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W) (54) Titlee METHOD FOR CALIBRATING AND DE-EMBEDDING, SET OF DEVICES FOR DE-EMBEDDING AND VEC-

Tg)

82

TOR NETWORK ANALYZER

(57) Abstract: The accuracy of a method for calibrating an N terminal microwave measurement network (10), the method compris-
ing the measurement of network parameter values of a load device (43), depends on the knowledge of the parasitic impedance of the
~~ load device (43). According to the invention, the accuracy of the method is improved by at least approximately determining the para-
sitic impedances of the load device (43). In one embodiment this is achieved by measuring network parameter values of an auxiliary
open device (44), having a substantially identical parasitic impedance as the load device (43). The accuracy is further increased by
measuring network parameter values of an auxiliary short device (45), having a substantially identical parasitic impedance as the
load device (43). A similar principle can be used for de-embedding a device under test. A load device (43), an auxiliary open device
(44) and an auxiliary short device (45) having substantially identical parasitic impedances are disclosed.
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Method for calibrating and de-embedding, set of devices for de-embedding and vector

network analyzer

The invention relates to a method for calibrating a microwave measurement
network having N terminals, N being an integer larger than one, the method comprising the
steps of measuring open network parameter values of an open device having N terminals,
which are mutually electrically insulated, measuring short network parameter values of a
short device having N terminals, which are mutually electrically connected by conductors,
each conductor having a short device DC resistance, measuring load network parameter
values of a load device having N terminals, which are mutually electrically connected by
resistors, each resistor having a load device DC resistance, which is larger than the short
device DC resistance, the load device having a parasitic load impedance.

The invention also relates to a method for de-embedding a device under test
having N terminals.

The invention also relates to a set of devices for de-embedding a device under
test having N terminals. |

The invention also relates to a vector network analyzer arranged for executing
the method for de-embedding according to the invention.

US-A-4,858,160 discloses an embodiment of a method for calibrating an N
terminal microwave measurement network. The aim of this method is to calibrate an N
terminal microwave measurement network such that the microwave characteristics of a
device under test (DUT), which may be embedded in a semiconductor article of manufacture,
can be determined by means of a vector network analyzer (VNA). The accurate knowledge of
microwave characteristics of DUTs such as transistors and inductors is necessary when
designing and manufacturing an apparatus applying microwave radiation such as, e.g., a
mobile telephone.

A VNA comprises at least an input probe and an output probe, each probe
having at least one signal lead. In many cases the probes also have a ground lead. The probes
are brought into contact with bond pads, which are at the surface of the body comprising the
DUT and which are electrically connected to the terminals of the DUT. The body comprising

the DUT may be a semiconductor article of manufacture.
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The VNA generates a microwave test signal, which is directed to the input
probe. It measures the amplitude and phase of the signal reflected back into the input probe
and the amplitude and phase of the signal transmitted to the output probe as function of, e.g.,
the frequency of the microwave test signal. The transmitted and the reflected signal are used
to first determine the DUT network parameter values of the DUT, which are then used to
determine the microwave characteristics of the DUT.

In general, the measurement of the microwave characteristics of the DUT is
prone to artifacts due to parasitic impedances of various sources, including:

- the VNA;

- cables connecting the VNA and the probes;

- the probes themselves;

- the probes contacting the bond pads;

- the bond pads themselves;

- interconnects connecting the bond pads and the DUT.

In order to obtain the microwave characteristics of the DUT with a high
precision, it is essential to remove the contributions of the parasitic impedances from the
measurements. This is often done in two steps. In a first step the VNA is calibrated using a
set of devices, which often comprises: |
- an open device, in which a bond pad to be contacted with an input lead is
electrically insulated from a bond pad to be contacted with an output lead;

- a short device, in which a bond pad to be contacted with an input lead is
electrically connected to a bond pad to be contacted with an output lead in such a way that
the DC resistance between the two bond pads is low, e.g., below 5 Ohm; and

- a load device, in which a bond pad to be contacted with an input lead is
electrically connected to a bond pad to be contacted with an output lead in such a way that
the DC resistance between the two bond pads has a predetermined value of, e.g., 50 Ohm.

As a result of this calibration, ideally all parasitic impedances between the
VNA and the probe tips, not including the bond pads and the interconnects, are determined
and subsequently removed.

In a second step, which is often called de-embedding, it is aimed to remove the
parasitic impedances of the bond pads and the interconnects from the measured network
parameter values of the DUT. These parasitic impedances are determined using another set of

devices. All of the devices of this set are integrated in a semiconductor article of manufacture
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in a way similar to the DUT. Preferably, they all have bond pads and interconnects
substantially identical to the corresponding parts of the DUT. This set of devices comprises:
- the DUT;

- an open device, in which a bond pad to be contacted with an input lead is
electrically insulated from a bond pad to be contacted with an output lead;

- a short device, in which a bond pad to be contacted with an input lead is
electrically connected to a bond pad to be contacted with an output lead in such a way that
the DC resistance between the two bond pads is low, e.g., below 5 Ohm; and

- a load device, in which a bond pad to be contacted with an input lead is
electrically connected to a bond pad to be contacted with an output lead in such a way that
the DC resistance between the two bond pads has a designed value of, e.g., 50 Ohm.

After performing the calibration step, the reference plane of the microwave
characterization is located at the bond pads. After performing the de-embedding step, the
reference plane is located at the terminals of the DUT and the microwave characteristics of
the DUT are obtained.

The accuracy of both the calibration step and the de-embedding step and, as a
consequence, the accuracy of the determined microwave characteristics of the DUT depend
critically on the exact knowledge of the impedances of the open device, the short device and
the load device used for calibration and de-embedding.

It is a drawback of the known method for calibrating and de-embedding that
the microwave characteristics of the DUT are determined not precisely enough , in particular

at relatively high frequencies of, e.g., 10 GHz or higher.

1t is an object of the invention to provide a method for calibrating an N
terminal microwave measurement network of the kind described in the opening paragraph,
which allows for determination of the microwave characteristics of a DUT with a relatively
high accuracy.

The invention is defined by the independent claims. The dependent claims
define advantageous embodiments.

The invention is based on the insight that the accuracy of the known method is
limited mainly by the unknown parasitic load impedance. The microwave characteristics of a
DUT are determined with an improved accuracy when the parasitic load impedance of the

load device used for the calibration step is at least approximately known.
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In one embodiment of the method according to the invention, the step of at
least approximately determining the parasitic load impedance comprises the sub-step of
measuring auxiliary open network parameter values of an auxiliary open device having N
terminals being mutually electrically insulated, the auxiliary open device having a parasitic
auxiliary open impedance, which is substantially identical to the parasitic load impedance.

By measuring network parameter values of an auxiliary open device, which
has a parasitic impedance substantially identical to the parasitic load impedance, additional
information on the parasitic load impedance of the load device used for the calibration
method is obtained. This additional information on the parasitic load impedance is then used
to at least approximately determine the parasitic load impedance.

It is advantageous if the step of at least approximately determining the
parasitic load impedance further comprises the sub-step of measuring auxiliary short network
parameter values Y345 of an auxiliary short device (45) having N terminals (85), which are
mutually electrically connected by conductors (49), each conductor (49) having an auxiliary
short device DC resistance, which is smaller than the load device DC resistance, the auxiliary
short device (45) having a parasitic auxiliary short impedance, which is substantially
identical to the parasitic load impedance.

The microwave characteristics of a DUT is determined with an even better
accuracy when the parasitic load impedance is even better known as compared to the above
approximation. By measuring network parameter values of an auxiliary open device and an
auxiliary short device, which both have a parasitic impedance substantially identical to the
parasitic load impedance, even more additional information on the parasitic load impedance
is obtained. This additional information on the parasitic load impedance is then used to
determine the parasitic load impedance with an improved accuracy.

The two measurements of the network parameter values of the auxiliary open
device and the auxiliary short device comprise substantially complementary information
when the auxiliary short device DC resistance is substantially smaller than the load device
DC resistance. Preferably the auxiliary short device DC resistance is zero or at least as small
as possible. Preferably the load device DC resistance has a well-defined value. Preferably the
load device DC resistance is chosen such that it matches the impedance of the signal leads of
the VNA. For many VNA’s the load device DC resistance should be similar to 50 Ohm.

The method for de-embedding a device under test according to the invention is
characterized by the step of at least approximately determining the parasitic load impedance

prior to determining the device specific microwave characteristics Ypyr. The microwave
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characteristics of the DUT are determined with an improved accuracy when the parasitic load
impedance of the load device used for the de-embedding step is at least approximately
known.

In an embodiment of the method for de-embedding a device under test the step
of at least approximately determining the parasitic load impedance comprises the sub-step of
measuring auxiliary open network parameter values of an auxiliary open device having N
terminals and being embedded in a semiconductor article of manufacture by an embedding
structure, which is substantially identical to the DUT embedding structure, the N terminals of
the auxiliary open device being mutually electrically insulated, the auxiliary open device
having a parasitic auxiliary open impedance, which is substantially identical to the parasitic
load impedance.

By measuring network parameter values of an auxiliary open device, which
has a parasitic impedance substantially identical to the parasitic load impedance, additional
information on this parasitic load impedance is obtained. This additional information on the
parasitic load impedance is then used to at least approximately determine this parasitic load
impedance.

It is advantageous if the measured load network parameter values are modeled
by a load network comprising a first impedance set being independent from the load device,
the measured auxiliary open network parameter values are modeled by an auxiliary open
network comprising the first impedance set, the measured short network parameter values are
modeled by an auxiliary short network comprising the first impedance set, the first
impedance set is determined from the modeled load network, the modeled auxiliary open
network, and the modeled auxiliary short network, the measured open network parameter
values are modeled by an open network comprising the first impedance set and a second
impedance set, the measured short network parameter values are modeled by a short network
comprising the first impedance set and the second impedance set, the second impedance set is
determined from the modeled open network, the modeled short network, and the determined
first impedance set, the measured DUT network parameter values are modeled by a DUT
network comprising the first impedance set, the second impedance set and a DUT impedance
set, and the DUT impedance set is determined from the modeled DUT network, the
determined first impedance set, and the determined second impedance set.

Following these steps the parasitic load impedance is approximately
determined. This approximation, involving a short device not having the parasitic load

impedance, but being treated as if it had the parasitic load impedance, neglects the inductive
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part of the parasitic load impedance and accounts only for the capacitive part. The
approximation is therefore particularly useful when the inductive part of the parasitic load is
relatively small.

When the measured load network parameter values, the measured auxiliary
open network parameter values and the measured short network parameter values are
modeled by a network comprising a first impedance set which is independent of the load
device, it is possible to approximately determine this first impedance set from these network
parameter values. The result for the first impedance set is then reused for determining the
parasitic impedances due to the DUT embedding structure from the measured open network
parameter values and the measured short network parameter values.

It is advantageous if the step of at least approximately determining the
parasitic load impedance further comprises the sub-step of measuring auxiliary short network
parameter values of an auxiliary short device, the auxiliary short device comprising N
terminals and being embedded in 2 semiconductor article of manufacture by an embedding
structure, which is substantially identical to the DUT embedding structure, the N terminals of
the auxiliary short device being mutually electrically connected, each connection having an
auxiliary short device DC resistanice, which is smaller than the load device DC resistance, the
auxiliary short device having a parasitic auxiliary short impedance, which is substantially
identical to the parasitic load impedance.

The two measurements of the network parameter values of an auxiliary open
device and an auxiliary short device comprise substantially complementary information when
the auxiliary short device DC resistance is substantially smaller than the load device DC
resistance. Preferably the auxiliary short device DC resistance is zero or at least as small as
possible. Preferably the load device DC resistance has a well-defined value. Preferably the
load device DC resistance is similar to the impedance of the signal leads of the VNA. For
many VNA’s a load device DC resistance of close to 50 Ohm will be preferred.

The microwave characteristics of the DUT is determined with an even better
accuracy when the parasitic load impedance of the load device used for de-embedding is even
better known as compared to the above approximation. By measuring network parameter
values of an auxiliary open dévice and an auxiliary short device, which both have an
embedding structure substantially identical to the DUT embedding structure and which both
have a parasitic impedance substantially identical to the parasitic load impedance, even more

additional information on the parasitic load impedance is obtained. This additional
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information on the parasitic load impedance is then used to determine the parasitic load
impedance with an improved accuracy.

It is advantageous if the measured load network parameter values are modeled
by a load network comprising a first impedance set being independent from the load device,
the measured auxiliary open network parameter values are modeled by an auxiliary open
network comprising the first impedance set, the measured auxiliary short network parameter
values are modeled by an auxiliary short network comprising the first impedance set, the first
impedance set is determined from the modeled load network, the modeled auxiliary open
network, and the modeled auxiliary short network, the measured open network parameter
values are modeled by an open network comprising the first impedance set and a second
impedance set, the measured short network parameter values are modeled by a short network
comprising the first impedance set and the second impedance set, the second impedance set is
determined from the modeled open network, the modeled short network, and the determined
first impedance set, the measured DUT network parameter values are modeled by a DUT
network comprising the first impedance set, the second impedance set and a DUT impedance
set, and the DUT impedance set is determined from the modeled DUT network, the
determined first impedance set, and the determined second impedance set.

These steps, which are Qery similar to the steps discussed above, allow for
determination of the parasitic load impedance with an increased accuracy. Here, the above-
mentioned approximation is not evoked and measured auxiliary short network parameter
values are used which are obtained from an auxiliary short device having the parasitic load
impedance. Therefore, the inductive part of the parasitic load impedance is no longer
neglected and both the inductive and the capacitive part of the parasitic load impedance are
taken into account.

When the measured load network parameter values, the measured auxiliary
open network parameter values and the measured auxiliary short network parameter values
are modeled by a network comprising a first impedance set which is independent of the load
device, it is possible to determine this first impedance set from these network parameter
values with an improved accuracy. The result for the first impedance set is then reused for
determining the parasitic impedances due to the DUT embedding structure from the
measured open network parameter values and the measured short network parameter values.
It is now counteracted that the parasitic impedances due to the DUT embedding structure mix

with the parasitic load impedance, yielding an improved accuracy of the de-embedding.
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A set of devices according to the invention is characterized by an auxiliary
open device having N terminals and being embedded in a semiconductor article of
manufacture by an embedding structure, which is substantially identical to the DUT
embedding structure, the N terminals of the auxiliary open device being mutually electrically
insulated, the auxiliary open device having a parasitic auxiliary open impedance, which is
substantially identical to the parasitic load impedance.

A set of devices for microwave characterization of a device under test, which
comprises an auxiliary open device having an embedding structure substantially identical to
the embedding structure of the DUT and a parasitic auxiliary open impedance substantially
identical to the parasitic load impedance, is used to at least approximately determine the
parasitic load impedance and thereby increasing the accuracy of the microwave
characterization of the DUT.

It is advantageous if the set further comprising an auxiliary short device
having N terminals and being embedded in a semiconductor article of manufacture by an
embedding structure, which is substantially identical to the DUT embedding structure, the N
terminals of the auxiliary short device being mutually electrically connected, each connection
having an auxiliary short device DC resistance, which is smaller than the load device DC
resistance, the auxiliary short device having a parasitic auxiliary short impedance, which is
substantially identical to the parasitic load impedance.

Such a set of devices is used to determine the parasitic load impedance with an
improved accuracy and thereby increasing the accuracy of the microwave characterization of
the DUT.

It is advantageous if the load device comprises a load device structure, the
auxiliary open device comprises an auxiliary open device structure, which is substantially
identical to the load device structure, the load device structure comprising a first body having
a first surface area, a first lead electrically connecting a first terminal and the first body, a
second body, a second lead electrically connecting a second terminal and the second body,
the load device further comprises a third body having a third surface area and electrically
connecting the first body and the second body.

By using a load device and an auxiliary open device having substantially
identical device structures, it is routinely possible to achieve two devices with substantially
identical parasitic impedances. For a load device and an auxiliary open device each having a
different device structure the same goal can be reached by designing the device structure of

one device, e.g., the auxiliary open device in such a way that it has a parasitic impedance
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similar to that of the other device, e.g., the load device. This design, however, requires a
detailed knowledge of the parasitic impedances, which can be obtained only from
complicated and potentially inaccurate modeling.

When using a load device and an auxiliary open device with substantially
identical device structures, the difference in the parasitic impedances is determined by the
third body of the load device, which is absent in the auxiliary open device. The third body
induces mainly a parasitic capacitance, which adds to the capacitance of the first body and
the second body. Since the third body electrically connects the first body and the second
body, there will be a continuous voltage drop along the current path from the beginning of
the first body via the third body to the end of the second body. As a consequence of the
voltage drop the effective capacitance is not identical to the geometrical capacitance, but it
will be a function of the surfaces of the first body, the second body and the third body, and of
the voltage drop. The effective capacitance is approximately equal to the capacitance of the
auxiliary open device if the first surface area is similar to the third surface area. Preferably,
the ratio of the two surface areas is between 0.5 and 2 times.

If is advantageous if the first body, the second body and the third body of the
load device are integral parts of a resistor element. In this case, there are hardly any unknown
parasitic impedances due to the connection between the first body and the third body, and due
to the connection between the second body and the third body.

It is advantageous if the first body, the second body, and the third body of the
load device comprise polycrystalline silicon. The load device is then manufactured in
standard silicon technology.

It is advantageous if the set further comprises an auxiliary short device, which
comprises an auxiliary short device structure substantially identical to the load device
structure, and a fourth body having a fourth surface area and electrically connecting the first
body and the second body; the third surface area being substantially identical to the fourth
surface area, the third body having a load resistivity, the fourth body having an auxiliary
short resistivity, which is substantially smaller than the load resistivity.

By using a load device and an auxiliary short device, which have substantially
identical device structures and which have third bodies with substantially identical surface
areas, it is routinely possible to achieve that these devices have substantially identical
parasitic impedances. For a load device and an auxiliary short device not fulfilling this
condition, the same goal can be reached by designing the device structures of one device,

e.g., the auxiliary short device in such a way that it has a parasitic impedance similar to that
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of the other device, e.g., the load device. This designing, however, requires a detailed
knowledge of the parasitic impedances, which can be obtained only from complicated and
potentially inaccurate modeling.

It is advantageous if the third body of the auxiliary short device comprises a
material selected from titanium silicide and cobalt silicide because the auxiliary short device
can be manufactured in standard silicon technology. In particular, it is possible to change the
resistivity of the third body of the auxiliary short device without changing the resistivity of
the third body of the load device when appropriately chosen masks in the silicon process are

chosen.

These and other aspects of the method for calibrating an N terminal
microwave measurement network, the method for microwave characterization of a device
under test, and the set of devices for microwave characterization of a device under test will
be further elucidated and described with reference to the drawings, in which:

Fig. 1 is a schematic view of an N terminal microwave measurement network
according to the prior art,

Figs. 2A—2E are schematic views of devices the set of according to the
invention,

Fig. 3A and Fig, 3B show lumped networks for modeling the parasitic
impedances of the devices,

Fig. 4A, Fig. 4B and Fig. 4C show an embodiment of the load device, the
auxiliary open device and the auxiliary short device of a set of devices according to the
invention,

Fig. 5A and Fig. 5B show the series resistance and the induction, respectively,
of a load resistor as function of the frequency for different values of the fitting parameter x,
and

Fig. 6A and Fig. 6B show the series resistance and the induction, respectively,
of a coil as function of the frequency for different methods of de-embedding.

The Figures are not drawn to scale. In the Figures, like reference numerals

generally refer to like parts.
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The N terminal microwave measurement network 10 of the prior art is shown
in Fig. 1 for the special case of N=3. The invention, however, is not limited to N=3, which is
chosen here for the purpose of explanation only. The N terminal microwave measurement
network 10 comprises a vector network analyzer (VNA) 11, which measures network
parameter values of a device under test (DUT) 20. The DUT 20 can be, e.g., a transistor or an
inductance embedded in a semiconductor article of manufacture 22.

A VNA comprises at least an input probe 12 and an output probe 13, each
probe having at least one signal lead 14 and 15, respectively. Here each of the two probes
also has a ground lead 16 and 17, respectively, which will be short-circuited via the devices
to be measured. Therefore, the ground is treated as one terminal although it is contacted by
both probes. The probes 12 and 13 are brought into contact with bond pads 21, which are at
the surface of the semiconductor article of manufacture 22 and which are electrically
connected to the V=3 terminals 23 of the DUT 20 by means of a DUT embedding structure
24. The DUT embedding structure 24 comprises interconnects 25, and dielectrics for
mutually insulating the interconnects 25 and the substrate.

The VNA 11 generates a microwave test signal, which is directed to the input
probe 12. It measures the amplitude and phase of the signal reflected back into the input
probe 12 and the amplitude and phase of the signal transmitted to the output probe 13 as
function of, e.g., the frequency of the microwave test signal. The transmitted and the
reflected signal can be used to first determine the measured DUT network parameter values
Yapur of the DUT 20, which then can be used to determine the device specific microwave
characteristics Ypyr of the DUT 20. In general, the measured DUT network parameter values
Yy pur is not identical to the device specific microwave characteristics Ypyr of the DUT 20
because of parasitic impedances due to, €.g., the DUT embedding structure 24 and other
contributions discussed above.

The method for calibrating the microwave measurement network 10 according
to the invention comprises the following measurement steps, which are performed at least for
one frequency of the microwave test signal: A step of measuring open network parameter
values Y0 of an open device 41, a step of measuring short network parameter values Y5 of
a short device 42, a step of measuring load network parameter values Yy, of a load device 43
and a step of measuring auxiliary open network parameter values Yy 40 of an auxiliary open
device 44. Optionally, a step of measuring auxiliary short network parameter values Yy 45 of

an auxiliary short device 45 may be added in order to achieve a higher accuracy. Finally, a
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step of processing the measured network parameters follows to calibrate the network
parameter values as will be discussed below.

The open device 41, the short device 42, the load device 43, the auxiliary open
device 44, and the auxiliary short device 45 are schematically shown in Fig. 2A-2E. When
these devices are used for the method for calibrating the microwave measurement network
10, each device is embedded in a similar way as the DUT 20, shown in Fig. 1.

The embedding structures then each comprise four bond pads 21, which are
electrically connected to the N=3 terminals; the signal lead 14 of the input probe 12 and the
signal lead 15 of the output probe 13 are each to be connected to one of the terminals while
the ground leads 16 and 17 share one of the terminals, as is shown in Fig. 1.

The N=3 terminals 81 of the open device 41, shown in Fig. 2A, are mutually
electrically insulated. This can be readily achieved by terminating the interconnects 25 at the
terminals 81 of the device and filling the device with an insulator such as a dielectric.

The N=3 terminals 82 of the short device 42, shown in Fig. 2B, are mutually
electrically connected by a conductor 46, e.g., a metal in such a way that the DC resistance
between any two terminals 82, the short device DC resistance, is as small as possible.
Preferably, the short device DC resistance is smaller than 5 Ohm.

The N=3 terminals 83 of the load device 43, shown in Fig. 2C, are mutually
electrically connected by resistors 47 in such a way that the input signal lead 15 has a load
device DC resistance R to ground, which is larger than the short device DC resistancé. Good
results were obtained for a load device DC resistance R of 50 Ohm. Preferably, the output
signal lead 16 has a designed DC resistance to ground, which is substantially identical to R.
The load device 43 has a parasitic load impedance due to, e.g., the shape and position of the
resistors 47. This parasitic load impedance, which is generally unknown a priori, deteriorates
the accuracy of the calibration step. It can be at least approximately determined by means of
the auxiliary open device 44. |

The N=3 terminals 84 of the auxiliary open device 44, shown in Fig. 2D, are
mutually electrically insulated, but the auxiliary open device 44 has a parasitic auxiliary open
impedance, which is substantially identical to the parasitic load impedance. This can be
achieved, e.g., by designing an auxiliary open device 44 comprising at least one conductor
48, which is electrically connected to one of the terminals and electrically insulated from the
other terminals 84 as will be discussed below.

The N=3 terminals 85 of the auxiliary short device 45, shown in Fig. 2E, are

mutually electrically connected, each connection having a DC resistance as small as possible.



10

15

20

25

30

WO 03/098255 PCT/IB03/01932

13
Good results were obtained for a2 DC resistance smaller than 5 Ohm. The auxiliary short
device has a parasitic auxiliary short impedance, which is substantially identical to the
parasitic load impedance. This can be achieved, e.g., by designing an auxiliary open device
45 comprising a conductor 49, which has the same shape and position as resistor 47, but a
lower resistivity as will be discussed in detail below.

The open device 41 is embedded in semiconductor article of manufacture 91,
the short device 42 is embedded in semiconductor article of manufacture 92, the load device
43 is embedded in semiconductor article of manufacture 93, the auxiliary open device 44 is
embedded in semiconductor article of manufacture 94, and the auxiliary short device 45, if
used, is embedded in semiconductor article of manufacture 95.

However, the open device 41, the short device 42, the load device 43, the
auxiliary open device 44, and the auxiliary short device 45, if used, can alternatively be
integrated in the same body, .g., in semiconductor article of manufacture 22 or a glass
substrate. Alternatively it is possible to use several bodies, each body containing at least one
of these devices.

The method for de-embedding a device under test 20 is largely similar to the
method for calibrating the microwave measurement network 10. However, it differs from the
method for calibrating the microwave measurement network 10 in two aspects:

- the method for de-embedding a device under test 20 comprises an additional
step of measuring DUT network parameter values Yy, pyr of the device under test 20
embedded in a semiconductor article of manufacture 22 by a DUT embedding structure 24;
and

- for the method for de-embedding a device under test 20, the open device 41,
the short device 42, the load device 43, the auxiliary open device 44, and the auxiliary short
device 45, if used, are each embedded in a semiconductor article of manufacture 22 by an
embedding structure, which is substantially identical to the DUT embedding structure 24.

The set of devices comprising the device under test 20, the open device 41, the
short device 42, the load device 43, the auxiliary open device 44 and the auxiliary short
device 45 can be produced conveniently in silicon technology. By using similar interconnects
25, dielectrics and substrates it can be achieved that the devices of the set each have an
embedding structure, which is substantially identical to the DUT embedding structure 24.

The method for calibrating the microwave measurement network 10 and the
method for de-embedding a device under test 20 can provide microwave characteristics of the

DUT 20 with an improved accuracy because the measured auxiliary open network parameter
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values Yj40 and, if measured, the measured auxiliary short network parameter values ¥j; 45
can be used to approximately determine the parasitic load impedance. One possible way to
carry out this procedure will be discussed for the method for de-embedding a device under
test 20. The application to the method for calibrating the microwave measurement network
10 is straightforward.

In order to determine the parasitic load impedance the measured load network
parameter values Yy, are modeled by a load network 50, schematically shown in Fig. 3A.
The load network 50 comprises a first impedance set Y, which is formed by Z;, Z, and Z;
and which is independent from the load device. The other impedances shown in Fig. 3A, Z, —
Zy, depend on both the embedding structure and the load parasitic impedance. Here, the Y-
matrix of the device 59, Yp, is the ¥-matrix of the load device, Yz, which is equal to a 2x2
unity matrix E multiplied by y,=1/R.

In a network as shown in Fig. 3A the Y-parameters Y;; measured at the bond

pads 21 are related to the Y-parameters of the device Y via:

(YM_YE)—1=ZT+(YD+YI)4 1)
where Y5, Zr and Y; are defined by:
zt+vzy -z |
YE = 1 —13 y 3 . (2)
-Z, Z, +Z,
Z,+7Z VA
ZT — 4 6 6 (3)
Z Zi+Z,
zZ3 vzt -Z3!
Y] = 7 _19 y 9 p (4)
~Z, Zy +2Z,

The measured auxiliary open network parameter values ¥y 40 are modeled by
an auxiliary open network, which is identical to the load network shown in Fig. 3A, except
for the Y-matrix Yp, which is approximately equal to a 2x2 unity matrix £ multiplied by
yao=0.

The measured auxiliary short network parameter values Yy, 45 are modeled by
an auxiliary short network, which is identical to the load network shown in Fig. 3A, except

for the Y-matrix ¥p ,which is equal to a 2x2 unity matrix £ multiplied by y,5=0q
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Using the measured Y-parameters Yz, Yar40 and Yar4s, and the known Y-
matrix ¥p for the load device, the auxiliary open device and the auxiliary short device three

linear equations similar to Equation 1 are obtained, which can be solved for Yz, Zrand Y7

Zp = (474 + 454 ) 5)

Yy =44, -2 (6)

Y, =-Z,4,'Z;' - Z;' (7
where:

4 =Yy 40 ®)

4,= R(YM,L =~ Y10 XYM,L — Yy us )—1 ®

4, = _AZYM,AS (10)

Equation (5) comprises the square root of a complex 2x2 matrix, which has an
infinite number of solutions. Using Equation (3) it can be shown that the solution for Z7
satisfying Equation (1) must have Z,, Z5 and Zs each having non-negative imaginary parts.

The first impedance set Yz, is now determined and can be used in the
subsequent calculations. The other impedance sets Zr and Yy as determined in equations (5)
and (7), respectively, cannot be used for determining the impedance set Ypyr of the DUT
because they both comprise contributions due to the parasitic load impedance.

The second impedance set comprising the impedance sets Z’rand Y’;, which
are equivalent to the impedance sets Z7 and Y}, describe the parasitic impedances due to the
DUT embedding structure but do not comprise contributions due to the parasitic load
impedance. The impedance sets Z’rand Y, can be obtained by modeling the measured open
network parameter values Yy, by an open network and the measured short network
parameter values Y5 by a short network. The open network and the short network are
similar to the load network shown in Fig. 3A, except for:

- the Y-matrix Yp, which now is approximately equal to a 2x2 unity matrix £
multiplied by yo=0 and ys= oo for the open network and the short network, respectively; and
- the values of the impedances Z, to Zy, which now do not comprise

contributions due to the parasitic load impedance.
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The impedance sets Z’r and Y’ are given by:
Z'T':(YM,S_YE)_l (1)
_ -1
v, =(%,,-v,)" -2,) (12)

These results can now be used to determine the device specific microwave
characteristics Ypyr of the DUT 20 from the measured DUT network parameter values
Yupur. To this end the measured DUT network parameter values Yy pyr are modeled by a
DUT network similar to the load network shown in Fig. 3A, except for:

- the Y-matrix Yp, which now is equal to the device specific microwave
characteristics Ypyr of the DUT 20; and

- the values of the impedances Z; to Zy, which are equal to the values used for
modeling the measured open network parameter values Yo and the measured short network
parameter values Vi s.

Because all impedances Z; — Zy are known, the device specific microwave
characteristics Ypyr of the DUT 20 can be obtained from the measured DUT network

parameter values Yy pur via:

_ 1

Your =(((YM,DUT _YE)—I _Z'T) 1 —Y'J (13)

When the method for de-embedding a device under test 20 does not comprise
the step 35 of measuring auxiliary short network parameter values ¥, 45 of an auxiliary short
device 45, this procedure for determining the device specific microwave characteristics Ypur
of the DUT 20 has to be adopted in the following way: instead of the measured auxiliary
short network parameter values Yy 45 the measured short network parameter values Y, s are
modeled by an auxiliary short network in the way described above. The value of ¥z obtained
in this way is an approximation because it contains spurious contributions of the parasitic
load impedance. In some cases, in particular when the parasitic load impedance is mainly
determined by the parasitic capacitance, it is advantageous to apply this approximation
because it involves one measurement and one device less as compared to the method for de-
embedding a device under test 20 described above, which saves measuring time and
production costs for the device.

In an alternative embodiment the parasitic load impedance are at least
approximately determined by using the measured short network parameter values Y3, instead

of the measured auxiliary short network parameter values Y 45, and by using the measured
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open network parameter values Yy, instead of the measured auxiliary open network
parameter values Yy 40. In this case the auxiliary short device and the auxiliary open device
are not required for de-embedding, which has the advantage of reducing the number of
devices required for de-embedding and thus reducing the costs.

The parasitic load impedance is approximately determined by de-embedding
the load device using the measured short network parameter values Y35 and the measured
open network parameter values Yj;0. It is assumed that the first impedance set ¥z, which is
formed by Z;, Z; and Z; and which is independent from the load device, is — except for a
scaling factor x — identical to the impedance set ¥}, which is formed by Z7, Zs and Zp and
which is depends on both the parasitic load impedance and the embedding structure. To this
end in Equation 1 ¥y, is used as ¥ and the following approximations are used for the Y, ¥;
and Zs:

Y, =xY, (14)

Y, =(1-x)Y, ' (15)

Z, =¥, ; —x¥, )" (16)
and

(-x))" = W0 -7, )" - 2, (17

By substituting Equation 16 into Equation 17 Yp is determined for a given parameter x.
Using this value of Yp and x the parameters Y, Zr and Y| are determined. Subsequently
Ypur is determined from Equation 1 using these results and Yum pur as Y.

The scaling factor x is determined by fitting the real part of the de-embedded
load impedance, Re{Z }, such that its frequency dependence is minimized. In Figs. SA and
5B the real and imaginary part of the de-embedded load impedance are shown for x=1 and
x=0 by the dashed dotted line and the dashed line, respectively. These two limiting cases,
which are often referred to as open-short and short-open de-embedding, result in an
unphysical frequency dependence of the real part of the de-embedded load impedance. The
best results shown in Figs. 6A and 6B by a solid line are obtained for x=0.45. The value of x
depends on the embedding structure and the structure of the load device used.
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Instead of the lumped network shown in Fig, 3A other lumped networks can

be used to model the parasitic impedances. An example of an alternative lumped network is
shown in Fig. 3B. This model involves one impedance less as compared to the model of Fig.
3A. In particular, it does not account for a coupling between the input port and the output
port, which is parallel to the device. Therefore, the application of the method for de-
embedding a device under test 20 involving this model will produce less accurate results,
which nevertheless can be useful for approximately accounting for the parasitic load
impedance. The extension of the above mathematical treatment to include this model is
straightforward.

According to the invention the load device 43, the auxiliary open device 44
and the auxiliary short device 45 have substantially identical parasitic impedances. One
embodiment of devices with this property is shown in Fig. 4A, Fig. 4B and Fig. 4C,
respectively. The load device 43, the auxiliary open device 44 and the auxiliary short device
45 comprise a load device structure 53, an auxiliary open device structure 54, and an
auxiliary short device structure 55, respectively. These three device structures are
substantially identical to each other.

The load device structure 53 comprises a substrate 60, which comprises a
ground terminal 68. Terminal 68 is electrically connected via interconnect 46 to one of the
bond pads 21, which is to be contacted with the ground leads 16 and 17. The substrate 60
comprises a material selected from metals and semiconductors, e.g., silicon.

The load device structure 53 further comprises a first body 61 having a first
surface area and a second body 62. A first lead 63 is formed by a horizontal metal layer 70
and at least one via 71, which is a vertical electrical connector. The first lead 63 electrically
connects a first terminal 65 and the first body 61. A second lead 64, formed by a metal layer
70 and at least one via 71, electrically connects a second terminal 66 and the second body 62.

Preferably, the via 71 comprises more than one via to reduce the ohmic
resistance of the via. For convenience during manufacturing and for symmetric device
properties, the first body 61 and the second body 62 have the same thickness and the same
distance to the substrate 60.

The load device structure 53 further comprises a ground connection structure
73, which is formed by a metal layer 70, a via 71 electrically connecting the substrate 60 and
the metal layer 70, and auxiliary bodies 72.

The load device structure 53 further comprises a third body 67 having a third
surface area and electrically connecting the first body 61 and the second body 62. The
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auxiliary open device structure 54, shown in Fig. 4B, in which the first terminal 65 and the
second terminal 66 are electrically insulated, does not comprise the third body 67. Preferably,
the first surface area of the load device 43 is between 0.5 and 2 times the third surface area of
the load device 43. This condition implies that the capacitive coupling of the conductor
formed by the first body 61, the second body 62 and the third body 67 of the load device 43

is similar to the capacitive coupling of the first body 61 and the second body 62 of the
auxiliary open device 43.

In the embodiment of Fig. 4A the first body 61, the second body 62 and the
third body 67 of the load device 43 are integral parts of a resistor 47. Preferably the first body
61 and the second body 62 comprise a material selected from metal silicides. Good results
were obtained with PtSi, Pd,Si, CoSi, and NiSi,. Preferably the third body 67 comprises
polycrystalline silicon because this material has a well-defined resistivity, which can be
modified as will be discussed below. The auxiliary open device of Fig. 4B can be readily
obtained in the same process: After resistor 47 is deposited the third body 67 can be removed
by using a lithography step, which defines an opening of the width of the third body 67,
followed by an etching step, which removes the third body 67, yielding the structure of Fig.
4B. |

The auxiliary short dévice, shown in Fig. 4C, comprises a fourth body 69,
which electrically connects the first body 61 and the second body 62. The fourth body 69 of
the auxiliary short device 45 has a surface area substantially identical to the surface area of
the third body 67 of the load device 43. The third body 67 has a resistivity, which is
substantially larger than the resistivity of the fourth body 69. This property can be obtained,
e.g., in a similar way as obtaining the load device 43 and the auxiliary open device 44: After
resistor 47 is deposited the third body 67 can be selectively chemically modified by using a
lithography step, which defines an opening of the width of the third body 67, followed by
depositing a material selected from titanium and cobalt and forming a low resistivity film
with the polycrystalline silicon, yielding the structure of Fig. 4C.

The real part Re{Z} and the imaginary part Im{Z} of the complex inductance
Z of a single loop coil with an inductance of 0.4 nH and a resonance frequency of 100 GHz
are shown in Figs. 5A and 5B as function of the frequency, respectively. The real part Re{Z}
and the imaginary part Im{Z} correspond to the series resistance and the inductance,
respectively. The dashed line shows the result obtained by de-embedding according to the

known method whereas the dotted line shows the result obtained by fitting an equivalent



10

15

20

25

30

WO 03/098255 PCT/IB03/01932

20

circuit model. It is evident from Figs. 6A and 6B that the known method is not reliable for
frequencies higher than 10 GHz.

The result obtained by de-embedding according to the invention using the
open device, the short device, the load device and the auxiliary open device follow the
theoretically predicted behavior shown by the dotted line much better. When analyzing these
results the inventors gained the insight that the parasitic impedance of the open device have
to be taken into account as well in order to obtain an even better result. The solid line in Figs.
5A and 5B shows the result obtained by de-embedding according to the invention using the
open device, the short device, the load device and the auxiliary open device taking into
account an parasitic capacitance of 2.5 {F and a parasitic series resistance of 700 V/A for the
open device. This result reproduces the shape of the theoretically expected behavior shown
by the dotted line very well.

The result obtained by de-embedding according to the invention using the
open device, the short device and the load device only, i.e. approximately determining the
parasitic load impedance by fitting the parameter x, is similar to the result obtained by using
the auxiliary open device for de-embedding as well.

The accuracy of a method for calibrating an N terminal microwave
measurement network 10, comprising the measurement of network parameter values of a
load device 43, depends on the knowledge of the parasitic impedance of the load device 43.
Measuring network parameter values of an auxiliary open device 44, having substantially
identical parasitic impedance as compared to the load device 43, allows one to at least
approximately determine the parasitic impedances of the load device 43. The accuracy can be
further increased by measuring network parameter values of an auxiliary short device 45,
having substantially identical parasitic impedance as compared to the load device 43. A
similar principle can be used for de-embedding a device under test. A load device 43, an
auxiliary open device 44 and an auxiliary short device 45 having substantially identical
parasitic impedances are disclosed.

It should be noted that the above-mentioned embodiments illustrate rather than
limit the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. In the claims, any
reference signs placed between parentheses shall not be construed as limiting the claim. The
word “comprising” does not exclude the presence of other elements or steps than those listed
in a claim. The word “a” or “an” preceding an element does not exclude the presence of a

plurality of such elements. In the claims, the scope of the step of determining the parasitic
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load impedance includes both determining an approximation of the parasitic load impedance

and precisely determining the exact value of the parasitic load impedance.
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CLAIMS:

1. A method for calibrating a microwave measurement network (10) having N
terminals, N being an integer larger than one, the microwave measurement network (10)
comprising a vector network analyzer (11) and a plurality of probe tips (12, 13), the
microwave measurement network (10) having a parasitic impedance between the vector
network analyzer (11) and the probe tips (12, 13), the method comprising the steps of:

- measuring open network parameter values of an open device (41) having N
terminals (81), which are mutually electrically insulated,;

- measuring short network parameter values of a short device (42) having N
terminals (82), which are mutually electrically connected by conductors (46), each conductor
(46) having a short device DC resistance;

- measuring load network parameter values of a load device (43) having N
terminals (83), which are mutually electrically connected by resistors (47), each resistor (47)
having a load device DC resistance, which is larger than the short device DC resistance, the
load device (43) having a parasitic load impedance, and

- determining the parasitic impedance between the vector network analyzer (11)
and the probe tips (12, 13), characterized in that the method further comprises the step of
determining the parasitic load impedance prior to the step of determining the parasitic

impedance between the vector network analyzer (11) and the probe tips (12, 13).

2. A method as claimed in claim 1, characterized in that the step of determining
the parasitic load impedance comprises the sub-step of measuring auxiliary open network
parameter values of an auxiliary open device (44) having N terminals (84), which are
mutually electrically insulated, the auxiliary open device (44) having a parasitic auxiliary

open impedance, which is substantially identical to the parasitic load impedance.

3. A method as claimed in claim 2 characterized in that the step of determining
the parasitic load impedance further comprises the sub-step of measuring auxiliary short
network parameter values of an auxiliary short device (45) having N terminals (85), which

are mutually electrically connected by conductors (49), each conductor (49) having an
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auxiliary short device DC resistance, which is smaller than the load device DC resistance, the
auxiliary short device (45) having a parasitic auxiliary short impedance, which is

substantially identical to the parasitic load impedance.

4, A method for de-embedding a device under test (20) having N terminals (23),
N being an integer larger than one, the device under test (20) having device specific
microwave characteristics and being embedded in a semiconductor article of manufacture
(22) by a DUT embedding structure (24), the semiconductor article of manufacture (22)
being embedded in a measurement network (10), the method comprising the steps of:

- measuring DUT network parameter values of the device under test (20);

- measuring open network parameter values of an open device (41) having N
terminals (81), which are mutually electrically insulated, the open device (41) being
embedded in a semiconductor article of manufacture (91) by an embedding structure, which
is substantially identical to the DUT embedding structure (24);

- measuring short network parameter values of a short device (42) having N
terminals (82), which are mutually electrically connected by conductors (46), each conductor
(46) having a short device DC resistance, the short device (42) being embedded in a
semiconductor article of manufacture (92) by an embedding structure, which is substantially
identical to the DUT embedding structure (24);

- measuring load network parameter values of a load device (43) having N
terminals (83), which are mutually electrically connected by resistors (47), each resistor (47)
having a load device DC resistance, which is larger than the short device DC resistance, the
load device (43) being embedded in a semiconductor article of manufacture (93) by an
embedding structure, which is substantially identical to the DUT embedding structure (24),
the load device (43) having a parasitic load impedance, and

- determining the device specific microwave characteristics, in that the method
further comprises the step of determining the parasitic load impedance prior to the step of

determining the device specific microwave characteristics.

5. A method as claimed in claim 4, characterized in that the step of determining
the parasitic load impedance comprises the sub-step of measuring auxiliary open network
parameter values of an auxiliary open device (44) having N terminals (84), which are
mutually electrically insulated, the auxiliary open device (44) having a parasitic auxiliary

open impedance, which is substantially identical to the parasitic load impedance, the



10

15

20

25

30

WO 03/098255 PCT/IB03/01932

24

auxiliary open device (44) being embedded in a semiconductor article of manufacture (94) by
an embedding structure, which is substantially identical to the DUT embedding structure
(24).

6. A method as claimed in claim 5 wherein:

- the measured load network parameter values are modeled by a load network
(50) comprising a first impedance set being independent from the load device (43);

- the measured auxiliary open network parameter values are modeled by an
auxiliary open network comprising the first impedance set;

- the measured short network parameter values are modeled by an auxiliary
short network comprising the first impedance set;

- the first impedance set is determined from the load network (50), the auxiliary
open network, and the auxiliary short network;

- the measured open network parameter values are modeled by an open network
comprising the first impedance set and a second impedance set;

- the measured short network parameter values are modeled by a short network

comprising the first impedance set and the second impedance set;

- the second impedance set is determined from the open network, the short

network, and the first impedance set;

- the measured DUT network parameter values are modeled by a DUT network
comprising the first impedance set, the second impedance set and a DUT impedance set; and
- the DUT impedance set is determined from the DUT network, the first

impedance set, and the second impedance set.

7. A method as claimed in claim 5 characterized in that the step of determining
the parasitic load impedance further comprises the sub-step of measuring auxiliary short
network parameter values of an auxiliary short device (45) having N terminals (85), which
are mutually electrically connected by conductors (49), each conductor (49) having an
auxiliary short device DC resistance, which is smaller than the load device DC resistance, the
auxiliary short device (45) having a parasitic auxiliary short impedance, which is
substantially identical to the parasitic load impedance, the auxiliary short device (45) being
embedded in a semiconductor article of manufacture (95) by an embedding structure, which
is substantially identical to the DUT embedding structure (24).



10

15

20

25

30

WO 03/098255 PCT/IB03/01932

25

8. A method as claimed in claim 7 wherein:

- the measured load network parameter values are modeled by a load network
(50) comprising a first impedance set being independent from the load device (43);

- the measured auxiliary open network parameter values are modeled by an
auxiliary open network comprising the first impedance set;

- the measured auxiliary short network parameter values are modeled by an
auxiliary short network comprising the first impedance set;

- the first impedance set is determined from the load network (50), the auxiliary
open network, and the auxiliary short network;

- the measured open network parameter values are modeled by an open network
comprising the first impedance set and a second impedance set;

- the measured short network parameter values are modeled by a short network
comprising the first impedance set and the second impedance set;

- the second impedance set is determined from the open network, the short
network, and the first impedance set;

- the measured DUT network parameter values are modeled by a DUT network
comprising the first impedance set, the second impedance set and a DUT impedance set; and
- the DUT impedance st is determined from the DUT network, the first

impedance set, and the second impedance set.

9. A method as claimed in claim 4, characterized in that the step of determining
the parasitic load impedance from the measured short network parameter values and the

measured open network parameter values.

10. A set of devices for de-embedding a device under test (20) having N terminals
(23), N being an integer larger than one, the device under test (20) being embedded in a
semiconductor article of manufacture (22) by a DUT embedding structure (24), the set
comprising:

- the device under test (20);

- an open device (41) having N terminals (81), which are mutually electrically
insulated, the open device (41) being embedded in a semiconductor article of manufacture
(91) by an embedding structure, which is substantially identical to the DUT embedding
structure (24);
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- a short device (42) having N terminals (82), which are mutually electrically
connected by conductors (46), each conductor (46) having a short device DC resistance, the
short device (42) being embedded in a semiconductor article of manufacture (92) by an
embedding structure, which is substantially identical to the DUT embedding structure (24);
and
- a load device (43) having N terminals (83), which are mutually electrically
connected by resistors (47), each resistor (47) having a load device DC resistance, which is
larger than the short device DC resistance, the load device (43) being embedded in a
semiconductor article of manufacture (93) by an embedding structure, which is substantiaily
identical to the DUT embedding structure (24), the load device (43) having a parasitic load
impedance, characterized by further comprising an auxiliary open device (44) having N
terminals (84), which are mutually electrically insulated, the auxiliary open device (44)
having a parasitic auxiliary open impedance, which is substantially identical to the parasitic
load impedance, the auxiliary open device (44) being embedded in a semiconductor article of
manufacture (94) by an embedding structure, which is substantially identical to the DUT
embedding structure (24).

11. - A set of devices as claimed in claim 10 further comprising an auxiliary short
device (45) having N terminals (85), which are mutually electrically connected by conductors
(49), each conductor (49) having an auxiliary short device DC resistance, which is smaller
than the load device DC resistance, the auxiliary short device (45) having a parasitic auxiliary
short impedance, which is substantially identical to the parasitic load impedance, the
auxiliary short device (45) being embedded in a semiconductor article of manufacture (95) by
an embedding structure, which is substantially identical to the DUT embedding structure
(24).

12. A set of devices as claimed in claim 10 wherein:
- the load device (43) comprises a load device structure (53);
- the auxiliary open device (44) comprises an auxiliary open device structure,
which is substantially identical to the load device structure (53), the load device structure
(53) comprising:

- a first body (61) having a first surface area, a first lead (63) electrically
connecting a first terminal (65) and the first body (61);
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- a second body (62), a second lead (64) electrically connecting a second
terminal (66) and the second body (62);
- the load device (43) further comprises a third body (67) having a third
surface area and electrically connecting the first body (61) and the second body (62).

13. A set of devices as claimed in claim 12 wherein the first body (61), the second
body (62) and the third body (67) of the load device (43) are integral parts of a resistor (47).

14. A set of devices as claimed in claim 12 wherein the first body (61), the second

body (62), and the third body (67) of the load device (43) comprise polycrystalline silicon.

15. A set of devices as claimed in claim 12 further comprising an auxiliary short
device (45), which comprises:

- an auxiliary short device structure substantially identical to the load device
structure (53); and

- a fourth body (69) having a fourth surface area and electrically connecting the
first body (61) and the second body (62); the third surface area being substantially identical
to the fourth surface area;

- the third body (67) having a load resistivity, the fourth body (69) having an

auxiliary short resistivity, which is substantially smaller than the load resistivity.

16. A set of devices as claimed in claim 15 wherein the fourth body (67)

comprises a material selected from titanium silicide and cobalt silicide.

17. A vector network analyzer (11) for generating a microwave test signal at an
input probe (12), for measuring a signal reflected back into the input probe (12) and a signal
transmitted to an output probe (13), and for determining device specific microwave

characteristics according to the method of de-embedding as claimed in claim 4.



PCT/IB03/01932

WO 03/098255

1/7

10

"—T

FIG. 1

21

21

/\

21

\

21
/\

00,

\

/\

1
I

| R

-
46 42

b

JAN

e

=
1
!

f26“’*
\

-

\

[

[

Lo

81

1

41

92

FIG. 2B

g1

FIG. 2A



WO 03/098255 PCT/IB03/01932
2[7
21 21 21 21
/\ 8 N /\ AN
\ \ \ /
26| =26~ \ 26 | =26~
vl KA
\ESUY S 1y NEQWR 4oy 1/
i A W A N Ve SANTIP g SN
L....._.”_..._?J ‘L......_.”,;/-..)_J
47 43 48 44
93 94
21 21
/\ 8 )\

FIG. 2E



PCT/IB03/01932

WO 03/098255
3/7
50
w
—_
_

21 Z4 2o % Zs 21
bt ' -
23 23

23
r— -
e N
Z7 Zg
21 21
FIG. 3A
59
21 Zy 23 / 23 Zg 2
\
Z4 Z3 Zs Z7
23
21 Zy Zg 21

FIG. 3B



WO 03/098255 PCT/IB03/01932

47
21 o1 o1
) ) )
777 77A % 277
65_\—r/—46 68\\\-—46 66 &_—46
763 0N~/ v/ .
7% 7N 34-\1 =N Q -7 71~\_\6/4
R ZI NN f§ T2\
o 7 BN-Tn & e
s /( S/ /7 s
60
FIG. 4A
2)1 2)1 2)1
}/ A L/ o4 v/ A
51N 68\\\#—46 65—l 46
/. 63 70—L 0+
20 T1—EN = N N7 71-)\\(!4
72 B-717 62
/ 7/(, S //
60



WO 03/098255 PCT/IB03/01932

5/7
2)1 2)1 2}1
[ e, 71 5 V.77
65_\—/—46 63 \\<L—46 86— —46
S/ /6‘3 70— w7/
10 71{ BN NENE IENE 6/4
61— Y N ST,
Y\ P A
g9 T2 I8 72 69 62
s (‘ /.
60

FIG. 4C



WO 03/098255 PCT/IB03/01932

6/7

60

50| P

-
-
-
..--"‘“
-
*****

— .
-,

Re{Z, HV/A)

30_ ‘\'\.

0 10 20 30 40 50

e FIG.5A

40
30

Im{Z; }(pH)

50
e FIG.5B



WO 03/098255 PCT/IB03/01932

/7

BRI

10®

~
— o —

R ERREL
~

10

URERERLL
“~

Re{Z}KV/A)

10*

t O HHH

T

0 " 20 40 60 80 100 120
1f(GHz)

Im{Z}(nk)

KGH FIG.6B



INTERNATIONAL SEARCH REPORT

Internatio; s=—olication No

PCT/IB 03/01932

A. CLASSIFICATION OF SUBJECT MATTER
IPC 7 GOLR35/00 GO1R27/28

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 GOIR

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, PAJ, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

the whole document

Category ° | Citation of document, with indication, whers appropriate, of the relevant passages Relevant to claim No.
A US 6 060 888 A (CHODORA JASON ET AL) 1,4,10,
9 May 2000 (2000-05-09) 17

D Further documents are listed In the continuation of box C.

Patent family members are listed in annex.

° Special categories of cited documents :

*A' document defining the general state of the art which is not
considered to be of particular relevance

*E" earlier document but published on or after the international
filing date

*L* document which may throw doubts on priority claim(s) or
which Is cited to establish the publication date of another
citation or other special reason (as specified)

*0" document referring to an oral disclosure, use, exhibition or
other means

*P" document published prior to the international filing date but
later than the priority date claimed

*T* later document published after the international filing date
or priority date and not in conilict with the application but
cited to understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document Is combined with one or more other such docu-
ments, such combination being obvious to a person skilled
inthe ant.

*&" document member of the same patent famtly

Date of the actual completion of the international search

25 August 2003

Date of mailing of the international search report

02/09/2003

Name and mailing address of the ISA
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340~-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Six, G

Form PCT/ISA/210 {second shest) (July 1992)




INTERNATIONAL SEARCH REPORT

Internation——nlication No

PCT/IB 03/01932

Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6060888 A 09-05-2000 DE 19903573 Al 04-11-1999
GB 2336686 A ,B 27-10-1999
JP 11326413 A 26-11-1999

Form PCT/ISA/21C (patent famlly annex) (July 1992)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

