IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 4, APRIL 2003 945

Novel Ultrahigh-Density Flash Memory
With a Stacked-Surrounding Gate
Transistor (S-SGT) Structured Cell

Tetsuo EndohMember, IEEE, Kazushi Kinoshita, Takuji Tanigami, Yoshihisa Wada, Kota Sato, Kazuya Yamada,
Takashi Yokoyama, Noboru Takeuchi, Kenichi Tanaka, Nobuyoshi Awaya, Keizou Sakiyama, and
Fujio MasuokaFellow, IEEE

Abstract—in order to overcome the limitation of cell area of
4F? per bitin conventional NAND Flash memory cells, stacked-sur-
rounding gate transistor (S-SGT) structured cell is proposed. This
newly structured cell achieves a cell area 6t FZ /N per bit, where
N is the number of stacked memory cells in one silicon pillar,
without using multibit per memory cell technology. The S-SGT
structured cell consisting of two stacked memory cells in one silicon
pillar achieves a cell area per bit of less than 50% of the smallest
reported NAND structured cell. The novel S-SGT structured cells
are fabricated by vertical self-aligned processes using a 0.2m
design rule. The S-SGT structured cell can be programmed and Column address 4F? per bit
erased by uniform injection and uniform emission of Fowler—Nord-
heim (F-N) tunneling electrons over the whole channel area of the
memory cell, respectively, which is the same program and erase
mechanism as in conventionallAND structured cell. This high per-
formance S-SGT structured cell is applicable to high-density non- )
volatile memories for 16 G/64 G bit Flash memories and beyond. Fig- 1. Conventional 2-D cell array.

Index Terms—Flash memory, SGT, S-SGT, 3-D device.

F: minimum feature size

per bit itself, spacing between neighboring memory cells,
spacing between gate electrode and drain contact hole, contact
|. INTRODUCTION hole size, and source line. Therefor&ND structured Flash

. . .. memories were proposed [3], [4]. By usingND structured

ITH the development of ULSI technologies, bit denSIt)Iélash memory technology, a high-density Flash memory with a

of nonvolatile memories, especially Flash memory, Icshell size of4.4F? (F': feature size) was reported [5]. However,

undergoing revolutionary growth. Recently, high-density Fla%urther scaling of Flash memory cells in planar technology is

memories realizing high-speed programming and low-pow coming increasingly difficult because of concerns relating to

consumption are attracting much interest as mass storage m 'ﬁ‘ch through, reliability, process windows, read current, and
in portable computers and battery-powered systems. In thes ' ' ' '

apolications. Flash memories are used to store personal d‘,:ls%ation requirements between neighboring cells. To overcome
PPIC Y ) P aE)dve scaling issues in planar technology, a three-dimensional

Offering high-speed programming and low-power consum 3-D) structured Flash memory cell, 3-Drdgrammable

tion, bipolarity program aqd erase operation [1] is well suite rasable Mnvolatile G/lindrical (PENCIL) Flash EPROM cell

for these portable applications [2]. Also, the amount of data | and a_FFoating Channel type Brrounding Gite Transistor

be stored is on an upward trend. V@C—SGT) Flash memory were proposed [7], [8].

TO. re_allze over Gigabit densﬂy memories for_the abo However, conventional Flash memory is based on a two-di-
applications, current Flash memaories have been simply shrzr%I;

X . . . . ensional (2-D) memory array architecture as shown in Fig. 1.
by introducing self-aligned ﬂgatlng.gate structure, self-align is 2-D memory array architecture does not use 3-D space ef-
STI structure, qnd scaled d|eleptr|ps. However,_currept '.:I ciency. Moreover, these conventional Flash memories have a
memory cell units are now beginning to reach its I|m|tat|on§eII area limitation oft 2 per bit, whereF is a minimum fea-
in scaling, because it is hard to reduce memory cell argd . size '

In this paper, stacked-surrounding gate transistor (S-SGT)
Manuscript received May 1, 2002; revised December 9, 2002. The reviewgtructured cell [9] is proposed, in order to overcome the limi-

this paper was arranged by Editor R. Shrivastava. tation of cell area oftF'2 per bit in conventionahNAND Flash
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Fig. 2. New 3-D memory array architecture.

that the S-SGT structured cell consisting of two stackedo select gates and the source line, while conventisnsb
memory cells in one silicon pillar as described in this papstructured cell needs this additional area [3].
achieves a cell area per bit of less than 50% of the smallesfThe newly structured cell achieves a cell ared Bf /N per
reportedNAND structured cell [5]. In Section Ill, the fabricationbit, whereN is the number of stacked memory cells in one sil-
process of the S-SGT structured Flash memory is outlindgdon pillar, without using multibit per memory cell technology.
Especially, vertical self-aligned process is explained. It iBhe S-SGT structured cell consisting of two stacked memory
shown that the novel S-SGT structured cells can be fabricateglls occupies only an area ¢f2 and achieves a cell area of
by vertical self-aligned processes using a 8- design 2F? per bit as shown in Fig. 3(c). In comparison, conventional
rule. In Section IV, measured results of the fabricated S-SGIEND structured cell requires a cell areadt? per bit as shown
structured Flash memory cell are explained. It is shown thiat Fig. 3(d). As shown in Fig. 3(e), the equivalent circuit of
the S-SGT structured cell can be programmed and erasedb$GT structured cellis the same as that of a conventiomad
uniform injection and uniform emission of Fowler—Nordheinstructured cell.
(F-N) tunneling electrons over the whole channel area of the
memory cell, respectively, which is the same program and ergge
mechanism as in conventiongND structured Flash memory
cells. Finally, in Section V, conclusions are given. The occupied area per bit of the S-SGT structured Flash
memory cell is discussed. Fig. 4 shows the occupied area per
bit of the S-SGT structured Flash memory cell in comparison
Il. CONCEPT OFS-SGT SRUCTUREDFLASH MEMORY with the smallest reportelaND structured cell X -axis is the
number (V) of stacked memory cells in one silicon pillar.
A. Cell Structure Y -axis is ratio of occupied area per bit as a function of the
The structure of the proposed S-SGT structured Flashmber (N) of stacked memory cells in one silicon pillar
memory cell arranges bit line contact, first select gate, two comparison with the smallest reported cell area per bit of
SGT type memory cells, second select gate and source lpmventionalNAND structured cell. As the numbeiN) of
in series vertically in one silicon pillar, as shown in Fig. 3stacked memory cells in one silicon pillar increases, the S-SGT
Fig. 3(a) shows bird’s view of S-SGT structured cell. Fig. 3(jtructured cell can reduce to cell area per bit in proportion
and (c) shows cross-sectional view along (B1)-(B2) arid 1/N. As a result, the S-SGT structured cell can realize a
cross-sectional view along (C1)—-(C2) of S-SGT structuretfastically smaller cell area per bit than the smallest reported
cell, respectively. The SGT type memory cell is structured th&aND structured cell.
floating gate and control gate surround the silicon pillar [7] According to Fig. 4, the S-SGT structured cell consisting of
and gates, source, and drain are arranged on a silicon pitlao stacked memory cells in one silicon pillar described in this
vertically. All devices for the proposed cell are verticallypaper achieves a cell area per bit of less than 45% of the smallest
stacked in one silicon pillar. Therefore, the S-SGT structur@dportedNAND structured cell. Moreover, a S-SGT structured
cell does not need additional area such as bit line contacts, tladl consisting of four stacked memory cells in one silicon pillar
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ell (1)
Cell (1) celts 0-" [ll. FABRICATION PROCESS
e ol The S-SGT structured cell consisting of two stacked memory
&—rceﬂ@) Cell @ o-" cells is fabricated using a 0/2m process as shown in Fig. 3.
A | A first select gate transistor, two SGT type memory cells, and a
E second select transistor are fabricated in series vertically in one
SG@ o o silicon pillar.
Source The SEM photograph of the S-SGT structured cell is shown
Al i Source in Fig. 5 and the fabrication sequence for the proposed cell is
© ) © shown in Fig. 6(a)—(e). The fabrication sequence for the pro-

posed cell is explained as follows. A sidewall mask is formed

Fig. 3. Concept of S-SGT structured cell. (a) Bird’s view of S-SGT structure . o . . . s e 0
cell. (b) Cross-sectional view along (B1)—(B2) of S-SGT structured cell. (¢ er first silicon etching as shown in Fig. 6(a). By this first sil

Cross-sectional view along (C1)—(C2) of S-SGT structured cell. (d) Top view 80N etching, the first select gate transistor region is formed.
NAND structured cell. (€) Equivalent circuit of S-SGT structured cellemdd  Then, the first memory cell region is formed by a second sil-

structured cell icon-etching step. Then, a sidewall mask for the third silicon
etchingis formed as shownin Fig. 6 (b). This sequence of silicon

achieves a cell area per bit of less than 22% of the smalle$¢ching after forming a sidewall mask is additionally two more

reportedNAND structured cell. times repeated for forming a second memory cell region and a

From above all, the S-SGT structured Flash memory drastecond select transistor region. By above process sequence, sil-

cally reduces cell area per bit without using multibit per memoigon pillars having two select gate transistor regions and two

cell technology, and can overcome the limitation of cell area ofemory cells regions are fabricated.

4F? per bit in conventional Flash memory. After removing all sidewall masks, the gate polysilicon is
deposited following gate oxidation. Two select gates and two
floating gates are vertically isolated from each other at the steps
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N4/Si0O, (ONO), second polysilicon is deposited and etched
back similar to the first polysilicon etch back process. Control
gates are vertically isolated from its neighbors control gate at
the steps of the silicon pillar as shown in Fig. 6(f)—(g). Fig. 6(f)
shows the cross-sectional schematic view of fabricated structure
until this process sequence. Fig. 6(g) shows a SEM photograph
of the silicon pillar step region as shown in Fig. 6(f), which
is the fabricated structure until above process sequence at the
steps of the silicon pillar. As shown in this SEM photograph,
both floating gates and control gates are vertically isolated
from each other at the steps of the silicon pillar by vertical
self-aligned processes successfully.

Finally, bit lines, select gates and word lines are formed. A
final cross-sectional view of the S-SGT structured cell is shown
in Fig. 6(h). The equivalent oxide thickness of tunnel oxide and
ONO are 9.8 and 16 nm, respectively.

IV. MEASURED RESULTS

The program, erase and read characteristics of the S-SGT
structured Flash memory cell are discussed.

Fig. 7 shows the program and erase characteristics of the fab-
ricated memory cells. In this figure, the threshold voltaye)
of the memory cell is plotted as a function of program time and
erase time, respectively. During erase operatieBQ V is ap-

o formation of select gates plied to all control gates, while keeping the bit line, source line
and floating gates and substrate grounded. Therefore, the threshold voltege
for all memory cells becomes negative. During write operation,
420 V is applied to the selected control gate, while keeping
the bit line, source line and substrate grounded. Therefore, the
threshold voltageé V't) of the selected memory cell becomes
positive. As a result, programming and erasing of the S-SGT
structured cell can be accomplished by uniform injection and
uniform emission of F—N tunneling electrons over the whole
channel area of the memory cell, respectively, a so-called bipo-
larity F—N tunneling write/erase technology.

Fig. 8 shows the threshold voltage shifts of the selected
(d) memory cell and the unselected one. In this figure, threshold
voltage (Vt) of memory cell is shown as a function of pro-
gramming time. Initial condition is that all memory cells in the
S-SGT structured cell is in erased stat®0 V and+10 V are
of the silicon pillar by vertical self-aligned processes with agppjied to the control gate of the selected memory cell and that
etch back process for polysilicon as shown in Fig. 6(c)—(&jf the unselected memory cell, respectively, while keeping bit
Fig. 6(c) shows the cross-sectional schematic view of fabricatége source line and substrate grounded. The selected memory
structure until this process sequence. Fig. 6(d) shows a SEM s programmed and the unselected memory cell is not
photograph of a fabricated structure until this process sequepgggrammed. Therefore, S-SGT structured memory cell can be
along (I)-(Il) as shown in Fig. 6(c). As shown in this SEMprogrammed selectively.
photograph, tunnel oxide and floating gate surround the siliconThe read characteristics of the S-SGT structured memory cell
pillar successfully. Fig. 6(e) shows a SEM photograph of a falre shown in Fig. 9. In read operation, 0 V is applied to the con-
ricated structure until this process sequence at the steps of fag gate of the selected memory cell, while 3.3 V is applied
silicon pillar as shown in Fig. 6(c). As shown in this SEM phoy, the control gate of the unselected memory cell and both se-
tograph, each gate is vertically isolated from its neighbor gate|g¢t gates as shown in Fig. 9(a). Characteristics of drain current
the steps of the silicon pillar by vertical self-aligned processggrsys control gate voltage after erase operation and after pro-
successfully. gram operation are shown in Fig. 9(b). A drain current flows

Next, phosphorus (P is implanted to form the source andwhen the selected memory cell is in its erased state, while the
drain diffusion regions. After formation of the interpoly-silicondrain current does not flow at all when the selected memory cell
insulator, which consists of a composite layer of §&k s in its programmed state.
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From all of the aforementioned, it is demonstrated that the
S-SGT structured Flash memory cell is programmed and erased
by uniform injection and uniform emission of F-N tunneling
electrons over the whole channel area of the memory cell, re-
spectively, so called a bipolarity F—N tunneling write/erase tech-
nology. Moreover, it is shown that the S-SGT structured Flash
memory cell is programmed and read selectively.

Next, S-SGT structured Flash memory cell’'s potential is
discussed by comparing with conventionaND Flash memory
cell. Equivalent circuit of S-SGT structured Flash memory
cell is the same as that of conventiomaIND Flash memory
cell. Moreover, program, erase, and read operation methods
of S-SGT structured Flash memory cell are the same as that
of conventionaNAND Flash memory cell. While conventional
NAND Flash memory cells have the limitation of cell area of
4F? per bit, S-SGT structured cell achieves a cell area of
4F?/N per bit, whereN is the number of stacked memory

Fig. 7. Cell threshold voltages as a function of programming time and erasiﬁ&”S in one silicon pillar, without using multibit per memory

time in the S-SGT structured cell.

cell technology. The S-SGT structured cell consisting of two
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stacked memory cells in one silicon pillar achieves a cell [6] H. Pein and J. D. Plummer, “Performance of the 3D PENCIL flash
area per bit of less than 50% of the smallest repoNevdD EPROM cell and memory arrayJEEE Trans. Electron Devices, vol.
structured cell. By the reduction of a cell area per bit, bit line 42, pp. 19821991, Nov. 1995.
: y p , [7] T. Endoh, M. Hioki, H. Sakuraba, M. Lenski, and F. Masuoka,
length and word line length of S-SGT structured Flash memory  “Floating channel type SGT flash memory,” Meeting Abst. 1999
cell become to be shorter than that of conventiorakD Joint Int. Meeting (196th Meeting of the Electrochemical Society, 1999
Flash I h . Th f Fall Meeting of the Electrochemical Society of Japan With Technical
ash memory cell at the same memor_y array size. ere _Orev Cosponsorship of the Jpn. Soc. Applied Physigs). 99-2, HI, Oct.

S-SGT structured Flash memory cell is expected to achieve 17-22, 1999, Abst. 1323.
faster program and read Operatlon Speed In Comparlson WItHS] M.-Hlokl, T. Endoh, H. Sakuraba, M LenSkl, and F. Masuoka, “An anal- )
conventionaNAND Flash memory cell. Erom above all. S-SGT ysis of program and erase operation for FC-SGT flash memory cells,

vent y - IR _V - G in Proc. Int. Conf. Simulat. Semicond. Processes Devices, 2000, pp.
structured Flash memory cell has potential achieving to smaller  116-117.
cell area per bit and faster program and read operation speel!]
in comparison with conventionaland Flash memory cell.
Therefore, this proposed S-SGT structured Flash memory cell

T. Endoh, K. Kinoshita, T. Tanigami, Y. Wada, K. Sato, K. Yamada,
T. Yokoyama, N. Takeuchi, K. Tanaka, N. Awaya, K. Sakiyama, and
is suitable fore future ultrahigh-density Flash memory.

F. Masuoka, “Novel ultra high density flash memory with a Stacked-
Surrounding Gate Transistor (S-SGT) structured cell, /[EHBM Tech.
Dig., 2001, pp. 33-36.

V. CONCLUSION

A novel Flash memory with S-SGT structured cell has been
developed. The proposed cell achieves a cell aré#'df N per
bit without multibit per memory cell technology. The fabricates
novel S-SGT structured cell consisting of two stacked mema | .
cells achieves a smaller cell area per bit of less than 50% o0 = .
conventionaNAND structured cell. $v=

The novel S-SGT structured cells are fabricated by verti
self-aligned processes using a .2 design rule. The S-SGT research on high-density Flash EEPROMs and the

structured cell can be programmed and erased by uniform injec- reliability of Flash EEPROMs at the ULSI Research

tion and uniform emission of F=N tunneling electrons over tHéboratories, the Research and Development Center, Toshiba Corporation,
awasaki, Japan. He was a Lecturer with the Research Institute of Electrical

whole Channel area of the memory cell, respectively, the sa@®§nmunication, Tohoku University, in 1995. Since 1997, he has been an
as conventionalAND structured cell. Assistant Professor with the Research Institute of Electrical Communication
The S-SGT structured cell can be successfully applied to F_FEEC). He has been engaged in the research on the CMOS device design,
0

. w-power and high-speed logic technology, clean room technology.
G/64 G bit Flash memory and beyond. Dr. Endoh is a member of the Institute of Electronics, Information and Com-

munication Engineers (IEICE) and the Japan Society of Applied Physics.
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