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SRAM Cell Stability Under the Influence
of Parasitic Resistances and Data
Holding Voltage as a Stability Prober

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

Abirract—The reliability and performance of SEAM are highly
Mqﬂnimﬂtﬂlﬂﬂh',nﬂﬂ!ﬁm s affected by
parasitic resistances in A memory array. Thi parasitic resistanoes
resull in @ correlative behavior of the cells and are difficuli in
analyee amd mensure in a memory array. This topic kas been
rarely discossed in the literature. In this paper, the correlative
behavior is analyzed by trajeciories in @ phase disgram composed
by cell siorage nodes. Electrical probing is dome by the data

test. The validity of the analysis and the probing meibod
k confirmed by the measurements on a 08-pm 1-Mb CHWOS
SRAM. An aspect om the cell scaling with attentbon to the parasitic
resistance B abo discussed.

Index Terms— Approving Test, ool stabilit, parasitic resis-
tancey, scaling, SEAM, YILSI,

[ INTRODUCTHR

HE reliability and the performance of SRAM is highly

dependent on the cell stability. and it is increasingly
difficult to maintzin and improve the stability while migrating
to high density and small geometry devices. A number of
factors which degrade the stability are known, e.g., leakage
paths, defectivity, and alpha hit rate [1]-{3]. In this paper,
we pay abention 1o the parasitic resistances of the wires in
memory array. The resistances result in a correlative behavior
between the cells. As the fabrication migrates 1o smaller
geometries, the parasitic resistances are enhanced by wiring
width reduction, low temperature process io restrict the lateral
impurity diffusion, and layer misalignment such as contacl
holes [11.

A regular method o cvaluate the cell stability is the static
noise margin (SMM) analysis. There are several reports on
theory [4]1-[6] and measurement [1] of the SNM for an isolated
cell, However, they do not deal with the effect of parasitic
resigiances because the effect appears in the Memory amay.
We employ the data holding test to discuss the cell comelation
caused by the parasitic resistances in an actual environment.
The transient cell behavior in the west sequence is explained by
a trajectory in the phase plane formed by two storage nodes )
a cell. The trajectory analysis is already employed 1o discuss
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Fig. 1. The SRAM cell and iti amay snsctore. (a3 The cell layoul sd i
equivalent clrcuit. (b The meseey wray structure. Each reclangular Block
pormesponds 10 the single Gl The: pesismances My and M, are the imee node
resistance and the pround ki resistance. resprclively

the alpha-particle immunity [7], [B], however, this is the first
anempt to apply the analysis on the data holding test.

The data holding sest is o method 1o confirm the SEAM
reliability in manufacturing. Al the beginning of the test,
the SRAM is opermted &t a low supply volige less than
an ordinary operating voltage. After the recovery of the
supply voltage 1o the ordinary operating voliage. the SREAM
is involved in read operation. The cell behavior in the test
sequence s mapped into & mrajectory in a phase plame. An
advantage of the daa holding test is its flexibility to measure
the cell at any location in a memory array. The validity of
the trajectory analvsis and the probing method is confirmed
by the measurement on a 0.8-um 1-Mb CMOS SRAM with
poly-5i koad cell.

[I. CELL STABILITY AND DaTa HoLDMNG VOLTAGE

A, Configuration af Cell Array and Paresitic Resistances

In Fig. 1. the cell comfiguration in a memory aray s
illustrated. In (a), the laver diagram and its eguivalent circuit
are shown, The shaded and nomshaded arcas represent the
diffusion and first poly-Si layer, respectively. The poly-5i
boad cell is formed by the following components: two fransfer

o) | B-SDYTHI0M & 19T [EEE



=

Dl

lil'

Fig. 7. The calculsted trajeciony disggrams. for the balll of e connected 2ight
eells wuth the Allk-Low @&ne

after the terminal is not drawn for simplicity because the cell
modes are driven by subthreshold curment and the trajectory has
o0 many arows, The minimum data hold voltage Vo min
is determined by the cross point of the divider line and the
horizontal axis. This value depends on the cell number and
the daa paniemn held by the memory amay, The most unstable
cell has the maximuam Vi gy gy and it 15 the #0 czll (edge cell)
when the memory array holds the All-Low data pattern. The #1
cell is the worst cell when the memory army mainlxins the All-
High data pattern. In Fig. 7, the wajectory diagram for half of
the unit memary array are shown when the holding data is All-
Low, The another half cells have the mirror symmetry. Each
diagram labeled by #0 10 #3 corresponds to the cell labeled by
the same number in Fig. 2(a). The data holding voltage is 1.2,
0.0, 0.7, and 0.4 V for the cell numbered by #0, #1, #2, and
#3, respectively. The magnitude of Vo mis does wot depend
om the absolute value of the knes node voltages but it depends
o the imbalance volage of the two knee nodes of a cell.

We have also calculated the Vo min for the amay with
the All-High data and the calculated values are summarized
in Fig. & with the case for All-Low data. In this figure, the
simulated data are represented by a solid line and the measured
data are shown by the open circles with emor bars. The
simulaied data confirm the Voy min dependence on the cell
number. The discrepancy berween the simulated and measured
data is caused by the parameter extraction and its vanations in
the memaory array. The variations are caused by the fabrication
distribution in the cell such & the layer misalignment andfor
the circuit offsets such as in the local sense amplifier. The
analysis including the variations will be important to maintain
the device relinbility in manufacturing system.

. ScaLmc TREND oF SRAM CELL

The scaling wend of the SRAM cell with respect 1o the para-
gitie resistances is summarized in Table 1. There are parameters
for three penerations from 0.8-pm to 0.35-m rules. The cell is
poly-5i load type except for the 0.35-um rule. For the 0.35-um
rule, the full-CMOS cell is used because of the immunity from
defects [2]. The important quantity 1o analyze cell stability is
the voltage of the edpe cell, Viag.. that is listed in the last row
of the table. The voltage Vg, is determined by (1). The knee
resistance ), is constructed by the N™ diffusion layer and the
contact hole that connects the driver transistor source to the
paly-Si ground line. The sheet resistance of the diffusion layer
has the value 70 [sq (where “3q" is the symbol of square)
in the 0.8-gm rube device, and this value increases o 98 flfsq
in 0.5-um technology. This is because of the low lemperatine
process introduced to restrict |ateral impurity diffusion. In the
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(.35 rube, the valwe drastically decreases to 5 {l/sq by the
salicide technology. However, the contact resistance increases
due to its diameter shrinkage, and the resistance Ry docs not
change drastically. The contact hole resistance will be a serious
problem in the deep submicron device.

The ground line in the memory amray is formed by direct
contact layer (combined layer of N* diffusion and first poly
layer) for the 0.8-pm technology and second poly-Si layer for
the 0.5 and 0.35-um echnology. The sheet resistance of the
second poly-5i layer increases in the 0.35-pm case compared
with the 0.5-um technology. In the 0.35-pm device, the thin
second poly-5i layer thickness is required to maintain the
fabrication flatness, and it affects the ground resistance K,

A large bridging span [N, is desired 1o increase the cell
density. However, the increase of N, enhances the resistance
R and affects the cell sability. The trade-off between the
cell demsity and the cell stability is always a problem in
amy generation. The cell swability is also determined by the
cell current Iy, The current [ i an important factor for
the SRAM speed, and a large current is required for high-
speed SRAM. The cumremt of the 0.5-um cell is depressed
o a low level because the cell is developed for a medium-
speed SRAM. However, the current of the 035 pm cell i
high and the bridging span N, has remained the same as
fior the 0.5-um generation. In this generation, the cell density
becomes low compared with the simple scaling rend because
of the increase of contact frequency in the cell armay. Anyway,
the total effective resistance M.y and the edge cell parasitic
voltage Vogge increase from 0.5 1o 0.35-pm rule devices.

IV. SUMMARY

Cell stability is affected by an imbalance voltage between
the knee modes, and the voliage is determined by the knee
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Fig 5. The dits bold wst and the cell behavior in a phase diagren. (a) The
test seqeence for the supply voltape V.. and the word line volmags WL (k)
The cell rajectory in & phase diagran composed by the sorege nodes 1
and V.

We can detect the two SNM's by a test circuit with a probing
wire from the cell storage podes. However, the probing wire
will affect the cell environment, To avoid this possibility and 1o
measure the stability in an actual cell environment, we employ
# method wsed in the data holding rest,

L. Daia Holding Test and Cell Trajectory Analyvsis

The data holding test is o method o evaluse the cell
reliability by monitoring the minimum voliage to hold the
cell data. This test can measure the cell stability in a practical
ENVITONMEn in & memory amay because it requires no probing
wire. The test sequence and the cell behavior are illosiraned
n Fig &

In the beginning of the test sequence, the supply voluage V..
is st 10 the operating voltage V,, (= 4.5 V for the 0.8-um
SRAM) and the est data is written 10 the memory armay at the
time denoted by 0" in Fig. Sa). Then the supply voliage is set
to the holding voltage Vo less than V,,. The SRAM is held
at this voltage until the cell storage node in high bevel loses
its charge and takes the level Yoy, The discharge process is
visualized in the phase diagram in Fig. 5(b). This diagram is
composed by two storage node voltages 1y and Ve, The poim
labeled by “0F cormesponds to the state ar the time indicated
by “07 in Fig. 5{z). The discharpe process is mapped to the
lime along the horizontal axis from “0"-*1", The charge at the
sforage node escapes 10 the supply node V.. through the poly-

VB V)

Fig. 6. The trajeciory dmgram of the adge cell with the All-Low daia. Each
ryjectory from the axis comesponds fo the cell behavior in Fead action.

5i load. The written dada is not bost in this siluation becanse
the unaccessed cell has sufficient stability [1], [&].

The data upset occurs when the cell s involved in read
cycle. In the cycle, the supply voltage V. is increased to the
operating voltage Vo, from the holding voltage Vi 10 ensure
the ordinery operation of the peripheral circuits (decoder, sense
pmplifier, and output buffers), This situation comesponds o
the point denoted by “1™ in Fig. ¥a) and (b). If a recovery
ume TR is allowed before the word line WL is opened, the
discharged node recovers its voltage by the curremt from the
poly-5i boad. The load resistance is greater than 17" {1, so that
the charge up ime is more than 10 ms [2]. For large recovery
time, TR, the node voltage takes the irajectory from “1"-"2"
in Fig. 5(b). When WL is turned on st the point “2" and the
cell has gamned enough stability, data opset does nol ccur,
Im Fig. 5(b). the cell wajectory from “27-"3" represents a cell
read with no data upset. If TR is neghgible compared to the
charge up time, there is possibility fur the data upser. The path
from “17 e “3"" in Fig. 5(b) comesponds w this daa upset.
In any way, the cell behavior afier the WL is opened can be
traced by the rajeciory from the axes.

In Fig. 6, the behavior of the edge cell in a read pction is
summanzed when the memory array has the All-Low data, The
simulation is carried out with the (L8-um device parameters
used in the Figs. 3 and 4. The capacitance parameter at the
nodes Vy and Vi is 17.8 fF and is calculated from the
geometric data of the poly-5i gate and diffusion layer of the
driver and transfer ransistors. The trgectory from the Vi axis
corresponds to the cell behavior when the cell has Low data
and the trajectory from the 1y axis is for the cell with High
data. The trajeciories from the sides oppodate o the 1y and
Vig axis are not used for the data hold analysis. However, they
are us=ful to analyze the alpha-immaunity [7], [8]. The amows
in each trapsctory are placed every 50 ps time interval. We call
this figwre a trajeciory diagram.

The ome dashed line in Fig. 6 i5 called the divider lime
and it separates the curves ino two regions. In the region
nght of the divider line, all rajectones reach a stable point
Sp. and in the left region, the irajectories reach the other
stable point %;. The stable points Sy and $; are the same
points in Fig. 4(b). There are several wrajectories which are
terminated before reaching the stable poinds. The trajectory
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Fig. 3. The messsncd and the simelied superimposed charcieristics of an
reolaind segle cell fabncared by (LE-pm nele process

B Staric Noise Margin

The cell stability is visualized by superimposed character-
istics of the cell inverters [5], [6]. In Fig. 3, the superimposed
diagram of an isolated cell made by a OLB-um rule is shown
Here, the solid lines are the measured data and the dotied
lines are simulated data, The axis denoted by 1y and Vg
comesponds 1o the storage node voltage of the cell depicted
in Fig. 1(2). The device parameters used for the simulation
are pxtracied from the test clement devices that share the
same wafer with the 0.8 pm cell. The MOS drain current {ng
i= Ips &t Vps = Vgg = 5 V) is 0.23 mA for the transfer
transistor and 0,85 mA for the driver transistor. The simulated
and measured data are in good agreemend excepd mear the
threshold voltage of the driver tramsistor, The discrepancy is
caused by the model fining around the threshold vohage. The
two inverier characteristics are symmetric 1o the conversion of
V4 and Vg axis, As described below, this symmetry is broken
because of the parasitic resistances in an asray.

The extracted parasitic resistance is 123 {1 for the knee
mode resistance M and 113 0 for the ground resistance £,
The cell current [y 1% 0.23 mA at 5V supply voltage. The
bridging span N, 15 eight for the 0.8-um memory amay, so
that the voltage Vg, is 1T ¥ according t (1), In Fig. 4, the
superimposed diagram for the edge cell is depicted when the
memory array holds the All-Low data pattern. Fig. 4ia) is the
schematic of the memory armay used for the simulation. The
symbol ¥, is the input voluage of the A-inverter and its output
is denoted by I 4. The notations Vg and Np denote the same
for the H-inverter. Fig. 4(h) is the result of the simulation.
The autput of A-inverter, N4, is depicted for the axis of the
R-invener input, Vg, and vice versa for the H-inverer output.
The inverter characteristic for A-inverter is deformed becawse
of the parasitic voltage Vig.. The solid line and dotted line
carrespand 16 the characteristic with and without the pasasitic
voltage Vidge. respectively. The parasitic voltage at the knee
node affects the threshold voliage and the resistance of the
driver transistor because of the MOS back bias effect This
effect results in two kinds of deformation in the A-inverter
characteristic. First, the curve shifts to the right because of
the increase in the threshold voltage of the drain transisior.
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Fig. 4. The simulmed inverier charcieistics of te alge cell affecied by the

parasice: resistances. (sl The slmulason circwl. (B The sups mvErEr
charscieriancs. The doned line is for the isolioed cell and the solid line Tor
the cormelzted cell in & memory amay. {¢) The depemdence of the stalic Aoise
margin SMM om the supply volage 1.

Second, the line shope decreases because of the increase in the
drain transistor resistance. The points Sp and 5, comespond
1o the stable state of the cell during read action.

The SNM is the maximum width of the enclosed arca
of the superimposed characteristics as denoted in Fig. 4b).
When the diagram is symmetric, there is only ome SNM.
However, under the influence of the parasitic voliage, there
are two values, Vo, and V0. The denotation Ve, is wsed for
the smaller SMM. In Fig. 4ic), the SNM dependence on the
supply voltage V., is summarized. There is a range of V.. for
which V., = 0. The lower limit of the range comesponds to
the minimum operating voltage Vi, mi, and the higher one is
fior the maximom operating voltage V. max-

The existence of Vi, . is caused by the fact that the large
cell current Iy &t high V. increases the voltage Vs, But
in practice, Vi mas i$ determined by the breakdown of the
MOS8 transistor which is pot inchuded in this SPICE simulation.
However, the mechanism pointed out in this paper suggests a
possibility that the cell stability does not always increase while
the voltage V.. becomes large.
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transistors (T4, Tz} which connect the cell storage nodes 1o
the bitlines (BL, /BL), two driver transistors (D4, D), two
pody-5i boad resistors which are connected to the storage nodes
{V4, V) and the supply bus V... In this figure, the poly-5i
load layer is mot drawn o avosd complexity, The wire WL
is the word line constructed by the first poly-Si layer and it
forms the MOS gates of the transfer transistors Ty and Ty, The
mixles 10y and pg are the sources of the drver transistors [,
and D'y, respectively, Thess nodes are named as knee nodes
and the voliage imbalance berween these nodes is responsible
for the cell instabilivy.

When the WL takes a high level, there appears a cell current
from the BL or /BL to the knee node vy or wg. The path of
this cell current depends on the stored data. When the cell has
“Low™ data, the gate of the transistor [ is at high level and
the: current flows from the bithne BL to the knes node 4. On
ithe ather hand, if the cell maintains “High" data, the currem
appears from /BL o v, This current dependence on the stored
data causes the bocation dependence of the cell stability.

In Fig. I(b), 4 unit configuration of a memory array is
shown. Here, each rectangle represents the single cell depicted
in Fig. 1{a), and the cell is placed in mirmor symmetry, The
resistances My and N, are the parasitic resistances and are
named & knee resistance and ground resisiance, respectively,
fy 15 the resistance of the diffusion layer at the source aode of
the driver transistor and the contsct hobe between the source
node (o the ground line. The resistance K, is dewermined by
the parasitic resistance of the ground line constructed by the
second poly-5i or diffusion layer. The ground line i connected
frequently o & metal wire o reduce the effect of the parasitic
resistance fi,. In this figure, the metal wire bridges over sight
cells. and the connections are made beside the cells with the
number #) and #7, The cell density of a memory array is
affected by this frequency of the connection. and the frequency
is determined with the tradeoff between the cell density and
the cell stability.

The parasitic resistances &, and R, affect the cell stability
in read action. When a word line WL has a high potential
level, current flows in the ground line from all cells comrollad
by the WL. The path of the cell currents depends on the data
patiern written in the memocy array. In Fig, 2, the cument path
and i1s effect on the knee mode voltage are illustrated. The
current path is indicated by an arrow from the knes node o
the ground line. Im Fig. 2{a), all cells have “Low™ data (All-
Low data) and, in Fig. 2(b), the cells maintain “High™ data
(All-High data). In the diagram, only hall of the connected
cight cells are shown because of the mirmor symmetry of the
dsta and the cell configuration.

The cell currents increase the knee node voltages and resul
in & voliage imbalance between two knee nodes in each cell,
The stability of the cells are affected by each other because
of the cell currents and the knee nodes voltages. The most
unstabde cell s the edge cell adjacent o the comact of the meal
wire when the memory array has the All-Low data panern. The
voltage imbalance of the knee nodes of the edge cell, Viage.

V4

Vg V4
VaDe cell currents
(V)
0.2
01
n LN L § I
Vg vy Vi W Vi
knee node
]

Fg 2. The knee node ol
hzcztion labeled by #0 o #3. Oaly half of
ilsmaed becaisg O the mirmes symmeiry. ia) The
the All-Low das (b The aray with All-High daia.

the hokhing data and the cell
the comecied cipght colls are
meEmiry wray Bolding

15 represented as follows:
v N,
wdpe = deal 2.&*+TR._ R (1]

Here, Iy is the cell current per one cell in read action, and
Ny is the bridging span of the metal ground line. The factor
twao, in front of Ky, is caused by the cell currents from the
cells numbered by #0 and #] to the knee node 1y, The factor
N, /2 corresponds 1o the fact that the currents from half of the
eight cells gather at the m&al contact. We call the resistance
in the right-hand side of (1) the effective resistance denoited
by Rz such chat

v
R,E=zﬂ.+‘T'R,. (2)

Migrating to a finer geomelry process penerally requires
marrgwer winng and longer bridging o incresse the ocell
density, and both comtribule o an increase in the effective
resistance which affects the cell stability. Moreover, the bow
temperature process o restricl the lateral impurity diffusion
and the increase of misalignment rae aganst the design rule
enhances this emdency [1],
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reaistance iy, the ground resistance K., the cell current ;.
and the bridging span V.. The stability depends on the cell
location and the holding data of the memory amay. The most
unstable cell is the edge cell adjacent 1o the contact of the metal
ground line when the array holds the All-Low data pattern
As peometry scaling procesds, the effective resistance R.g
is influenced by many factors such as the shrinkage of the
wiring width, low temperature processing, and the increase of
the bridging span. The tradecff between the cell stability and
the cell density is a main concern in the design of the memory
arrsy. Moreover, for the high-speed SRAM, the increase of
the cell current will be critical to realize the stable cell,

The dependence of the cell stability on the cell location has
been probed by the data holding test, and the ozll behavior in
the test is analyzed by the trajectory diagram. The validity of
the analysis 15 confirmed by the measurement of the 0.5-um
I-Mb CMOS SEAM with poly-5i load cell. The data bolding
test provides a feasible probing method 10 measure the cell
stability a1 any location under a practical cell environment in
o Memory armay.
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