
Publication V 

Tero Kiuru, Juha Mallat, Antti V. Räisänen, and Tapani Närhi. 2011. Schottky 
diode series resistance and thermal resistance extraction from S-parameter and 
temperature controlled I–V measurements. IEEE Transactions on Microwave 
Theory and Techniques, volume 59, number 8, pages 2108-2116. 

© 2011 Institute of Electrical and Electronics Engineers (IEEE) 

Reprinted, with permission, from IEEE. 

This material is posted here with permission of the IEEE. Such permission of 
the IEEE does not in any way imply IEEE endorsement of any of  
Aalto University's products or services. Internal or personal use of this  
material is permitted. However, permission to reprint/republish this  
material for advertising or promotional purposes or for creating new collective 
works for resale or redistribution must be obtained from the IEEE by writing to 
pubs-permissions@ieee.org. 

By choosing to view this document, you agree to all provisions of the copyright 
laws protecting it. 



2108 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 8, AUGUST 2011

Schottky Diode Series Resistance and Thermal
Resistance Extraction From �-Parameter and

Temperature Controlled I–V Measurements
Tero Kiuru, Student Member, IEEE, Juha Mallat, Member, IEEE,
Antti V. Räisänen, Fellow, IEEE, and Tapani Närhi, Member, IEEE

Abstract—A new method for extracting the series resistance and
thermal resistance of a Schottky diode is presented. The method
avoids the inaccuracies caused by the temperature dependence of
the saturation current and ideality factor. These are a major con-
cern for traditional extraction methods, especially when the diode
under test has a submicrometer anode diameter and is significantly
heated up by the bias current. The method uses theoretical models
validated with measurements for the temperature-dependent sat-
uration current and ideality factor, and the series resistance values
extracted from low-frequency scattering parameter measurements
in the high bias current regime. The main focus of this paper is the
accurate extraction of the series resistance. For example, the se-
ries resistance value extracted with our method for a discrete diode
with a 0.8- m anode diameter is 88% larger than the series resis-
tance extracted using traditional techniques. As a by-product from
the extraction algorithm, an estimate for the thermal resistance
of the diode is obtained. The method is validated with extensive
current–voltage (I–V) and scattering parameter measurements of
two different commercially available discrete single anode mixer
diodes optimized for terahertz operation. I–V measurements are
performed at several controlled ambient temperatures and scat-
tering parameter measurements at one known ambient tempera-
ture.

Index Terms—Current–voltage (I–V) characteristics, I–V pa-
rameter extraction, Schottky diode, series resistance, thermal
resistance.

I. INTRODUCTION

T HE SERIES resistance of a Schottky diode is a key pa-
rameter for the performance of a Schottky-based device,

such as a mixer or a frequency multiplier. In order to create a
reliable model of the device, the designer needs a diode model
with accurate diode parameters, including the series resistance.
The thermal resistance of the diode determines how well the heat
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generated in the junction is removed from the junction and is a
parameter of importance for all semiconductor devices. The ef-
fects of these two parameters on the current–voltage (I–V) char-
acteristics of a Schottky diode with a small anode area are con-
siderable. They are also difficult to separate since both increase
with decreasing anode area and have their strongest effect in the
high bias current regime.

The most common way of extracting the series resistance
of a Schottky diode is to first perform direct current I–V

measurements. The series resistance is then extracted with
other Schottky parameters such as ideality factor and sat-
uration current by fitting the theoretical I–V equation or
some auxiliary function derived from the I–V equation to the
measured results [1]–[12]. Occasionally, instead of saturation
current, the Schottky barrier height is extracted. However, this
requires a priori knowledge of the anode size. In [13] and [14],
the I–V characteristics are measured with an audio frequency ac
signal and the parameter extraction is performed as explained
above. The problem in these methods is that the measurement is
much slower than the thermal time constant of the diode, which
can be less than 100 ns for submicrometer anodes [15]. This
means that the consecutive I–V points in one measurement are
all measured at different temperatures. In the measurement of
Schottky diodes with small anodes (anode diameter around or
below 1 m), self-heating is substantial and results in errors in
the extracted I–V parameters: in particular, an extracted value
for the series resistance, which is less than the actual value [1],
[16], [17].

Another method for the extraction of the series resistance is to
measure the derivative of the I–V curve with an ac signal at high
enough frequency to average out the thermal effects and then
calculate the series resistance by subtracting the calculated dy-
namic resistance of the junction. In [18], an LCR meter is used
to measure the derivative of the I–V curve up to 1 MHz and the
series resistance is then calculated from this value. However, ac-
curate estimates for the ideality factor and junction temperature
are needed for the correct calculation of the dynamic resistance
of the junction, and these parameters are not accurately known
as the self-heating effects are not taken into account. The re-
sulting error for larger anodes is negligible, but in submicrom-
eter anode diodes, the difference in the extracted value of the se-
ries resistance could be in the order of tens of percents. Further-
more, the 1-MHz measurement frequency is not high enough for
diodes with a submicrometer anode diameter and thermal time
constant below 100 ns.

0018-9480/$26.00 © 2011 IEEE
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Series resistance and other I–V parameters can also be ex-
tracted from pulsed I–V measurements [19]–[21]. If the device-
under-test (DUT) is a Schottky diode with a thermal time con-
stant below 100 ns, the pulsed system should provide synchro-
nized source-and-measure capability for pulse lengths in the
order of a few tens of nanoseconds. This requires a complicated
test setup with dedicated equipment, careful probe selection,
and accurate calibration of the cables and interconnects [19].
The authors are not aware of such successful measurements for
submicrometer anode Schottky diodes.

Several methods are available for the determination of the
thermal resistance of a semiconductor device. These include
pulsed measurements [15], [22], methods based on electrical
junction temperature measurements [23], and imaging methods
[24]. The general idea is to determine the junction temperature
and then—with the knowledge of the ambient temperature and
power dissipated in the junction—the thermal resistance can be
calculated. It is challenging to compare the accuracy or supe-
riority of one method against another as one method is usu-
ally better suited for a particular measurement situation than the
other, and a fair comparison would require measurement of sim-
ilar or the same test devices.

In this paper, we present a method for the extraction of
Schottky diode series resistance and thermal resistance. The
main focus is on the extraction of the series resistance, and an
estimate for the thermal resistance is obtained as a by-product
of the series resistance extraction method. Our method is based
on the combination of I–V measurements at different controlled
temperatures, theoretical and empirically verified models for
the temperature dependencies of the saturation current and
ideality factor, and on scattering parameter ( -parameter)
measurement results. The latter are obtained at a known tem-
perature, at a relatively low frequency (1–2 GHz) and in the
high bias current regime ( 1 mA). Our method is best suited
for Schottky diodes optimized for the operation at terahertz
frequencies (0.1–3 THz), which means anode diameters of
the order of 1.0 m or smaller. Diodes for lower operating
frequencies are generally so large that the self-heating effect is
negligible or very small.

II. SCHOTTKY DIODE I–V CHARACTERISTICS

A. Temperature-Dependent I–V Parameters

The current through the Schottky junction according to [25]
is

(1)
where is the elementary charge, is the Boltzmann’s constant,

is the junction temperature, and is the applied voltage.
With this notation, the voltage over the junction is .
Usually, the saturation current and ideality factor are assumed to
have the same constant values for all I–V bias points, and these
values are extracted with an estimate for the series resistance by
curve fitting (1) [or some auxiliary function derived from (1)] to
measured I–V characteristics [1]–[14].

However, saturation current and ideality factor are not con-
stants, but have different values in different bias conditions, as

Fig. 1. Illustration of the saturation current as a function of the junction tem-
perature according to (2) and (3). Parameters for the calculation are from an
SC2T6 diode used in this study.

Fig. 2. Illustration of the ideality factor as a function of the junction tempera-
ture according to (3). Parameters for the calculation are from an SC2T6 diode
used in this study.

the junction is heated by the current flowing through the diode.
The temperature dependence of the saturation current and ide-
ality factor as a function of the junction temperature according
to [26]–[28] can be expressed as

(2)

(3)

where is the surface area of the junction, is the mod-
ified Richardson constant (8.2 Acm K for GaAs), is
the height of the Schottky barrier, and is a constant with
constant doping density. The behavior of the saturation cur-
rent and ideality factor as a function of temperature is illus-
trated in Figs. 1 and 2 for an SC2T6 Schottky diode used in
this work. In (2), the barrier height is assumed constant. This is
an approximation, as the barrier height has a weak bias voltage
dependency due to the image-force lowering effect. The error
due to the image-force lowering to the thermal resistance and
series resistance values extracted with the new method is dis-
cussed in Section VI. In addition, the barrier height and modi-
fied Richardson constant both experience a weak temperature
dependency. This, however, is taken into account in the new
method since the extraction is done at known bias points and
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temperatures, and estimates for thermal and series resistance are
calculated separately in discrete bias points.

B. Self-Heating of the Anode Junction

A model for Schottky junction temperature dependence is
given in [17] and [27]. The temperature change in the junction
for diodes with a circular anode can be estimated with

(4)

(5)

(6)

where is the ambient temperature, is the power dissi-
pated within the diode, is the thermal spreading resistance
of the diode chip, is the thermal resistivity of GaAs (22
10 Km/W at 300 K), and is the anode radius. The equation
for the thermal resistance (6) is an approximation for the situa-
tion where the semiconductor continues indefinitely far from the
junction. In reality, the thermal resistance is also determined by
other materials and the geometrical structure of the diode and is
heavily affected, for example, by the removal of semiconductor
material around the anode, which is often done in order to reduce
the parasitic electrical capacitance of the diode, but increases the
thermal resistance. On the other hand, the thermal performance
of the diode can also be enhanced by, for example, having ma-
terials with good thermal conductivity near the junction.

When the temperature change of the junction due to the self-
heating effect and the temperature dependence of the saturation
current and ideality factor is taken into account using (2)–(6),
we see that the current level at a given applied voltage is, in fact,
larger than that predicted by (1) with constant saturation current
and ideality factor. Consequently, if the series resistance extrac-
tion is done based on constant values of the saturation current
and ideality factor, the extracted value for the series resistance
will be lower than the real series resistance of the diode [1],
[16], [17]. The same applies if (2) is substituted into (1) and
the Schottky barrier height is extracted instead of the saturation
current. This is illustrated in Fig. 3, where the I–V curves ob-
tained both with the traditional extraction and with the temper-
ature-dependent model are shown with the resulting error in the
extracted value of the series resistance. This effect is more pro-
nounced in diodes with a small anode diameter or in structures
where the thermal resistance is increased, e.g., by removing ma-
terial around the anode, and thus, disturbing the flow of thermal
energy away from the junction.

III. NEW EXTRACTION METHOD

Our extraction method for the series resistance and thermal
resistance of a Schottky diode uses a combination of temper-
ature controlled I–V measurements and -parameter measure-
ments at a known ambient temperature. We start by building
temperature-dependent models for the saturation current and
ideality factor.

A. Temperature-Dependent Models for Saturation Current
and Ideality Factor

Saturation current and ideality factor values at different tem-
peratures are extracted and the results are fitted to (2) and (3)

Fig. 3. Extraction of the series resistance and the error caused by the assump-
tion that the saturation current and ideality factor have constant values in all bias
points. The data is for illustration purposes only and is calculated with (9) using
thermal resistance approximation according to (6).

by solving parameters , , and the product . The ide-
ality factor and saturation current values are extracted at current
levels that are always below 50 A, i.e., in the linear part of the
logarithmic I–V curve. In this current range, the self-heating of
the junction is negligible and the junction is in the same temper-
ature as the ambient (temperature-controlled chuck).

Fitting saturation current in this way is essentially the same
as performing activation energy method (I–V–T) measurements
[28]. The difference is that we do not need exact values for
the Schottky barrier height or for the product , but only
a model that predicts the temperature dependencies of the sat-
uration current and ideality factor. The temperature-dependent
ideality factor is used in the model for the saturation current at
corresponding temperature points.

With temperature-dependent models for the saturation cur-
rent and ideality factor, we can now define a voltage, , across
the Schottky junction when the junction is heated up by a known
bias current. By using (1) without the series resistance, for the
voltage across the junction we get

(7)

In (7), is the temperature-dependent ideality factor and
is the temperature-dependent saturation current. As il-

lustrated in Fig. 3, the real series resistance can be calculated as

(8)

With the temperature-dependent junction voltage definition in
(7), this can be written as

(9)

where is the voltage over the diode (junction series resis-
tance) at a current . By substituting the temperature-dependent
models for the saturation current and ideality factor in and
then substituting the junction temperature (4) in these models
and in (7), and finally, by substituting (5) for the power dissi-
pated in the junction in (4), we get a formula for the series re-
sistance, where the only unknown variable is the thermal resis-
tance. Equation (6) could now be used to evaluate the thermal
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resistance and an estimate for the series resistance could be ob-
tained. However, (6) is only an approximation and is not consid-
ered to be accurate enough to describe the thermal resistance of
a complicated diode structure. Consequently, more information
is needed to obtain an accurate estimate for the thermal resis-
tance and then calculate the value of the series resistance. This
information is obtained from low-frequency -parameter mea-
surement results of the Schottky diode in the high bias current
regime.

B. Extraction of the Total Resistance of the Diode From
-Parameter Measurements

When a diode is biased to high current levels ( 1 mA), the
junction is conducting and the dynamic resistance is of the same
order as the series resistance. By applying a small ac signal and
measuring the reflected and transmitted power, the derivative of
the I–V curve, i.e., the small signal conductance, , can be ob-
tained. It should be noted here that the small-signal conductance
measured with an ac signal at a high enough frequency is not the
same as the derivative of the I–V curve measured with traditional
dc measurements because in the direct current measurement the
consecutive I–V points are at different temperatures. The rela-
tionship between the small-signal conductance and the series
resistance is

(10)

where is the dynamic resistance of the junction and is the
total resistance of the diode, which is the inverse of the small-
signal conductance. There are, however, several conditions for
the ac signal for (10) to be an accurate description of the small-
signal conductance and these are as follows.

1) The ac signal must be so small that it does not heat up the
junction from the quiescent bias point.

2) The ac signal must be at a high enough frequency to av-
erage out the thermal effects.

3) The ac signal must be at low enough frequency so the diode
can be approximated with a single component (total resis-
tance, ).

Condition 1) is easily fulfilled by choosing a small ac signal.
In our study, the ac power is always kept below 25 dBm and
heats up the junction less than 0.1 K according to our results
or calculated using (4)–(6). In order to comply with conditions
2) and 3), the signal frequency must be selected to be much
more than 10 MHz as the thermal time constant is assumed to
be less than 100 ns. On the other hand, the signal frequency
should not be much more than 10 GHz because, in that case, the
junction and parasitic capacitances of the diode should be taken
into account and the error in the estimation of these elements
is transferred into an error in the estimation of the small-signal
conductance, and hence, in the error in the estimation of the se-
ries resistance. We choose the frequency range of 1–2 GHz for
the extraction of the total resistance. In this frequency range,
the rise/fall time of the signal is less than 1 ns and the junction
will not react thermally. On the other hand, at this electrically

TABLE I
DIODE I–V AND C–V PARAMETERS AND CUTOFF FREQUENCY

Series resistance extracted with traditional extraction technique at 5 mA.

relatively low frequency, the diode can be extremely well ap-
proximated with a single resistor with short pieces of coplanar
waveguide (CPW) on both sides to account for the test struc-
ture (length of each piece is around 650–700 m, depending
on the diode and position where the diode is soldered). For ex-
ample, between 1–2 GHz, the extracted value for the total re-
sistance differs less than 0.03 from the value that is obtained
by extracting this value from a complete equivalent circuit of
the diode with the parameters given in Table I. At 10 GHz, this
difference is already 0.73 . Also any changes in the resistance
caused by the skin effect will be negligible in the selected fre-
quency range.

C. Solving the Thermal Resistance and Series Resistance

To summarize, the total resistance, which is the sum of the
temperature-dependent junction resistance and the series resis-
tance, is extracted from -parameter measurement results by fit-
ting the calculated reflection and transmission coefficients to the
measured ones in the frequency range of 1–2 GHz at bias current
points of 1 and 5 mA. The junction temperature and the temper-
ature-dependent ideality factor in (10) can also be expressed as
a function of the thermal resistance by substituting (4) and (5)
in place of the junction temperature.

By combining (9) and (10), we can eliminate , which leads
to the following equation:

(11)

where, after the substitution of (2)–(5), the only unknown in the
equation is the thermal resistance , which can then be solved
numerically. With a value for the thermal resistance, the series
resistance can now be solved with (9) or with (10) by substi-
tuting the obtained value for the thermal resistance in (2)–(5).
Equation (10) is used for the extraction of the series resistance
values in Table II, as it is less sensitive for a possible error
in the estimate of the thermal resistance, as will be shown in
Section VI. By combining I–V and -parameter measurement
results, we have now solved the thermal resistance and series
resistance values for a Schottky diode at the desired bias cur-
rent points.
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TABLE II
DIODE PARAMETERS EXTRACTED WITH THE TRADITIONAL

METHOD AND WITH THE NEW METHOD

Series resistance extracted with traditional extraction technique.
Series resistance extracted with our extraction technique.

Fig. 4. IMSQ08 Schottky diode attached to a CPW center conductor on a quartz
carrier substrate. The center conductor width at the center is 110 and 66 �m at
the ends of the test structure and the center conductor to ground spacing is 15�m
at the center and 10 �m at the ends. The gap for the diode is 75-�m wide. The
total width of the CPW test structure is 1500 �m. Metallization is gold with a
thickness of 3 �m.

IV. DIODES UNDER TEST AND MEASUREMENT SETUP

To demonstrate our method, we measured several mixer
diodes from two manufacturers. A single anode Schottky diode
IMSQ08 from Advanced Compound Semiconductor Technolo-
gies (ACST), Darmstadt, Germany, and a single anode Schottky
diode SC2T6 from Virginia Diodes Inc. (VDI), Charlottesville,
VA. The anode radii are approximately 0.4 m for the IMSQ08
diode and 0.7 m for the SC2T6 diode. Knowledge of the exact
anode radius or size is not necessary for the use of our method,
but an approximate value is helpful for estimating whether or
not the thermal effects are significant for a given type of diode.

For the tests, the diodes were flip-chip soldered on a coplanar
quartz carrier substrate and the contact to the carrier was
made with Cascade Microtech Infinity probes with 150- m
pitch. Fig. 4 shows an IMSQ08 diode on a quartz carrier
6.8 and contact probes. The quartz carrier was placed on a
temperature-controlled chuck of the Cascade Microtech probe
station and the temperature was adjusted with a Temptronic
Corporation Thermal Platform.

The I–V measurements were conducted with an Agilent
4156C Precision Semiconductor Parameter Analyzer in the

Fig. 5. Measured I–V characteristics and calculated I–V characteristics using
traditional two-step approach and least squares curve fitting algorithms. The
data is for an SC2T6 diode.

temperature range of 253–323 K with a 10-K step. The current
range in the measurements was 10 fA–10 mA with a logarithmic
current step. The dc resistance of the contact wiring and probes
was measured using a CPW thru piece. The -parameters were
measured with an Agilent N5250 PNA at 0.1–110 GHz at an
ambient temperature of 293 K in several bias voltage points be-
tween 3 0.5 V and at bias current points of 1 and 5 mA.
The small-signal power was kept under 25 dBm at all times.
Before the measurements, the system was calibrated at the
probe tips using a Cascade Microtech line-reflect-reflect-match
(LRRM) calibration kit. A CPW thru piece was also measured
in order to create a model for the CPW transmission line, which
is used with the diode model to take into account the short
pieces of CPW on both sides of the diode on the test structure.

V. TRADITIONAL I–V EXTRACTION RESULTS

The I–V parameters shown in Table I are extracted from mea-
surements done at 293 K with a two-step method [1]. The satu-
ration current and ideality factor values are first extracted with
the traditional extraction method in the part of the I–V curve,
where the effect of the self-heating and the effect of the series re-
sistance are negligible. After that, the series resistance is calcu-
lated as the difference between measured results and ideal diode
characteristics at 5-mA bias current. The I–V parameters were
also extracted with a least squares fitting algorithm [7]. It was
found that the difference of the methods on the extracted I–V
parameters is negligible if the highest current point used in the
least squares fitting is the same as the current point where the
series resistance is calculated with the two-step method. This is
illustrated in Fig. 5, where the I–V curves calculated with both
methods for the SC2T6 diode are shown with the measured re-
sults.

In order to establish the high-frequency capabilities of the
diodes, we also extracted the capacitance–voltage (C–V) pa-
rameters from -parameter measurement results at negative and
small positive bias voltages ( 0.5 V). The C–V parameters are
zero bias junction capacitance , parasitic parallel capaci-
tance , and built-in voltage . Diodes from the same manu-
facturer are very similar in performance. I–V and C–V parame-
ters and the cutoff frequency for one IMSQ08
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Fig. 6. Extracted values of the saturation current at different temperatures with
the fitted model. The data is from an SC2T6 diode.

Fig. 7. Extracted values of the ideality factor at different temperatures with the
fitted model. The data is from an SC2T6 diode.

diode and one SC2T6 diode are given in Table I. The data used
in the examples of this paper is also from these two diodes.

Here these methods are referred to as traditional extraction
methods. In the latter part of this paper, we will show that the
difference in the extracted value of the series resistance obtained
using either the traditional methods or our method is significant.
The reason for this is that the assumption made in the traditional
I–V parameter extraction—junction temperature, saturation cur-
rent, and ideality factor have the same constant values in all bias
points—is not physically valid, as is explained in Section II.

VI. NEW EXTRACTION METHOD RESULTS

By applying the method of parameter extraction described in
Section III to the measurement results of our test diodes, we
have created temperature-dependent models for the saturation
current and ideality factor. Results from the model and the ex-
tracted values are shown in Figs. 6 and 7. With these models
and with the total resistance values extracted from -param-
eter measurement results, we have solved the junction temper-
ature, thermal resistance, and series resistance at 1- and 5-mA
bias points. The results from the extraction are summarized in
Table II.

From the data, it can be seen that the extracted junction tem-
perature is larger in the diode with a smaller anode than in
the diode with a larger anode. The junction temperature is also
higher at a larger bias current and the thermal resistance is larger

Fig. 8. Series resistance values calculated using (9) and traditional extraction
methods for an IMSQ08 diode, including the lower and upper error limits
showing the effect of a �30% error in the extracted value of the thermal
resistance.

in the diode with a smaller anode, as expected according to (6).
Furthermore, the extracted thermal resistance value is smaller at
lower temperatures, which is also congruent with the theoretical
nonlinear behavior of the thermal conductivity of GaAs [30]. Fi-
nally, the series resistance values extracted with our method are
considerably larger than the values extracted using traditional
extraction techniques that do not take into account the temper-
ature-dependent I–V parameters. For example, at a 5-mA bias
current point, the difference in series resistances is 88% for an
IMSQ08 diode and 51% for an SC2T6 diode.

A possible source of error for the extraction of the thermal re-
sistance is the temperature-dependent model for the saturation
current. The saturation current model is extracted from mea-
surements around a 0.8-V 10 A bias voltage (current) point
and the Schottky barrier height in the model corresponds to that
voltage. However, the Schottky barrier height is not constant, but
experiences a so-called “image force lowering” effect caused by
the electric field in the semiconductor [27]. As the image force
lowering is proportional to the square root of the maximum elec-
tric field in the semiconductor junction and the voltage over the
junction in the high bias current regime is around 0.95 V, we
can approximate the error in the image force lowering to be less
than 9% or 3 mV assuming that the total image force lowering
is 30 mV [27]. Without the knowledge of the thickness of the
epilayer, it is impossible to give an accurate estimation for the
image force lowering.

Based on the above-mentioned error caused by the image
force lowering, the resulting difference in the estimate for the
thermal resistance at 5-mA bias point would be less than 20%
for both diodes. Assuming this and allowing some room for
measurement uncertainty, a 30% error in the estimate of the
thermal resistance is used for the extraction of the series resis-
tance using either the temperature-dependent model (9) or the
total resistance extracted from -parameter measurements (10).

The resulting error using (9) is shown in Fig. 8 for the
IMSQ08 diode and in Fig. 9 for the SC2T6 diode as a function
of the current point, which is used for the calculation of the
series resistance. The thermal resistance value used in the
calculation is the average of the values in 1- and 5-mA bias
points, which are given in Table II. For example, the relative
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Fig. 9. Series resistance values calculated using (9) and traditional extraction
methods for an SC2T6 diode, including the lower and upper error limits showing
the effect of a �30% error in the extracted value of the thermal resistance.

error is 13.4% 1.49 for the IMSQ08 diode, and 9.6%
0.67 for the SC2T6 diode at 5 mA.
However, the error using the -parameter method (10) does

not suffer from the image force lowering inaccuracies, or more
generally, any inaccuracies in the estimate for the saturation cur-
rent, as only the ideality factor and junction temperature are
considered in the formula. The error using (10) is only 1.9%

0.21 for the IMSQ08 diode and 1.6% 0.11 for
the SC2T6 diode at a 5-mA bias point. These values are not in-
cluded in Figs. 8 and 9 as the points would be almost completely
overlapping and visually impossible to separate. The series re-
sistance values at 1- and 5-mA bias points are given in Table II.

Extraction from the -parameter measurement results using
(10) is therefore considered to be an extremely accurate method
for the determination of the series resistance of Schottky diodes.
The extracted value for the series resistance is not sensitive to
the possible error in the estimated value of the thermal resistance
because the -parameter measurement averages out the thermal
effects that cause errors in traditional extraction techniques. To
demonstrate this further, let us assume an extreme 100% error
in the estimate of the thermal resistance. This means that the
thermal effect is either removed completely or doubled. The
case where the effect is removed, K/W, corresponds to
the situation, where the junction temperature used in (10) is the
ambient temperature and the ideality factor is the one extracted
using the traditional method at ambient temperature. With the
above 100% error of the thermal resistance, the resulting error
in the extracted value of the series resistance is 7.1% 0.8
for the IMSQ08 diode and 6.0% 0.4 for the SC2T6
diode at a 5-mA bias point. This example shows that a good
estimate for the series resistance can be obtained even without
knowledge of the thermal resistance, as long as the total resis-
tance is extracted from the -parameter measurement results
using (10). If Schottky diodes with even smaller anodes are mea-
sured, a good estimate for the thermal resistance becomes more
important even when using (10), as the junction temperature
differs significantly from the ambient temperature and causes
larger error in the calculated value of the series resistance.

VII. DISCUSSION

We have demonstrated the capability of our new method in
extraction of the thermal resistance and the series resistance
of Schottky diodes. The results using the new method can be
readily used in evaluation and comparison of terahertz Schottky
diodes with small anode diameters. The traditional extraction of
I–V parameters cannot provide the same accuracy for the value
of the series resistance because the effect of even a large se-
ries resistance can be obscured by the effect of a large thermal
resistance. Our method provides accurate values for the series
resistance regardless of the value of the thermal resistance and
as a by-product an estimate for the thermal resistance.

The ultimate goal in the characterization and modeling of
Schottky diodes is obviously to create a reliable circuit model
that is valid under large signal conditions and at high (terahertz)
frequencies. As the frequency increases, the series resistance in-
creases because of the skin effect. It should be noted here that
our model takes into account only the inaccuracies caused by the
heating of the junction and not those caused by the skin effect.
The determination of the extent of the skin effect is difficult at
terahertz frequencies as the measurement accuracy is limited by
calibration accuracy and possible inaccuracy in the determina-
tion of other equivalent-circuit parameters such as junction and
parasitic capacitances and finger inductance. The skin effect can
be studied using full-wave simulators [31]. We propose that the
series resistance value extracted using our method is used as a
baseline and the frequency-dependent increase in the series re-
sistance is calculated using full-wave simulations and added to
the baseline value.

VIII. CONCLUSIONS

In this paper, we have presented a method for the extraction
of the Schottky diode series resistance and thermal resistance.
Our method avoids the uncertainty in the extracted values due
to the self-heating of the anode junction, which is not possible
with traditional I–V extraction methods using dc or audio
frequency ac signal measurements. The method is based on
theoretical models validated with measurements for the tem-
perature-dependent saturation current and ideality factor and
uses low-frequency -parameter measurement results in the
high bias current regime. In short, the method consists of two
parts, first the extraction of the thermal resistance is performed
by combining the results from temperature-controlled I–V
measurements and from -parameter measurements. Secondly,
the series resistance can be extracted either by comparing the
temperature-dependent diode equation to the measured I–V
results or by calculating it from the total resistance obtained
from -parameter measurement results.

The extraction of the series resistance from -parameter mea-
surement results is an extremely accurate process, which is not
sensitive to a possible error in the estimate of the thermal re-
sistance. We have demonstrated our method with two commer-
cial single anode Schottky diodes with submicrometer anode
radii. We have shown that the obtained values for the series re-
sistance of these diodes are significantly larger than the values
obtained with traditional extraction techniques. For the diode
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with a smaller anode, the difference is 88% when the extrac-
tion is done at a 5-mA bias point. For smaller anodes, this effect
is even more pronounced and might be a significant cause for
error in the design of a submillimeter-wave mixer or multiplier
circuits using Schottky diodes.
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