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Abstract

This work provides an accurate methodology for extracting the floating-gate gain
factory, of CMOS floating-gate inverters with a clock-driven switch for accessing
temporarilly to the floating-gate. With the methodology proposed in this paper, the
v factor and other parasitic capacitances coupled to the floating-gate can be easily
extracted in a mismatch-free approach. This parameter plays an important role in
modern analog and mixed-signal CMOS circuits, since it limits the circuit perfor-
mance. Theoretical and measured values using two test cells, fabricated in a stan-
dard double poly double metal CMOS AMI-ABN process with 1.2um design rules,
were compared. The extracted parameters can be incorporated into floating-gate PS
pice macromodels for obtaining accurate electrical simulation.

Keywords: FG-inverter, neuMOS, floating-gate.
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Resumen

En este trabajo se brinda una metodologia precisa para la extraccion del factor de ganancia y

de la compuerta flotante en inversores CMOS, que constan de un interruptor para acceder

temporalmente a la compuerta flotante. Con la metodologia propuesta, el factor vy y otras ca-

pacitancias pardsitas acopladas a la compuerta flotante pueden ser extraidas. Estos pardme-

tros son de mucha importancia, ya que juegan un papel importante en el desemperio de circui-

tos analdgicos y de sefial mixta. La comparacion entre cdlculos tedricos y simulaciones es he-
cha utilizando dos celdas de prueba fabricadas de tecnologia AMIABN de 1.2um, a través de
la organizacion MOSIS. Los pardmetros extraidos pueden ser incorporados a macromodelos

en PSpice para obtener simulaciones mds precisas.

Descriptores: inversor de compuerta flotante, NeuMOS, compuerta flotante.

Introduction

The CMOS floating-gate inverters with multiple in-
puts have become a useful circuit block in modern ana-
log and mixed-signal circuit design. A CMOS float-
ing-gate inverter is a typical CMOS inverter with two
or more input capacitances coupled to the floating gate
(FG), which is common to both N and P channel en-
hancement MOSEFET transistors which are connected
in the drain mode. The potential induced in the FG can
be controlled as a weighted linear sum, in volt-
age-mode, of all input signals. The potential of the FG
establishes the on-off state of the CMOS inverter
(Shibata er al., 1992-1993).

Discharging of the FG is commonly required but
also, for many applications, it is desirable to pre-charge
the FG to a given bias voltage. Discharging and
pre-charging the FG can be achieved by using an analog
switch that connects temporally the FG to an exter-
nally applied potential (Vzzs). By using an external volt-
age Vigps = 0V, the FG can be discharged and the typical
UV erasing technique can be avoided (figure 1). This
concept has been introduced first in (Kotani er al.,
1995-1998) and was named as clocked-controlled
NeuMOS inverter, but it will be referred as clock-
ed-controlled FG-CMOS inverter.

The FG gain factor vy, determines the maximum in-
put contribution to the FG potential. For # capacitive
inputs it is expressed as:

— =1

C

v 1

T

Where C; is the total capacitance including parasitic
capacitances. The physical characterization of the FG

gain factor vy, also known as the capacitive coupling co-
efficient, and the parasitic capacitances coupled to the
FG, is a fundamental step in the design of high perfor-
mance FG-CMOS based circuits, since the device be-
havior strongly depends on these values. The strategy
followed in this work consists in comparing some fea-
tures of the transient behavior in the “reset” and “evalu-
ation” periods. One advantage of this approach is that
the extraction of the above mentioned parameters can
be done to the FG inverter without the use of a
“dummy cell” (Mondragén et al., 2000), resulting in an
accurate mismatch-free technique, and whose evalua-
tion will be demonstrated by comparing theoretical
and measured results in the next sections.
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Figure 1. Electrical Diagram of a Clocked-Controlled
FG-CMOQOS Inverter
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Clock-controlled FG-CMOS inverter

Electrical charge and potential in the FG using
an ideal analog switch

The electrical equivalent circuit for the FG inverter
showing the control and relevant parasitic capacitances
is shown in figure 2.

According to figure 1, the total charge stored in the
FG, Qg is given by:

QFC = CFSN (VRES SN ) + CFB\ ( RES VBN ) +CFDN

<VRRES _VDN + CFSP (VRES _VSP ) + CFBP ( RES VBP )
+CFDP (VRES ) + COXN v RES ¢SN B\’ )+ C
( RES ¢SP_ )+C ( RES V)+ZC( RES /)

(2)

where C,, is the capacitance between the FG and the in-
put node i, V; is the ith input voltage, Vpx, Vip, Vsn, Vsp
and Vjy, Vpp are the drain, source and substrate volt-
ages for the NMOS and PMOS transistors, respectively.
From now on, the right side subscripts N and P will de-
note NMOS and PMOS, respectively. Crpy, Crpp and
Crsny Crsp are the overlap capacitances between the FG
and the drain or source, respectively. Cppy and Cppp are
the overlap capacitances between the FG and the bulk
along the edge of the channel, Cyyy and Cpyyp are the
gate oxide capacitances, Cpppy and Cpppp in figure 2, are

Input Capacitances

i

I I
-

the depletion layer capacitances, which can be ne-
glected after the channel begins to form under the
floating gate (Shibata et al., 1993). Potentials ¢gy and
dsp represent the surface potential of the silicon sub-
strate. C,, is the parasitic capacitance between the FG
(polysilicon back-plate) and the below substrate layer
tied to a V, potential. In this case, for a P~ substrate V, =
GND. Potential Vi is the voltage transferred to the
FG through the switch. All voltages in (2) are relative to
substrate.

It is assumed that no charge injection and no charge
leakage occur during device operation. Then, from the
charge conservation law on the FG, (2) can be simpli-
fied and rearranged to obtain an expression for the po-
tential on the FG, Vj, when the initial net charge is
zero, this is given by:

Vi (t+1) = {iCV (t+1)-V.(z )}rCH,D
[V 0+ 1) =V, (D]+C o [V (t+1) =V (r)]} +
Viegs (7) 3)

where the potentials at the reset period are represented
by (1), this is, when the reset switch is closed, and the
potentials at the evaluation period represented by
(t+1), when the switch is open. In (3), V,(t+1) repre-
sents the ith input voltage during the evaluation pe-
riod, and V;(t) is the jth input voltage applied during
the reset period. The remaining potentials terms, cou-
pled to the FG do not contribute with charge in both
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Figure 2. Electrical equivalent circuit for a FG-CMOS inverter with an ideal analog switch (SW)
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periods, but their associated capacitances contribute to
form Cy, which is defined as the sum of all capacitances
coupled to the FG as follows.

C, =3 C +Cyy +Cyp +C

i=1

+C.., +C., +C

FDN ESP FBP FDP

+C oy +Copp

4)

OXN

Potential in the FG using a
real analog switch

For practical implementations, a single N-channel
MOSEET can be used instead of the SW element as
shown in figure 2. In figure 3, an equivalent circuit for
the FG inverter using a real switch is introduced.

If the access switch transistor (SW) is ni cut off re-
gion, a simplest electrical equivalent circuit for the FG
potential can be obtained (Ramirez et al., 2004), figure
4, where all the inputs are tied together and form a sin-
gle input capacitor Cpy, Ciy = C,+...+C+...+C,. Ca-
pacitance Cpyr represents the sum of Cypp and Crpy
The C,; capacitor is the ith parasitic capacitance that
couples the FG to a DC voltage V.

Here, the ideal diode element models the N*/P para-
sitic drain-bulk junction, associated to the access
switch transistor (SW) in cut off and R, is an approxi-
mation to the non-linear leakage resistance of this
junction.

The input V}y voltage contribution to the FG poten-
tial can be obtained through the solution of a simplified
circuit (figure 5a).

Ly,
v, c Voer  Voa Vpen
= Te¢. To Ten —E
e TT T
i i FG
o—| ! ¢ 1 Cron * “Vour
_ L2
Hdeal  p 4'
Y
< L

O
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Cp n
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- I
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Figure 4. Equivalent circuit of a multiple-input FG-CMOS inverter using an N-channel MOSFET
as a real analog switch, operating in the evaluation period
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Figure 5. (a) Simplified circuit. (b) Thevenin reduction. (c) Periodical input. (d) V,y contribution to the FG potential, V.

where the capacitance C;’ is defined as C;' =Cy - Cpy.
By conducting a Thevenin reduction to the circuit, the
clamping circuit in figure 5b is obtained. For any peri-
odical and continuous voltage signal applied to the cir-
cuit, Vi =A;f,@t+nT) with amplitude A,y and period
T, such that T << R,,,,Cy, figure 5¢c, the FG potential
due only to this input-signal, figure 5d, will be given by:

C

, C
VFG |z'rz/;ur = (:[7[\ V];\r + Ci AIN . (5)
T T

The same analysis holds for the corresponding con-
tribution on the FG potential as a function of a periodi-
cal output signal Vyr=Apyr f,(¢+nT), coupled to the
FG through Cp, as follows:

V . :COUT V +COUT A

FG | output C ouT C,[

(6)

ouT *
T

For the DC contribution, the following analytical
time-domain expression for the FG potential is obtained:

Z C I’V i -t .
Vie (t)lDC,VRES ={ZVCDC+VRES Je< /RiacCr) 7)

i=1 T

The global expression that models the FG potential
will be obtained by summing equations (9), (6) and (7),
this is:
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VFC = VFG | VIN +VFG |V()UT +VFC |DC,VRES (8)

During the evaluation period, the terms associated
to DC potentials coupled to the FG, vanish for
t>>R,,,.Cr. This means that the induced DC-charge on
the FG at circuit startup and the reset-charge due to
Vres, will be swept out during the evaluation period, af-
ter several circuit-time constants R,,,,C;. Therefore, in
steady-state, the FG potential will be:

C. . C
Vie =g Vi * g

TOT

C

our A

C.r

our

IN
VOUT + C A[N +

our

©)

ToT ToTr

By deriving equation (9) with respect to time, the
following expression is obtained
dVFG

dt

dv,

_ IN
=Y

dt

dv,

ouT

dr ’

(10)

+ Y par

where, y=C;/Cy is the FG gain factor and y,,=
Cour/Crwould correspond to a parasitic FG gain factor
due to the feedback of the FGMOS inverter’s output
voltage on the FG.

In reset mode, applying a direct signal to the FG, i.e.
a sawtooth, the slope of the inverter transfer character-
istic associated to the circuit shown in figure 6a, is
given by:

319



Electrical Parameters Extraction of CMOS Floating-Gate Inverters

_dVy, dt (11)

h dt dV

FG

In a similar way, as illustrated in figure 7a, the slope
of the transfer characteristic, when the circuit operates
in the evaluation period, is given by

_ dVOUT ' dt (12)

"4 AV,

IN

VDD

L

o2 vour

|

C3

[
fVIN? L

VDD=5V

_Tr| Esw

a)

Now substituting (11) and (12) in (10), the follow-
ing relation is obtained:

Ay _y (13)
A par® “VE

’Y =
VR

Where, the slopes Ay and Ay can be easily mea-
sured in order to extract the parameters y and .

Tek HXTiE 50M5/s 616 Acgs
T

LOWGAIN
REGION

T
I
1
I
1
I

TV &M 1js EXt F  276mV

Chi TV R S

b)

Figure 6. Measurement in the reset period. (a) Applying a saw-tooth voltage signal (V) directly to the FG
terminal by using the access switch. (b) Graph of the inverter’s output transient response
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Figure 7. Measurement in the evaluation period (SW in cut off). (a) Applying a saw-tooth voltage signal (V) to all input
capacitors. (b) Graph of the inverter’s output transient response
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Extraction methodology

The basic idea that supports the extraction methodol-
ogy consists in comparing the inverter transient re-
sponse obtained in the reset period with that obtained
during the evaluation period. The extraction methodol-
ogy is presented next as a sequence of six steps:

Step 1. A measurement during the reset period of
Ayy is taken around a fixed point in V5 which corre-
sponds to a low-gain slope of the output characteristic
(Vour), (figure 6b).

Step 2. A measurement during the evaluation period
of Ay is taken around the same point of step 1, (figure
7b).

Step 3. Parameter v is calculated using (13). The sec-
ond term of the right side of this equation is negligible
in the low-gain region due to y,, <y and since Ay; is
small, then, y approaches to

. AVE | Step2

(14)

AVR |Slep1

Step 4. A measurement during the reset period of Ay,
is taken at a fixed point Vy near the switching-point of

the inverter, which corresponds to a high-gain slope of
the output characteristic, (figure 6 b).

Step 5. A measurement in the evaluation period of
Ay is taken at the same point of step 4, see figure 7b.

Step 6. From (13), v,,, is calculated using the values
obtained in the steps 3, 4 and 5, by using

1 _ Yl Step 3

par

(15)

AVR |Slep4 AVE |Stzp5
Experimental results

Two test cells were fabricated using a double-poly, dou-
ble-metal CMOS process with 1.2um design rules,
available through MOSIS services (run: T2AH-B] and
T485S-AM). The microphotograph of each test cell is
shown in figure 8. The first test cell corresponds to the
circuit introduced in figure 6a. The schematic diagram
for the second test cell is not shown, but is a six-input
FG-CMOS inverter.

The test cells were measured using the described
methodology presented in section 3. The small-signal
slopes were computed by using a linear-fit approxima-
tion from data points obtained by means of a digital os-
cilloscope. Table 1, shows the theoretical and extracted
values for y and y,,,, using a 100 kHz saw-tooth signal

Table 1. Test cells electrical characteristics and theoretical and measured floating-gate gain factors

Test Cell Num. Inputs Input Transistor Measured Theoretical
capacitance Aspect Ratio v Yoo y Vour
1 3 0.256 pF  P=27um/1.2um, 0.887 6.71x10- 0.85 7.55x10°
N=9um/1.2pm
2 6 0.35 pP P=16.8um/8um 0.923 _ 0.926 -
N=6pum/3pum ’ )

Test-cell Num.1

Test-cell Num.2

Figure 8. Microphotograph of the fabricated cells
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Figure 9. A simulation example, a) Two similar CMOS FG Inverters M1=M4, M2=M5 and M3=Mé6 with a slight diffe-
rence at the input capacitance, b) The inverters simulation response using Transient Analysis on PSpice

with 5V peak-to-peak and a 2.5V offset. The period of
this signal (I'=10us) is smaller than the intrinsic cir-
cuit-time constant which normally is in the order of
seconds.

Discussion

Although the theoretical capacitance values can be cal-
culated using the process parameters given by the
foundry, the physical differences of the input capaci-
tances can lead to an important deviation of y factor and
thus affecting significantly the circuit operating point.
As an example, two identical CMOS inverters were
simulated through PSpice, one of them with an input
capacitance deviation of 5% (figure 9a).

The inverters outputs are shown in figure 9b. The
switching operating point (Jacob et al., 1998) of the in-
verters as shown, is shifted near by 60mV with respect
the input voltage Vin , this condition is undesirable for
many analog and mixed signal applications since the re-
cent low-voltage trends requires high accuracy. The
methodology presented in this work focuses on CMOS
floating-gate circuits with a clock-driven switch at the
FG, and represents a good choice when the y factor
must be determined experimentally for high accuracy
requirements.
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