-aqueous solution.

4,m
Solar light > =
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: = b : S
’ = - : A\
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Directional dry etching was not yet developed.
— Deep impact to my curiosity.

— Motivation for its application to integrated circuits innovation.
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-Tr'immg-r}Condenzs_-er'---'- a hint to the t:r:e_n'ch Capacito'r

@ ¥ellof - SwW
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Outer b
electrode - i i i i i
An amateur-radio transmitter circuit copied

by the author in 1960 at his age of 16.
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Circumstances of “trench cell” invention

=
1 P
L1 — i
-7 au
3T 1-T

| have heard in 1973 that one-transistor DRAM cell was developed in IBM.

-

-

-

2 R S

Forecasting DRAM’s greater integration in future.

Convinced that capacitance value should be large enough for stable operation.
Took a look at TI's trench solar cell at ECS meeting in 1974,

Uniting trimmer condenser and trench solar cell in my brain.

Stumbling an idea of “trench-capacitor’” DRAM.

Asked my boss in Japan to send patent application form to Stanford.

He suggested me to complete photoemission study at Stanford.

Could not abandon my “cool idea” even after return back to CRL of Hitachi.
Patent applied in May 1975.

One month later other patent with the same idea was applied from F-company.
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| -The first ‘;trenc.h _céll"’ pa—t___.e_nt appli-ed-'in' May___.1975

Kokugansho 50-53883 “Semiconductor memory device,”
by Sunami and Nishimatsu
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A DRAM cell with trench capacitor formed by KOH aqueous solution.

(Several years later this was divided into 5 patents.)
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‘Outline of the first trench cell patent

Various process seguences mentioned.
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Double polysilicon-gate structure clearly mentioned in the application.
However the author did not recognize this as another possible invention.
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The 2nd “trench cell” patent applied ohe'mon_th later

Kokugansho 50-72591 “Semiconductor memory device,”
from Japanese F-company (June 1975)

7?(. . .... YR
N7 X ZN B Vi
N .
2 3/ ' ” -" o] _
32 y /
v/ N
1

Fundamental claim : storage capacitor of which wall forms certain
angle to substrate surface in one-MOS transistor type memory cell.
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- Related Japanese patent applications

Experts will hit upon similar ideas. Differentiation is the “timing.”

Before 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983
Fundamental *53883:0riginal | *57809:vertical *124085:isolation :1 8740:yariety *35812:dummy
Hitachi trench *70832vertical | *63614:MID 791727 trench tr. 36418:improved | *65432:STC
Itachi capacitor *71081:trench *124096:memory *83013:buried | *95727:S0
*124097 trench 215424 limited | *——defectless
*———STC
*—-—:Bipolar
e STC
*———ertical
*———divided
*72591:funda- *101111:trench
Japan mental *101112:TaQ
= *101129:plating
*———junction
Japan ||*45-5767:concave *106312:rench | +7887-V trench *158978:trench
O capacitor not for *138180:concave
memory cell
*133864:V trench | *28939:trench *96907:buried
Japan *97210:5TC
N *97211:STC
n‘r)\n " *79893\1{ T.l‘ench
USA ||™861739: trench *160915:trench *19308:vertical | *85905:pot-shape | *41817:vertical
" capacitor not for
T memory cell
*88914:trench
USA isolation l
ili!l
*132423:V trench
Etc. *72352:SIT

& rNBS
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Obj’ectio__n_' - (1)

Jananese “T” company : Jitsugansho 45-5767 (January 1970)

<Prior art> |

9
~—J

Y,

<Claims>
- Thin film condenser in small

<Invention> electric circuits
Te® - Avoids dielectric breakdown

a) p s with edgeless structure

/5 /3 /a - Large capacitor with enlarged
: [j //IS
iz E@I - surface

/3

(memory cell not mentioned)
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e -'Objec.ti__.o"n'- ne

USA “T” company : Kokugansho 48-61739 (June 1973)
Kokugansho 49-5779 (June 1974)
Priority US patent application (June 1972)

<Claims>
- Bipolar transistor with trench
capacitor

(memory cell not mentioned)
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Original patent divided into five patents

Original claim: A DRAM cell consisting of a silicon trench storage capacitor

1975

1983

Vs

Original

Tokugansho
| 50-53883

» 1.| Tokugansho
58-217716

|

1983

—p> 2.| Tokugansho
58-217717

|

1983

58-217718

> 3 Tokugansho ‘

1983

58-217719

> 4. Tokugansho ‘

1986

=g Tokugansho ‘

with a cell transistor

Double capacitor electrodes

Different insulators for capacitor
insulator and transistor gate insulator

Matrix configuration of cell transistor
and trench capacitor

Polycrystalline silicon capacitor plate

Trench capacitor cell of which cylinder

61-104651 IS deeper than its opening size
= #5 covers present all stack cells
. RNBS Hideo Sunami, Research Institute for Nanodevice and Bio Systems, Hiroshima University 20
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Major complaints against trench-cell development

<Before trial fabrication>

Don’t be kidding to “hurt” perfect single crystal with trench etching.
Oxidation inside trench surface may cause crystal defects.

Oxide thickness variety on trench wall will lessen oxide breakdown.
Trench depth variety may reduce productivity.

Cell-to-cell leakage will limit cell scaling.

Additional technique required to make uniform doping into the trench.
Polysilicon plate filling into the trench is not controllable.

& & & & & & & &

Many other objections due to “NIH” problems occurred.

<After trial fabrication>
¥ Increased soft-error rate is very serious for main-frame use.

Hideo Sunami, Research Institute for Nanodevice and Bio Systems, Hiroshima Universit
& rNBS y {Faste




The first trench cell and its successful operation

A premature dry-etching resulted in a wedge-shaped trench in late 70's.

WORD

WITHOUT MOAT
80 mV

WITH MOAT(CCC)
200 mV

QOutput signal waveforms of a bit line forming
a folded data line arrangement having 128-bit

4 X 8 um?2 cells without and with a 2.5-um deep
Typical cross section of a realized CCC moat (CCC). Obtained Cg and Cy are 45 and

having a 4-um deep moat. The moat is 400 {T°, respectively, resulting in a Cy/C4 value
stuffed by double poly-Si deposition. of 0.11.

MOAT

Presented at IEDM 1982 as a recent news paper.
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" One 'of___5‘8'-o'ut'stan"d'in g pa__p_"e-f-s'at' IE___DM (1955___+1993) |

Selected as one of 58 outstanding presentations at 50th anniversary
of IEDM in San Francisco, Dec. 2004.

1982 - A breakthrough in DRAM technology occurred when trench

capacitors were introduced into the memory cell. The use of the trench

capacitors dramatically increased cell capacitance without increasing

the cell size permitting extremely dense memory. In this early paper by
H. Sunami et al., the corrugated capacitor cell is introduced. This cell
uses a 4 um deep trench and a SiO,/Si,N,/SiO, dielectric layer to obtain
60fF for a 21 um? cell area. Although by today standards this seems
extremely large, this technology enabled the Megabit DRAM era.

H. Sunami, T. Kure, N. Hashimoto, K. Itoh, T. Toyabe, and S.
Asai, “A Corrugated Capacitor Cell (CCC) for Megabit
Dynamic MOS Memories,” Technical Digest of IEEE
International Electron Devices Meeting, pp. 806-808, San
Francisco, Dec. 13-15, 1982.
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Three recipients of IEEE Jun-ichi Nishizawa Medal in 2007

05

D)

[J (i)

IEEE SOLID-STATE CIRCUITS SOCIETY NEWS

Winter 2008 Vol. 13, No. 1

www.ieee.org/sscs-news

L

June 1985
|[EEE 1984 Paul Rappaport Award

February 1991

|[EEE 1991 Cledo Brunetti Award
Octtober 1998

Distinguished inventor of

Tokyo Prefecture
June 2006

|[EEE Jun-ichi Nishizawa Medal

A cover page of IEEE Solid-State
Circuits Society News, Winter 2008,
Vol. 13, No. 1.

€ RrRNBS
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Re’s é'a[;gh .'p r'oj"ec-g-s* an'd author 'SP at_g_n.t_ app I;j_;g;at'i.o'n

C. CCD S: SELOCS D: Device O : Principal inventor
N: Non-volatile  P: Process |: SOI @ : Co-inventor
T: Trench cell M. Memory A: Arbitrary

Trench cell:Siliver medal SOl trench:Gold medal
CCD:Bronze medal

1986 (1987 [1988

196919701971 1972|1973 1974 119751976 1977 |1978 |1979 1980 |1981 |1982 11983 |1984 1985

1-Mbit | SOI& || 16-Mbit | manager

NMOS .
DRAM | P-CAD || DRAM

Ny memory §
gtegfaanr;:or}abxasnoisllate Technology transfer

Multi-
level CCD
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A bon u___s_“fb r the trench-capacitor DRAM cell patent

Approx. $ 500

i BsFYo03 =
= ¥ R
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AE B

IPinss 2 RR s %R 739 = W 44}
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11 (s A ALK af

ZLI-DOTEEBEOBYERELIE T
‘mm £@= /2 52/ =
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‘Trench cell worked as an Qt-particle sensor

. i LT
o-particle 1-Mbit DRAM
‘ﬁ( ‘lfi' ’¢=
of 5 MeV | '
107 ".. Trench cell with a
- LY 5-um deep trench
£ = =.
3 S5 1072L e
& 5 Planar cell = %
o) 8 N\, % Cell failure
Depletion = QO \.\ s mode
layer é @ 10°F "\
Captured 8, =
: tod electrons 2 $ g .
enera ' “r
electron-%ole IS E N\,
PaSss Bit-line failure mode \\
: N (both planar and trench)
Si-sub 10° \
\
Planar cell Trench cell . | . |
0 o0 100 150 200
Signal charge (fC)
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Candidates to a-resistant trench cells

- Reduced depletion layer led to improved immunity against soft-error.
- Major trench-cell manufacturers preferred substrate-plate cells.

n-channel Tr. p-channel Tr.
- <
- .
L | n /
([ =
Depletion § |/
Depleti -
layer S Iaey%re 1on d’l
S 5
- 3.
S
| I S
p-sub y pt-sub N
Sheath-plate Substrate-plate
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Half—-—_\/éc plate _ci'rc'u'it d;_o_ubl'ed' s_t_ﬂ_rag'e"c h:ar_'g'e |

V.. plate Half-V_. plate
Storage node ® v : 5V Vee: 5V Vee: 5V
Capacitor Dielectric film
configuration  Thickness:T > T ) T/2
and applied
potential Plate § 0V 25V 25V
Vcc: SV > VCC: 5V
Potential of £ £ 25V
each electrode % K :
> 2 Plate
0 N I
OVStorage Plate ov oV Storage
node node

- - V. IT
Maximum electric < / VT
ield i - V. /2T,
field in capacitor o' < i
Qs Qs /

dielectric film
Storage charge -
value

2Q

& rNBS
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Abandoned trench and returned back to planar

Background : Product delivery to IBM won the certificate of excellent
performance with superb reliability.

— Reliability is the first priority for main frames with adequate performance.
- Very limited DRAM manufactures could deliver their products to IBM.
— Even a 6-month delay of product delivery might lose their business.

— Hitachi who had become the top supplier of 64 Kbit with 5-V single
power supply and folded bit-line arrangement became less challenging.

- A half-Vcc plate technigue developed by Mitsubishi could regenerate
conventional planar cell in 1-Mbit product.

— Then, Hitachi abandoned the trench and employed the planar.
- |IBM, TI, Toshiba, and Siemens employed improved trench cells.

- While, Fujitsu employed the first stack cell in 1-Mbit product.

Hideo Sunami, Research Institute for Nanodevice and Bio Systems, Hiroshima Universit
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Personal forecast

L aprung' vl B B e ol e

| =
4K - 256K 16M 64M 256M 4G  16G
A\ A A A4 \ 4 \ 4
Mitsubishi —
Renesus  Embedded?
Hitachi Phantom trench
NEC
Toshiba ]
Embedded?
IBM . TRENCH .
&
Fujitsu ~ PLANAR [0 ISTACK L Embedded? 0
S
Siemens  Infineon 3
Y
-
TI §
Micron ™
>
c
Samsung 5
Gold Star I
Hyundai
Winbond etc. in Taiwan —=sii’. 0 Foundry?
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~ Proposed 64-Mbit DRAM cells in R&D

Ref. : NIKKEI MICRODEVICES, July 1996 Hitachi’s proto-type 64-Mbit

Hideo Sunami, Research Institute for Nanodevice and Bio Systems, H'iroshima Universit
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2 -'D'evel.c___)pment is___s_ués' for.-gi_'g'abit Iey_el-' DRAM céll's

A typical 1-Gbit DRAM stack cell

tf_ } Plate
] UWd
Ve Large capacitor with high
_~ aspect ratio patterning

_~ Doubled surface area with
hemi-spherical grain polysilicon

Ve E_nlarged capacitor with high-k
1 films(Ta,O,, ALO,, HfO,, etc.)

27y 273

Bit line

o

Word line

Smaller isolation area
with shallow trench

Low leakage with ~ Low leakage with
lowly doped drain  longer channel
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 High-k dielectric films

High-k dielectric film can reduce electrode area.

10
_ 112
<0 ® o o€ EXPL-(M)'™T]
2 m : effective mass
T 8t A|203 @ : barrier height
; T : film thickness
o— L]l OIS . a izroz
HfSIiO, HFAIO
> 6f =, HfO,
CS_SIA/TI 8 B SI3N4. [ \' L3203
5 \_/
& 4f Ta,0,
S 7\ [ BsT
% B TI02‘\_ -
m [ STO
21 . . \_/
. in production
- O under development
0 1 | 1 ||||||I M L 1 IIIIIII ] 1 L0 1L 111
1 10 100 1000

Specific permittivity (k value)
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- Memory-cell array configlation

sense am
Cross-point ; 8F2 6F2 4F2 2F2
¥ |L ‘\{_,.f 1T < .
@reee) TR iR
“smallest” v 7 =¢ ,,___,, = AK
i SATH ()@@ e«
T B ; 64K
capacitor 256K
senseamp — im
Open bit-line I_J\/ @) L6M
(6F2 cell) 3 }j' = SAM
“smaller” A >.< E] 256M
capacitor ju 1G N
L 4
4G .,
sense amp 16G ‘o,

Folded bit-line |,/ 1| BN ] shejadecbs[T] 646 = T,

(8F2) L L N NHR < pal 2561CT; .o

. " i !X' ; | = -.!'.".'---_-_',_1. | - -

. ) ameler
__ capacitor 7 ! smaller
“less noisy”
<€
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~ DRAM cell candidates in future

Cross-point 4F2 cells
A vertical stack of a cell-transistor and a storage capacitor q

Word line
Bit line Plate
Word line : § Storage node
Storage node Storage node ‘“

Plate Word line
\ Bit line
A
Si sub.

(a) Trench Transistor (b) SGT (surrounding (c) Future vertical
Cellin 1985. gate transistor) in stack cell
1989.

Hideo Sunami, Research Institute for Nanodevice and Bio Systems, H'iroshima Universit
& rNBS - y y 39




| .-_A"Scaling__--l_i-mit of Ca_p.aCitor.-s-t_-rUCture-__--

Dielectric film should be physically thin enough not fill up the trench.

F : feature size / T; : dielectric film thickness 2Ti <F

Plate 1,000
£ =
ZS ~ 100 t
= - -
%la -
S R
4T O]8 -
I O
n
«— F — 16M 64M256M 1G 4G 16G 64G 256G
Cross—section of storage node DRAM capacity (bits/die)

After K. Itoh, H. Sunami, K. Nakazato, and M. Horiguchi, ECS Spring Meeting, May 4, 1998
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Summary'

« Trench capacitor cell was invented on hints of preferential KOH etching,
my armature-radio hobby, and a reputation of 1-T DRAM cell in 1974.

« The first patent application on May 1975 was only month earlier than
the second one. Experienced that “timing” was essential for patent.

 First successful operation was presented at 1982 IEDM and won one of
58 outstanding presentations on 50th anniversary of IEDM in 2004.

« In a 1-Mbit proto-type development, increased soft-error forced the
development team to abandon the trench cell and regenerate a con-
ventional planar cell with novel half-V_ circuit technique in 1985.

« All but except one DRAM manufacturers employed the planar cell,
while the exceptional, first stack cell in 1-Mbit.

 Since 4-Mbit, several manufacturers have been employing improved
substrate-place trench cells. While, stack cell has become major.

- Even a vertical stack of cell transistor and storage capacitor might
be developed, capacitor formation will be the final issue remained.

Hideo Sunami, Research Institute for Nanodevice and Bio Systems, Hiroshima Universit
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neer never dies; he just fades away.
R ———
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