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A Novel Parameter Extraction Technique for Off-state
Equivalent Circuit Model of Body-Contact PD-SOI
MOSFETSs
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Abstract: To directly extract the model parameters of the physical off-state small-signal equivalent circuit of body-

contact PD-SOI MOSFETS, novel extraction equations are derived from Y-parameter equations approximated in

both low and high-frequency regions. Unlike conventional direct extraction methods that require additional test

patterns or measurements under varying bias conditions, the proposed technique enables direct extraction of all

off-state equivalent circuit parameters using only a single S-parameter measurement, making it much simpler. The

off-state model built with this novel extraction method shows excellent agreement with measured S-parameters in

the wide bias range and the frequency range from 100 MHz to 40 GHz.

Index terms: SOl MOSFET, off-state, equivalent circuit, RF model, parameter extraction, modeling, extraction

technique

I. INTRODUCTION

Recently, high-resistivity (HR) partially-depleted (PD)
silicon-on-insulator (SOI) MOSFETs have been fre-
quently used in RF IC fabrication. These devices exhibit
enhanced RF performance compared to bulk MOSFETSs
because the combination of a thick buried oxide (BOX)
layer and an HR substrate structure reduces leakage cur-
rent and substrate loss, enabling RF IC design [1,2].
For RF switch design using body-contact (BCT) PD-
SOI MOSFETs [3,4], accurate equivalent circuit models
capable of representing RF on-state and off-state charac-
teristics are required.

In conventional approaches, the off-state model param-
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Fig. 1. A simple off-state equivalent circuit of a PD-SOI MOS-
FET under the CSB configuration.

eters of PD-SOI MOSFETs have been directly extracted
using a simple equivalent circuit [5] in a common source-
body (CSB) configuration shown in Fig. 1, where Cjy,
is the drain-body junction capacitance, Cp, is the drain-
source coupling capacitance through the BOX layer, and
Cgyp, is the gate-body capacitance. The extrinsic resistances
(Rg, Rp, Rs) and inductances (Lg, Ls, Lp) can be neglected
in the low-frequency (LF) region because they are much
smaller than the impedance of capacitances.

However, unlike the bulk MOSFET model [6], this sim-
ple model cannot be fully extracted with LF S-parameter
measurement data alone, because Cy,, is added to the bulk
device model. For a symmetric source and drain device
structures at zero-bias conditions (Vgs = Vps = 0 V), the
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assumption of C,q, = Cyy, is valid. Based on this sym-
metry, C,p, can be extracted using (1/@)Im(Y1; +2Y12)1r.
However, it becomes impossible to extract Cp, and Cjy,
individually, because (1/®)Im(Yas +Y12)rr = Cpo + Cjao-

To overcome this limitation, an additional LF S-
parameter measurement using a common gate-body
(CGB) test pattern has been employed to separately ex-
tract Cp, [5]. However, this method has the drawback
that the extraction process becomes complex, because it
requires both CSB and CGB test patterns. Furthermore,
the model in Fig. 1 is highly simplified to enable direct
extraction, which limits its ability to accurately reflect
the physical characteristics of the off-state device. This
simplification also reduces the accuracy of parameter ex-
traction in the high-frequency (HF) region.

In particular, the body resistance R, in series with Cy
becomes significantly larger in PD-SOI MOSFETs than
in bulk ones due to the thin body region above the BOX
layer, resulting in increased sheet resistance. Thus, the
simple model, neglecting R;, exhibits insufficient accu-
racy. In the depletion region where Vg is greater than the
flat-band voltage Vg, the small value of C,, suppresses
the effect of R, at LFs. However, at HFs, the influence
of R, becomes non-negligible. In the accumulation region
(Ve < Vrg), Cgp increases significantly, and thus the effect
of R, becomes pronounced even at LFs. Consequently, the
accuracy of a simple model that neglects R;, is degraded
significantly in the accumulation bias.

Therefore, a more complex physical off-state equivalent
circuit model [7] shown in Fig. 2 was used instead of the
one in Fig. 1. In this model, R, and Cj,,, which are not
negligible within the high frequency range, are added to
the simple equivalent circuit. In this work, to account for
the body-distributed effect resulting from the high aspect
ratio of the body region, Cg, is divided into intrinsic gate-
body capacitance Cg; and extrinsic gate-body capacitance
Cgbe~

This physical model has a larger number of parameters
than the simple one, and the input and output parameters
of the model are cross-linked via Cg; in Fig. 2, making
derivation of the Y-parameter equation for direct extrac-
tion much more difficult. To overcome this difficulty of
the direct extraction, numerical optimization is typically
utilized, but may be complicated and produce uncertain-
ties in finding a unique solution.

To solve this problem without optimization process, a
direct method using a simplified model by treating the
large Cgp; under accumulation bias as a short circuit at

Fig. 2. A physical off-state equivalent circuit of PD-SOI MOS-
FET under the CSB configuration. The intrinsic equiva-
lent circuit is surrounded by a dashed box.

HFs in Fig. 2 was previously reported [7]. However, Cgp;,
Cj4o and Cjy, could not be directly extracted through this
simplification. To determine these parameters, further S-
parameter measurements at zero bias (Vg = 0 V) and in-
version bias (Vgs > Vrp) are used, making this previous
method more complex. Moreover, because the model is
simplified for the accumulation region, this direct extrac-
tion can not apply in the depletion region.

To overcome the limitations of existing simple models
and complex extraction methods, in this paper, we pro-
pose a novel technique for directly extracting all param-
eters of a physical off-state equivalent circuit using only
S-parameters measured at a single bias, and verify its ac-
curacy in various biases.

II. PARAMETER EXTRACTION AND
ANALYSIS

Multi-finger HR PD-SOI N-MOSFETs with a gate
length L, of 0.25 um, a unit finger width W,, of 5 um,
the number of gate fingers Ny of 16 and a T-shaped sin-
gle body contact (BCT) layout were fabricated in the
CSB configuration. S-parameters were measured from 100
MHz to 40 GHz and de-embedded to eliminate the para-
sitic components of “on-wafer” RF probe pads and inter-
connections using open and short patterns [8,9].

In Fig. 2, the extrinsic resistances and inductances af-
fecting HF Y-parameters are extracted under each off-
state bias using the y-intercepts of the following HF Z-
parameter equations versus @2 [10]:

Re[Zi1 — Zin)yp ~ Ry +A,072, (1)
Re[Zo —Zin)yr ~ Ry +Aq0 2, (2)
Re[Zia)yp = R+ A0, 3)
(1/@)Im[Z1 — Zio g = Ly — B0, “4)

(l/w)lm[ZQZ—Z|2]HF %Ld—Ed(Diz, (5)
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(1/@)Im|[Z3)yp ~ Ly — E;0™%. (6)

After de-embedding the extracted extrinsic resistances
and inductors from Fig. 2, the Yi—parameters of the intrin-
sic equivalent circuit can be expressed as follows:

%A+ j0[Cei(14 ©*BC)]

Y, = jwD 7
11 (1+w232) +J ) ( )
2 . 2
. 0°E+ jo[Cj,(l+w’BF)] |
Y, = oG 8
22 (1+0)sz) +.] 9 ( )
yi— 0*F*H + 0*H — jo(w*BF*H + ©*BH)
2= (14 @?B?)(1 + 02F?)
*jwcgdm (9)

where A = Rngzbi, B = Ry(Cjap + Cjso + Cgpi), C =
Rb(deo —|—Cj50), D= (Cgso -‘ngbo +ng(,), E= Rbcjz'do’ F=
Rb(Cgbi + ij), G = (Cpo+ ngo), and H = R,C4,Copi.

First, it is assumed that Cgg, = Cgy, in symmetric source
and drain structures at Vps = 0 V. This assumption may not
hold under process variations or asymmetric S/D layouts
in which the extraction method for Cy, is required.

Using the LF approximation of Eq. (9), the value of
Cod0 = Cyy can be directly extracted from the LF data of
—(1/@)Im(¥}y).

Since Fig. 2 contains more unknown parameters than
Fig. 1, and the feedback C,; is connected between the
input and output, the expressions for the Y'-parameters
shown in Egs. (7)-(9) become more complex, making it
impossible to extract all parameters directly using only LF
approximated equations. Therefore, we derive newly sim-
plified equations based on HF approximations, enabling
complete direct extraction. Unlike conventional methods
that require additional test patterns or multiple bias mea-
surements, this novel method allows all off-state equiva-
lent circuit parameters to be extracted directly from a sin-
gle S-parameter measurement, making the method signif-
icantly simpler. Using this novel approach that combines
both LF and HF approximations, the remaining parame-
ters are directly extracted as follows:

To extract Cg; and Cjq,, the differences (m, k) be-
tween the LF and HF approximations derived from the
Yi-parameter equations in Eqgs. (7)-(9) are expressed by
the following equations:

~ Cgbi(Cgbi + deo)
~ Cjao+Cjso+ Copi’
Ciao(Ciao+ Cgpi)
Cjao+Cjso+ Coni’

(10)
k=~ (1)

where

1 i i i i
m= (a)) Im(Y{; +Yi5)or — Im(Y{, +Yi3)ur)s
(12)

k= (a)) [Im(Yay +Yi5)or —Im(Yay +Yi)ur.  (13)

By combining Eqgs. (10) and (11), we can derive the
following new expressions for extracting Cep; and Cjgo
(: sto):

k(m+ 2k
deo = sto = (mfk)’ (14)
C‘du(C‘do - 2k)
C i = Zyor e T s 15
gb k_C_jdo ( )

where the assumption of Cjgq, = Cjy, is valid in multi-
finger SOI devices at Vps = 0 V because the junction ca-
pacitance is confined to the sidewall due to the n™ source
and drain contact region just above the BOX layer.

In Figs. 3 and 4, m and k are determined from the LF-
HF difference values of Egs. (12) and (13), respectively.
The values of Cj4, (= Cjs,) and Cy,; are then extracted by
substituting m and k into Eqs. (14) and (15).

To extract Cp,, the following new equation approxi-
mated from Egs. (8) and (9) in the HF region is used:

deocjsa

_ idomio (1)
sta + deo + Cgbi

%Im(Yz"z + Y] ur ~ Cpo +
Substituting the HF value of (1/@)Im(Y}, +Y},) from
Fig. 4 and the previously extracted ones of Cj4, (= Cjs,)
and Cy,; into Eq. (16), Gy, can be extracted.
To extract Cgp,, the following new equation approxi-
mated at HFs from Eq. (7) is used:

1 .
alm(ylll )HF ~ Cgbe + ngo + Cgso
Cgbi (deo + sto)

. (17)
sto + deo + Cgbi
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Fig. 3. Frequency response of the measured (1/®)Im(Y{, +Y},)
data under various bias conditions.
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Fig. 4. Frequency response of the measured (1/®)Im(Y), +Y/,)
data under various bias conditions.
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Fig. 5. Frequency response of the measured (1/@)Im(Y/|) data
under various bias conditions.

Cepe is extracted by substituting the HF value of
(1/@)Im(Y{,) from Fig. 5 and the extracted ones of Cj4,
(= Cjso), Capi, and Cyq, (= Cyy0) into Eq. (17).

Applying the proposed extraction method at mmWave
frequencies, it becomes possible to select more accurate
HF values that fits Eqgs. (12)-(17) at frequencies higher
than 40 GHz in Figs. 3-5. Therefore, the validity of the
HF approximation equation in Egs. (12)-(17) is improved
in the mmWave range, leading to improved extraction ac-
curacy.

Typically, it is better to select the lowest frequency for
the LF value and the highest frequency for the HF value
in the measured frequency range. However, in this work,
the LF extraction is performed using the 500 MHz data,
because the lowest frequency of 100 MHz seems to have
some measurement uncertainty. For the HF extraction, the
average value of the 38-40 GHz measurement range is
used, considering the fluctuation observed in the measured
HF data.

To extract Ry, the following equation derived from Eq.
(8) is employed:

Table 1. Percentage change of extracted parameters compared to
the novel method according to LF or HF point shift at
Vos =Vep =—2.5V.

Novel method LF =900 MHz | HF =28 ~ 30 GHz
LF = 500 MHz pe po
Results o Results °
HF = 38 ~ 40 GHz Change Change
Cido 11.04 fF 8.47fF | —23.3% | 10.08F | —8.7%
sto
Cepi 37.76 fF 31.83fF | —15.7% | 33.82 fF | —10.4%
Cho 22.46 fF 23.03 fF 2.5% 23.42 fF 4.2%
ngo 24.5 fF 25.5fF 4.1% 24.5 fF 0%
Cgm
Cgbe 25.07 fF 25.94 fF 3.5% 29.06 fF | 15.9%
Ry 346 Q 587 Q 69.7% 414 Q 19.7%
2 2
; w°R,C;
Re(Y}) = i (18)

1+ @2Ry*(Cjso + Cjao + Ceni)*

At LFs where 0?Rp%(Cjso + Cjao + Ceni)* < 1, Eq. (18)
simplifies to Re(Y,) ~ RyCja,”®*. Since RyCjg,” is the
LF slope of the Re(Y},) versus ®? curve, R, is calculated
by dividing the slope by the extracted C idoz.

Table 1 shows the sensitivity analysis of the extracted
parameters in the case of shifting LF or HF points. As
shown in Figs. 3-5, the slope of the decreasing trend in the
LF region is much steeper than that in the HF region. Con-
sequently, the variation in the extracted parameter values
according to the frequency points selected for determin-
ing the LF and HF values in Egs. (12)-(18) is more pro-
nounced in LF than in HF. When LF values are selected at
the measurement frequency point of 900 MHz, the aver-
age magnitude of percentage change in the extracted pa-
rameters compared to the novel method is approximately
19.8%, as shown in Table 1.

To examine the change in the extracted parameters
based on the selected HF points, an additional parame-
ter extraction is carried out using the average value in the
28-30 GHz range, which is lower than the 38-40 GHz
frequency range selected for the HF values in Eqgs. (12)-
(18) using the novel method. Although the frequency shift
in HF extraction is much larger than LF one in Table 1,
the resulting average magnitude of % change in the ex-
tracted parameters based on those using the novel method
is about 9.8%, which is considerably lower than that of
the LF extraction. Therefore, we conclude that the pro-
posed extraction method exhibits higher parameter sensi-
tivity to LF value selection than HF one, with R;, showing
the largest variation among all parameters. Furthermore,
Table 1 shows that the LF point shift strongly affects Cy,
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Fig. 6. Extracted model parameters in Fig. 2 as a function of
Ve = Vis.

(= Cjs0), Cgpi and Ry, while the HF point shift largely af-
fects Cypi, Cope and Ry,

Fig. 6 shows the extracted model parameters in Fig.
2 as a function of Vg = Vs, using the proposed direct
method. The extracted parameters show physically con-
sistent trends: As Vgp decreases, the channel depletion
depth X, of the active region becomes shallower. Since
the gate oxide capacitance Cpx and channel depletion ca-
pacitance C,, are connected in series between the gate and
body, the total gate-body capacitance Cgp; 4 C,p, increases
in the accumulation region due to the increase in Cy, [5].
Therefore, Cgp,, which is separated to model the body-
distributed effect, exhibits a similar voltage dependence
to Cgp;, but is smaller than C,;,;. Additionally, the reduc-
tion in X, leads to an increase in the gate-edge sidewall
junction area between the lightly doped drain (LDD) and
the internal body, resulting in an increase in Cjq, and Cjs,
as Vgp decreases [11]. As Vgp decreases, R, shows little
change in the depletion region, but sharply decreases at
Vee < —0.5 V in the thin body because the effective body
thickness increases due to the decreased channel depletion
depth.

III. VERIFICATIONS

In Fig. 7, simulated S-parameters from a simple model
(Fig. 1) are compared to a physical one (Fig. 2) together
with the measured data. For the simple model simula-
tion, the extracted resistances and inductances are de-
embedded from measured S-parameters, and the following
equations are then used to extract parameters in Fig. 1:

1 ,
- Blm(Y]IQ)LF ~ ngm (19)

1 . )
6Im(l/;1 + Y1) 1r & Cygo + Cop, (20)

O Measurement
Physical model [’
===- Simple model

O Measurement
y Physical model
\\ === Simple model

// =
0/ \ w0 - 05 Vg =0V »
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Fig. 7. Comparison of measured S-parameters with a simple
model and a physical model extracted under various off-
state bias conditions.

1 . .
alm(yzlzJFY]lz)LF ~ Cjao + Cpo- (2D

As shown in Fig. 7, the physical model using the novel
direct method shows good agreement with the measured
S-parameters in a wide frequency range (100 MHz ~ 40
GHz) and various bias conditions. To quantitatively ver-
ify the superior extraction accuracy of the proposed direct
method, the error rates of the simple and physical models
with respect to the measured data are evaluated using the
following equation:

ij,measured — Sij,modeled

2
Error%:A(I)ZZf: ,

Sij,measured

(22)

where N represents the number of measured frequency
points, Ziz’ j=1 denotes the sum of the errors for each S;;,
and )’ ; denotes the summation for all measured frequency
points.
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The modeling error rates under various bias conditions
for the simple and physical models are shown in Fig. 8.
The physical model exhibits S-parameter error rates at var-
ious biases, which are considerably lower than those of
the simple model, demonstrating superior accuracy under
off-state bias conditions. However, as V;p decreases, the
simple model shows a larger error rate than the physical
one, because R), is neglected in the simple one. In Fig. 7,
the error in Sj;-parameter for the simple model is larger
than that in Sy;-parameter, and this error increases as Vip
decreases. This S-parameter error occurs for the following
reasons: In the input circuit of Fig. 2, R, is in series with
large C,p;, leading to a more significant frequency depen-
dence on S;;-parameter, whereas in the output circuit, R
is in series with small Cj4,, which has a relatively minor
frequency effect on Sy;-parameter. Furthermore, the in-
crease in Cy,; in the accumulation region as Vp decreases
results in a larger error in the S;-parameter due to the
shorted R}, in the simple model.

Table 2 compares the main extraction parameters of Fig.
2 obtained from the previous complex method [7] and the
proposed method in the accumulation region. The previ-
ous method extracts Cjg, at Vgs = Vgp = 0 'V, which fails
to reflect the physical increase in capacitance as the gate
voltage decreases [11]. Thus, an unphysically smaller Cjq4,
than that obtained using the proposed method is extracted
using the previous one. For Cgy;, the previous method ex-
tracts the value from the difference between the on-state
(Vgs = 2.5 V) and the zero-Vgg condition. Since the de-
pletion region exists inside the n"-doped polysilicon gate
in the inversion region [12], the previous method incor-
rectly extracts a smaller C,; than the value obtained in the
accumulation region using the proposed method.

Table 2. Comparison of extracted parameters between the previ-
ous [7] and proposed method at Vgg = Vgg = —2.5 V.

Parameters Proposed method Previous method [7]
Cido 11.04 fF 5.47fF
Cobe 25.07 fF 27 {F
Copi 37.76 tF 332 fF
Cpo 22.46 fF 24.5 tfF
Ry 346 Q 840 Q

In the previous method [7], Cp, and Cg, are extracted
using the Y-parameter equations derived from the simpli-
fied equivalent circuit, assuming that the large value of
Cgpi 1s shorted in the HF region. However, this assump-
tion is inaccurate because extra fractional terms composed
of multiple capacitance components are added in Eqgs.
(16) and (17). Thus, the previous method yields extracted
values of Cp, and Cy, that are unphysically larger than
those obtained using the novel method. In addition, the
novel model exhibits an S-parameter error rate of 3.99%
in the range of 100 MHz to 40 GHz, which is considerably
lower than the 9.35% of the previous complex method at
Vs = Vg = —2.5V, verifying the superior accuracy of the
proposed simple method.

Therefore, the novel extraction method enables direct
extraction of all parameters in the complex off-state equiv-
alent circuit using only a single S-parameter measurement.
Compared to previous methods requiring complex extrac-
tion processes, our method is much simpler and shows sig-
nificantly improved accuracy, especially in the accumula-
tion region.

IV. CONCLUSIONS

A novel extraction method is proposed for directly ex-
tracting all parameters of a physical off-state BCT PD-SOI
MOSFET equivalent circuit without numerical optimiza-
tion. By utilizing not only LF but also HF measurement
data, this method enables complete parameter extraction
using only a single S-parameter measurement in both ac-
cumulation and depletion regions. New Y -parameter equa-
tions are derived from LF and HF approximations of the
off-state equivalent circuit, allowing direct extraction of
all parameters. This approach significantly simplifies the
extraction process compared to conventional direct meth-
ods that require additional test patterns or measurements at
different biases. The accuracy of the novel method is val-
idated by ensuring that the modeled S-parameters closely
match the measured data at various biases up to 40 GHz.
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