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Consideration of Poly-Si Loaded Cell Capacity Limits for Low-Power and
High-Speed SRAM’s

H. Kato, K. Sato, M. Matsui, H. Shibata, K. Hashimoto, T. Ootani, and K. Ochii

Abstroci—The maximem bit capacity of poly-5i londed
SRAM's is estimated, based on cell stability Hmits. When
SRAM density increascs, the veltage level of a storage node in
the high state decreases more quickly because of MOS drain
leakage current that Bows in the poly-5i load; this can prevent
regular cell operation. The poly-Si load resistance and the drain

current disiribution are measured by using special
0. 8-im 1-Mb SEAM test chips. The maximum bil capacity s
then calcutated for low-power and high-specd SRAM s, The
limit is 4 Mb for low-power SRAM's and 4 Gh for high-speed
SRAM s

I. IMTRODUCTION

IGH-density SRAM"s are being fabricated with fine

lines on monolithic silicon with capacities reaching
16 Mb. One of the most important enabling technologies
for high-density SRAM’s is the use of poly-5i loads on
NMOS transistors; this reduces die area significantly [1],
[2]. However, the poly-Si loads are not active elements
and Lu er al. |3) argued that this may limit the scaling of
SRAM’s. Their paper discussed design crileria based on
the conduction mechanism of the poly-Si loads. Equiva-
lently, it is appropriate to consider how cell stability is
determined by the drain leakage current at the cell driver
transistor. The purpose of our paper is to understand the
role of the drain leakage current and to estimate the bit
capacity limit of the poly-5i loaded SRAM.

The siorage node of a pely-Si loaded cell in the high
state holds its voltage level by current through the
poly-5i load, With time, the storage node voltage is pulled
down due to two kinds of leakage current flowing out from
the node: leakage current of the backwand p-n junction
and subthreshold leakage. Fig. 1{a) and (b) shows the
equivalent circuit and the cell structure of the typical
poly-Si loaded SRAM cell, respectively. Because the
leakage current flows through the poly-5i load, the volt-
age drop A is expressed as

& = Ripy. (1)

Here R is the resistance of the poly-5i load and ip, is the
drain leakage current.

The voltage drop prevents regular cell operation if the
leakage current reaches a level comparable to the pely-Si
TESISIOT curment. .
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The two kinds of leakage current previously mentioned
tend (o increase when the fabrication process is scaled.
The higher impurity dosage and the lower temperature of
heat treatment in a deep-submicrometer process cause the
p-n junction leakage per unit area 1o increase. Moreover,
lowering the threshold voltage to meet scaled supply volt-
age operation causes the MOSFET's subthreshold leak-
age to increase unit channel width. The resistance of the
poly-5i load must be increased for future higher density
SRAM's if they are 10 maintain the 1-pA retention current
that is now typical. Thus, higher poly-5i load resistance
and higher leakage currents are associated with higher
density SRAMs and both tend to prevent regular cell op-
eration,

The variance of poly-Si resistance R and drain leakage
i 15 also important. I the resistance R or the leakage
current ip occasionally takes a large value, the voliage
drop A becomes significant. This possibility is not negli-
gible even if the variance is ultimately reduced, because
a high-density SRAM will contain billion of transistors.

In this paper, we estimate the upper limit of memory
hit capacity for low-power SRAM's whose retention cur-
rent 15 no more than | pA. We also estimate it for high-
speed SRAM's whose retention current can be more than
1 pA. Our estimate is based on measured distribution data
of poly-5i load resistance and leakage current of cell nodes
on a 0.8-pm 1-Mb CMOS SRAM specially designed for
this purpose,
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Fug. 2. Sericnancs of 1eit cells o measure (a) poly-5i load resistance and

(k1 drain leakage curremt, Pam () is dastribution of pause time at room
pemnperaliune {3 K} ohiained from e test cells.

II. DusTRIBUTEON OF PoOLY-5i RESISTANCE AND
LeEaksos CURRENT

We fabricated two kinds of SRAM test chips, with cell
structures as illustrated in Fig. 2(a) and (b). Both cells
have poly-5i load terminals, those of Fig. 2(a) were con-
nected o Ve (ground line) and those of Fig. 2(b) were
connected to nowhere, that is, opened, They are ongi-
nally charged to V. After data are written, those cells
cannot hold the data statically because once written charge
cscapes from their storage nodes, 10 cannal be compen-
sated. They can hold data for only a certain period, de-
fincd as Touue The discharging path of the cell of Fig.
2(a) is through a poly-5i load toward gy and that of the
cell of Fig. 2(b) is toward the substrate as junction leak-
age and also toward Vg as NMOS driver subthreshold
leakage. The leakage cumment of the cell of Fig. 2{a) in-
cludes all of the components of the cell of Fig. 2(b); how-
ever, all of these components are negligibly small com-
pared to the leakage current from poly-5i load.

The pause time distributions at room temperature {300
K), Pgand Py, , of the cells of Fig, 2(a) and (b) are shown
in Fig. 2(c), which are obtained from |-Mb SRAM’s fab-
ricated by a 0.3-um process. The activation energy ob-
tzined from the shift of the distribution peak is (0,51 e¥
for the poly-5i load and 0,67 eV for drain leakage.

With the hypothesis that the poly-5i load can be rep-
resented by a linear resistance R, the pause time for the
cell in Fig. 2(a) is expressed as

Toasse = RC = In (¥ /¥ ) 2

And with the hypothesis that the drain leakage current has
constant value ip;, the pause time for the cell in Fig. 2(b)

is given by

Topee = Q¥ — Vo) Sl (3
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Fig. 3. [Hsiribution of (a) poly-5i load resistancs (hy asd (b} drais leakage
currest {}; obinimed from the passe lime disiribwilons m Fig. 20c).

Here ¥, is the storage node high voltage just after the
write operation has finished, V,, is the critical vollage be-
low which data upset occurs, and C is the storage node
capacitance. Transforming the distribution Py or Py, into
R or ip, with the use of (2) or (3). we obtain the distri-
bution of poly-5i load Oy and leakage current Qy, as fol-
lows:

QeiR) = Cln (Fy/ V) - PiCRIn (¥y/V, 00 (4

Oneline) = Cl¥y — Vo) fidy * PolQVy = Vo) ipe).
(5]

The value V., reflects the cell stability and this value is
determined by SPICE simulation and measured data from
the test element group (TEG).

Fig. 3(a) and (h) shows the distributions of poly-5i load
resistance and leakage current obtained from the data of
Fig. 2(c). Note that these are distributed over a range as
wide as two orders of magnitude,

I1l. DeGRADATION OF YIELD
The drain leakage current of the cell driver transistor
causes a decrease in the cell storage node vollage when it
starts in the high state, The amount of the voltage drop,
A, is given by A = Rip;. The distribution of 4 is derived
from the distnibutions of Qg and Qp; as follows:

Qalay=N I“ dR Qg (R QmiA/R).

Here N is the normalizanon constant, Fig. 4 shows the
distribution of &. The solid line corresponds 0 a 1-Mb
density SRAM. The most frequent value of 4 is 3.8 m¥,
which is 20 small that it does not affect cell stability, From
this result, we are convinced that a 0.8-gm 1-Mb SREAM
should have a good immunity to the drain leakage current.
Will this immunity be maintained for a 4-Mb SRAM or
on even higher density SRAM? To analyze this problem,
the distributions Qg and @p, are needed.

It is assumed that the distributions g and QJp; will
change as follows, when the density is increased by 4
times for each generation:

al For a low-retention-power SRAM:

()

on® = 3 () Qo Qutin). M
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Fig. 4. Dhstribution of voltage drop & that is calculated from the distri-
baitiong (g and 1y, in Fig. 3a) asd (h).

k) For a high-speed SRAM:
QuRy = QlR). CQp — Upclip)- (8)

For a low-retention-power SRAM with a 4 times higher
density, the median of the poly-Si load resistance must be
four times larger to maintain a retention current of 1 pA.
On the other hand, for a high-speed SRAM with a 4 times
higher density, the distribution of Ok is not changed be-
cause the retention coment of 1 A is not restricted to |
pA. For both low-power and high-speed SRAM’s, the
drain leakage distribution @p, is assumed constant be-
cause the increase of leakage density 1s compensated by
the reduction of leakage area.

The dashed curves in Fig. 4 are A distnbution for low-
power SRAM, which are obtained by the assumption of
(7} and the formula (6). The distribution for high-speed
SRAM is the same over severnl generations because of
the assumption (8). So the solid line in Fig. 4 also rep-
resents the A distribution for high-speed SRAMs.

The fatal cell number fis formulated as

=8| asgu, )

Here B is the memory bit capacity. The value f corre-
sponds 1o the number of cells in a chip that have a voltage
drop greater than Az, where normal cell operation is not
possible.

If the probability of a fatal cell is dominated by the
Poisson distribution, the yield ¥ of SRAM chip is repre-
sented by ¥ = ¢ ™. Fig. 5 shows the dependence of fand
¥ on the memory bit capacity B. Here the critical value
of Ag is set 1o 1 V for all values of memaory bit capacity
B. The integral in (9) comesponds to the shaded area in
Fig. 5. In a strict sense, this value must be changed if the
supply voltage (Vo) is scaled down with a new genera-
tion, but this is not necessary since the result of this paper
is insensitive o Vo Note that the fatal cell aumber fin-
creases exponentially and the yield ¥ decreases catastro-
phically as the memory bit capacity B reaches 16 Mb for
a low-retention-power SRAM and 16 Gb for a high-speed
SRAM.

To reduce the voliage drop, a thin-film transistor (TFT)
can be employed for the load of a SRAM [3]-[5]. The
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Fig. 5. Trends of fatal cell number [which mvolves passe fadlure and the
yiekd ¥ of the memory chip. The yield will be decreased drastically when
memary bit capscity reaches to 16 Mb for low-power SRAM and 16 Gb
for high-speed SEAM

role of the TFT is to decrease load resistance and realize
a large data retention margin. A TFT loaded cell will be
necessary  in  realizing future  low-power-retention
SEAM s,

IV. Sumtmary

In this paper, we consider the upper limits of memory
capacity for SRAM's intended for low-power and for
high-speed use. As density is increased, the voltage of a
cell storage node in the high state tends to decrease more
because the value of poly-5i load resistance increases and/
orf the drain leakage current increases. To determine the
density limits, we propose a method to measure the dis-
tribution of poly-5i load resistance and the drain leakage
current. The maximum bit capacity in an SRAM with a
1-uA retention current is 4 Mb, and the maximum bit ca-
pacity feasible for high-specd SRAM is 4 Gb, where the
minimum retention current is about 4 mA.

The drain leakage current due to crystal defects is an-
other component responsible for the voltage drop of high
storage node. If this component exists, the upper limit of
memory capacity becomes lower than estimated above.
Practically, the defect leakage current should be also con-
gidered in addition to that discussed in this paper.
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