618

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-21, NO. 5, OCTOBER 1986

A 4-Mbit DRAM with Trench-Transistor Cell

ASHWIN H. SHAH, MeMBER, IEEE, CHU-PING WANG, MEMBER, IEEE, RICHARD H. WOMACK, MEMBER, IEEE,
JAMES D. GALLIA, MEMBER. IEEE, HISASHI SHICHIJO, MEMBER, IEEE, HARVEY E. DAVIS,
MOSTAFA ELAHY, MEMBER, IEEE, SANJAY K. BANERJEE, MEMBER, IEEE, GORDON P. POLLACK,
WILLIAM F. RICHARDSON, MEMBER, IEEE, D. MARK BORDELON, MEMBER, IEEE,
SATWINDER D. S. MALHI, MeMBER, IEEE, CHARLES J. PILCH, Jr., BAO TRAN, AND
PALLAB K. CHATTERIJEE, FELLOW, IEEE

Abstract — An experimental 5-V-only 1M word X 4-bit dynamic RAM
with the page and SCD modes has been built in a relatively conservative
1-pm CMOS technology with double-level metal and deep trenches. It
uses an innovative cross-point one-transistor (1-T) trench-transistor cell
(TTC) that measures only 9 pm?. A novel double-ended adaptive folded
(DEAF) bit-line architecture used on this DRAM provides the breakthrough
needed to take full density advantage of this cross-point cell. The 30-fF
storage capacitance of this cell is expected to provided high alpha immun-
ity since the charge is stored in polysilicon and is oxide isolated from the
substrate. A 150-ns RAS access time and 40-ns CAS access time have
been observed.

1. INTRODUCTION

HE DRAM development efforts at 4-Mbit level and

beyond will have to rely on innovative cell structures
which provide improved cell isolation and noise immunity
while maintaining sufficiently large storage capacitance for
high-speed signal sensing yet occupying no more than
10 pm?.

The corrugated capacitor cell (CCC) [1] uses a three-
dimensional capacitor formed inside a silicon substrate in
order to provide an increased cell capacitance for a given
silicon surface area. Although this cell is adequate for 1-
Mbit DRAM’s, it suffers from cell-to-cell leakage current
on further scaling [2], [3]. Merging the trench capacitor
with the isolation [4], [5] eliminates this leakage problem
caused by the punchthrough between adjacent cells. How-
ever, it inherits a leakage problem due to a parasitic
transistor formed on the trench sidewall. Furthermore, the
advantage of these cells in terms of alpha-particle immun-
ity is not clear. Another version of isolation-merged cell [6]
stores the signal charge in the polysilicon node isolated by

Manuscript received April 23, 1986; revised June 27, 1986.

A. H. Shah, J. D. Gallia, H. E. Davis, M. Elahy, S. K. Banerjee, G. P.
Pollack, W. F. Richardson, D. M. Bordelon, S. D. S. Malhi, and P. K.
Chatterjee are with the Semiconductor Process and Design Center, Texas
Instruments Incorporated, Dallas, TX 75265.

C.-P. Wang was with Texas Instruments Incorporated, Dallas, TX
75265. He is now with Samsung Semiconductor, Santa Clara, CA.

R. H. Womack was with Texas Instruments Incorporated, Dallas, TX
75265. He is now with Krysalis Corporation, Albuquerque, NM.

H. Shichijo is with the Central Research Laboratory, Texas Instru-
ments Incorporated, Dallas, TX 75265.

C. J. Pilch, Jr. and B. Tran are with the Advance Development Group
at Texas Instruments Incorporated, Houston, TX.

IEEE Log Number 8610299.

0018-9200,/86 /1000-0618%01.00 ©1986 IEEE

oxide for improved alpha-particle immunity, but has the
drawbacks of larger cell size and trench sidewall leakage.
The novel one-transistor (1-T) trench-transistor cell (TTC)
used on this 4-Mbit DRAM [13] integrates both the pass
transistor and the storage capacitor on the sidewalls of an
8-um-deep trench [8]. The transistor and the capacitor are
connected by a novel subsurface lateral contact scheme
which enables an oxide-isolated charge storage for high
noise immunity. Moveover, since the pass transistor wraps
around itself, it is self-isolating and thus eliminates any
parasitic leakage currents unlike other pass transistors. The
lateral contact junctions have been characterized and
simulated [3] for leakage currents and they are well within
the requirements of a dynamic 1-T memory cell.

This paper describes an experimental 4-Mbit DRAM
using this cell. A truly cross-point cell array has been
realized using a novel double-ended adaptive folded
(DEAF) bit-line architecture, Circuit and layout tech-
niques are also described. The peripheral circuits have
been placed and interconnected semiautomatically to
achieve a short design cycle time. The performance of the
experimental device and the trench transistor cell are also
described in this paper.

I1I. THE TRENCH TRANSISTOR CELL

A. Fabrication Process and Cell Structure

The 4-Mbit DRAM is fabricated in a twin-well 1-um
CMOS technology that is basically the same as that for the
1-Mbit DRAM [7]. A shallow 4.5-um p~ epitaxial layer is
grown on a 1x10" ¢cm™3 p* substrate. A heavily doped
substrate is needed for the capacitor storage plate while
the shallow epitaxial layer provides latch-up immunity.
The shallow epi also allows this process to be scaled even
further. The p-channel and n-channel devices are formed
inside the n-tank and p-tank, respectively. The effective
channel length of these LDD devices is 1.0 pm. The
self-aligned silicide process (SALICIDE) provides
source—drain junctions as well as gate electrodes with less
than 1-Q /0 sheet resistance. This process uses two levels
of interconnect to improve the layout density. Fig. 1 shows
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Fig. 1. Typical cross section of process topography.

a typical cross section of the process topography. The
array and the periphery are shown together for the sake of
completeness.

An 8-pm-deep rectangular trench is'etched in the p-tank
on the p* substrate (Fig. 1). A vertical pass transistor is
made in the top 2 um of the trench. The storage capacitor
is also in the trench, below the pass transistor. The inner
plate of the capacitor is an n™ polysilicon plug, and the
outer plate is the p* substrate. The source of the transistor
is connected to the n™ polysilicon plug of the capacitor by
a subsurface lateral contact which is made by oxide under-
cut etch and refilling with polysilicon [8]. The drain, gate,
and source of the trench pass transistor are made of
diffused buried-n™ bit line, n™ polysilicon word line, and a
lateral contact, respectively. ‘

B. Device Simulation

The trench transistor has been studied using a two-
dimensional device simulator (PISCES) [9]. The gate oxide
thickness and channel length are 25 nm and 1.5 pm
respectively, while the transistor width is determined by
the perimeter (1.3pm X 1.5 pm) of the trench. The threshold
of the transistor is adjusted by a deep boron implant which
results in a nonuniform Gaussian profile along the chan-
nel, with a peak (3.4E16 cm™?) near the drain, leading to
DMOS-type transistor behavior. The threshold voltage V,
and subtheshold slope S are determined by the highly
doped part of the channel although the gain K is de-
termined by the entire channel length. The measured de-
vice characteristics are within 10 percent of the results of
the PISCES simulations in the linear and saturation re-
gions, as shown in Fig. 2. The linear region and sub-
threshold transfer characteristics indicate that a low ¥
suitable for 5-V operation and low S adequate for the
sharp turn-off required for long refresh time, have been
achieved.

C. Device Uniformity

The uniformity of device characteristics is crucial for
their applicability as pass transistors in a 4-Mbit DRAM
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Fig. 2. TTC pass-transistor /—V characteristics: W=42 pm; L=
15 pm; and ¢,, =25 nm. (a) Trench-transistor output characteristics.
(b) Trench-transistor linear and subthreshold characteristics.

and beyond. Statistical data, shown in Fig. 3(a), from 960
trench transistors on a die indicate that the ¥V, is 1.1
+0.02 V. Die-to-die variations on the same slice are larger,
with the threshold voltage varying by +0.08 V. The drive
currents within a die, shown in Fig. 3(b), are reproducible

to within =+ 5 percent. However, the variation across a slice

is +10 percent. All the devices were found to have very

low (0.1 pA) leakage current at V, = 0 V. There are several
possible reasons for the variations. The cell lateral contact
is made by outdiffusing phosphorus through an undoped
poly plug. The series source resistance is expected to be
high and vary considerably, leading to variations in device
characteristics. Second, the gate oxide thickness depends
on the crystallographic orientation of the trench sidewall.
Since, after lithography and etching, the trenches have an
oval cross section, the gate oxide, and hence the transistor
parameters such as V,, K, and S vary along the trench
perimeter [12]. This contributes to variability of the tran-
sistor parameters and leads to soft turn-on characteristics
for these transistors. ' ’

III. Tue 4-MsBiIT DRAM

A. The Architecture

The early DRAM’s used the open bit-line architecture
for the array almost exclusively and were generally
organized 1 bit wide. The open bit-line architecture pro-
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Fig. 3. TTC pass-transistor uniformity. (a) Threshold voltage uniform-

ity. (b) Drive current uniformity.

vides a very dense memory cell array and is relatively
simple to implement for the memory cells that are large
enough to allow reasonable layout pitches for the decoders
and sense amplifiers. However, the S/N ratio of the open
. bit-line architecture deteriorates as the cell area, and con-
sequently the storage capacitance, decreases with higher
level of integration. Also, the implementation of this archi-
tecture becomes more difficult due to smaller layout pitches
for the decoders and sense amplifiers. The folded bit-line
architecture [10] was adopted at the 64-kbit DRAM level
to improve the noise immunity of the device and at the
same time provide larger layout pitches for the sense
amplifier and decoders. This conventional folded bit-line
architecture has been able to match the array density of
the open bit-line architecture since even the scaled-down
memory cells have been large enough to accommodate two
word lines and a bit line or vice versa. However, the folded
bit-line architecture fails to match the array density of an
open bit-line architecture for a cross-point memory cell
such as TTC since a cross-point cell, by definition, is only
as large as one word-line pitch and one bit-line pitch as
shown in Fig. 4.

The DEAF bit-line architecture used on this 4-Mbit
DRAM has all the advantages of the conventional folded
bit-line scheme, such as noise immunity and larger layout
pitches, and at the same time realizes a very dense, truly
cross-point memory cell array. This architecture is ex-
plained in Fig. 5. It uses a segmented or divided bit-line
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Fig. 5. Basic DEAF bit-line architecture.

approach [7], [11]. Eight diffused segments, with 64 cells
each, are connected to a Metal-2 global bit-line through
segment select transistors. Each of the global bit lines is
divided into four sections by section select transistors. A
pair of these global bit lines is connected to a pair of sense
amplifiers, one at each end. The segment select transistors
are normally OFF and the section select transistors are
normally ON. A memory cell is placed at every intersection
of word lines and the diffused segments. Metal-1 straps
contact word lines at every 128 columns. Since the pass-
transistor width is determined by the trench perimeter, it is
larger than those used in conventional 1-T cells. The
word-line capacitance is approximately 10 pF and has
relatively short time constant due to metal straps.

When a word line is selected, corresponding segment
select transistors are turned ON and .the corresponding
section select transistors are turned OFF. The section select
transistors that are turned off divide the global bit-line
pairs into two shorter pairs of bit lines. Each of these
shorter pairs of bit lines forms the folded bit lines for the
corresponding sense amplifier. A reference cell is provided
at each sense amplifier. The two adjacent selected cells of
the cross-point array are connected to these pairs of folded
bit lines such that each one is sensed and amplified by the
corresponding sense amplifier as shown in this figure.
However, each of these shorter pairs of folded bit lines has
an inherent capacitive imbalance. The bit line connected to
the storage cell, as opposed to the reference cell, has an
additional capacitance of the associated diffused segment.
A simple technique to achieve perfectly balanced bit lines
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Fig. 6. Extension of DEAF bit-line architecture to form a block.

is described later in this section. In this scheme, in the
worst case, three section select transistors in series are
encountered during the charge transfer between a cell and
a sense amplifier. The charge-transfer mechanism has been
simulated in great detail to quantify its time-delay compo-
nents. The charge transfer between a cell and corre-
sponding segment typically lasts for 4 ns. The charge
transfer from the farthest segment to the sense amplifier
takes another 4 ns. These delays are commensurate with
the state-of-the-art DRAM.

A 1-Mbit block of 512 rows X 2048 bit lines is formed by
extending this basic structure in the word-line direction as
explained in Fig. 6. There are four such blocks as shown in
Fig. 7. Each block is bracketed by an array of sense
amplifiers as described above. The row decoders run across
through the middle. The global bit lines run across all the
four blocks with four section select transistors in each
block. Only the alternate blocks are selected at a time in

order to multiplex the three inner arrays of sense ampli- -

fiers between the adjacent memory blocks. The outer sense
amplifiers are dedicated to outer blocks. Two word lines
are activated simultaneously in two selected blocks. Four
sets of corresponding sense amplifiers are activated and
4096 bits are accessed simultaneously. The fifth array of
sense amplifiers remains inactive. For example, if the even
numbered blocks are selected, a word line in blocks 0 and
2 will be activated along with the three inner arrays of
sense amplifiers and the outer arrays of sense amplifiers
associated with block -0. The other outer array of sense
amplifiers associated with the unse;leéted outer block, in
this example block 3, remains inactive.

Fig. 8 shows the technique for perfectly balancing the
folded bit lines. The first and the last (fourth) section
select transistors are turned OFF and the first and the last
(eighth) segment select transistors are turned ON in the
unselected blocks to provide the minimum load required
‘for perfectly balancing the shorter folded bit-line pairs
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Fig. 7. A 4-Mbit DRAM array architecture.

associated with the inner multiplexed sense amplifiers. In

the above example this corresponds to the section and
segment select transistors in blocks 1 and 3 that are the
closest to the sense amplifiers. Dummy segments, with 64
cells each, are provided on the outer nonmultiplexed sense
amplifiers to balance corresponding shorter folded bit-line
pairs in the outer blocks.

Fig. 5 also shows the row redundancy implementation in
this architecture. The redundant cells are placed near the
sense amplifiers such that they do not need any segment or
section decoding. As a resuit, two rows of cells with cells
on alternate bit lines are needed to replace one normal row
of the cross-point array. A pair of redundant rows can
replace any normal row within the same block. The re-
dundancy scheme is designed to replace up to four normal
rows. The column redundancy is implemented by provid-
ing two redundant columns. A column is formed by a pair
of bit lines and all the associated circuits.

B. Design and Layout

The overall emphasis has been on a conservative design
and layout to demonstrate the viability of the unconven-
tional TTC and the DEAF bit-line scheme. A ¥V /2 sens-
ing scheme with conservative timing is used to sense a very
small signal. A conventional CMOS sense amplifier is
used. The word line, segment select, and section select
timing waveforms are shown in Fig, 9. This timing se-
quence was carefully designed to minimize the differential
noise on the bit lines. The section select transistors are
turned OFF after the segment select transistors are turned
ON so that the noise generated by the segment select lines
is in common mode for the sense amplifiers. The noise
from the section select lines is always in common mode for
both the sense amplifiers. Moreover, the balancing seg-
ment also provides countercoupling to minimize differen-
tial noise components. Thus this timing sequence almost
eliminates all the differential noise prior to sensing. A full
size reference cell is provided at the sense amplifiers. An
on-chip reference voltage generator provides 2.2 V for the
reference cell to provide equal margins for sensing a ZERO
and a ONE. ’
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The device is organized as 1M words X4 bits. The col-
umn decoding circuitry and the data-line drivers are part
of the sense-amplifier array. The global bit lines run across
the sense amplifiers, however, since they are formed in
Metal-2, the increase in bit-line capacitance is not signifi-
cant. In order to reduce the power dissipation and peak
currents, all of the four bits are accessed from the same
array of active sense amplifiers instead of one from each of
the four arrays of amplifiers. Moreover, the restore oper-
ation is staggered among the four active sense-amplifier
arrays to further reduce the current transients and the
power dissipation. .

Various testability modes have also been implemented
on this device to allow easier enginecring characterization
and to reduce the test time requirements. A goal not to
exceed the test time required by a 256-kbit DRAM has
been achieved by providing a 16-bit parallel test mode.
Since four arrays of sense amplifiers are activated simulta-
neously, and since each of these arrays is designed to
address four bits at a time, internally 16 bits are accessible
concurrently for parallel test. Fig. 10 shows the functional
diagram that achieves parallel READ and WRITE. The data
from the input DQ2 are fanned out to all the 16 internal
data lines during the parallel WRITE. The process is re-
versed in parallel READ test mode. These data lines are

Technique to perfectly balance the folded bit lines in DEAF architecture.
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Fig. 10. Test time reduction: 16-bit parallel test.

matched with the expected data during parallel READ mode.
If all the data lines match the expected data, the expected
data appears on output DQ3. However, if any one of the
data lines does not match the expected data, the comple-
ment of the expected data appears on the output DQ3.

Fig. 11 shows the chip photomicrograph. Since a 10X
stepper was used in the fabrication of this device, its form
factor, which is nearly unity, was primarily determined by
the field size limitations of the stepper. The chip measures
9.8 x10.2 mm?. Table I summarizes key device and process
features.

A symbolic layout system was used to lay out all the
peripheral circuits except the sense amplifiers and de-
coders. Individual circuit layouts were created directly on

-the graphics system using this symbolic layout system. To
further reduce the chip layout time, automatic cell place-
ment and semiautomatic interconnect software systems
were used. The use of the graphics system was minimized
as a result. The modifications in cell placement and inter-
connections were simply accomplished by editing corre-
sponding data files on a VAX computer systems.

No attempts were made to optimize the peripheral cir-
cuit layouts. Also, the area utilization by decoder and
sense-amplifier circuits is not efficient due to very tight

layout pitches. As a result, memory array area utilization is
) Excelliance Mos
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TABLE1
SUMMARY OF PROCESS AND DEVICE FEATURES

ORGANIZATION 1,048,576 WORDS x 4 BITS
DOUBLE-ENDED ADAPTIVE FOLDED BITLINE ARCHITECTURE

FULL TTL COMPATIBILITY -

1 ym CMOS TWIN-WELL TECHNOLOGY WITH DEEP
TRENCHES,LDD, AND DOUBLE LEVEL METALLIZATION

TECHNOLOGY

DESIGN RULES POLY AND DIFFUSION PITCH 2.0 pm
T FIRST METAL PITCH 2.5 ym
SECOND METAL PITCH 3.5 ym
EFFECTIVE GATE LENGTH 1.0 pm
CELL SIZE 2.6 pm x 3.4 um (8.9 um?)
DIE SIZE 9.8 mm x 10.2 mm
ACCESS TIMES RAS ACCESS TIME = 150 ns 5V
SCD MODE ACCESS TIME =40ns | Heop
PAGE MODE ACCESS TIME - 40ns |
SUPPLY CURRENT ACTIVE 75 mAl o0
Voo = +5V) STANDBY 2mA |
REDUNDANCY LASER REDUNDANCY WITH 4 ROWS AND 2 COLUMNS

less than 40 percent, however, the memory array and the
chip are the smallest reported to date in the 1.0-pm
technology.

C. Device Performance

Fig. 12 shows the access time of the device in various
modes of operation. The oscilloscope waveforms of Fig.
12(a) show a RAS access time of 150 ns. In this experi-
ment, we opted to include both the page and the SCD
modes on the same device so that no mask changes are
required. This was accomplished by the CAS before RAS
detection circuit. When CAS follows RAS, a normal RAS
cycle is initiated. This allows the page-mode operation.
The access time in page mode is shown in Fig. 12(b). When
CAS precedes RAS, the SCD mode is activated. Fig. 12(c)
shows the waveforms and access time in the SCD mode. A
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access time. {(¢) SCD mode access time.

40-ns access time has been achieved in both the page and
the SCD modes. '

The circuit and timing technique for reduction in power
dissipation and peak currents have resulted in 375 mW of
average power dissipation with 175 mA of maximum peak
current at 350-ns cycle time. As mentioned before, the chip
floor plan for memory array and peripheral circuits was
primarily determined by the field size constraints of a 10X
stepper. Further optimizations in circuit design/layout,
chip floor plan, and process technology will result in.an
even higher performance 4-Mbit DRAM.

IV. CoNCLUSIONS

A truly three-dimensional VLSI 4-Mbit DRAM with
capacitor, pass transistor, and a contact all integrated
inside a trench has been successfully demonstrated. We
Excelliance Mos Corporation
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believe that this cell, the array architecture, and the pro-
cess technology will result in 16-Mbit and denser DRAM’s
with further scaling.
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