422 IEEE ELECTRON DEVICE LETTERS, VOL. 23, NO. 7, JULY 2002

A New Process-Variation-Immunity Method for
Extracting Capacitance Coupling Coefficients
In Flash Memory Cells

Caleb Yu-Sheng Cho, Ming-Jer Che®enior Member, IEER)ia-Han Lin, and Chiou-Feng Chen

Abstract—Overestimation of capacitance coupling coefficients 'k 'V ' V o T
in flash memory cells is encountered in the subthreshold slope 107 F Cf i 1
method. By means of a two-parameters subthreshold current 0k g ,—J‘{D 4
model Ip = I, exp[q(Vgs — nVsg)/nkT], a mathematical 10% y ] 1
formulation of the subthreshold swing ratio in the subthreshold 10* F p-Substrate 3

slope method is constructed to isolate the measurement errors
caused by process variations from the errors traditionally caused

by bulk capacitance coupling. To minimize the effect of process
variations, a new method is developed based on the model. In
this method, the control gate voltage shift due to weak body
effect is measured in flash memory cells in subthreshold, while
the corresponding slope factorn is adequately deduced from
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threshold voltage versus source-to-substrate bias measurement in 10" f
dummy devices. The corrected capacitance coupling coefficients e
show large improvements compared to the design values, and the '°_15 £ ‘ . ) ) ) ,
updated errors are found to be close to that caused solely by bulk 10 0.0 0.5 1.0 1.5 2.0 25 3.0
capacitance coupling. The method is also fast since only a small Vg 0 Vi (V)

source-to-substrate bias of 0.1 V is needed for implementation of
weak body effect, and thereby it can be used as an in-line monitor

of capacitance coupling coefficients. Fig. 1. Drain currents measured as a function of control gate voligge)in

flash memory cell and floating gate voltagéx() in dummy transistod’p, =

Index Terms—Body effect, capacitance coupling, flash memory, 0'165 ]}I/a”.dVS =0 anld O'thng%‘?Xtra)CtEd Clogtrl‘)'c?ate Vo'ta.fg.e Smgﬁ'm% "
mismatch. MOSFETSs. subthreshold. and floating gate voltage shift\1'»s1) are labeled at specific subthresho
’ ’ current level of 16° A. The extracted values df, andn for two subthreshold
current—voltage{—V") of a dummy transistor are shown.

|I. INTRODUCTION

APACITANCE coupling coefficients are a very impor-concernedissue not yet clarified fully before [2]. In this work we
tant performance parameter in flash memory cells. partitill figure out that the subthreshold slope method can produce
ularly, high-speed write/erase operations can be promised pA§-eror as large as 0.13 and an existing subthreshold conduction
vided that capacitance coupling coefficients are well controlle@iodel can identify process variations, rather than traditionally
Thus, precise extraction of capacitance coupling coefficientsBiIk capacitance coupling, as the primary origin of the errors.
a flash memory manufacturing process is essential. To meet fh@tminimize the effect of process variations, a new method is
extraction requirements, the subthreshold slope method dedfaightforwardly developed.
cated to a pair of test vehicles (i.e., flash memory cells and
dummy transistors) was devised [1] and very recently was re- Il. SUBTHRESHOLD SLOPE METHOD
ported to be the most accurate [2] in terms of a small error of
typically 0.03 due to bulk capacitance coupling (see [2, Fig. 3]). )
())/E the)(/)ther hand, currentnPlismatch betwpeer?iijenti[cally%ra]_ Hd _Iength of 0.45:m and 0'4/j‘m respectlyely were used
devices due to process variations can be more prominent if §§l-this work. The dummy transistors were identically drawn
ased in subthreshold [3]-[7]. In other words, the subthreshd|gSh memory cells but with control gate shorted to underlying
slope method should show considerable sensitivities to currdf@ing gate. They were manufactured by a @ process

mismatch between flash memory cells and dummy transistoré,eﬁhnomgy with 100 A thick tunnel oxide. The substrate was
tied to ground (substrate bidg; = 0) throughout the work.
Fig. 1 shows the measured drain current at drain voltage
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. ' P O— Y Further, we limitVsp to the range between 0 and 0.1 V, i.e.,
T o {gx:%oéﬂ 7 the case of weak body effect. Under this situation, the existing
- T /_ . three-parameters subthreshold conduction current-voltage
o .
06 - T 1 (I-V) model [7] can reduce to a two-parameters version:
2 s “;»’/, e G max 1 Ip = I,explg(Vap — nVsg)/nkT]; that is, I, andn are
8 05| > 30 —o—1 =1nA ] L
2 3 | A0t | [ o poy mren ) constants, regardless bk between 0 and 0.1 V as verified
5 3% —_::;D:?m —A— Subthreshold Slope Method in Fig. 1. The same condition also ensures use of a linear
< T E Sem— TR IEZWZEEESSE.‘F:E’/’%=OI version of (1):n = 1 + (Vina — Vin1)/0.1 V, where Vipy
'TE; Ei—— > L=ouA i and V,;,» are threshold voltages measuredlatz = 0 and
§ 03 L ngmSubmg-bohagevﬁ(v) — - 0.1V, respectively. Two schemes fbf;, extraction, namely,
Foo IR 4 . 1 the maximum transconductance extrapolation and the constant
02 - as E:i:%!<‘ . current forcing, produce almost the same results as shown in
B 1 the inset of Fig. 2. For example, both methods yield a mean of
0.1 | ! : ! n = 1.74 for the position “Left” with a very small standard
Upper Lower Left Right

deviation of 0.05, which is in close proximity to 1.7 in the same
MOS process.

, . . . . Then incorporating the two-parameters subthreshold
Fig. 2. Gate, drain, and source coupling coefficients extracted from varioys . .
methods, plotted versus four different locations on the wafer. Involved voltage‘v model to a well known relationshipVrg =
shifts areAVeg, ranges from 0.24 V10 0.25 W Ve ge from0.24V100.25V,  agVea + apVp + asVs + agVe + Qra/Cr [8], we

AVego from—0.06 V10—0.05V;AVEeg from0.19V 10 0.20 V; and\Virgo ; i i
from 0.19 V to 0.20 V. The inset of the figure shows the extradted versus derive out the fOHOWIng equation for the case of weak bOdy

Vi for the position “Left” by the maximum transconductance extrapolatiofffect in flash memory cells in terms &k = AVs (=0.1 V)
and the constant current forcing.

Sample Location

nAVs = agAVegr + asAVs 2

which is defined the subthreshold swing ratio minus 0.6, rangeﬁ , . . .
from 0.08 to 0.13, significantly exceeding thatq.03) arisen whereAVc¢; is the control gate voltage shift as illustrated in

from bulk capacitance coupling [2]. Thus, there should exi5t9- 1 for Vp = 0.15 V. Similarly the bias configuration of

the other origins. Vs = 0.15Vand Vp = AVp (= 0.1 V) expresses another
We trace previous overestimation af;s to process varia- cONtrol gate voltage shifiXVeg:) as

tions, as achieved by a subthreshold current model for source-to-

substrate bia¥sg = 0 [7]: Ip = I, exp(qVar/nkT), where nAVp = agAVogz + apAVp. 3)

1, is the current factom is the slope factor, antdgg = Vg — ) . ) o

V. According to this model, we can have a set of current factor R€garding drain coupling coefficient, we measured

I, ; and slope factan ; to characterize a flash memory cell while? third control gate voltage shift(Vcgo) under the same

due to process variations another sef gfandny ought to be  Subthreshold current in flash memory cellslat = 0 for two

used for a “mirrored” or dummy transistor. For the first time?>S 0f 0.15 and 0.35 V. This readily leads to [1]

the subthreshold swing ratio in the subthreshold slope method

is mathematically formulatedS,/S; = a(na/ny), where ag/ap = 0.2V/|AVeeol- (4)

Sq andSy represent subthreshold swings in dummy transistors ) o ) )

and flash memory cells, respectively. At least two new insighfd'® Source coupling coefficients can be assessed in the sim-

can be drawn here. Firstly, the subthreshold slope method!® wWay- -
strikingly immune toZ, variation. Secondly, the condition of ~Substituting the measured voltage shifts into above equa-

nq > ny can satisfactorily interpret the large errors, as cofions, the capacitance coupling coefficients can be solved out
firmed by the fittech, of around 2.68-2.1 that is partly demon- S displayed in Fig. 2. Indeed, the correate in Fig. 2 show
strated in Fig. 1. Such abnormally high valuengf, relative to ImProved agreements and except for the position “Lower,
the typical value of 1.7 in the same MOS process, suggests g@g errors are substantially reduced down to that due to bulk

nificant interface state produced when shorting the control g&@Pacitance coupling only. In Fig. 2, the new method yields

to floating gate. More evidences of, > n [ are given later. ap/ag of around 0.27. If this ratio is intentionally reduced to
0.1 such as to reflect the situation quoted in [2], the resultant

error for position “Lower” again can be described by bulk
. NEW METHOD capacitance coupling.
Finally, we present more evidences. Firstly, thel in
Fortunately, the influence of interface state componengsimmy devices measured undés = AVs (=0.1 V) and

in dummy transistors can be effectively eliminated via ap,, = 0.15 V is together plotted in Fig. 1. For the same
expression that relates the slope factoto threshold voltage subthreshold current, the corresponding floating gate voltage
Vin versusVsp measurement [7] shift (AVrq1) traditionally could be related to the control gate

voltage shift AVeg1) by

n=1+dVu/dVss. Q) AVre1 = agAVear + asAVs. %)
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The bias configuration o¥s = 0.15 Vand Vp = AVp
(=0.1 V) deals with another floating gate voltage shit¥y¢2)
in dummy transistors

AVrae = agAVeas +apAVp. (6)
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have been substantially improved down to that constituted by
bulk capacitance coupling itself.
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