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Abstract

This note presents a new method that evaluates the location of the maximum value of a given function under the
presence of high level of noise. Because the method is based on integration rather than on differentiation, it decreases
the effect of noise instead of increasing it. The method’s effectiveness is verified by determining the gate voltage cor-
responding to the maximum slope of simulated and experimental MOSFET transconductance characteristics.

© 2002 Published by Elsevier Science Ltd.
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1. Introduction

There are many applications, such as parameter ex-
traction methods for semiconductor device models [1-6],
which require the evaluation of the location of a maxi-
mum value of a given function y(x). The usual mathe-
matical approach to evaluate this value xpay,
corresponding to the maximum value of the function,
Ymax» consists on finding the derivative dy/dx and then
solving dy/dx = 0. However, such procedure is not
recommendable for noisy data because the derivative
worsens the effect of experimental noise [7-9].

The present method, which is based on integration,
evaluates the location of the maximum even in the
presence of high level of noise. AIM-SPICE [10] simu-
lation results, with and without added noise, as well as
actual measured data will be used to test this extraction
method.

* Corresponding author. Fax: +58-2-9063631.
E-mail addresses: ortizc@ieee.org (A. Ortiz-Conde), aca-
ralli@ieee.org (A. Caralli D’Ambrosio).

2. Foundation of the method

Let y(x) be a continuous function with a maximum
Vmax at X = Xmax. Then the Content function is given by
[7,8,11]

y

cley) = [ xdy 1)
0

represents the area contained between the function and

the vertical axis. Using integration by parts C can be

expressed as:

cmw=w—A3m7 @)

where the second term in the right-hand side of (2) is
known as the Co-Content [11].

For the function considered, the Content increases up
to X = Xmax as y and x both increase. Above x = x,.x the
Content decreases as y decreases and x increases.
Therefore, the Content exhibits a maximum at x = Xy,
as may be also easily seen by taking the derivative of C
in (2):

ac_ &y  dy
o -

xa y —Xa7 (3)
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and observing that dC/dx =0 at x =x,. because
dy/dx = 0.

Therefore a plot of the Content versus y is a double-
value function which presents a peak at y = yy.x corre-
sponding to the value x = x,,,, (see Fig. 3). The slope at
this peak yields the value of x.x since dC/dy = x.

It is worth noting that the Content is just a particular
case (for p = 0) of the family of potential functions de-
fined by [7]:

Ey(x.y) zx-y—<p+1>/oxydx. )

We have previously used the case of p =1 to measure
distortion [9] and for parameter extraction [2-4,6,8].

As an illustrative example we will study the second-
derivative method [5] to extract the threshold voltage
(V1) of a MOSFET. This method [5] was developed to
avoid the effects of the parasitic drain/source series re-
sistances. It determines V; as the gate voltage at which
the derivative of the transconductance (i.c.,
K =dgn/dVy = dZID/d ng) is maximum. We selected this
Jr extraction method because it takes the second-de-
rivative of the measured data and it is therefore highly
sensitive to any measurement noise that might be pre-
sent.

3. Application to simulated characteristics without noise

The new extraction procedure was firstly applied to
AIM-SPICE [10] simulation results for a short-channel
MOSFET. The parameters used are: level =8, a
threshold voltage of 0.5 V, a channel width of 5 um,
mask channel length of 0.18 um, front gate oxide
thickness of 3.2 nm, a doping density of 1 x 10" cm—3, a
low-field mobility of 500 cm?/V's, and zero lateral dif-
fusion. For simplicity, in the present work a zero mo-
bility degradation coefficient, a very high saturation
velocity of 6 x 10% cm/s and a drain/source series resis-
tance of 37.51 Q were selected to approximately fit the
simulated to the experimental data that will be presented
in Section 5. The drain/source series resistances were
defined externally to the device with the model’s internal
parasitic resistance set to zero. Previous work [12] has
shown that the mobility degradation effect and the sat-
uration velocity can be modeled in the /p—V, character-
istics as an effective resistance in series with the drain/
source resistance.

Fig. 1(a) shows the /I, versus ¥, characteristics without
added noise simulated at ¥; = 10 mV with increments of
10 mV. Fig. 1(b) presents the resulting transconductance
as calculated from: g, = d/p/dV,. Here the variable ¥,
corresponds to the variable x defined in Section 2.

Fig. 2(a) illustrates the simulated K-V, characteristics
obtained from K = dg,,/dV, = d’Ip/d V2 for this noise-

80 : : :
70 -
60
50 1
40 1
30 -
20
10 A
0

Ip (uA)

100 -

Gm (WATV)

Fig. 1. (a) Simulated IV, transfer characteristics at Vg = 10
mV with increments of 10 mV without experimental noise; and
(b) resulting transconductance obtained from g, = dIp/dV,.
The variable ¥, corresponds to variable x defined in Section 2.

K(mA/V?)

y

C(mA/V)

02 . . —

0.0 0.2 0.4

Fig. 2. (a) Simulated K-V, characteristics, obtained from
K =dIp /dV2, for the case without noise. The variable K and
V, correspond to variables y and x defined in Section 2. (b)
Corresponding Content, C = KV, — [i* KdV, of variable K
versus V;.
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Fig. 3. Corresponding Content, C = KV, — OVg KdV,, versus
variable K (= y) for the results presented in the previous figure
for the case without noise. The slope of this plot gives 7, (= x)
and evaluated at the peak yields V, = Vyax (=X = Xmax)-

less case. The variable K corresponds to the variable y
defined in Section 2. The plot in Fig. 2(a) represents the
function whose maximum location we wish to deter-
mine. Fig. 2(b) illustrates the Content, C = fOK VedK =
KV, — fngKdVg, versus V. We see in Fig. 2 that the
maxima of both functions occur at the same xp.,x =
Ve max = 0.5 V which is the value of the threshold voltage
parameter used in the simulation.

Fig. 3 presents the Content but now plotted versus
variable K (= y). The slope of this plot gives V;, (= x)
which when evaluated at the peak yields V = Vyux =
Vr = 0.5V (= x = xmax). In this figure, the symbols and
dots are the simulated values and the short solid line is
the linear fit at the peak values.

4. Application to simulated characteristics with noise

In order to illustrate a particular case in which the
location of the maximum slope of g,,, cannot be obtained
directly, we add noise to the simulated /p—V, charac-
teristics presented in Fig. 1. The noise is generated using
random numbers between —0.05 and +0.05 pA. Fig. 4(a)
shows the simulated Ip versus V; characteristics with
added noise. Fig. 4(b) presents the corresponding
transconductance obtained from: g, =dlp/dV,. We
observe in this figure that an insignificant error in the

Fig. 4. (a) Simulated Ip—V, transfer characteristics at Vg = 10
mV with increments of 10 mV with an experimental noise of 0.1
pA; and (b) resulting transconductance obtained from
gm = dIp/dV,. The variable ¥, corresponds to variable x de-
fined in Section 2.

In—V, characteristics produces a large error in gm—Vj
because of the first derivative.

Fig. 5(a) illustrates the simulated K-V, characteristics
obtained from K = dg,/dV, = dZID/dVg2 for this case
with noise. Comparing Fig. 5(a) to Fig. 2(a) we observe
that the noise has strongly concealed the maximum. Fig.
5(b) shows the corresponding Content of variable K
versus V,. We see in this figure that the location of the
Content maximum appears to be gone because of the
noise.

Fig. 6 illustrates the Content versus variable K (= y)
for the results presented in the previous figure. This plot
does not present a peak, as was the case in Fig. 3, be-
cause of the high level of noise. A linear fit at high
values, above the multiple intersection region, allows to
define the straight line which matches the previous case
without noise. In this figure, the symbols and dots are
the simulated values and the solid line is the linear fit at
high values. The slope of this straight line yields
Ve = Viax = 0.49 V, which is very close to Vr =0.5 V.

5. Application to experimental characteristics

In order to illustrate a real case, Fig. 7(a) shows
measured /p—V, characteristics of a state-of-the art bulk
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Fig. 5. (a) Simulated K-V, characteristics, obtained from
K= dZID/dVgZ, for the case with noise. The variable K and Vj
correspond to variables y and x defined in Section 2. (b) Cor-
responding Content, C = KV, — 0" K dV,, of variable K versus
V.
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0.3 1
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Fig. 6. Corresponding Content, C = KV, — fOVngVg, versus
variable K (= y) for the results presented in the previous figure
for the case without noise. The slope of this plot gives V; (= x)
and evaluated at the peak yields V, = Vpax (= X = Xmax)-

Fig. 7. (a) Measured Ip—V, transfer characteristics at Vg = 10
mV with increments of 10 mV; and (b) resulting transconduc-
tance obtained from g, = d/p/d¥,. The variable ¥, corresponds
to variable x defined in Section 2.

0.7 e
0.6 4 Measurements | @ 1 I F
V,=10 mv Moo

y =K (mA/V?)

C(mA/V)

0.0 0.2 04 06 08 1.0
x=V, (V)

Fig. 8. (a) Simulated K-V, characteristics, obtained from
K= dZID/de, for the measured data. The variable K and V,
correspond to variables y and x defined in Section 2. (b) Cor-
responding Content, C = KV, — folg K dV,, of variable K versus
V.
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Fig. 9. (a) Corresponding Content, C = KV, — ]OV K dV,, versus
variable K (= y) for the measured results presented in the pre-
vious figure. The slope of this plot gives V; (= x) and evaluated
at the peak yields V; = Vux (= X = Xpax)-

single-crystal silicon enhancement-mode n-channel
MOSFET with a 5 um mask channel width, a 0.18 pm
mask channel length, and a 32 A gate oxide thickness.
The corresponding transconductance is presented Fig.
7(b).

Fig. 8(a) illustrates K-V, characteristics obtained from
K = dgn/dV, = d’Ip/dV? for this experimental device.
Fig. 8(b) shows the corresponding Content, C = KV, —
fOVg K dV,, versus V,. Notice in this figure that the maxi-
mum value of K = d*Ip /dng occurs at about ¥, = 0.54
V due to the measurement noise present; whereas if the
noise were suppressed the maximum appears to be
around ¥/, = 0.50 V.

Fig. 9 illustrates the Content versus variable K (= y)
for the results presented in the previous figure. In this
figure, the symbols and dots are the simulated values
and the solid line is a linear fit at high values above the
intersection region. The slope of this linear fit yields
Ve = Vinax = 0.50 V which is a reasonable value for the
threshold voltage of this device which has been studied
previously [4].

6. Conclusions

We have presented a new method to evaluate the lo-
cation of the maximum of a given function under the
presence of high level of noise. This method is based on
integration in order to decrease the effects of the ex-
perimental noise. This method has been verified using
simulated and measured noisy MOSFET characteristics.
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