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Abstract: Analytic models for threshold voltage are not
suitable for short channel devices in these days. As
alternatives to these models, various medthods are devised
to extract the threshold voltage from drain current versus
gate voltage characteristic. This paper compares these
methods according to technology scaling in deep-
submicrom technology and evaluates which method is
suitable.

1. Introduction

The threshold voltage (Vr) is one of the representative
characteristic of MOSFET. The MOSFET operation is
determined based on Vr as a criterion of depletion mode
and inversion mode of the channel.

As technology scales down, short-channel effects such as
mobility degradation, velocity saturation or drain induced
barrier lowering (DIBL) affect drain current and trans-
conductance. Vr is also varied by these effects. Therefore,
the traditional analytic equations for Vr, which do not
consider these effects, are not suitable for short channel
devices. In order to consider these effects for V1 extraction,
several threshold voltage extraction methods have been
introduced based on Ip-V¢ curve (\/f -V, curve for Vrin
saturation region) [1]-[5],[71.[8].

In this paper, various previously proposed V+ extraction
methods are evaluated for 130 nm to 32 nm technology
nodes. Section 2 reviews the electronic meaning of the Vr
extraction methods. In Section 3, the trend of V1 with
technology scaling is presented and suitable Vr extraction
method for deep-submicron device is discussed.

2. Consideration of V1 Extraction Methods

In this section, six V1 extraction methods are introduced
briefly and the electronic meaning of the methods are
discussed.

2. 1 Constant-Current (CC) method

The constant-current (CC) method is the most popular V+
extraction method because it is relatively simple compared
with the other methods. V1 is defined as Ve which
corresponds to constant drain current

I, =W /L)x10'[A][2] . The constant current, 10 '[A],

is multiplied with ratio of width to length because drain
current is affected by this ratio. Figure 1 shows extracted
V1 by CC method.

2.2 Linear Extrapolation (LE) method
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Figure 1. V; extraction from Drain current vs. Gate voltage transfer

characteristic by CC method in linear region.
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Figure 2. V; extraction from Drain current vs. Gate voltage transfer
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characteristic by LE method in linear region.

Linear extrapolation (LE) method determines V1 as Vg
axis intercept of linear extrapolation at maximum trans-
conductance (gm) point in Ip vs. Vg curve [3]. LE method
assumes drain current holds OA under Vr and increases
linearly above V. The linear extrapolation at the maximum
trans-conductance is assumed as this linear line and Vg axis
intercept becomes Vr. Figure 2 shows drain current versus
gate voltage characteristic and V-t extracted by LE method
in linear region. Trans-conductance decreases as the gate
voltage increases when the gate voltage is larger than
certain value because of the mobility degradation.
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Figure 3. V; extraction from second derivative of I, vs. Vg in linear region.
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Figure 4. V; extraction from G, vs. V. by transition method in linear region.

0.2

Therefore, the drain current increases slowly when the gate
voltage is larger than the point at which gm is maximized.

2. 3 Second Derivative (SD) method

The drain current is divided into two regions, exponential
region and linear region according to gate voltage. In a real
device, the conversion from exponential region to linear
region is continuous. Thus, the gradient of Ipvs V¢ transfer
curve, gm, must rapidly increases when V¢ is smaller than
this conversion point and becomes slow when Vg is larger
than the conversion point. As the extension of this concept,
SD method determines Vr as gate voltage when second
derivative of Ip to Vg becomes maximum [4]. Figure 3
shows the maximum first derivative of gmand extracted Vr.

2. 4 Transition method

The transition method [5] is based on the below equation,
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Figure 5. V; extraction by NRH method in linear region.
v,
D(V,, 1) v 1odVe
G1(VG1ID)E#:(VG_V@)_2J' (1)

D D

where D(\/,l):ngdl—jgldv =V|—2jg|dv 1. @

If Ipis constant as leakage current below Vrand linearly
increases as Vg increases above V1, G1=-Vg for Vg < Vr
and Gi1=Vr for Vg > V1 where Vgjis 0 [1]. However in a
real device, G; increases linearly when Vg < Vr if we set Ip
as below,

Ip = 150 eXp[A(Ves —Vr)1/n] [6] (3)

Furthermore, Gi decreases when Vg > V7 because
integration of Ip for sub-threshold region is not negligible.
Mobility degradation also restrains the maximum G; value.
Therefore, Vris determined as maximum Gj value like in
Figure 4, which means Vrapproximately.

2. 5 Normalized Mutual Integral Difference (NMID) &
Normalized Reciprocal H function (NRH) method

V,

NMID method [7] is based on equation (2) as below.

_2 J.VGI DdVG

D(V,,1,)

v, 1y @

Dnormal (VG ! I D) =

D'G

NRH method [8] is based on the following equation, (5),
which is derived from (4) by removing 1 and taking
reciprocal.

V[l =1, (v, =0)]

1
2[ 1, (% )aV, =

Hnr (VG ) = (5)

Numerator and the number 2 of denominator of (5)
represent area of triangle which has V¢ as lower base and Ip



04
=
o
an
g
=]
> 0.3
=
p
w
2
=
a 0.2
130nm 90nm 65nm 45nm 32nm
CC 0.264 0.282 0.289 0.306 0.305
LE 0.340 0357 0.365 0.389 0.404
SD 0.357 0.377 0.391 0412 0.437
™ 0317 0.333 0.339 0363 0.374
®NRH & NMID| 0341 0.367 0392 0412 0.437

Figure 6. V;in linear region for various methods with technolgy scaling

Table 1. Specification of deep-submicron technologies from 130nm to 32nm

Channel length [nm] Channel width [nm] Wi/L
130nm 70 175 2.50
90nm 50 129 258
65nm 35 99 283
45nm 35 79 2.26
32nm 30 44 1.47

as height. Denominator except 2 represents area below Ip-
Ve curve. Therefore Hy, is area ratio of these two. Hyr will
increase until the maximum changing point of gm and the
point is the conversion point from exponential region to
linear region for Ip. Thus NRH method determines Vr as
Ve when Hy is the maximum as shown in Figure 5. The
second term of (4) is proportional to reciprocal of (5), so
NMID determines Vras Ve when Dnorma IS maximized. Vy
values extracted from NMID and NRH are same because
they are based on the same mathematical principle.

3. Extraction Methods in Deep-submicron
Technolgy with Technology Scaling

In this section, NMOS in 130 nm to 32 nm technology
nodes are used to compare extraction methods. Device
specification is based on Intel’s device papers [9]-[13] and
minimum width is used to observe effect of scaling clearly.
Table 1 shows the specification of devices.

Figure 6 shows V1 change in linear region with
technology scaling. Vps is set as 0.05V in linear region. Vrt
increases for all the methods except for CC method as
technology scales down. In the case of CC method, Vr
increases until 45nm and decreases for 32nm because
current constraint varries proportional to (W/L) ratio.
Although (WI/L) decreases when the technology scales
down from 65nm to 45nm, Vr increases because leakage
current is much smaller in 45nm while subthreshold swing
is almost same [11],[12].

Especially Vr of CC method is smaller than that of the
other methods because the other methods are strongly
related with conversion from exponential region to linear
region for Ip and mobility degradation affects this
conversion.
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For LE method, gm is the most important factor because
LE method is based on the maximum gm. As shown in
Figure 7, the maximum gm increases as technology scales
down in deep-submicron technology. Although gm is
strongly affected by the mobility degradation in the linear
region and then the maximum gm can be observed in
smaller voltage in a smaller technology node, Vr increases
in the linear region because the values of the maximum gm
increases as technology scales down.

For NMID method, Vr is determined as V¢ which makes
(4) be maximized, or the derivative of (4) be 0. By
substituting (3) to (4), following equation (6) is obtained,

il
e -

Dnormal (VG) =1-2 (6)

B

(Ke®n — | A

D,leakage

By,

where K= IsoeT

()

The derivative of (6) becomes 0 only where Vgis 0 if the
integral of leakage region is negilgible (Io0=0 when V¢=0).
It means the point at which (6) is maximized is not obtained
in the exponential region. Instead, (6) is maximized at the
point at which Ip linearly increases with V. In other words,
(4) becomes maximized at the maximum changing point of
Om Similar to Hy, which is mentioned in Section 2.5.
Therefore the maximum of (6) appears at the conversion
point from exponential to linear region. However, if the
leakage is not negligible, the maximum point can be at the
exponential region, which is lower than that conversion
point.

In the case of NRH method, as (5) is basically same with
(4), VT is extacted at the conversion point when leakage is
negligible as in the cas of NMID. Similarly, Vr is extracted
at the point smaller than the conversion point when leakage
is not negligible.

V1 extracted by SD method is very close to the
conversion point as considering concept of SD method.
Therefore, V1 of NMID or NRH is much smaller than that
of SD in 130 nm. On the other hand, Vr of these methods
becomes closer to that of SD as technology scales down.
This is because the maximum point of NMID or NRH
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Figure 8. Vin saturation region for various methods with technolgy scaling

becomes closer to the conversion point as leakage current
decreases with scaling.

Figure 8 shows Vr change in saturation region. In this
case, Vps is set to the nominal voltage of the corresponding
technology node. It is observed that V1 of saturation region
is smaller than that of linear region due to the DIBL.

Vr of CC, LE and SD methods in saturation region
maintains similar tendency with that in the linear region
except for 32nm. Vr of LE and SD decreases in saturation
region for 32nm because DIBL is stronger than other
technology nodes. Vr difference between CC and LE or CC
and SD is maintained because DIBL affect similarly to
these methods.

V7 of transition method becomes much closer to CC in
saturation region because transition methold is much
sensitive to DIBL compared with other methods. This is
because transition method is not be normalized with Vg
compared with NMID and NRH and Vg remains itself

while I is replaced with /i, in saturation region.

On the other hand, VVr of NMID and NRH in saturation
region is almost the same as that in linear region. This is

because the change from Ip to \/I_ for considering the

saturation region doesn’t affect (4) or (5) significantly
because it is cancelled out at humerator and denominator
when Ip is expressed as exponential like (3) and 1p=0
(Ve=0). Therefore, NMID and NRH method do not
consider effect of DIBL clearly.

4. Conclusion

The CC method is confirmed as independent to mobility
degradation in deep-submicron device. The other methods
need to consider mobility degradation because they are
based on trans-conductance from drain current versus gate
voltage transfer characteristic. Even though these methods
still show clear tendency with technology scaling in linear
region, DIBL effect is not applied correctly in saturation
region for integral based methods (transition, NMID and
NRH).

Therefore, CC is most powerful method in deep-
submicron technology, and LE or SD is also reliable to
show trend of Vr in linear and saturation regions. On the
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other hand, NMID, NRH and transition method is
unsuitable because they do not consider effect of DIBL
clearly.
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