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Abstract—We present an analytic method to extract Schottky
diode parasitic model parameters. All the ten unknown model pa-
rameters are extracted via a straightforward step-by-step proce-
dure. The challenges for a proper finger inductance and series re-
sistance extraction are discussed and solutions are recommended.
The proposed method is evaluated using three sets of -parameter
data for GaAs-based planar Schottky diodes, i.e., data from mea-
surement up to 110 GHz and 3-D electromagnetic full-wave simu-
lations up to 600 GHz. The extracted models agree well with the
measured and simulated data.

Index Terms—Analytical model, equivalent circuits, mil-
limeter-wave devices, modeling, multibias, parameter extraction,
scattering parameters, Schottky diodes, terahertz.

I. INTRODUCTION

T ODAY, GaAs-based planar Schottky diodes [1] are used
in terahertz heterodyne receivers [2]–[4] for terahertz

imaging and sensing application. However, the diode experi-
mental performance is still far below expectations due to the
lack of accurate high-frequency models.
In circuit design, empirical equivalent-circuit models

[5]–[12] are usually favored in comparison to physical models
solving basic transport equations [13]–[16]. This is due to their
computational efficiency and the physical device parameters
not being needed. In order to extract the equivalent-circuit
model, a systematic and straightforward extraction method is
needed. The availability of such a method is also important
for automated parameter extraction in wafer mapping and
fabrication process tracking.
The nonlinear parameters in the equivalent circuit are ex-

tracted from dc current–voltage (I–V) and low-frequency capac-
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itance–voltage (C–V) data, whereas the linear parasitic model
parameters are extracted from two-port -parameter data.While
the extraction of the parasitic capacitances is accurate, the ex-
traction of inductances and resistances is challenging. Today,
these elements are mostly estimated by fitting the model param-
eters to the -parameter data [5]–[11]. In comparison to param-
eter-extraction methods for transistor models [17]–[21], a sys-
tematic and robust parameter extraction method for high-fre-
quency diodes is still lacking.
In this study, we present a systematic and straightforward

analytical method to extract the high-frequency diode model
parameters. A new algorithm for the extraction of diode in-
ductances is proposed. Compared to [5]–[11], the proposed
algorithm provides a more consistent outcome, without in-
fluence of the definition of global error function, the starting
parameter values, and the allowable parameter range [22].
Three sets of -parameters are used to evaluate the method,
i.e., measurement up to 110 GHz for diode in a coplanar wave-
guide (CPW) configuration, and 3-D electromagnetic (EM)
full-wave simulation up to 110 GHz for a diode in a CPW
configuration and up to 600 GHz for a diode in a suspended
stripline configuration.

II. SCHOTTKY DIODE EQUIVALENT-CIRCUIT MODEL

Fig. 1 illustrates a cross-sectional view of a high-frequency
planar Schottky diode and its equivalent-circuit model. The
Schottky junction, depicted as a diode symbol in Fig. 1(a), is
modeled as voltage-dependent junction capacitance and
resistance [23]. The diode parasitic resistance due to the
un-depleted active junction epi-layer is a voltage-dependent
epi-resistance. However, in combination with other extrinsic
parasitic resistances [see Fig. 1(a)], the bias dependency of
a total of the epi- and extrinsic parasitic resistances is weak.
For simplicity, these resistances are modeled as one series
resistance , as shown in Fig. 1(b).
The fringing field between both pads is modeled as a

pad-to-pad capacitance , which is comprised of and
. The finger-to-pad coupling is modeled as and the

self-inductance of the air-bridge finger is modeled as [1].
Each connecting pad is approximated as a -network [17],
comprising pad capacitance and pad inductance .
The -network representation for the pad is sufficient and
accurate when the pad length is less than 10% of the effective
wavelength at the highest frequency and its characteristic
impedance is free from dispersion.
With this, ten unknown parameters are sufficient for effective

extraction and accurate modeling over a wide frequency range.

0018-9480/$31.00 © 2013 IEEE
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Fig. 1. Planar Schottky diode structure. (a) Cross-sectional view. (b) Small-
signal equivalent-circuit model.

For frequencies where the diode geometry is in the order of 1/10
or larger of the effective wavelength, the models of air-bridge
finger and connecting pads have to be extended, e.g., as dis-
tributed components.

III. PARAMETER-EXTRACTION METHOD

The extraction method is based on an analytical calculation of
the model parameters. A set of multi-bias broadband -parame-
ters is used to calculate all the model parameters. For the capac-
itance extraction, at least three reverse bias points are required,
whereas for the series resistance and inductance extraction, at
least one forward bias point beyond flat band is required. More-
over, -parameters from one additional de-embedding structure
are used to estimate the pad-to-pad capacitance - .
This de-embedding structure is identical to the diode structure,
but with the absence of the air-bridge finger and Schottky anode
contact.

A. Step 1—Capacitance Extraction

For a high-frequency planar diode, the capacitances are in the
range of a tenth to tens of a femtofarad, whereas inductances are
in the range of several to tens of pico-Henrys. Thus, at a rela-
tively low frequency range, e.g., the lower gigahertz frequency
range, the diode capacitances are dominant compared to the in-
ductances. With this, the inductances in the equivalent circuit
in Fig. 1(b) can be neglected, resulting in a -network topology
(see Fig. 2).
With this, the diode capacitances are extracted at a low-fre-

quency reverse-biased case, i.e., , where is the
built-in potential. In comparison to the reverse-biased junction
resistance, the series resistance is negligible small and the

Fig. 2. Low-frequency diode equivalent circuit.

equivalent -parameters are written as

(1)

(2)

where is the angular frequency.
With this, the pad capacitances are extracted using

(3)

where and denote pad 1 or 2 .
Since the equivalent circuit is reciprocal, it is sufficient to

use only the -parameter to calculate the total capacitance, as
in (4). By using a set of multi-bias -parameters, the junction
capacitance [23] and the parasitic capacitance is
extracted by fitting (4) to (5),

(4)

(5)

where is a zero-biased junction capacitance, and is a
parameter representing the doping profile of the active junction
layer ( for a uniformly doped junction layer).
The diode is estimated from the de-embedding structure,

using (4), i.e., - - . The diode finger-to-pad
capacitance is then deduced by

- (6)

B. Step 2—Total Resistance Extraction

Similar to the capacitance extraction, the diode resistance is
calculated at a low-frequency range. Referring to Fig. 2, the
total resistance is calculated using (7), with the following
assumptions.
• is dominating at the reverse-biased case.
• is negligible at the forward-biased case

(7)

The series resistance is estimated when the diode is forward
biased, where the junction resistance is assumed to be zero.
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Fig. 3. Parasitic inductance extraction algorithm (note: is the iteration
number).

C. Step 3—Inductance Extraction

The parasitic inductances are extracted at high frequencies,
e.g., hundreds of gigahertz range. For a diode in the forward-bi-
ased condition, the junction capacitance can be neglected. With
this, a direct calculation of the finger inductance is possible upon
a proper de-embedding of the pad parasitics and using

(8)

where is the equivalent impedance for the air-bridge
finger branch [see Fig. 1(b)].
To de-embed the pad parasitics ( -networks), a similar

method as in [18], via a sequence of – – matrix conver-
sion, is used. Due to the lack of prior knowledge of
and , is calculated through an iterative procedure, as
shown in Fig. 3.
In this procedure, the pad inductances are assumed to be the

same because of the relatively similar pad structures. Moreover,
it is also known that a correct parasitic inductance value is con-
stant across frequency range [19], [20], i.e., zero slope for a in-
ductance versus frequency plot. However, there are statistical
and modeling errors in the result. Thus, the procedure is iter-
ated until a pre-set slope value, i.e., the convergence criterion,
is met. The slope, , can be calculated with a linear regression
method [19]

(9)
where is the number of frequency points.
At the beginning of this procedure, it is assumed that the pad

inductances are zero. Prior to reaching the zero or pre-set slope

Fig. 4. Device geometry for measurement and simulation. (a) Planar Schottky
diode. (b) Additional de-embedding structure.

value, the calculated slope is interpreted as a result of underes-
timated pad inductances. Thus, in each iteration loop, the pad
inductances are increased, as in

(10)

D. Model Error Analysis

The accuracy of this method is evaluated by computing the er-
rors between the -parameters for the device-under-test (DUT)
and the extracted model. The frequency and voltage dependent
error function is written as

(11)

where and are the DUT and model
-parameters at a th frequency point for a voltage point, re-
spectively.
The average error, , is defined as

(12)

IV. DUT -PARAMETERS

A. DUT Structure

The DUT structure is identical to a Schottky varactor diode
operating in the 200-GHz range [see Fig. 4(a)]. The diode is
fabricated on a 270-nm-thick active junction layer with n-type
dopant 2 10 cm . The Schottky anode contact is 10 m .
For a measurement up to 110 GHz, the supporting substrate of
the diode sample is 150 m [24]. Fig. 4(b) shows the additional
de-embedding structure, i.e., a diode structure without the air-
bridge finger.
Similar diode structures are constructed for the 3-D EM full-

wave simulation up to 110 GHz in a CPW configuration and up
to 600 GHz in a suspended stripline configuration. For simula-
tion in a suspended stripline configuration, the supporting sub-
strate is 3- m thick.

B. On-Wafer Measurements (5–110 GHz)

For on-wafer measurements, a CPW configuration without
backside metallization is used (see Fig. 5). The conductor met-
allization thickness is 0.7 m. The diode structure is probedwith
a pair of Cascade infinity ground–signal–ground (GSG) probes.
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Fig. 5. Microscope image of a diode in the CPW configuration for the on-wafer
-parameter measurements.

Fig. 6. (a) 3-D EM full-wave simulation setup. (b) Open- and short-circuited
diode structures.

During measurement, the wafer is placed on top of a -band
microwave absorber.
The Agilent PNA N5250C and Keithley 2606A dual channel

bias supply setups are used. The voltage difference applied
across the diode terminals is varied from 4 to 1 V and the
corresponding dc current is measured. For each voltage level,
the frequency is swept from 5 to 110 GHz. The RF power for
each port is 27 dBm.
The calibration is performed using a set of on-wafer thru-re-

flect-line (TRL) calibration structures, providing accurate mea-
surement between 5–110 GHz. The reference planes [25] after
calibration are placed close to the diode pads, as indicated in
Fig. 5.

C. 3-D EM Full-Wave Simulations (5–600 GHz)

A 3-D EM full-wave diode model is useful for high-fre-
quency diode geometry design optimization and for analyzing
the geometry-dependent parasitics. For simulation up to
600 GHz, only half of the diode structure is constructed due to
the symmetry property (see Fig. 6).
The -parameters are calculated for an open-circuited and a

short-circuited diode structure, as illustrated in Fig. 6(b). The
diodes are placed in air channels and the reference planes are
placed close to the intrinsic device. The conductive losses are

Fig. 7. Step 1: Capacitances extraction at a low-frequency range. (a) Plot of ca-
pacitance versus frequency at zero biasing voltage (markers show the extracted
value and solid lines show the fitted capacitance in the 5–6-GHz range). (b) Plot
of extracted capacitance versus voltage.

not taken into account. The detail of the simulation setup is ex-
plained in [5]. The simulated suspended stripline mode charac-
teristic impedance is approximately 120 across the frequency
band.

V. RESULT

In this section, the proposed method (Section III) is used to
extract the diode model from the measured and simulated -pa-
rameters. The MATLAB-Muwave toolbox [26] is used to handle
the computations.

A. On-Wafer CPW Diode Model

The model capacitances are first calculated using (3) and (4)
and the result is plotted in Fig. 7. At high frequencies, the total
capacitance increases to 45 fF. This indicates that
the low-frequency equivalent-circuit assumption in Fig. 2 is not
valid beyond 20 GHz and the influence of the inductance is
observed. Thus, the capacitances are taken at the low-frequency
asymptote, i.e., in the 5–6-GHz range. Equation (5) is then fitted
to the extracted capacitance for a biasing voltage from 4 to
0.6 V by setting to 0.5.
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Fig. 8. Comparison of the measured and modeled -parameter from 5 to
110 GHz (markers are the measurement data; solid lines are the corresponding
model responses; dots on the solid lines indicate a range of frequency points
from 10 to 100 GHz with a 10-GHz step).

From the curve-fitting procedure, , , and are ex-
tracted to be 15 fF, 0.87 V, and 5 fF, respectively. From the
de-embedding structure measurement, the pad-to-pad capaci-
tance is 3 fF. With (6), the finger-to-pad capacitance is deduced
as 2 fF. The pad capacitances are constant across the biasing
voltage.
After extracting the capacitances, the total diode resistance

is calculated using (7) and the result is shown in Fig. 9. The
series resistance is estimated to be approximately 8 in the
forward-biased cases. At the dc biasing voltage of 1 V, the diode
current is 23 mA. Due to the high current level, the diode is
subjected to self-heating. The estimated value is not corrected
for the self-heating effect [9] and this is further discussed in
Section VI-C.
For the parasitic inductances extraction, the -parameters for

a biasing voltage range of 0.9–1 V, within a frequency range of
20–110 GHz, are used. For a zero slope, the finger and pad in-
ductance are relatively constant across the voltage range. The
total finger and pad inductances are extracted as 60 pH. How-
ever, in this frequency range, it is difficult to distinguish between
the finger and pad inductances. The sensitivity of finger and pad
inductance extraction is discussed in Section VI-B.
With all the extracted parameters, the -parameters between

the measurement and model are compared for a frequency range
of 5–110 GHz. In the model, the junction capacitance is ne-
glected for the 0.8–1-V range. For the 4–0.7 V, the junction
capacitance is modeled using the voltage-dependent term in (5)
with the extracted and .
A comparison of the -parameters for three voltage points is

plotted in Fig. 8. Only forward return loss and transmis-
sion are shown. This is because the reverse -parame-
ters ( and ) are similar to those in the forward direction.
Fig. 10 shows the errors calculated using (11).
For the forward-biased case, there is a good agreement be-

tween the measured and modeled -parameters. However, for
the reverse-biased case, the model does not agree well with the
measurement at frequencies higher than 30 GHz. This error is
investigated to be attributed to the onset of parasitic propagation
modes in the CPW measurement setup, i.e., energy loss due to
radiation [27], [28]. The error is more pronounced for a more re-
verse-biased case. Despite the problems due to parasitic modes,
the average error for all the bias voltages are still in the order of
or below 10 .

Fig. 9. Step 2: Total resistance extraction (inset: total resistance at forward-
biased case for series resistance estimation).

Fig. 10. Calculated errors between measurements and models.

B. 3-D EM Full-Wave Diode Parasitic Model in Suspended
Stripline Configuration

The parasitic capacitances are extracted at 5 GHz. By using
(4), the pad-to-pad capacitance is calculated using the de-em-
bedded structure. A similar equation is used to calculate the
capacitances using the -parameters from the open-circuited
diode structure. This yields a of 1.6 fF and a of 0.6 fF.

and are 0.5 and 0.6 fF, respectively.
Since the simulation does not take into account the conduc-

tance losses, the resistance extraction steps are skipped. The pad
and finger inductances are then calculated. The finger induc-
tance slope is calculated for 20–600 GHz, and the tolerance is
set to zero. The slope reached zero at the 42th iteration, resulting
in a finger inductance of 10.8 pH and a pad inductance of 6.3 pH
(see Fig. 11). Fig. 12 shows a comparison of the model and sim-
ulations, indicating good agreements have been achieved.

VI. DISCUSSION

A. Parasitic Model Parameter Comparisons

Table I summarizes all of the extracted parasitic model pa-
rameters. For the DUT in the CPW configuration, several pa-
rameters extracted from measurement are verified with values
extracted by other means. From the dc I–V data, the diode se-
ries resistance is extracted as 8 , which is consistent with the
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Fig. 11. Step 3: Inductance extraction at a high-frequency range.

Fig. 12. Comparison of the simulated and modeled -parameter from 5 to
600 GHz (markers are the simulated data; solid lines are the corresponding
model responses).

value extracted in step 2. In addition to the diode with a mesa
gap of 10 m, diodes with mesa gap of 8, 15, 20, and
30 m are also measured. The are extracted using a sim-
ilar method.
For the diodemodel, as shown in Fig. 1, the pad-to-pad capac-

itance can be perceived as an analogy of two parallel plates sep-
arated by the distance of a mesa gap. Assuming a lumped model
is valid ( ), the finger-to-pad capacitance can be esti-
mated by fitting as a function of the mesa gap. With this,
the finger-to-pad capacitance is estimated as 2 fF (see Fig. 13).

TABLE I
EXTRACTED DIODE PARASITIC MODEL PARAMETERS

Fig. 13. Sum of pad-to-pad and finger-to-pad capacitances as a function of
mesa gap ( is in the unit of m).

This agrees well with the finger-to-pad capacitance estimated
with the assistance of the de-embedding structure.
A 3-D EM full-wave simulation is also performed for the

DUT in the CPW configuration. The extracted parameters show
a good agreement with those extracted from measurement,
except for . This is caused by the air-bridge finger bent
near the anode contact during DUT fabrication, increasing the
finger-to-pad coupling.
Between models of CPW and suspended stripline configu-

ration, higher and are observed for the DUT in the
CPW configuration. A higher is attributed to the thicker
supporting substrate, i.e., 150 m. Smaller pad parasitics are
extracted for the model in the suspended stripline configuration.
This is because of the difference in substrate thickness, as well
as the reference planes placement, which are closer to the in-
trinsic device in the simulations of the suspended stripline con-
figuration compared to the CPW configuration.
For the extraction of finger inductance, only the total induc-

tance, defined as (13), is stated for the DUT in the CPW con-
figuration. This is because of the lack of extraction accuracy in
distinguishing the pad and finger inductances for the frequency



1876 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 5, MAY 2013

Fig. 14. Contour plot of the errors as a function of frequency and normal-
ized finger inductance.

range (up to 110 GHz). The extraction sensitivity is further an-
alyzed and discussed in Section VI-B,

(13)

B. Finger Inductance Extraction Sensitivity Study

The finger inductance extraction sensitivity is analyzed by
varying the finger inductance in the models, and the errors be-
tween the DUTs and models are studied. A normalized finger
inductance is defined by dividing the varying finger
inductance to the total extracted inductance

(14)

For a range of 0–1, the frequency-dependent errors
are calculated using (11) for the short-circuited DUT in the

suspended stripline configuration. As shown in Fig. 14, below
300 GHz, there is no significant error variation across all the

values and the errors are below 10 . Moving from 300
to 600 GHz, the error has a clear minimum at a specific
value.
The errors averaged over frequency , calculated using

(12), exhibits a minimum value of 5 10 at the of
0.43, which corresponds to a finger inductance of 10.1 pH. This
agrees well with the extracted finger inductance in Section V-B.
For the measured DUT, the -parameters at biasing voltage

of 1 V are used for this sensitivity analysis. For the 5–110-GHz
range, a similar frequency-dependent error trend, as in Fig. 14,
is observed. For an of 0–1, the errors averaged over fre-
quency of 5–110 GHz increase monotonically from 1 10
to 2 10 . The error variation is relatively small. Thus, the
extraction of finger inductance is not accurate at this frequency
range.
At 300 and 600 GHz, the equivalent impedance of a 10-pH

inductance is approximately 18 and 40 , respectively. Thus,
the frequency range for a proper finger inductance extraction
should be high enough, which results in a corresponding reac-
tance larger circa of 15% of the characteristic impedance.

C. Diode Intrinsic Impedance

By de-embedding all the parasitics, the diode intrinsic
impedance ( ) can be extracted. In this work, the series
resistance is estimated to be 8 from the forward-biased case
at low frequencies. However, the extracted series resistance
is subjected to errors due to self-heating from the forward
conduction current. In addition, the measurement is performed
with the wafer placed on a -band microwave absorber and
the thermal characteristic of diodes is not controlled. Under
this circumstance, the diode series resistance tends to be under-
estimated. This can be circumvented by extracting the model
parameters using pulsed -parameters, instead of continuous
biased -parameters, in a well temperature-controlled environ-
ment.
Alternatively, the series resistance can be extracted from a

reverse-biased case at high frequencies. For a proper series re-
sistance extraction, the frequency has to be high enough where
the junction conductance is relatively small compared
to the junction capacitance susceptance . In addition, the
junction capacitance reactance has to be comparable to the se-
ries resistance. For the measured DUT, the junction capacitance
and resistance is approximately 15 fF and 50 k at zero bi-
asing voltage. For a series resistance within a tens range, a
frequency of 1 THz is required for a proper series resistance
extraction under a reverse-bias condition. Today, -parameter
measurement equipment up to 1 THz is available. However,
for measurement at such high frequency, the challenge lies in
a proper calibration and high sensitivity to errors and tolerances
[29], [30].

VII. CONCLUSION

We have proposed and evaluated a systematic and straight-
forward analytical method for high-frequency planar Schottky
diode model parameter extraction. A step-by-step extraction
has been demonstrated for three sets of -parameter, i.e.,
5–110-GHz measurement and 5–600-GHz simulations. The
extracted models agree well with the DUT -parameters. The
method is robust and suitable for fast diode model extraction,
which is useful for yield analysis. Moreover, the method can
serve as a reliable technique to provide the initial parameters
for further fine tuning using an optimization technique.
The challenges in extracting the air-bridge finger inductance

and series resistance are addressed and the frequency range re-
quired for a proper parameter extraction is recommended. The
proposed method is straightforward and applicable to other de-
vices with a similar equivalent-circuit model.
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