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In this paper, we present an extraction and characterization methodology which allows for the
determination, from S-parameter measurements, of the threshold voltage, the gain factor, and the
mobility degradation factor, neither requiring data regressions involving multiple devices nor DC mea-
surements. This methodology takes into account the substrate effects occurring in MOSFETs built in

bulk technology so that physically meaningful parameters can be obtained. Furthermore, an analysis
of the substrate impedance is presented, showing that this parasitic component not only degrades
the performance of a microwave MOSFET, but may also lead to determining unrealistic values for the
model parameters when not considered during a high-frequency characterization process. Measure-
ments were made on transistors of different lengths, the shortest being 80 nm, in the 10 MHz to

40 GHz frequency range.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, integrated circuits (IC's) fabricated on CMOS tech-
nology are widely used for RF applications. Therefore, a precise
characterization of these devices, both in the DC and high-
frequency regimes, is fundamental for the successful design and
simulation of circuits for these applications. The extraction of device
parameters from DC (i.e. static measurements) has been an ongoing
research topic for the last decades; many new techniques have been
proposed and published in the specialized literature [1-9]. As it is
well known, however, all these techniques give slightly different
values for fundamental parameters such as threshold voltage,
mobility degradation factor, and gain. Furthermore, in order to fully
characterize the device, many of these techniques require arrays of
transistors with different geometries [10], even when using small-
signal data [11,12], which is inconvenient due to the variation of
the MOSFET parameters for different dimensions.

On the other hand, it is important to remark that some previ-
ously reported methods may give accurate results, even for
sub-100 nm devices [9,13]. Unfortunately, these methods are only
suitable for single-fingered MOSFETs, which are rarely used for
high-frequency applications. In fact, using a multi-fingered gate
electrode is the common practice for these applications, and directly
characterizing devices with this geometry is desirable to avoid
discrepancies when employing separate test structures for perform-
ing parameter extractions based on additional measurements.
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Thus, CMOS parameter extraction for simulating high-fre-
quency device performance generally requires both DC and high-
frequency characterization routines [14,15]. If these routines are
not carefully designed, errors in one can affect the results of the
other, and the simulation will not render satisfactory results once
confronted with experimental data. In order to reduce these possi-
ble variations, in this article we propose an extraction technique
based solely on S-parameter measurements. With this technique,
important DC quantities such as threshold voltage, gain factor,
and mobility degradation factor, can be obtained from measure-
ments performed on individual devices in the high-frequency
regime, hence representing a truer operation of the device, and
avoiding the need of a separate DC characterization routine. Device
effects, especially present in RF transistors, such as the finite sub-
strate impedance, effects of multi-fingered structures, and the
dependence of the device characteristics with geometry are taken
into account by the method, which is based on the small-signal
determination of the channel resistance.

As such, with this method the different parameters needed to
carry out high-frequency response simulations can all be obtained
from S-parameter measurements directly performed to the MOS-
FET to be modeled and characterized, independently on the layout
used to interconnect the corresponding terminals. The values
obtained with this method show a very good agreement with those
derived from static routines.

2. Theory

As it is well known, the basic model to represent a MOSFET
considers that the current flowing between the source and the
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drain terminals is controlled by adjusting the voltage applied to the
gate terminal. However, when developing a small-signal model for
an actual MOSFET, it is necessary to consider several effects that
yield undesirable and not-controllable currents through the sub-
strate [16-19]. These parasitic effects are inherent to RF-CMOS
technologies [20,21]. One can thus consider that the MOSFET pre-
sents two possible paths for the current flowing between the
intrinsic drain and source regions: (i) the channel and (ii) the sub-
strate. This is illustrated in Fig. 1.

In order to start with the analysis, the equivalent circuit model
of a two-fingered common source/bulk nMOSFET including the
substrate effects is presented in Fig. 2a. Notice that this figure
shows the corresponding equivalent circuit elements distributed
within the different sections of the device, whereas Fig. 2b shows
the equivalent circuit of the device considering single lumped ele-
ments for every effect occurring in the structure. The reason for
showing Fig. 2a and b is to illustrate that a multi-fingered device
can be treated as an equivalent MOSFET whose elements are ob-
tained considering the parallel connection of multiple MOSFETs.
Thus, the equivalent circuit shown in Fig. 2b can be divided into
two parts; the extrinsic parasitic elements (Cjs, Cjp, Rpks, Rexp, and
R;) and the intrinsic elements (Cgs, Ccp, Cps, and Rep).

In an ideal case, it is desirable that all the drain-to-source cur-
rent flows within the channel region. If this is the case, the total
current (I,,) flowing between the drain and source/bulk terminals
is approximately equal to I;. Under high-frequency operation,
however, there exists an additional current flowing through the
substrate (Iy;) (not to be confused with the DC substrate current),
which means that, in accordance to Fig. 2b, the following expres-
sion can be written

Ltoe = las + Ipuik (1)

Notice in Fig. 2b that the magnitude of I, strongly depends on
the operating frequency, since the impedance associated with the
substrate includes capacitive effects (the capacitive reactance var-
ies with frequency). In consequence, in (1), the contribution of I
and I, to the total current flowing from the drain terminal to
the source terminal is dependent on the frequency of the applied
signals. For this reason, it is desirable to separately determine
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Fig. 1. Simplified cross section of a common source/bulk MOSFET showing the
possible paths of the current flowing between drain and source.
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the impedances associated with the two branches in the circuit
of Fig. 2b. This allows for the assessment of their corresponding
contribution to the output impedance of a MOSFET as shown
herein.

All the parameters of interest for this article can be obtained
from two-port S-parameter measurements, using a typical two-
port network representation for a common source/bulk MOSFET.
In this case, the gate and drain terminals are associated with Port
1 and Port 2 respectively, whereas the source/bulk terminal is con-
sidered as the reference, as it is shown in Fig. 3.

In order to study the characteristics of the MOSFETs under
investigation, S-parameter data is converted to Z-parameters, since
Zy can be used to analyze the device’s output impedance. Yo,
could also be used to analyze the output characteristics of a MOS-
FET as in [21]. However, for the calculation of the Y-parameters,
short-circuit conditions are required. This means that, for instance,
the determination of Y5, requires that Port-1 is brought to ground,
which introduces a new branch in the analysis connecting R from
the MOSFET’s intrinsic gate to ground. In contrast, Z,, requires that
Port-1 is left open and R is not involved in the analysis, which sim-
plifies the interpretation of the resulting data.

The equivalent circuit for the calculation of Z, at Vys = 0 is pre-
sented in Fig. 4. Notice that in this circuit the source-to-bulk resis-
tance (Rpks) was neglected since the source region is implanted
next to the bulk contact in the common source/bulk MOSFETSs ana-
lyzed here, as illustrated in Fig. 2a. Furthermore, the source and
bulk regions are connected using a metal layer. This considerably
reduces the effect of Rgxs. Moreover, s can also be neglected, since
typically Rs <« 1/wCs for the frequency range in consideration. In
order to simplify the analysis, a new parameter is defined. This is
C,, which represents the equivalent capacitance that includes the
effect of Cgp, Cgs (including the corresponding parasitic compo-
nents), and Cps, and is expressed as Cyx = Cps + CgsCep/(Cgs + Cop)-

Notice in Fig. 4 that at relatively low frequencies, the current
flow through Cjp can be considered as negligible and the output
impedance (in this case represented by Z,,) can be represented so-
lely by means of Zchannel—pach. However, as the frequency increases,
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Fig. 3. Typical two-port measurement configuration for a common source/bulk RF-
MOSFET.
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Fig. 2. (a) Cross-sectional view of a two-fingered common source/bulk MOSFET including the corresponding distributed circuit model. (b) Simplified model using lumped

elements for representing the effective values of the device distributed effects.
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Fig. 4. Simplified equivalent circuit associated with the calculation of Z,, at V4= 0.

the reactance associated with Cjp decreases, which causes Zy, to
become comparable to Zpannei—parh, and the contribution of Iy to
I, may be substantial. Clearly, this bulk effect is frequency depen-
dent and is one of the aspects studied in this paper.

A second important aspect to be taken into account is that the
impedance Zchannei_parn iS bias dependent, whereas Z,, can be
approximately considered as bias independent. Thus, at a given fre-
quency, as Vs increases Zcpannel—parn is reduced since Ry, becomes
smaller. In this case, the impact of the current flowing through
the substrate path is reduced since Zpuk > Zchannel—paths yielding
Ipuik < Igs. Furthermore, when Vg, > V; the impact of the substrate
current in the small-signal characteristics of the MOSFET can even
be negligible. This bias dependent impact of the substrate losses
on the MOSFET’s output characteristics is also quantitatively ana-
lyzed here.

3. Experiment

The devices under test (DUTs) were four common source/bulk
nMOSFETs fabricated on a p-type Si substrate with finger width
Ws=3 um, number of gate fingers NF=64, and channel mask
lengths L, =80nm, 0.25um, 0.5 pm, and 1 pm. Fig. 5 shows a
cross section view of the structure of these devices. Notice that
the substrate contact is performed outside of the multi-fingered
structure and is externally short-circuited with the source terminal
through a metal interconnection. This connection is made so that
the effect of the source-to-bulk device impedance is reduced and
the high-frequency model can be simplified. In addition, the gate
contact is performed at both sides of the gate electrodes to reduce
the corresponding parasitic resistance.

In order to analyze the characteristics of the DUTs, on-wafer
two-port S-parameter measurements were performed up to
40 GHz using a vector network analyzer (VNA) and ground-sig-
nal-ground (GSG) coplanar RF probes. The equipment was previ-
ously calibrated up to the probe tips, as shown in Fig. 6, using an
LRM (line-reflect-match) procedure [22]. Afterwards, the measure-
ments were performed at different bias conditions (according to
the requirements of the methods described in subsequent sections)
applying a power of —20 dBm at each port. Notice also in Fig. 6 that
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Fig. 7. Equivalent circuit for a MOSFET biased at Vg, = V45 = 0.

every DUT is embedded between pads and other interconnects to
allow for the corresponding probing. In order to minimize the
undesired effects associated with these interconnects, the pads
are isolated from the substrate by using ground shielding tech-
niques [23]. This allows to reduce the uncertainty introduced by
the de-embedding of the pad parasitic effects, which is performed
by using short and open dummy structures and the procedure out-
lined in [24]. In what follows, the experimental data used to verify
the validity of the procedures proposed in this paper are based on
the S-parameter measurements described in this section.

4. Proposed Method and Results
4.1. Determination of the substrate impedance elements

The first step for the implementation of the model shown in
Fig. 4 is obtaining the substrate elements. At Vg = V4, =0 there is
no inversion channel, yielding Rc||1/jcwCy = 1/[jevCy since Rq, be-
comes very large and its effect can be neglected [25]. Moreover,
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Fig. 5. Simplified sketch showing the cross section view of the measured devices.
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Fig. 9. Equivalent circuit for a MOSFET biased at Vg, = 0 and Vg, > V; after removing
the substrate effects.

under this condition, the series resistances Rs and Rp are much
smaller than 1/(j ®Cs), which allows to assume Rs+1/
joCy+ Rp ~ 1/jwC,. In this case, the simplified equivalent circuit
shown in Fig. 7 can be used to represent a zero-biased MOSFET.
In accordance with this circuit, the MOSFET’s output admittance
(Y,) can be defined as the inverse of Z,5; thus, at Vg = Vg =0, the
following equation can be written [19]:

1

2
= O°Rpxp + 5——
C]DRBKD

(2)

Re(Y,)

Consequently, Rgxp and Cjp can be determined after performing
a linear regression of the experimental w?/Re(Y,) versus w? data.
Hence, Rgkp and Cjp are respectively obtained from the slope and
the intercept of this data regression as shown in Fig. 8. This regres-
sion is performed at a frequency sufficiently high so that the noisy
experimental data associated with Y, at low frequencies is avoided.
The noisy data is obtained due to the fact that at V= Vg =0 the
admittance Y, becomes very small since there is no channel
formed, which is accentuated at relatively low frequencies. Never-
theless, notice the excellent linear trend observed in Fig. 8, beyond
approximately 5 GHz. Thus, before determining these parameters,
plotting 1/Re(Yp) versus frequency is recommended to observe
the range at which the noise in the corresponding experimental
data is not at a level that hinders parameter extraction.

4.2. Determination of the elements in the channel path

After Rgkp and Cjp have been determined, the substrate effects
can be removed from the experimental data by applying a simple
matrix operation [19]. This data processing allows to obtain Y,

which is the Y-parameter matrix under a given bias condition after
removing the substrate effects.

Once that the substrate effects have been removed from the
experimental data, and assuming Vg > V;, the equivalent circuit
associated with the MOSFET is that shown in Fig. 9, where the de-
vice’s output impedance under these conditions can be repre-
sented by means of the model illustrated in Fig. 10. Notice in
Fig. 10 that Z;, is determined after converting Y to the correspond-
ing Z-parameter matrix (Z").

From Fig. 10, the following expression can be obtained:

w2

1
[ — 2 -
mZy,) " ®)

R%,Cx

Thus, after performing a linear regression of the experimental
—?/Im(Z;,) versus w? data, C, and R, can be respectively ob-
tained from the corresponding slope and the intercept with the
abscises as shown in Fig. 11. Similarly to the regression illustrated
in Fig. 8, the frequency range used to obtain C, and R.; can be
determined by observing the range at which the experimental
—1/Im(Z3,) versus frequency data presents relatively low noise.

In order to obtain the series resistances in the model of Fig. 10,
the real part of the Z;, and Z,, parameters associated with the cir-
cuit shown in Fig. 9 are expressed as:

Re(Z12) = Re(Z21) = Rs +g 4)
Re(Zy;) =Rp+Rs+A (5)

where A = Ry /(1 + w?C2R2).
Thus, once that R.;, and C, have been determined Rs and Rp can
be calculated by respectively solving (4) and (5), which yield [26]:

Fig. 10. Simplification of the circuit shown in Fig. 9 to represent the output
impedance, Cy = Cps + CosCep/(Cos + Cep)-
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Fig. 11. Linear regression used to determine R, and Cy at Vg =0.6 V.
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Rp =Re(Z3,) — Rs (7)

Using this procedure, Rp, Rei, Rs, and C, were determined at a
given V,,. However, in order to study the variation of the impact
of these parameters on the MOSFET’s output characteristics at
different bias conditions, several gate-to-source voltages are
considered in the analysis: Vg =05V to V=07V in steps of
20 mV. Hence, from the obtained bias dependent R., a physi-
cally-based parameter extraction of MOSFET parameters can be
proposed as explained below.

4.3. Physically-based extraction of MOSFET parameters

The intrinsic small-signal conductance between source and
drain (g,) at Vg =0 can be expressed as [11]

1 _ Hgffcoxweff

= Vo =V 8
&ch Ror Ly (Vs t) (8)

where G,y is the gate oxide capacitance per unit area, .y is the
effective inversion layer mobility, and Wy and L. are the effective
channel width and length, respectively. Then, considering that

. e CoxWegr

9
Iy 9

it is possible to express (8) as
& = PVes — V¢ (10)

In order to obtain V; from experimental data using (10) the well
known concept that states that small variations on Vg introduce
small variations in g can be applied [27]. Thus, § can be obtained
from the slope of the linear regression of the g, versus V,, data,
allowing for the determination of V; from the corresponding inter-
cept with the abscises. In Fig. 12, the extraction of V; at Vg = 0.6 V is
shown for an 80 nm MOSFET. Notice that three points were consid-
ered to carry out the linear regression: Vg = 0.6 V, which is the cen-
tral point, and Vgs = 0.6V + AV with AV, =20 mV. In this case, the
small-signal S-parameters measured on a single MOSFET can be
used to obtain V; in a simple and direct way without having to
know the precise effective dimensions of the transistor or the oxide
capacitance, as it is done, for instance, in [11].
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Fig. 12. Linear regression used to determine V,.

Fig. 13 shows the extracted V; for the MOSFET with L;,, = 80 nm
as a function of Vg. As expected, there is no significant variation in
the extracted V; since Vs is kept constant at zero volts over all the
range of Vg, thus guaranteeing that the inversion layer is uniform
along the channel. Moreover, the frequency independence of the
extracted data observed in Fig. 13 is an indicative of the correct-
ness of the applied procedure.

Fig. 14 shows the extracted V; using the proposed method and
the DC measurement-based method in [7] for MOSFETS with chan-
nel mask lengths of 80 nm, 0.25 pm, 0.5 pm, and 1 wm. The meth-
od reported in [7] uses an extrapolation that involves the square
root of the transconductance at a low Vg, eliminating the effect
of the gate-bias-dependent mobility on the extrapolated V;, which
is crucial to obtain realistic results when characterizing short chan-
nel length devices. Moreover, the model assumed in [7] for the
mobility degradation with V, is the same one used later in this
paper when modeling the corresponding impact on R,. Notice in
Fig. 14 that excellent agreement between the RF and DC deter-
mined V; is obtained even for the shortest characterized device.

Once the threshold voltage has been determined, the mobility
reduction factor due to the vertical electric field in the channel

00—
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> % 0

0.26; L =80nm i

4 m 4
0241 W= 3 um J
0_22; NF= 64 |
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Fig. 13. Extracted V; for a 80 nm channel length MOSFET.
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Fig. 14. Comparison between the threshold voltage extracted using the proposed
method and the static method in [7].
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(0) and the gain factor (fo) can be obtained. In order to do this, (8)
is rewritten as

L
R, — eff 11
“ HeCoxWeg (Vs — Vi) an

The effective inversion layer mobility (i.q) can be modeled to
first order by [11]:

_ Ho
Her = 150V, — V) (12)
where po is the low-gate-field mobility. Thus, when substituting
(12) into (11), the channel resistance can be expressed as
1 0

R = Ve = Vo) T o (13)

with g given by

_ ,uvo Cox Wejff

ﬁO Leff

(14)

From (13) and again considering that small variations in Vg
yield negligible variations on the effective length and width of
the device [27], it is possible to obtain 0 and 3, by means of a linear
regression within a suitable gate voltage range, as illustrated in
Fig. 15.

4.4. Experimental verification

In order to verify the validity of the proposed extraction meth-
od, once that all the model parameters associated with the circuit
of Fig. 4 were determined, equivalent circuit simulations were car-
ried out to reproduce the MOSFET output admittance (Y,) at sev-
eral gate-to-source voltages. When performing these simulations,
Eq. (13) was used to represent the channel resistance. Notice in
Fig. 16 the excellent simulation-experiment correlation up to
40 GHz when considering the substrate losses. In contrast, the
model that neglects the substrate effects yields a considerable
deviation from the experimental data beyond a frequency that is
gate-bias-dependent, as explained below.

An interesting point to remark when observing the results in
Fig. 16 is the following. Even though the model that neglects the
substrate impedance accurately reproduces the experimental Y,
up to 10-20 GHz (depending on Vg), the model is not physically-
based since some effects may be either underestimated or
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Fig. 16. Comparison between simulated and experimental output admittances
showing the impact of neglecting the substrate losses.

overestimated. This may result in misinterpretation of the results
and an incorrect extraction of MOSFET parameters.

5. Impact of the Parasitic Substrate Impedance

In order to quantify the influence of the substrate elements in
the total output characteristics, we define a new parameter X as,

1Y putk|
‘Ybulk| + ‘Ychannel—path|

Xy = x 100 (15)

where Yy and Yenannei—parn are admittances obtained from Zp,,, and
Z channel—path T€Spectively, once that the parameters in the model of
Fig. 4 have been experimentally determined using the abovemen-
tioned procedures.

As can be observed in Eq. (15), Xp, represents the contribution in
percentage of the substrate admittance to the MOSFET’s total
admittance. This means that the current flowing through the sub-
strate is proportional to Xy« Thus, from Eq. (15), a quantification of
the parasitic-substrate losses as a function of frequency can be ob-
tained, as shown in Fig. 17. Notice that the substrate current can
contribute as much as 60% of the total output current when
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Fig. 17. Contribution of the substrate admittance to the total MOSFET admittance
for different gate-to-source bias conditions.
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Fig. 18. Contribution of the substrate admittance to the total MOSFET admittance
for different gate-mask lengths.

operating the device close to the threshold voltage. In low-power
applications, transistors are operated in the moderate-inversion re-
gion. Hence, if this effect is not taken into account, simulations will
be overly optimistic. On the other hand, as the bias voltage is in-
creased, the substrate AC current is reduced; this behavior is
attributed to the reduction of the channel resistance as the bias
voltage is increased, thus the current flowing through Z,, de-
creases according to expectations. It is important to notice, how-
ever, that even at high gate biases, this current can represent as
much as 15% of the total current flowing through the device.

For completeness of the present analysis, the parasitic-substrate
losses as a function of the frequency for devices with different
channel lengths, at a given V,,, are shown. In reference to Fig. 18,
the substrate losses are more considerable as the channel length
is increased; this corroborates the fact that the influence of the
substrate parasitic effects on the output characteristics are reduced
when the channel resistance decreases, in this case due to the
channel length variation.

As a final remark, notice in Figs. 17 and 18 that even at rela-
tively low frequencies (e.g. below 10 GHz) the contribution of the
substrate losses may be significant and cannot be neglected when
carrying out a physically-based modeling. Moreover, as can be seen
in these figures, the curves are not monotonic but present a max-
imum within the studied range. This is due to the fact that, above a
given frequency, Zchannel—pacn decreases at a higher rate that Zp.
Analytical formulas that model this frequency behavior have been
developed, but are too cumbersome to include in this article. It is,
however, worthy to note that the position of the maximum of the
Xy versus frequency curve is a complicated function of all the
model elements.

6. Conclusions

A methodology, based solely on S-parameters measurements,
for the extraction and characterization of the basic parameters
for a bulk MOSFET has been presented. One of the main advantages
of this methodology is that measurements performed on each de-
vice reflect the true values for that particular device, avoiding the
dependence on the variation of the electrical characteristics with
device geometry. The effects of the AC substrate current were also
quantified, based on the intrinsic and extrinsic components of the
transistor. This parasitic current can constitute a large part of the
total current flowing through the device, and it has to be consid-

ered when simulating CMOS circuits for RF applications, since it
can represent as much as 60% of the total. If this is not taken into
consideration, simulations will be overly optimistic due to the
assumption that the total drain current is controlled by Vg, using
then an unrealistically high transconductance. Furthermore, the
obtained model includes a physically-based representation of the
channel resistance, which allows for an accurate representation
of the MOSFET at high frequencies. An excellent simulation-
experiment correlation was obtained up to 40 GHz.
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