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Abstract—In order to overcome the limitation of cell area of
4

2 per bit in conventional NAND Flash memory cells, stacked-sur-
rounding gate transistor (S-SGT) structured cell is proposed. This
newly structured cell achieves a cell area of4 2 per bit, where

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
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 conventionalNAND 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.

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

I. INTRODUCTION

W ITH the development of ULSI technologies, bit density
of nonvolatile memories, especially Flash memory, is

undergoing revolutionary growth. Recently, high-density Flash
memories realizing high-speed programming and low-power
consumption are attracting much interest as mass storage media
in portable computers and battery-powered systems. In these
applications, Flash memories are used to store personal data.
Offering high-speed programming and low-power consump-
tion, bipolarity program and erase operation [1] is well suited
for these portable applications [2]. Also, the amount of data to
be stored is on an upward trend.

To realize over Gigabit density memories for the above
applications, current Flash memories have been simply shrunk
by introducing self-aligned floating gate structure, self-aligned
STI structure, and scaled dielectrics. However, current Flash
memory cell units are now beginning to reach its limitations
in scaling, because it is hard to reduce memory cell area
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Fig. 1. Conventional 2-D cell array.

per bit itself, spacing between neighboring memory cells,
spacing between gate electrode and drain contact hole, contact
hole size, and source line. Therefore,NAND structured Flash
memories were proposed [3], [4]. By usingNAND structured
Flash memory technology, a high-density Flash memory with a
cell size of ( : feature size) was reported [5]. However,
further scaling of Flash memory cells in planar technology is
becoming increasingly difficult because of concerns relating to
punch through, reliability, process windows, read current, and
isolation requirements between neighboring cells. To overcome
above scaling issues in planar technology, a three-dimensional
(3-D) structured Flash memory cell, 3-D Programmable
Erasable Nonvolatile Cylindrical (PENCIL) Flash EPROM cell
[6] and a Floating Channel type Surrounding Gate Transistor
(FC-SGT) Flash memory were proposed [7], [8].

However, conventional Flash memory is based on a two-di-
mensional (2-D) memory array architecture as shown in Fig. 1.
This 2-D memory array architecture does not use 3-D space ef-
ficiency. Moreover, these conventional Flash memories have a
cell area limitation of per bit, where is a minimum fea-
ture size.

In this paper, stacked-surrounding gate transistor (S-SGT)
structured cell [9] is proposed, in order to overcome the limi-
tation of cell area of per bit in conventionalNAND Flash
memory cells. The S-SGT structured cell will be able to use to
a newly 3-D memory array architecture. Fig. 2 schematically
shows an example of the 3-D memory Array Architecture.

In Section II, the concept of the S-SGT structured Flash
memory and its structure is described. Moreover, it is shown

0018-9383/03$17.00 © 2003 IEEE

Authorized licensed use limited to: Cara Johnson. Downloaded on February 15,2023 at 18:01:44 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Micron Ex-1022, 0001

BESANG EX2041 
Intel v. BeSang, IPR2023-00991 

Page 945



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

Fig. 2. New 3-D memory array architecture.

that the S-SGT structured cell consisting of two stacked
memory cells in one silicon pillar as described in this paper
achieves a cell area per bit of less than 50% of the smallest
reportedNAND structured cell [5]. In Section III, the fabrication
process of the S-SGT structured Flash memory is outlined.
Especially, vertical self-aligned process is explained. It is
shown that the novel S-SGT structured cells can be fabricated
by vertical self-aligned processes using a 0.2-m design
rule. In Section IV, measured results of the fabricated S-SGT
structured Flash memory cell are explained. It is shown that
the S-SGT structured cell can be programmed and erased by
uniform injection and uniform emission of Fowler–Nordheim
(F–N) tunneling electrons over the whole channel area of the
memory cell, respectively, which is the same program and erase
mechanism as in conventionalNAND structured Flash memory
cells. Finally, in Section V, conclusions are given.

II. CONCEPT OFS-SGT STRUCTUREDFLASH MEMORY

A. Cell Structure

The structure of the proposed S-SGT structured Flash
memory cell arranges bit line contact, first select gate, two
SGT type memory cells, second select gate and source line
in series vertically in one silicon pillar, as shown in Fig. 3.
Fig. 3(a) shows bird’s view of S-SGT structured cell. Fig. 3(b)
and (c) shows cross-sectional view along (B1)–(B2) and
cross-sectional view along (C1)–(C2) of S-SGT structured
cell, respectively. The SGT type memory cell is structured that
floating gate and control gate surround the silicon pillar [7]
and gates, source, and drain are arranged on a silicon pillar
vertically. All devices for the proposed cell are vertically
stacked in one silicon pillar. Therefore, the S-SGT structured
cell does not need additional area such as bit line contacts, the

two select gates and the source line, while conventionalNAND

structured cell needs this additional area [3].
The newly structured cell achieves a cell area of per

bit, where is the number of stacked memory cells in one sil-
icon pillar, without using multibit per memory cell technology.
The S-SGT structured cell consisting of two stacked memory
cells occupies only an area of and achieves a cell area of

per bit as shown in Fig. 3(c). In comparison, conventional
NAND structured cell requires a cell area of per bit as shown
in Fig. 3(d). As shown in Fig. 3(e), the equivalent circuit of
S-SGT structured cell is the same as that of a conventionalNAND

structured cell.

B. Occupied Cell Area per Bit

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
with the smallest reportedNAND structured cell. -axis is the
number of stacked memory cells in one silicon pillar.

-axis is ratio of occupied area per bit as a function of the
number of stacked memory cells in one silicon pillar
in comparison with the smallest reported cell area per bit of
conventionalNAND structured cell. As the number of
stacked memory cells in one silicon pillar increases, the S-SGT
structured cell can reduce to cell area per bit in proportion
to . As a result, the S-SGT structured cell can realize a
drastically smaller cell area per bit than the smallest reported
NAND structured cell.

According to Fig. 4, the S-SGT structured cell consisting of
two stacked memory cells in one silicon pillar described in this
paper achieves a cell area per bit of less than 45% of the smallest
reportedNAND structured cell. Moreover, a S-SGT structured
cell consisting of four stacked memory cells in one silicon pillar
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(a) (b)

(c) (d) (e)

Fig. 3. Concept of S-SGT structured cell. (a) Bird’s view of S-SGT structured
cell. (b) Cross-sectional view along (B1)–(B2) of S-SGT structured cell. (c)
Cross-sectional view along (C1)–(C2) of S-SGT structured cell. (d) Top view of
NAND structured cell. (e) Equivalent circuit of S-SGT structured cell andNAND

structured cell.

achieves a cell area per bit of less than 22% of the smallest
reportedNAND structured cell.

From above all, the S-SGT structured Flash memory drasti-
cally reduces cell area per bit without using multibit per memory
cell technology, and can overcome the limitation of cell area of

per bit in conventional Flash memory.

Fig. 4. Ratio of occupied area per bit as function of number of stacked memory
cells in one silicon pillar in comparison with the smallest reported cell area per
bit of conventionalNAND structured cell.

Fig. 5. SEM photograph of S-SGT structured cell.

III. FABRICATION PROCESS

The S-SGT structured cell consisting of two stacked memory
cells is fabricated using a 0.2m process as shown in Fig. 3.
A first select gate transistor, two SGT type memory cells, and a
second select transistor are fabricated in series vertically in one
silicon pillar.

The SEM photograph of the S-SGT structured cell is shown
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
after first silicon etching as shown in Fig. 6(a). By this first sil-
icon etching, the first select gate transistor region is formed.
Then, the first memory cell region is formed by a second sil-
icon-etching step. Then, a sidewall mask for the third silicon
etching is formed as shown in Fig. 6 (b). This sequence of silicon
etching after forming a sidewall mask is additionally two more
times repeated for forming a second memory cell region and a
second select transistor region. By above process sequence, sil-
icon pillars having two select gate transistor regions and two
memory cells regions are fabricated.

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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(b)

(c)

(d)

Fig. 6. S-SGT structured cell fabrication sequence.

of the silicon pillar by vertical self-aligned processes with an
etch back process for polysilicon as shown in Fig. 6(c)–(e).
Fig. 6(c) shows the cross-sectional schematic view of fabricated
structure until this process sequence. Fig. 6(d) shows a SEM
photograph of a fabricated structure until this process sequence
along (I)–(II) as shown in Fig. 6(c). As shown in this SEM
photograph, tunnel oxide and floating gate surround the silicon
pillar successfully. Fig. 6(e) shows a SEM photograph of a fab-
ricated structure until this process sequence at the steps of the
silicon pillar as shown in Fig. 6(c). As shown in this SEM pho-
tograph, each gate is vertically isolated from its neighbor gate at
the steps of the silicon pillar by vertical self-aligned processes
successfully.

Next, phosphorus (P) is implanted to form the source and
drain diffusion regions. After formation of the interpoly-silicon
insulator, which consists of a composite layer of SiO/Si

N /SiO (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. M EASUREDRESULTS

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 voltage
of the memory cell is plotted as a function of program time and
erase time, respectively. During erase operation,30 V is ap-
plied to all control gates, while keeping the bit line, source line
and substrate grounded. Therefore, the threshold voltage
for all memory cells becomes negative. During write operation,

20 V is applied to the selected control gate, while keeping
the bit line, source line and substrate grounded. Therefore, the
threshold voltage 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
memory cell and the unselected one. In this figure, threshold
voltage 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 state.20 V and 10 V are
applied to the control gate of the selected memory cell and that
of the unselected memory cell, respectively, while keeping bit
line, source line and substrate grounded. The selected memory
cell is programmed and the unselected memory cell is not
programmed. Therefore, S-SGT structured memory cell can be
programmed selectively.

The read characteristics of the S-SGT structured memory cell
are shown in Fig. 9. In read operation, 0 V is applied to the con-
trol gate of the selected memory cell, while 3.3 V is applied
to the control gate of the unselected memory cell and both se-
lect gates as shown in Fig. 9(a). Characteristics of drain current
versus control gate voltage after erase operation and after pro-
gram operation are shown in Fig. 9(b). A drain current flows
when the selected memory cell is in its erased state, while the
drain current does not flow at all when the selected memory cell
is in its programmed state.
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(e)

(f)

(g)

(h)

Fig. 6. (Continued.) S-SGT structured cell fabrication sequence.

Fig. 7. Cell threshold voltages as a function of programming time and erasing
time in the S-SGT structured cell.

Fig. 8. Cell threshold voltages shifts of the selected memory cell and the
unselected one as a function of programming time in the S-SGT structured cell.

(b)

(a)

Fig. 9. Drain current versus control gate voltage characteristics after erasing
and after programming of the S-SGT structured cell.

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 conventionalNAND Flash memory
cell. Equivalent circuit of S-SGT structured Flash memory
cell is the same as that of conventionalNAND Flash memory
cell. Moreover, program, erase, and read operation methods
of S-SGT structured Flash memory cell are the same as that
of conventionalNAND Flash memory cell. While conventional
NAND Flash memory cells have the limitation of cell area of

per bit, S-SGT structured cell achieves a cell area of
per bit, where 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
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stacked memory cells in one silicon pillar achieves a cell
area per bit of less than 50% of the smallest reportedNAND

structured cell. By the reduction of a cell area per bit, bit line
length and word line length of S-SGT structured Flash memory
cell become to be shorter than that of conventionalNAND

Flash memory cell at the same memory array size. Therefore,
S-SGT structured Flash memory cell is expected to achieve
faster program and read operation speed in comparison with
conventionalNAND Flash memory cell. From above all, S-SGT
structured Flash memory cell has potential achieving to smaller
cell area per bit and faster program and read operation speed
in comparison with conventionalNAND Flash memory cell.
Therefore, this proposed S-SGT structured Flash memory cell
is suitable fore future ultrahigh-density Flash memory.

V. CONCLUSION

A novel Flash memory with S-SGT structured cell has been
developed. The proposed cell achieves a cell area of per
bit without multibit per memory cell technology. The fabricated
novel S-SGT structured cell consisting of two stacked memory
cells achieves a smaller cell area per bit of less than 50% of a
conventionalNAND structured cell.

The novel S-SGT structured cells are fabricated by vertical
self-aligned processes using a 0.2-m design rule. The S-SGT
structured cell can be programmed and erased by uniform injec-
tion and uniform emission of F–N tunneling electrons over the
whole channel area of the memory cell, respectively, the same
as conventionalNAND structured cell.

The S-SGT structured cell can be successfully applied to 16
G/64 G bit Flash memory and beyond.
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