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Abstract — A new and accurate modeling has been
performed for an integrated Schottky barrier diode
fabricated by 0.18um standard CMOS process. The bulk
and distributed effects are considered by adding macro
elements to an original SPICE diode model. The resistance
and capacitance model parameters have been obtained
precisely by a direct extraction method using S-parameter
sets with various bias points. The validity of this new model
and parameter extraction method has been verified by
comparing with the measured S-parameters over the wide
range of bias up to 10GHz.

1. INTRODUCTION

Schottky barrier diode (SBD) has advantages of fast
switching speed and low forward voltage drop. Due to
these advantages, it has been used widely for low power
rectifier or detector circuits in high-frequency range.
Integrating Si SBD into CMOS RF IC is very important
to increase high frequency performance as well as to
decrease the production cost and chip size, in particular
for fabricating dc voltage generator in a passive RFID
chip where no dc supply is available [1], [2].

In order to design SBD rectifier or detector in a CMOS
RF Transceiver chip, accurate and reliable simulation of
DC and RF characteristics which are strongly dependent
on the SPICE model and parameter extraction of the
integrated Si SBD is required. Furthermore the input
impedance in RF front-end block is very important for
designing the matched printed antenna with the
maximum transfer power. Generally the simple discrete
SBD SPICE model has been used for commercial
applications, however it is insufficient to describe the
integrated Si SBD characteristics due to the bulk effect
introduced by the lossy Si substrate as well as distributed
effect of the lateral diode region in RF range.

Thus, a new integrated Si SBD SPICE model
considering these bulk and distributed effects should
imperatively be developed. In addition, accurate model
parameter extraction is required to guarantee the reliable
RF IC simulation. Typically, a general-purpose
optimization process has been used to extract the large
numbers of model parameters, however these additional
parameters caused unphysical extraction results during
optimization. To eliminate these unphysical errors, it is
better to determine the model parameter using a direct
extraction technique.

Therefore, in this paper, the new SPICE macro model
for an integrated Si SBD and accurate direct parameter
extraction method using measured S-parameters have
been introduced, and the accuracy of the model and its
parameter extraction technique has been verified from
0.1GHz to 10GHz.

II. A NEwW MODEL AND PARAMETER EXTRACTION

A. New Model for Integrated SBD

Fig. 1 shows the structure of the multi-finger integrated
Si SBD fabricated with 0.18um standard CMOS process
[3][4]. Figs. 2 and 3 show the newly developed SPICE
macro model and its small-signal equivalent circuit.
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Fig. 1. Fabricated Si Schottky Barrier Diode structure
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Fig. 2. New SPICE macro model of the integrated Si SBD
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Fig. 3. Small-signal Equivalent Circuit of the Si SBD

This macro model is composed of SPICE diode model
and additional lumped components occurred by Si
substrate. In addition, the internal junction diode Dj and
the extrinsic junction diode Djx are separated to consider
the lateral distributed effect happened in RF range
dominantly. Cpa is the parasitic capacitance between the
anode interconnection part and the substrate, Cp is the
parasitic capacitance between anode and cathode. Dsub is
the junction diode between n-well and p-substrate. Rsub
is the resistance in the area of the substrate, Rs is the
series resistance and Rj is the dynamic resistance of the
diode junction. Cj and Cjx are intrinsic and extrinsic
depletion capacitances in Dj and Djx respectively.

B. DC Parameter Extraction

First of all, SPICE DC model parameters are directly
extracted from the measured DC 1d-V curves at some
important points such as forward and reverse main
turning points and the slope and y-intercept points of
In(Id)-V graph. Fig. 4 shows the extracted scalable
saturation current Is according to the effective Schottky
contact area and Fig. 5 notifies great uniform ideality
factor regardless of the contact area of the fabricated Si
SBDs.

The fabricated SBDs show soft breakdown
characteristic which is one of the major elements that
control the performance of the rectifier and are dominant
in the reverse direction. For this soft breakdown
modeling, we used the reverse bias SPICE parameters:
reverse breakdown voltage BV, reverse breakdown
ideality factor NBV, current at breakdown voltage IBV,
low-level breakdown ideality factor NBVL, and low-
level current at breakdown voltage IBVL.

Forward direction knee current (IKF) to model
decrease of IV characteristic curve in high current, is
extracted by the intersection point Id of fitting line
having kT/q slope in the middle range of V and fitting
line and having kT/2q slope in the high range of V in
In(Id)-V curve[6].
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Fig. 4. Saturation current Is with scalability
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Fig. 5. Ideality factor of Si SBDs with various contact area.

C. AC Parameter Extraction

For AC parameter extraction, a de-embedding
technique has been performed to subtract the pad
parasitic components from the measured S-parameters of
the device [5].

Generally MHz C-V measurement is used to extract
capacitance, but the method is insufficient to measure
very small junction capacitance Cj of the small sized Si
SBD. Hence the direct RF extraction method which
determines capacitance values using S-parameters
measured in GHz range from the real devices has been
developed in this work. Through this method, SPICE
model parameters are extracted from the voltage-
dependent data of capacitance as follows.

Analysis in the low frequency range and under zero
bias condition is very important because many internal
parameters can be simplified reasonably. In Fig. 3, since
Rj, Rs and Rsub may be ignored in the low frequency
range(LF) at the zero bias(ZB) or reverse bias(RB), Cpa,
Cp, Cj, and Csub can be approximated as follows.

(I/o) Im(Y 11+ Y 12)Lr = Cpa €))
(-Vo) Im(Y 12)Lrezers = Cp + Cj + Cjx
= Cp + (CIHCIX)(1-V/Vj)™ ()

(1/@)IM(Y 1+ Y 1)L rezprs = Csub = CIS(1-V/Vjs)™*  (3)

410 13th GAAS® Symposium — Paris, 2005



where CJ, CJX and CJS are zero voltage junction
capacitances, Vj and Vjs are built-in barrier voltages, MJ
and MJS are capacitance grading factors. The zero or
reverse bias values of Cpa and Csub are directly
extracted from (1) and (3), respectively. After the voltage
dependent data of —(1/w)Im(Y ) razprs are obtained
from Fig. 6, Cp is determined by finding y-intercept of —
(1/@)Im(Y12) Lrezsrs versus (1-V/Vi)™ as shown in Fig.
7. SPICE parameters such as Vj, Vjs, Mj, Mjs in (2) and
(3) are extracted by simple curve fitting of the voltage
dependent capacitance data.
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Fig. 6. Measured —(1/0)Im(Y,) vs frequency at various V.
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Fig. 7. Measured data and fitted line of —(1/®)Im(Y,) versus
(1-V/vj) ™.

Conventionally, Rs is determined by fitting In(Id)
versus V curve deviated from the ideal line in high V [6],
but this Rs extraction method using DC Id-V data
includes uncertainty due to high current effect in the
forward direction. In order to remove this uncertainty, the
measured S-parameters at the same bias as the operation
points are used to extract Rs. In the low frequency(LF),
the value of Rs can be extracted simply by the following
equation.

Real(—1/Y; )i =Rs +Rj =Rs +kT/qly 4)

Rs is determined without the extra extraction of Rj by
the y-intercept point of the Re(—1/Y, ).r data versus 1/1d
in Fig. 8.

The separation of Cj and Cjx could be obtained by the
direct method [7]. The fine tuning of CJ and CJX is
performed by adjusting these extracted values to match
S1» parameters with the measured ones. The extraction of
Rsub is also can be obtained by a direct method using the
slope of Re(Y+Y1,)Lr versus o data as follows:

Re(Y22+Y12)LF ~ Rsubcsubzc02 (5)

The optimal value of Rsub has been determined by
changing the extracted value to match S,, parameters
with the measured ones.
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Fig. 8. Measured data and fitted line of -Real(1/Y ;)¢ vs 1/1d.

III. VERIFICATION OF MODEL ACCURACY

The accuracy of the new model and parameter
extraction method explained above is verified by
observing good agreement between the measured and
modeled DC and S-parameters as follows.

A. DC Verification

Figs. 9 and 10 show the accuracy of the DC simulation
of the developed model.
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Fig. 9. Measured and modeled DC Id-V characteristic curve.
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Fig. 10. Enlarged forward DC Id-V characteristic curve.
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B. RF Verification

Figs. 11(a)-(d) show good correspondence between
measured and modeled S-parameters from 0.1GHz to
10GHz at various bias points, verifying the RF accuracy
of Fig. 2. In Fig. 11(d) and (e), modeled S-parameters of
Fig. 2 with separated Dj and Djx are compared with
those without Djx, and show much better agreements
with measured ones at high frequencies. This clearly
demonstrates the importance of the distributed model
splitting Dj and Djx in RF range.
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Fig. 11. Comparison between measured and modeled S-
parameters at various bias points.

VI. CONCLUSION

We have developed the new SPICE macro model
considering the lateral distributed and substrate effects in
RF region for the integrated Si Schottky barrier diode,
and a direct extraction method for AC model parameters
using the measured S-parameters at GHz band. Using this
extraction method, capacitances and resistances are
accurately determined, and the model accuracy is verified
in the wide range of bias up to 10 GHz.
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