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The lateral double-diffused MOS (LDMOS) transistor has traditionally been
a high-voltage device used in switching applications. The use as a high-
frequency device has become more important lately since the LDMOS offers an
low cost solution for telecommunication applications. An important property
of the LDMOS concept is that it can be manufactured in virtually the same
process used in standard CMOS production. It only requires one extra process
step, which is easily implemented. The other important aspect that gives the
LDMOS the good high-frequency performance is that the channel length is a
process parameter and not a lithography parameter.

This thesis investigates the LDMOS transistor primarily from two aspects.
The first is the high-voltage performance. For a high-voltage device the most
important parameter is the breakdown voltage. The second most important
parameter is the on-resistance that has the property of being in contradiction
of the breakdown voltage and usually trade-offs are made to achieve accept-
able performance. In the thesis several methods to improve the breakdown
voltage/on-resistance relation are presented.

The other part covers the high-frequency behavior of the LDMOS tran-
sistor. High-frequency characterization has been made to gain valuable infor-
mation for the fundamental understanding of the physical mechanisms inside
the transistor. A large part of the thesis covers modeling and parameter ex-
traction of the devices. A new general method for parameter extraction of
small-signal equivalent circuit models is presented, which has the appealing
properties of not needing any approximation during the extraction which is
common with other techniques.
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Chapter 1

Introduction

A new era in the modern world started 1947 when Bardeen, Brattain and
Shockley at Bell Labs invented the transistor. The next milestone came 1958
when Jack Kilby at Texas Instruments made the first integrated circuit, which
recently gave him the Nobel Prize. Since then the evolution in the semicon-
ductor area have been accelerating steadily. This can be illustrated by Moore’s
Law [1] that says that the number of devices per area will double every 18
months. Moore’s Law was stated in 1965 and it still holds almost 4 decades
later. Moore’s Law is also valid on other aspects in the semiconductor business
such as the cost per device will half every 18 months.

There have been a variety of transistors types used over the years [2-5],
which all have their pros and cons. The most commonly used device type is the
field effect transistor, FET, that is used in all kinds of different applications.
The MOS (metal-oxide-semiconductor) transistor is an example of an FET
device. The other main type of device is the bipolar transistor, which has
a basically different operation. The MOSFET is today the most dominating
device. The complementary MOS (CMOS) devices are used in all digital logic
circuits, such as microprocessors and computers. This makes the silicon MOS
transistor the most scrutinized semiconductor device today. This thesis will
not cover the CMOS technology, although it needs more research than ever [6].

The CMOS technology is easily scaled to improve performance but this
also implies lower supply voltages. For high-voltage MOS transistors the
channel region is separated from the voltage supporting part and thus higher
breakdown voltages are achieved. There are several different types of high-
voltage MOSFET’s and an interesting candidate is the lateral double-diffused
MOS transistor, the LDMOS.

Apart from the high-voltage support the LDMOS transistor can achieve
very good high-frequency performance due to that the channel length, that
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also sets the high-speed properties, can easily be made very short. An LDMOS
transistor can be made using, in the simplest form, one extra process step in
addition to the standard CMOS process. The process step is an implantation
that forms the channel, which is further explained later.

This thesis focus on the LDMOS transistor and especially on the design
of the drift region, which controls the high-voltage operation, and modeling
and characterization of the high-frequency operation.

1.1 High-Voltage Transistors

The main use for high-voltage devices are rectifying and switching. For these
purposes there are two major criteria for the devices that have to be fulfilled.
The purpose of a switching device is to be open or closed, compare to a
mechanical switch. If it is open there is no electrical contact between the two
terminals of the switch and thus no current can pass through the device. The
other state is closed and then the current should flow without losses. A solid-
state switching device has the same purpose as the mechanical but the on-
and off-state are not as well defined as for the mechanical switch. When the
switch is open there will be leakage current through the device and eventually
when the voltage is to high breakdown will occur and a large current will pass
through the device. When it is closed it will have resistive losses through the
semiconductor material. The first criterion that has to be fulfilled is that the
breakdown voltage, Vj,., is high enough for the application it should be used
in. Then the resistive losses in on-state should be minimized. The parameter
that represent this is called on-resistance, R,,. Also the leakage currents
should be sufficiently small when the device is off.

The choice of on-resistance and breakdown voltage is often a trade-off since
designing for high breakdown also degrades the on-resistance and vice versa.
For an idealized device the relation between the specific on-resistance, R, sp
and the parallel-plane breakdown voltage Vi, pp can be expressed as, [5]

4V
Ropsp = —22 1.1
»SP 8811153 ( )

where €, is the dielectric constant for the material, p is the mobility and &, is
the critical electric field of the material used. The specific on-resistance is the
on-resistance normalized to the area of the device, which makes it possible
to compare devices of different sizes. The denominator in (1.1) is called the
Baliga’s figure of merit (BEFOM = e,ué?) [5]. Since all parameters in BFOM
are material dependent this can be used to compare different materials with

respect to their usefulness as a high-voltage device, table 1.1 shows BFOM
for some common materials.
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Material | Silicon GaAs 4H-SiC GaN Diamond
BFOM 1 21 280 1300 11000

Table 1.1: Summary of the Baliga’s figure of merit for some materials.

This takes us to the choice of semiconducting material that should be
used. Starting from silicon which is the most accessible material today it can
be seen that the high-voltage performance is not that good. Another possible
material is gallium-arsenide, GaAs, but it has it main use in high-frequency
applications. An interesting material which has been a major research ob-
ject lately is silicon-carbide, SiC. A big problem with SiC is the possibility to
manufacture defect free substrates of useful size. Another competitive mate-
rial that is coming up is gallium-nitride, GaN, which have excellent material
properties [7]. The problem so far has been the substrates, which has led to
that the only important application has been light-emitting diodes (LED).
The most superior material for high-voltage applications is diamond [8,9].
Since diamond is the hardest material on earth, and very inert, the process-
ing becomes very difficult, but there are attempts to overcome these obstacles
and actually manufacture devices in diamond.

A more accessible use of diamond is to manufacture a SOI (silicon-on-
insulator) substrate using diamond as the insulator. This would benefit the
superior thermal conductivity of diamond compared to silicon oxide which
introduces a problem due to its poor thermal conductivity [10]

Apart from the material choice when manufacturing high-voltage devices
there are several different types of devices which all have specific properties. In
the beginning thyristors were the primarily choice for a high-voltage device.
The thyristor is a bipolar type of device that has the properties of large
breakdown voltage and high conducting current. Later the GTO (gate turn-
off thyristor) was used, which could be switched on and off by a gate voltage
and thus the switching losses were reduced compared to the conventional
thyristor [11]. Also conventional bipolar devices are used for high-voltage
applications. Of the field effect transistors the vertical double-diffused MOS
transistor (VDMOS) has been the primarily choice.

The power MOS devices have poor on-resistance for higher voltages. This
has led to the development of the insulated gate bipolar transistor (IGBT)
which combines the bipolar transistor with field effect transistor. The man-
ufacturing is the same as for the DMOS but the drain contact is of opposite
type. In the beginning the IGBT were called IGFET (insulated gate field
effect transistor) but later it became evident that this was really a bipolar
transistor [12]. The IGBT is today the dominating device for switching de-
vice in the region 300-1500 V [5].
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All the above mentioned devices are in some respect vertical devices. With
vertical means that the current flows from a contact on top of the wafer
through the wafer down to a contact on the back side. This makes it possible
to use all the silicon in the wafer as the voltage supporting region. The
substrate is usually a high-resistivity material to withstand high voltages. It
is not uncommon that one device is made on the whole wafer which allows
the devices to handle very high currents.

For medium high voltages the losses though the substrate will become sig-
nificant, and there are integration problems using the back contact. It would
be beneficial to have all contacts on the same side. This takes us to another
type of devices, the lateral devices. Lateral means that the current flows lat-
erally in the wafer parallel to the surface. The major breakthrough for lateral
device came with the reduced surface field, RESURF, concept [13] that made
it possible to have lateral high-voltage devices on a normal substrate. The
RESURF concept only cover the drift region, the part that should sustain the
high voltage, and can therefore be used for different kinds of lateral devices.
The first presented device was a lateral pn-diode, and it has since then been
used in lateral bipolar and field effect devices. An interesting device is the
lateral DMOS, LDMOS, that has shown very good performance using a very
simple process that is suitable for integration with low-voltage logic.

1.2 High-Frequency Transistors

Traditionally telecommunication applications have used GaAs devices. GaAs
has a higher saturation velocity than silicon which gives better high-frequency
performance. The fact is that for really high electric fields the saturation ve-
locity for GaAs decreases and becomes comparable to the saturation velocities
for silicon.

For silicon devices, the bipolar transistor has been the most used type for
high-frequency application. A reason for this is that since the active part of
the device, the base region, is controlled by process parameters, i.e. diffusion,
it has been relatively easy to achieve the narrow bases that are needed for
high-frequency operation [14].

Another established high-frequency device is the silicon germanium hetero-
junction bipolar transistor, SiGe-HBT, which has good high-frequency prop-
erties [15]. A SiGe device is not entirely made in SiGe. The manufacturing
starts with a silicon wafer and then SiGe is deposited in the active region of
the device, i.e. the base region in a SiGe bipolar device. The amount of ger-
manium and silicon is not 50-50 as can be interpreted from SiGe. The relation
is Si; ,Ge, where x is somewhere between 10% and 25%. The germanium
profile can also be graded.
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gate
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n-well channel region
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Figure 1.1: Schematic of an LDMOS transistor.

The most interesting high-frequency devices today are made in MOS-
technology. The fastest processors in a computer has an operation frequency
of several GHz and the production volume is very large. This is the driv-
ing technology for the main part of the semiconductor industry. Today gate
lengths below 50 nm [16, 17], gate delays at 1 ps [16] and current gain cut-off
frequencies above 100 GHz [18] have been presented.

1.3 The LDMOS Transistor

The LDMOS transistor has been around for many years and has primarily
been used in switching applications. In the early 70’s came the first publica-
tions that demonstrated the LDMOS in microwave operation [19]. An fayrax
of 10 GHz was presented and the main reason for this very impressive re-
sult was the fact that the channel length is a process parameter and not a
lithography parameter.

Since then the use has increased steadily every year. Several manufacturers
of devices for telecommunication have LDMOS transistors in their product
line [2022]. The advantages include properties like linearity and negative
temperature coefficients. The possibility to incorporate the LDMOS in a
standard CMOS process is also of great interest.

The structure of an LDMOS transistor is shown in figure 1.1. There are
two distinct parts of the transistor that have different functionality, the chan-
nel region and the drift region. A conventional MOSFET has these two parts
in the same place which makes it difficult to design the parts independently.
The first part is the channel region, which is the actual transistor. The chan-
nel is formed by first implanting the p-base which is self-aligned to the poly
gate edge. The p-base is then diffused under the gate and sets the drain edge
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of the channel. Then the source contact implantation is done, also self-aligned
to the same gate edge. The source implant is activated but the diffusion is
much smaller than the p-base. This approach to form the channel makes it
easy to have a short channel without having lithography with the same reso-
lution, it only requires good control over the process. The transistors in this
work have a channel length of 0.3 pum [23] in a 1.5 pm process and the gate
lengths varies from 0.75 pm to 4 pm. The benefit of a short channel is that a
high transconductance can be achieved which gives good high-frequency prop-
erties. Another advantage with a short channel is that the transistor always
works in velocity saturation which makes the transconductance independent
of the gate voltage and thus a good linearity.

The other important part is the drift region which extends from the drain
end of the channel and to the drain contact. The drift region should support
the applied voltage and protect the channel region from high voltage. The
drift region design utilizes the RESURF concept, which is explained later. In
a first approximation the breakdown voltage and also the on-resistance are
linearly dependent on the drift region length for a well designed device.

A desirable property of the LDMOS transistor, unlike bipolar devices, is
the negative temperature coefficient which is useful for high-voltage device
since it does not require any external protection circuits.




Chapter 2

High-Voltage Operation

High-voltage operation using semiconductor devices is usually a trade-off be-
tween the on-state losses, determined by the on-resistance, and the maximum
voltage that can be applied with full functionality of the device, the break-
down voltage. Traditionally a high breakdown voltage is achieved by using
high-resistivity substrates that are almost semi-insulating, but the obvious
problem is then that the resistance through the device is high when the de-
vice is in on-state.

In 1979 the RESURF concept was introduced and since then it has become
a guideline for designing lateral high-voltage devices. In this chapter the
RESURF concept is explained and improvements that can be made to further
stretch the limits.

2.1 Breakdown Mechanisms

The breakdown in a semiconducting device occurs when the applied voltage
becomes too high and a large current starts to flow through the device. Within
the semiconducting material two types of breakdown are possible, zener and
avalanche breakdown [4].

The zener breakdown is a tunneling breakdown and it occurs over a highly
doped pn-junction. When both sides of the junction are highly doped the
n-side conduction band will cross the p-side valence band at a relatively low
reversed bias. Then there is a possibility for the electrons to tunnel from the
p-side to the n-side and thus create a reverse current. For the zener breakdown
to occur the doping profile over the junction should be sharp and the doping
levels high, otherwise the avalanche breakdown will occur before the zener
breakdown. The zener effect is used in zener-diodes which are used as voltage
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references. The requirement for a zener breakdown was that both sides of the
junction should be highly doped and the zener breakdown therefore occurs at
low voltages. This gives us a hint that for a high-voltage device, were at least
on side of the junction is low doped, the zener breakdown will not occur and
here another type of breakdown occurs.

The other kind of breakdown in the semiconductor material is the ava-
lanche breakdown. For a parallel-plane reverse biased pn-junction the voltage
is primarily distributed over the depletion region. When the free carrier (elec-
trons and holes) travel through the depletion region they gain energy from the
accelerating electric field. They also lose energy when they collide with atoms
in the lattice. If a carrier have gained enough energy and collide with an atom
it will ionize the atom. Ionization simply means that the atom will lose one
charge. The result of the collision is thus that the free carrier has created a
new electron-hole pair. Then the new carriers accelerates by the electric field
and eventually will be swept out of the depletion region and contributes to the
leakage current. If the electric field is high enough something else happens.
The first carrier created two extra carriers. Then the new carriers are accel-
erated and each of them eventually collide again and the 3 carriers becomes
9. The 9 carrier triples again and again and so on. This is called avalanche
breakdown. This is the normal way a high-voltage device breaks down. This
kind of breakdown is normally non-destructive but it may happen that the
dissipated power gets high enough to destroy the device Appendix C shows
how the breakdown voltage can be calculated for a parallel-plane diode.

As if this was not enough, the breakdown can also occur outside the semi-
conducting material. Take the gate oxide in a MOS transistor for example.
If the potential over the oxide gets too high the oxide will not stand the high
electric field and a current will pass through the oxide. This is called dielectric
breakdown. Silicon-dioxide, SiO,, for example has a dielectric strength that
is 30 times higher than that of silicon.

2.2 The RESURF Concept

Traditionally high-voltage devices have been made on thick high-resistivity
substrates. High-resistivity substrates give good high-voltage duration but
the on-state losses are large. In 1979, Appels and Vaes presented the RESURF
concept [13] which totally changed the way to design a lateral high-voltage
device.

The concept of RESURF can be used on any lateral device since it only
covers the drift region (the region that supports the high voltage). To il-
lustrate the concept its use in a diode structure is explained. Consider the
structure shown in figure 2.1a. The structure can be separated in two parts
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each having a pn-junction, there is a vertical p~/n~-junction and a lateral
pt/n~-junction. Considering the junctions separately the p*/n~-junction
has the lowest breakdown voltage. For a parallel plane junction the break-
down is proportional to NE3/4 where Np = NgyNp/(Na+ Np) is the effective
doping. If N} =N <« Nf{, then Ng ~ Np for the p* /n~-junction and
Ng = Np/2 for the p~ /n~-junction.

For a thinner n~-layer the depletion of the vertical p~ /n~-junction will
interact with the depletion region from the lateral p™ /n~-junction as shown
in figure 2.1b. The substrate will then deplete the p* /n~-junction area from
below and thus a larger depletion region is achieved which lowers the maxi-
mum electric field at the same applied voltage. Further increasing the applied
voltage as in figure 2.1c will increase the depletion region all the way to the
cathode contact and thus will the field be uniformly distribute all the way
from the anode to the cathode. The breakdown then occurs when the p~/n~-
junction reaches its maximum voltage.

For the fully utilizing of the RESURF concept there are criteria that have
to be fulfilled. The total charge in the n~-layer should be 10'2 ¢cm~2, which
is the same as Nep;idepi- It has later been shown that the optimum charge is
not a fixed number but it depends on the substrate and the epi-thickness [24].

2.3 Advanced RESURF Concepts

The RESURF introduced a major breakthrough in the design of lateral high-
voltage devices. As explained in the previous section the concept has some
limitations. The on-resistance is primarily set by the desired breakdown volt-
age and can not be improved using the original principle. There are however
several methods to expand the concept for improving the on-resistance [25,
26]. Recently after the first publication on the RESURF concept a dou-
ble RESURF device was presented by the same authors [27]. The double
RESURF means that the drift region is depleted from two directions. The
implementation of the double RESURF is an extra p-doped layer in the sur-
face of the drift region. This p-doped layer will deplete the drift region from
above in conjunction with the substrate that depletes from below. This en-
ables us to increase the total n-well charge to maintain charge balance and
the on-resistance can be reduced by 50%.

Another important design issue is the use of field plates. The use of field
plates is not a RESURF specific technique but it is often used for these de-
vices. A field plate has the functionality of controlling the electric field by
putting metal plates (from the normal metalization) over critical regions in
the structure. The metal plates can be connected to the appropriate volt-
age and are usually used to shield junctions. Figure 2.2 shows an example
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ANODE CATHODE
! i i+
p+ 1| n-
SN
(a)
ANODE CATHODE
! N _n+
p+ | n- N
p-
(b)
ANODE CATHODE
! N
p+ i n- T
p- N e
(c)

Figure 2.1: Diode structures to explain the RESURF concept. (a) Diode with
a thick epi-layer. (b) Thinner epi-layer at the same applied voltage as (a). (c)
Same diode as (b) at a higher applied voltage.
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p- p-

(a) (b)

Figure 2.2: Example of the use of field plates to protect critical regions. (a)
a device without a field plate and (b) a device with a field plate.

of a contact with a field plate and the same contact without the field plate.
When applying voltage the electric field will be highest at the nT-contact
junction and the breakdown voltage will be determined by the junction cur-
vature. By introducing the field plate the depletion region will be changed
as in figure 2.2b. This will increase the voltage that can be applied on this
junction and thus a higher breakdown voltage.

A problem with field plates is that high electric fields are created in the
silicon under the edge of the field plate. These weak spots can be removed
by extending the field plate with a semi-insulating layer that spreads the field
more. The semi-insulating material used is polycrystalline silicon, SIPOS
(semi insulating polycrystalline silicon). The SIPOS layer can also be ex-
tended to cover the whole drift region and if it is connected in the ends a
small current will pass through which will further push the electric field to
be more uniform. Bipolar devices with breakdown voltages of 1000 V and
1500 V using SIPOS layer have been presented [28]. Paper I shows a similar
concept for a high-voltage high-frequency LDMOS transistor where the poly
silicon gate extends all the way to the drain where it is connected to the drain
potential. The part of the extended gate that is located over the drift region is
intrinsic poly silicon and the edges are highly doped to form a reverse biased
pn-diode. This allows for a leakage current from gate to drain which spreads
the electric field and thus a higher breakdown voltage. The breakdown volt-
age is increased from 60 V to 240 V by introducing the extended gate, in the
example in paper I.

A more easily implementable approach to reduce the on-resistance for a
given structure and breakdown is to use the concept of the p-top [29,30],
[paper III]. The use of the p-top is an extension of the double RESURF
concept and it is said that the device has dual conducting paths. The im-
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gate

source -n+ drain
|
p+ | n+ | ( ntop ) n+
(_ p-top )

p-base

n-well

p-substrate

Figure 2.3: A LDMOS transistor with additional p- and n-doped layers, called
p-top and n-top, in the drift region.

plementation of the p-top is shown in figure 2.3, which should be compared
to the case without the p-top in figure 1.1. In other publications the p-top
refers to the surface implant in a double RESURF structure and what I call
p-top has been called p-buried but in this thesis p-top refers to the p-top as
in figure 2.3. In the figure there is also another layer called n-top but more
about that later. From the RESURF concept there is an optimal n-well charge
for highest breakdown voltage and this sets a limit for the on-resistance. By
introducing the p-top the n-well charge can be increased since it is affected by
the p-top as well as the substrate. How much the charge can be increased and
how much the on-resistance can be reduced is thoroughly studied in paper III.

Above the p-top is a thin n-doped layer which conducts current in the on-
state and is quickly depleted in the off-state. To improve the conduction an
extra n-doped layer can be implanted above the p-top as shown in figure 2.3
and the layer is called n-top. By adding the n-top the p-top charge has to be
increased equally much not to disturb the charge balance. The result is then
that the on-resistance can be reduced further with only a small penalty in the
breakdown voltage.

The most important design issue about the n/p-top is the total charge
in the different layers, but there are other issues. The p-top can be either
grounded or floating, which gives some differences. The grounding is done
in the third dimension by contacting the p-top to the p-base. In general a
floating p-top will give better on-resistance but poorer breakdown voltage and
it should probably be grounded in most cases due to a better control over the
operation. Another issue is the lateral length and position of the p-top. It
should preferably be as long as possible to have the improved effect over the
whole drift region. But if the p-top comes to close to the drain contact there
will be problems and the device will have much lower breakdown. On the
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other side the p-top can not be to closed to the p-base since it will then cut
off the conducting path from the channel end to down to the n-well. It also
affects the input capacitance if it comes to close to the gate. Then there is
the location of the n-top. In the simplest case it is implanted using the same
mask as the p-top as in figure 2.3 or it can be implanted without a mask and
thus extend all the way from the gate to the drain contact. The most optimal
case is probably somewhere in between, but this have not been studied yet.
Comparing the case using the p-top mask with the case without the mask
shows that without the mask the on-resistance is lowered but the breakdown
voltage suffers.

An interesting device that is basically a VDMOS is the CoolMOS™
[31,32]. A problem with vertical devices is the poor on-resistance but the
CoolMOS™ concept offers a five times reduction of R,,. The concept can be
seen as the double RESURF concept turned 90 degrees. In a cross section of
the device there will be colons of n- and p-doped material where the n-doped
is the drift region were the current flows. The p-doped colons are used to
deplete the n-doped drift region quickly in the blocking state and this allows
the n-doping to be one magnitude higher which decreases the on-resistance.
The drawback of the concept is the manufacturing of the colons. This is made
during an epitaxial deposition process which makes it rather expensive.

The concept with multiple layer in the drift region has also been proposed
for lateral devices [33, 34].
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Chapter 3

High-Frequency Operation

The advantages for the LDMOS transistor in high-frequency operation are
mainly due to an easily achieved short channel. A short channel makes
the device operate in velocity saturation which gives a constant transcon-
ductance, resulting in good linearity [35]. The use of LDMOS transistors at
high-frequencies has mainly been in the area of telecommunication where the
frequencies of operation are up to some GHz today, but they are increasing.
The standard supply voltage in a base station is 28 V which needs devices
with a breakdown voltage around 50-60 V. The output power density of these
devices is about 0.5 W/mm at 2 GHz [21]. Normal operation of these devices
are class AB, and work on class E has shown that increasing supply voltage
gives drastically increases output power [36]. It has also been shown, for dual
depletion layer LDMOS devices, that if the supply voltage is increased the ef-
ficiency is increased and power densities up to 2 W/mm have been presented
at Vp=70 V and 1 GHz [paper V]. Figure 3.1 shows the 20 mm gate width
device from the paper.

Other application areas that can utilize these devices are in lightning and
heating, using micro-magnetrons. The LDMOS has also been shown to give
competitive performance for low-voltage applications [paper II]|, with supply
voltages at 5 V and breakdown voltages at 15-30 V.

When characterizing high-frequency devices there are several different
key parameters. There are the basic DC-parameters such as on-resistance,
transconductance and breakdown voltage. Then there are the small-signal
parameters of which the cut-off frequencies fr and fir4x are the most com-
mon. The current gain cut-off frequency, fr is the frequency at which the
current gain, Hsy, is 0 dB. The maximum frequency of oscillation, fyrax,
is the frequency where the unilateral power gain, Uy, is 0 dB. The unilat-
eral power gain is the maximum gain that can be achieved assuming that the
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Figure 3.1: A power LDMOS transistors, with a gate width of 20 mm.

source and load impedances are conjugately matched to the in and output
impedance of the device. The fy;ax is also the frequency when the maxi-
mum available/stable gain is 0 dB.

For the large-signal characteristics there are parameters such as the power
gain, power density and power added efficiency (PAE) that are important.
These parameters are measured using load-pull measurements. Other impor-
tant parameters include linearity and intermodulation which are very impor-
tant for e.g. WCDMA (a mobile telecommunication standard).

3.1 High-Frequency Characterization

There are several different methods to characterize high-frequency devices.
The methods includes scattering parameter (S-parameter) measurements us-
ing a network analyzer. The S-parameter measurement is a small-signal mea-
surement and a main issue is calibration and to accurately de-embed the par-
asitics. For power measurements the load-pull measurement is a very useful
technique, although it is expensive and time consuming.

3.1.1 S-parameters

The most important tool for high-frequency characterization is the network
analyzer. The type of network analyzer primarily used in this work is a vector
network analyzer (VNA). The basic principle is that a power wave is transmit-
ted into the device under test (DUT) and the reflected power wave is measured
in magnitude and phase. There are network analyzers that only measures the
magnitude of the reflected wave and they are called scalar network analyz-
ers. Usually more than one port of the network analyzer is used and then
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the transmitted power waves from one port to the other are also measured.
For the most common case when two ports are used (2-port measurement)
the result is two reflection coefficient and two transmission coefficient. These
coefficients are called scattering parameters. The S-parameters are usually
represented in matrix form,

= -].
s [521 S } (3.1)

where S;; is the measured power on port ¢ when the power wave is applied
on port j. Using a VNA for the measurements gives each S-parameters with
magnitude and phase. In an ordinary network analyzer the port is terminated
with 50 Q. The S-parameter matrix can be used to calculate different small-
signal gains and they can be converted to other two-port representations such
as impedance Z, or admittance Y for e.g. parameter extraction.

The first thing to consider when doing S-parameter measurements using a
VNA is to properly calibrate the system. All cables and connectors between
the VNA and the DUT will affect the measurement and they should be cali-
brated so that the reference plane is located as close to the DUT as possible.
This is done by replacing the DUT with calibration standards with known
characteristics. There are numerous different calibration methods that have
different complexity and correctness for different frequency ranges. The sim-
plest case is the open calibration, which assumes that the parasitics between
the signal and ground are capacitive. Then the DUT is replaced by an open
structure which is assumed to reflect the whole signal and transmit zero signal.
Measuring the open structure gives a response that represents the cables and
connectors. They can then be de-embedded from the measurement on the real
device. The open calibration can be used when the frequencies are relatively
low, but for measurements in the GHz-range more advanced methods should
be used. Other methods includes the SOLT (short-open-load-thru) which
uses 4 calibration standards, and the TRL/LRM which uses 3 standards. A
modern VNA has several of the calibration methods built-in and the VNA
removes the errors automatically from the measurements so that the result is
the DUT.

The next problem is if the devices are mounted or not. The device can be
mounted in a package and then the measured result includes the packaging
parasitics, bond wires between the chip and the package, the metal structure
on the chip, etc. This gives the true performance of the package device and
since all devices are sold in a package this is relevant. But in research and
development the intrinsic behavior of the devices is of great interest. Then
the devices are still on the wafer and then on-wafer measurements have to be
done. On-wafer measurements are done using wafer probes that are needles
that are put on the metal pads on the wafer.
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Figure 3.2: A typical pad structure which clearly shows the ground-signal-
ground pad configuration.

Figure 3.2 shows a typical structure where the GSG (ground-signal-ground)
pads are clearly shown. The drawings outside the picture shows how the probe
tips looks like. To the right a Cascade Air Coplanar Probe [37] is shown and to
the left a Picoprobe [38] is shown. The typical distances in the figure are the
pad size that is 70x70 pm and the pitch (center-to-center distance between
the pads) that is 150 pm.

To calibrate the probes a calibration substrate is used. The calibration
substrate consists of several metal lines that create the calibration standards
needed. This makes it possible to put the reference plane at the probe tips.
But the problems does not end here. First, the contact between the probe
tip and the wafer will change between different touch downs. Just lifting the
probe and lowering it again on the same spot will give a different contact
resistance. It is therefore important to probe with the same pressure and
skating every time. Skating is the movement of the probe over the metal
when the probe tip has landed. Another problem is that the interest is in the
intrinsic device and not the surrounding metal pattern. This takes us to the
third big issue in high-frequency characterization, de-embedding.

3.1.2 De-Embedding

De-embedding is how to remove, de-embed, the surrounding parasitics so that
only the intrinsic part of the device can be characterized. Numerous ways to
de-embed the parasitics with different levels of complexity and accuracy, have
been presented [39-41], [paper VII].




Design and Modeling of High-Frequency LDMOS Transistors 19

Figure 3.3: The manufactured on-wafer calibration standards used in
paper VIIL.

A straight forward and intuitively simple way is to represent the parasitics
with a lumped circuit model. The simplest case is to represent the pad para-
sitics using a capacitance that should represent the capacitance between the
pad metal and the substrate.

There are more advanced lumped representations of the pad parasitics [41].
Then several de-embedding structures are manufactured together with the
transistors that each tries to isolate some of the lumped parameters and thus
by combining several measurements get a lumped model for the parasitics
that can be de-embedded from the transistor measurements.

Another approach is to make the DUT with different widths using the
same metal pattern and then approximate the parasitics with the admittance
that are achieved when the width is extrapolated to zero [40].

A third method is to use the same calibration routines that are built-in in
the VNA [paper VII]. Figure 3.3 shows the calibration standards that are used
when measuring a device as in figure 3.2. In the figure are the four standards
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used in a SOLT-calibration. In the short standard (S) the device is replaced
by a metal sheet that shortcuts the signal pad to the ground pads. The open
structure (O) has exactly the same metal pattern as the real device but the
intrinsic device is removed. In the load structure (L) the device is replaced
by poly silicon resistors that are dimensioned from test pattern data to result
in a 50 €2 load between the signal pad and the ground pads. For the thru line
(T) the signal pads are connected with a metal strip above the ground plane
and the sizes are designed to give a characteristic impedance of the thru line
of 50 2. The on-wafer calibration standards can also be used for TRL/LRM
calibrations. The de-embedding can be done either by using the calibration
structures shown in figure 3.3 when calibration the network analyzer or by
calibration on the standard ISS (impedance standard substrate) and then do
the de-embedding afterward.

3.1.3 Power Measurements

For power measurement the load/source-pull measurement is common. In
the measurement setup each port has a variable impedance tuner. The tuner
can be either manual or automated. During the measurement the are tuners
varied (pulled) and the result will be isoplots of the gain over the Smith chart.
This is used to find the optimum loads for gain or efficiency. The results will
be gain, output power and efficiency as function of input power.

3.1.4 Impedance Measurements

The S-parameter measurements of transistors are usually made by sweeping
the frequency for several bias points. This makes it unnecessary complicated
to study the AC-performance as function of applied bias. For example, to
study the input capacitance, Cj,, as a function of drain voltage, would re-
quire a s-parameter measurement for each drain voltage since the network
analyzer can not handle the DC-bias by itself. Then all these s-parameters
measurements should be put together and converted to the Y-parameters that
give Ciy, (Y11 = Gy + jwCiy). A more convenient way is to use some kind
of impedance analyzer that measures the impedance (or admittance) while
sweeping either the frequency or the applied bias. The impedance analyzer
conducts an one-port measurement so transmission parameters can not be
measured. From the measurement the result can be interpreted in different
ways. It can for example be seen as a resistance in series with a capacitance,
a parallel combination of a resistance and an inductance or a reflection coef-
ficient. Appendix E shows some of the possible representations and how to
convert the results between them.
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3.2 High-Frequency Modeling

In all kind of transistor modeling there are basically 3 different kinds of mod-
els [42]. The first is the physical model, which is based on physical phenom-
ena. These models can predict what happens when a physical parameter is
changed. This is the preferred way to model transistors but it may led to
very complex models that are less suitable for large simulations, e.g. circuits
simulations consisting of thousands of devices. The second kind of models is
empirical models. These use appropriate mathematical functions to represent
the behavior and have several “fitting” parameters with no physical meaning.
These models are difficult to use when trying to predict changes in the process
etc. They are also often bad in predicting the behavior outside the region of
validity. The third kind of models is table based models that are achieved by
measuring the device under several different conditions and then the results
are put in a table together with appropriate interpolation functions. Many
models are combinations of the above mentioned kinds of models. Often a
model is physically based but some complex behaviors are represented with
empirical functions or uses fitting parameters, these models are sometimes
called semi-empirical.

An important kind of model for high-frequency transistors is the small-
signal equivalent circuit. Small-signal means that the applied signal is as-
sumed to be small enough that the response is linear, i.e. no higher order
harmonics are created. The equivalent circuit consists of lumped elements,
e.g. resistances and capacitances, that should represent the device behav-
ior when small signals are applied. A small-signal equivalent circuit for a
FET-device is shown in figure 3.4.

The outer parts named, Y, and Y,, represents the parasitics that should be
de-embedded using an appropriate method. The parts named Z; are the series
impedances that represents the contact resistances and the inductances in the
connectors. The remaining part is the intrinsic transistor, which represents
the actual device.

After the small-signal comes the large signal. The small-signal model is
a linear model that is valid for small applied signals. The large signal model
should resemble the characteristics from DC up to microwave frequencies.
This should be done for a large range of drain and gate biases. Most large
signal models are non-linear. Non-linear models are defined as those models
that cannot be analyzed using the superposition principle. Another definition
of non-linearity is the creation of higher order harmonics, i.e. applying a
signal with frequency, f, on the input will create a signal with frequencies, f,
2f, 3f, etc. on the output. An example to visualize this is to imagine a large
signal, with frequency f, that is applied on the gate. If the signal is large it
will vary the drain current from 0 (Vg < V) to Ipses- If the amplitude of
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Figure 3.4: Simple small-signal equivalent circuit for a FET-device.

the input signal is large enough the drain current characteristics will resemble
a square topped signal. From elementary Fourier analysis it is known that a
square wave has harmonics as multiples of the base frequency.

3.2.1 Network Analysis

This section will explain some fundamental concepts useful when dealing with
equivalent circuits and parameter extraction. The basis for setting up analy-
tical expressions for the admittance or impedance matrices is also provided.

The theory for setting up an analytical admittance matrix is based on
nodal analysis. In the fundamental form every node in a circuit is given a
number. The ground node can be included, this is called floating admittance
matrix, or not included, then it is called grounded admittance matrix. The
total number of nodes is then N which makes the admittance matrix a N x N-
matrix. The sum of all elements that are connected to node i should be written
in the position for Yj; in the matrix. The elements should be written in the
admittance form, e.g. a resistance is written as G or 1/R and a capacitance
as jwC. In place Y;; should all elements connected between node ¢ and j be
written with a minus sign. This is the case for all passive elements in the
circuit (R, L and C).

As an example the circuit in figure 3.5 is used. Applying the above rules
for the passive elements in the circuit yields:

_ [ Jw(Cys + Cya) —JjwClyq
Yo = ( —jwCya  Gas + jw(Cas + Cya) (3:2)

Repeating the general rules yield that connected to node 1 is the capac-
itances, Cys and Cyq, which are added and multiplied by jw to get the ad-
mittance form and inserted in place Yi;. Between node 1 and 2 are just Cyq
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Figure 3.5: Intrinsic small-signal equivalent circuit.

connected and is therefor inserted in both Yi5 and Y5; with a minus sign. A
general consequence of the passive Y matrix is that Y =Y, ie. Y;; =Y.
What about g,, then? The transconductance is represented with a voltage-
controlled current-source which is an active element. To treat g,, the corre-
lation between the Y-matrix and the nodal voltages and currents must be

established.
11 Yii Yo (1
” = 3.3
<l2> <Y21 Y22><U2> (3.3)

Since the circuit can be treated as a linear circuit the active and passive
part can be treated apart and then be added together in the end (superpo-
sition). So for now, remove all passive elements in figure 3.5 so that just
gm remains. The result is that node 1 is floating and node 2 is connected
to ground through g,,. One strategy to evaluate the active Y-matrix, Y,
is to change v; and vy and see how this affects the currents. When vy is
changed nothing happens. This means that Y1, = Yoo = 0. If vy is increased
the current through g,, will increase with g,,v; which means that Y2; should
be g, and nothing happens to i; so Y1; = 0. The active Y-matrix is then
summarized as (3.4) which yields the total Y-matrix (3.5) for the circuit.

Y, = (g?n 8) (3.4)

— _ [ Jw(Cys + Cya) —jwCya

Y=ot = ( g — §wCya Gas + joo(Cas + ng)> (3.5)
This is the basic methodology for creating an admittance matrix. To get
the impedance matrix Z for the same circuits the relation is Z = Y~1. The
circuit in figure 3.5 is the simplest case of an intrinsic equivalent model. To
make it more realistic some series impedances can be added on each terminal
as in figure 3.4. The admittance matrix for this circuit will have more than 2
nodes. Then the admittance matrix has to be reduced to a two-port Y -matrix

when comparing to measured data which usually are two-port data.
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Figure 3.6: Circuit examples to explain the relation between Y and Z param-
eters.

Another way to do this that is also good for the fundamental understanding
about de-embedding is to successively build up the matrix. Consider the
circuit shown in figure 3.6a. The black box named Y; is an arbitrary two-port
network represented with its Y-parameters. The total admittance, Y., for the
circuit is

Yin+Vi+Ys Y-V
Ye= < Yion—Ys Yoo +Yo+ Y3> (36)

The admittances Y; » 3 can apparently be separated from Y; easily. The
Y, matrix can thus be expressed as Y, = Y; + Y123 where Y723 is given by:

_(Yi+Ys Y3
Yios = ( LY, 4Y, +Y3) (3.7)

If the analytical expression for Y; is known and the circuit topology shows a
[I-structure, such in figure 3.6, it is easy to add the elements that corresponds
to Y1 2,3. This can also be seen as a parallel circuit with Y; and Y23 were
the result is the sum of the admittances. For the circuit in figure 3.6b the
Z-matrix can be expressed in a similar way.

A Zi+ 25 Zs '
Ze_< Zs ZQ+23)+Z1 (3.8)

The other view of this is that the impedances are in series were they can
be added.
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This can be used to successively build up a Y or Z-matrix. This is also
a fundamental technique when embedding or de-embedding parasitics, or se-
ries resistances from measurements [43]. Take for example the circuit in fig-
ure 3.4. The intrinsic device Y; is expressed similar to (3.2). Then the series
Z-impedances are seen to correspond to figure 3.6b and the Z-matrix is Z,
(3.9). The pad admittances Y, and Yy can be summarized in the admittance
matrix Y, (3.10). The total Y-matrix is then given by (3.11).

(Zy+ 2z, Z,
Zs = < s Zd+Zs> (3'9)
— Y!] 0
Y, = ( g Yd) (3.10)
Yoo =Y, +[Zs + Y77 (3.11)

If the measured data, Y;,, are known, the pad parasitics, Y,, are known
and the series impedances, Z., are known the intrinsic Y; can be calculated
as

Y= [V —Y) ' - 2]t (3.12)

3.3 Parameter Extraction

When using small-signal equivalent circuits it is important to extract the
parameter values in a correct and efficient way. A method that almost always
works, but seldom gives reliable values is optimization. Optimization is what
it says, using a starting approximation an optimizer tries to find the solution
that minimizes the error between the measured data and the model. The
optimizer usually finds the nearest local minimum and then stops. This is
usually not the global minimum. Most simulation tools include some kind of
optimizer.

A more reliable method is to use some kind of direct extraction [43]. The
important thing is not to rely on a good starting approximation. Assume
for example that the measured data should be applied on the equivalent cir-
cuit shown in figure 3.5. Here the series impedances are assumed to be de-
embedded in a previous step. The admittance matrix for this circuit is shown
in (3.13).

yi vz | _ | Jw(Cgs + Cga) —JjwCya (3.13)
Y21 Y22 gmoe YT — jwCyq Gas + jw(Cas + Cyq) '
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By plotting —(Y12)/w versus the frequency the model predicts that the plot
should show a straight horizontal line at the value of Cyq. If the plot does
not show a constant value the explanation can be that the measured data is
incorrect or that the model is wrong. But if the error is small an approximate
value of Cyq can be extracted. The same can be done for the rest of the
parameters using e.g. equations (3.14-3.19).

C\ -
Cya = _S(o2) (3.14)
w
o~
Cps = 7”(3’“: y12) (3.15)
o
Cus = 7”(3’12: yz2) (3.16)
Gas = R(y22) (3.17)
gmo = |y21 — Y12 (3.18)
1 %(ym - 1/12))
= ——arctan | —— "= 3.19
’ w rean (éR(ym - 1/12) ( )

This is an example of an overdetermined equation system. There are 6 un-
known and there are 8 independent measured parameters. Actually there are
two measured parameters that are not used and they are expected to be zero
in the model, R(y11) and R(y12). By examining them another indication of
the validity of the model is revealed. There are other ways to extract the
parameters, consider for example (3.17). What happens if R(y12) # 0, then
Y12 has a resistive part which may be modeled by putting a resistance in se-
ries with Cyq, this is not an improbable case. This resistive part will also
be seen in yso which implies that a more correct value of GGy is achieved by
R(y22 + y12)

3.3.1 Series Impedances

As been seen in the previous section for the intrinsic part of the transistor it
is fairly easy to extract the parameters directly if the equivalent circuit is not
to complicated. A more challenging task is to extract the series impedance
which consists of, in the general case, a resistance in series with an inductance
on each terminal. In some cases some of the series elements can be neglected
without degrading the model.

A simple method to extract the series resistance [44] assumes that the
intrinsic part of the transistor is purely capacitive when the transistor if off,
i.e. all applied voltages are zero, and that the series impedances are purely
resistive. The method also assumes that the series resistances are bias inde-
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pendent. By measuring the Z-parameters when the device is off the following
relations are achieved:

Ry = Z13 = Zn (3.20)
R, = Z1, — R, (3.21)
Ry = Zos — Ry (3.22)

This method has sometimes been called the coldFET method but one can
question its validity on MOSFET’s. The coldFET method was developed for
MESFET’s which has a fundamental difference compared to a MOSFET. The
gate is dielectrically isolated from the drain and source and this is not the case
for a MESFET. For the original coldFET method the MESFET is biased a
Vp=0 and Vi greater than the barrier height. Then some assumptions about
the intrinsic part is done which leads to the series impedances [45, 46].

The above discussed method has some major drawbacks such as the as-
sumption that the inductances are neglected, the series resistances are as-
sumed to be bias independent and the assumption that the intrinsic part is
capacitive in off-state. The next step would be to put back the inductances
and try to extract the parameters when the device is on which is the case when
the device is used. By assuming the equivalent circuit similar to the one shown
in figure 3.7 and putting up the expressions for the Z-parameters the following
is achieved by looking at the real and imaginary parts separately [47],

R(Z12) = Rs + w2A-:B (3.23)
R(Z22 — Z12) = Ra + WQAjB (3.24)
R(Zu1 ~ Z2) = By + 0 (3.25)

%(im) I wfk - (3.26)
%(Zzzw— Zh2) =L, — wfiilB (3.27)
S(Z1r —

\S(an ) Lo = wfifB B wZ(wfgnL B) (3.28)

where the constants A,, B, E, and F, are functions of the intrinsic parameters
and independent of the frequency. The series resistances and inductances are
then extracted by doing a curve fit to the above equations. A sanity check
can be made by investigating the different B’s that are achieved from every
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expressions and they should be the same. For (3.28) the curve fit can be
done at higher frequencies when the third term on the right hand side can be
neglected.

To visualize the above extraction technique the series resistances and in-
ductances can be extracted by manipulation (3.23- 3.28) mathematically [40].
By for instance combining (3.23) and the corresponding expression using
R(Z21) which is the same with a different A, the following is achieved,

R(Z1) = (1 - %) By + G2 R(Z) (3.20)
21 21

then by plotting $(Z12) versus R(Z21) the result should be a straight line

with the intersect (1 — Aj12/A21)Rs and the slope A12/A5 and then can Ry

easily be evaluated.

The previous methods, for extracting the series resistances and induc-
tances, make assumptions and approximations that seems to work in some
cases. In the general case it may not be possible to make approximations
without losing accuracy. In paper VI, a different approach on how to extract
the series impedances is proposed. The method does not introduce any ap-
proximations or assumptions. The method does, as all methods, need a good
model. By measuring the S-parameters and after the necessary de-embedding
of the pad parasitics a set of Z-parameters are achieved. For the circuit in
figure 3.7 for example the analytical expression for the different Z-parameters
can be evaluated. The expressions can be rewritten to the form:

aop + ais + ass? + -+ aps"
1+0b18+bys2+---+b,s™
where s is the complex frequency (s = jw). The parameters a and b can be
extracted by fitting the measured Z-parameters to the analytical expressions.
The fit is done using the least square method which does not require any
starting values of the parameters. Each of the a and b coefficients can be
expressed as a function of the circuit parameters and, for the example in
figure 3.7 and most MOS models, the series inductances can be evaluated as
the ratio between a,, and b,,, i.e.

Zij = (3.30)

Ly+Ls = al/bm (3.31)
Ly = a2 /by, (3.32)
Ly = a2 /by, (3.33)
Lg+ Ls = a2 /by, (3.34)

where aﬁlj is the highest order coefficient for the numerator in Z;; and b,, is the
highest order coefficient for the denominator for any Z;; (all different Z;; have
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Figure 3.7: Example of a small-signal equivalent circuit.

the same denominator). The series resistances can be extracted in a similar
way. This methodology can also be used to extract the intrinsic parameters.

3.3.2 Example of an Extraction

An example of how to extract the small-signal equivalent circuit model pa-
rameters for a low-voltage LDMOS transistor is shown together with some
considerations that should be taken into account when doing the parame-
ter extraction. The equivalent circuit that should be considered is shown in
figure 3.7.

First the series impedances should be extracted. Using the method in
paper VI, the first thing to do is to set up the analytical expressions for the
Z-parameters and look for the orders of the polynomials in the numerator and
denominator. Be aware that some of the equations must be multiplied with s
so that all ag’s are non-zero and by = 1. The result is shown in (3.35-3.38)

ap+ ais+ -+ ags?
Zi = 5 3.35
S411 140,54+ bys? ( )
a0+a15+---+a353
Ly = 5 3.36
2T T bis o+ bys? (330
ap+ais+ -+ ags?
Zyn = 5 3.37
5421 140,54+ bys? ( )
ag+ a;s + - -+ ass®

1+b18+"'+b282

Zyy =

(3.38)

Then the coefficient are extracted using the method in paper VI. At this
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Figure 3.8: (a) The first least square fit to the measured Z-parameters. (b)
The direct extraction of some of the intrinsic parameters.

point it should be pointed out that the above circuit generates 25 different
coefficient but there are only 14 unknowns so the equation system is overde-
termined. For example, the a4 term in (3.36) is the same as the a5 term in
(3.37). This could have been taken care of when setting up the equation sys-
tem but the result then will be the same as replacing them with their mean
value. There are other coefficients that should be the same and there are also
more complicated relations. The first least square fit for the Z-parameters
are shown in figure 3.8. As can be seen the first least square fit easily finds
the coefficients that make a nearly perfect fit to the measured data.

The series inductances are then calculated using (3.31-3.34). Then a new
set, of coeflicient are calculated which corresponds to the analytical expression
were the inductances are removed. How this is done is also shown in paper VI.
From this new set of coefficient the series resistances are extracted in the same
way as the inductances. The intrinsic Y-matrix can be calculated using (3.39),
where Z, is the measured Z-matrix.

Y, = [Ze - Zs]_l (339)
([ Ry+ Rs +s(Ly+ L) Ry + sLg
Zs = < Ry + sL, Ra+ Ry + s(Lq + L) (3.40)

The analytical expression for Y; look as:
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: Cye .

v — Jw(Cys + Cya + 71+jwégcRi) —jwClyq 541

P = . il 4O c (3.41)
TTjwC,. R JWlyga 7 T Jw(Cya + Cas)

The intrinsic parameters will be extracted using traditional direct extrac-
tion methods. For this particular circuit the following expressions will get the
intrinsic parameters.

3(Y7s
Cpa = — (w”) (3.42)
o
Cds = M (343)
w
1
Rys = 3.44
) (3.44)
R(Yor — le)2 + (Yo — le)2
m = 3.45
g R(Ya1 — Yi2) ( )
Cye = _—gm%(yn + Yi2) (3.46)

w%(Y21 — Y12)

‘:;Q
Il

1
- <%(Y11 +Yi9) +

]. %(Ygl — Ylg)
R, = — 3.48
wcgc %(Ym - le) ( )

(3.47)

R(Y11 + Yi2)R(Yor — Y12)>
S(Ya1r — Yi2)

Some of the parameters in (3.42-3.48) are plotted against frequency in
figure 3.8 where it is clearly shown that the parameters are constant versus
frequency. When all parameters are extracted the circuit is simulated using
the extracted parameters. The correspondence between measured data and
the simulated are shown in figure 3.9.

3.4 Numerical Simulation

An important tool for fundamental understanding of the mechanisms that
controls the operation of semiconductor devices are the TCAD (technology
CAD) simulation tools [48-50]. The simulators are fed with a structure where
all different regions of material and the doping profiles are defined. The struc-
ture is also supplied with a FEM-mesh (finite element method) which should
be dense enough to cover all active regions in the structure. Then the bound-
ary conditions are set, such as terminal voltages and ambient temperature.
The simulator then solves the basic electro-magnetic differential equations in
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Figure 3.9: The measured S-parameters compared to the S-parameters ob-
tained from the extracted equivalent circuit.

all mesh points and iterates until the solution is reached. When the solution is
known all terminal voltages and currents can be seen. The terminal voltages
and currents could be measured on a real device as well, but from the simu-
lation the carrier concentrations, the potential distribution and other things
can be visualized in every mesh point. This is of valuable help when trying to
recognize critical point inside the structure, were for instance the breakdown
starts.

It is also possible to perform other simulations than the steady-state sim-
ulations. AC-simulations are valuable since it gives the small-signal AC-
performance in term of terminal capacitances and conductances. It is also
possible to achieve the scattering parameters. An interesting simulation is
the transient simulation which gives the possibility to monitor how the cur-
rent flows and the potential distribution changes over time when applying a
step function or an sinusoidal signal.

Another valuable benefit from the numerical simulations is the fact that it
is easy to see how process or design changes affects the performance. It might
take a day to simulate how a certain doping level affects the breakdown. To
do this the traditional way by manufacturing the devices and then measuring
the devices might take 3 months if you can squeeze in that into your project.

Numerical simulations have been used extensively in papers I and III.




Chapter 4

Summary

The LDMOS transistor has gained large interest lately, especially as an RF
power transistor. Two important properties of an RF power transistor are
the high-voltage performance and the high-frequency performance. This the-
sis discusses how the high-voltage properties can be improved in terms of
on-resistance and breakdown voltage. These two properties are usually in
contradiction so the answer is not simple. The other part of the thesis cover
the high-frequency part. The focus is on high-frequency modeling and param-
eter extraction.

When discussing high-voltage lateral devices the concept of RESURF al-
ways comes up. The RESURF makes it possible to manufacture high-voltage
lateral devices on normal substrates. Usually high-voltage devices are made
on special high-resistivity material which is useless for normal transistors. The
RESURF concept can be used for all kinds of lateral devices since it covers
the voltage supporting drift region and therefore the active part can be for
example a diode, a bipolar transistor or a MOS transistor. The RESURF has
some fundamental limitation in terms of on-resistance and breakdown volt-
age. In the ideal case the ratio between the breakdown voltage and the on-
resistance is constant, so increasing the breakdown voltage will also increase
the on-resistance. There have been many improvements on the RESURF con-
cept which decreases the on-resistance at preserved breakdown voltage. This
thesis discusses some of them and in the papers two new improvements are
proposed.

For the high-frequency characterization the ability to make correct mea-
surements are important. The most important tool for high-frequency charac-
terization is the network analyzer and it is important to calibrate the instru-
ment rigorously at every measurement occasion. Since the VNA measures
at high frequencies every piece of cable or connector will be measured as



34 Lars Vestling

well as the actual DUT. The transistor itself also contains part that are of
less importance such as pad parasitics. These should be de-embedded from
the measured data to show the real transistor characteristics. A method for
on-wafer de-embedding of the pad parasitics is presented. When using small-
signal equivalent circuits it is important to accurately extract the circuit pa-
rameters in a correct and consistent way. The direct extraction methods are
very important and a new method for extracting the series impedances is pre-
sented that has the attractive property of not needing any approximations or
assumptions that are common for other methods.

The LDMOS transistors that are manufactured and analyzed during this
project have shown performance comparable and sometimes even better than
other published power LDMOS transistors.

Based on the results in this thesis one can foresee substantial improve-
ments for the dual-conducting layer LDMOS transistor. Both the breakdown
voltage and the current drive capability can be increased, which will increase
the RF output power density. The ability to operate at higher supply volt-
ages may very well open up for new microwave applications in the GHz region.

A catchphrase in this project has been “Exploring the limits for MOS based
Microwave Power Transistors” and the conclusion is that we haven’t seen the
limit yet.




Appendix A

Summary of Papers

Paper 1

A Novel High-Frequency High-Voltage LDMOS Transistor using an Extended
Gate RESURF Technology

A novel high-voltage LDMOS transistor using an extended gate is pre-
sented. The gate is extended all the way from the channel region to the drain
contact were it is connected to the drain. The doping profile in the gate is
highly doped n-type over the channel and the extended part is a reversed n™p-
diode which allows a small leakage current from the gate to the drain. The
function of the extended drain is first that the small leakage current uniformly
distributes the voltage over the drift region and thus a higher breakdown volt-
age. The second function is that the charge in the gate helps to deplete the
drift region and thus can the n-well charge be increased which leads to a lower
on-resistance.

The device has a breakdown voltage of 240 V compared to 60 V for
the same device without the extended gate. The specific on-resistance is
24 mQcm? and due to the short channel the high-frequency performance is
good, fr=2.8 GHz and fy4x=5.8 GHz.

Paper 11

A CMOS Compatible Power MOSFET for Low Voltage GHz Operation

A low-voltage microwave LDMOS transistor manufactured in a standard
CMOS process is presented. The influence of the gate length for a fixed chan-
nel length has been studied. The study shows that the on-resistance and
breakdown voltage is linearly dependent on the gate length. The transcon-
ductance is independent of the gate length but the increase of the input ca-
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pacitance degrades the cut-off frequencies for longer gates.

The devices have breakdown voltages ranging from 15 to 30 V and for the
shortest gate length, fr=6.6 GHz and fy;ax=14 GHz. The PAE is 45% and
the output power is 25 dBm for a 2 mm device at 1 GHz.

Paper II1

Drift Region Optimization of Lateral RESURF Devices

High-voltage lateral devices commonly uses the RESURF concept for low
on-resistance and high breakdown voltage. There are limitations in the RE-
SURF concept and several advanced versions of RESURF have been pre-
sented. This paper presents a method for improving the on-resistance while
maintaining the breakdown voltage. An extensive study on how to optimize
the drift region implantations for optimal performance is done. The results
shows that the on-resistance can be reduced a factor 2 by utilizing the pro-
posed method with a dual conducting layer RESURF technique.

Paper IV

Analysis and Design of a Low-Voltage High-Frequency LDMOS Transistor

The output conductance of a transistor has large influence on the fyax.
In this paper, a low-voltage LDMOS transistor has been analyzed in order
to improve the output conductance and thus improve fyrax. The analysis
includes DC-measurements, impedance measurements, S-parameter measure-
ments and a small-signal analysis is performed.

The analysis resulted in a design change where the p-base/n-well overlap
was decreased and thus a lower drain-source capacitance. The measured result
was an increased fyrax with 30% and only a slight decrease in fr.

Paper V

High Voltage LDMOS Transistors for Increasing RF Power Density and Gain

In this paper the dual conducting microwave power LDMOS transistor is
presented. Two types of devices are evaluated, with the n-top patterned as the
p-top and with the n-top implanted blanket. The focus is on the power perfor-
mance measured with load-pull measurements. The devices have breakdown
voltages around 100 V and 60 V respectively and the power measurements
are measured for supply voltages up to 70 V for the device with patterned
n-top.

The small-signal fr and faax is 4.5 GHz and 9 GHz. For the 100 V
device the power density is above 2 W/mm at Vps=70V and 1 GHz which is
the best ever published result for a power MOSFET (to our knowledge). At
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3.2 GHz the power density is above 1 W/mm (Vps=>50 V) and 0.6 W/mm at
Vps=28 V.

Paper VI

A General Small-Signal Series Impedance Eztraction Technique

A new method for extracting the series resistances and inductances is
presented. The method is based on the least square method and thus not
requires initial guessed values. The method does not include any assumptions
or approximations and it should be specified for each specific equivalent circuit
used. The method can also be used to extract the parameters of intrinsic
circuits. It may also be used for lumped shunt admittances.

Paper VII

An On-Wafer De-embedding Method for Silicon Transistors at Microwave Fre-
quencies

A method for on-wafer de-embedding of the pad parasitics for silicon-
based transistors is presented. The method relies on the usual calibration
methods that normally are built-in in the network analyzer. For the on-
wafer calibration special calibration structures are manufactured in the same
process as the transistors. There are four structures, a short, an open, a load
and a thru line. The structures makes it possible to perform a SOLT or a
TRL/LRM calibration directly on the wafer and thus no other calibrations
are made. Another approach is to calibrate using the normal ISS and then
do the parasitic de-embedding afterward which may be useful.




Appendix B

Acronyms

A summary of the acronyms used in the text.

BFOM - Baliga’s figure of merit [5]
BiCMOS - bipolar complementary metal-oxide-semiconductor

BSIM - Berkeley short channel insulated gate field effect transistor
model [51]

CMOS - complementary metal-oxide-semiconductor
DC - direct current

AC - altering current

DMOS - double-diffused metal-oxide-semiconductor
DUT - device under test

FEM - finite element method

FET - field effect transistor

GSG - ground-signal-ground

GTO - gate turn-off thyristor

HBT - hetero-junction bipolar transistor

IGBT - insulated gate bipolar transistor
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IGFET - insulated gate field effect transistor

ISS - impedance standard substrate

LDD - lightly doped drain

LDMOS - lateral double-diffused metal-oxide-semiconductor
LED - light-emitting diode

LIGBT - lateral insulated gate bipolar transistor

LRM - line-reflect-match, calibration method

MESFET - metal-semiconductor field effect transistor
MOS - metal-oxide-semiconductor

MOSFET - metal-oxide-semiconductor field effect transistor
PAE - power added efficiency

RESURF - reduced surface field

RF - radio frequency

SIPOS - semi-insulating polycrystalline silicon

SOI - silicon-on-insulator

SOLT - short-open-load-thru, calibration method

TCAD - technology computer aided design

TRL - thru-reflect-line, calibration method

VDMOS - vertical double-diffused metal-oxide-semiconductor

VNA - vector network analyzer

GaAs - gallium arsenide
GaNlN - gallium nitride

Si - silicon

SiC - silicon carbide
SiGe - silicon germanium

Si0; - silicon oxide




Appendix C

Parallel-plane breakdown

To calculate the avalanche breakdown voltage the impact ionization coefficient
for electrons, a,, and holes, a,, are important. The coeflicients defines the
number of electron-hole pairs created by a electron or hole traveling one unit
length in the depletion region. The ionization coefficient has been measured
and is given by the empirical expression

o =ae /¢ (C.1)

with different a and b for electrons and holes [52]. An useful approximation
for deriving analytical solutions for the breakdown voltage is [53]

a=18-10"%¢" (C.2)

To calculate the avalanche breakdown voltage the condition in which the
impact ionization achieves an infinite rate has to be determined. Using the
definition of the ionization coefficient, a,dz is the number of electron-hole
pairs created by a electron traveling the distance dx. Then can the total
number of generated electron-hole pairs created by a single electron-hole pair
generated at distance x by calculated by

z w
M(z)=1 +/0 anM (z)dz +/ apM (z)dz (C.3)

By solving (C.3) for the condition that avalanche breakdown occurs when
M (z) goes to infinity the solution yields that the ionization integral should
be unity (C.4), [5] .

/OW ads = 1 (C.4)
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The electric field distribution in the depletion region can be expressed as
(C.5) and integrating the electric files yields the potential distribution (C.6).

_ qN 4

E(w) = AW ~a) (C.5)
N x?
Viz) = qs:‘ <W:c - ?> (C.6)

Inserting (C.5) in (C.4) and solving for W yields:

w 7
/ 1.8-107% (qgﬂ(w - x)) de =1 (C.7)
0 s
c 7/8
We.pp = 28600 (qj\j) =267- 10101\5;7/8 (C.8)

The avalanche breakdown voltage, V4, pp, is then calculated by inserting
(CS) in (06) for W = chpp.

Virpp = 5.34. 103 N */* (C.9)

The maximum electric field &, is achieved by inserting (C.9) in (C.5) at
W =0

£, = 4010 N3/® (C.10)

The above calculation were done for an abrupt n™p junction were the
depletion region can be assumed to only extend in the low doped p-side of the
junction. This makes the field distribution as a right angled triangle. If the p
and n doping levels are comparable the depletion region will extend on both
sides of the junction. Then N4 in the above calculation has to be replace by
an “effective doping”’, Ng

NaNp

Ng=-—-—24"D C.11
¥ 7 Na+Np (C1
which yields
W pp = 2.67-10" N,/® (C.12)
Virpp = 5.34-10'% N4 (C.13)
Eerit = 4010 N}/ (C.14)

The above equations holds as long as the avalanche breakdown occurs
before the depletion regions reaches the highly doped contacts. In those cases
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the length of the drift region must be taken into account when solving (C.7).
This exercise is left to the reader.




Appendix D

Least square fitting

complement to paper VI

The derivation of the matrix equation in [paper VI] is not explained in the
paper but will be explained here.

In this example only two z-parameters will be used but when the concept
is understood it will be fairly easy to increase the number of equations and
coefficients. Assume that the following equations represent your measured
data,

1 1 1.2
ap +ays+ass

= D1
1 1 —bls—bzsz ( )
2 2
ap t+ays
= — = D.2
=2 1 —bls—bzsz ( )

where s is the complex frequency. The order of the highest order terms in the
numerators and denominators are chosen arbitrary. Then the following error
function is applied

N
1= 3 [{onl = buss = bosd) = (@} + abss + ads) )
=1
+ {Zzi(l —bys; — bzs?) - (ag + a%si)}z} 0.3

where z1; and z,; are the measured data at the frequencies s;. The total
number of measurement points is N. The error function, 7, is differentiated
with respect to a and b which gives e.g.
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N
on ‘ .
a—a(l) = zz:; [—2{21:(1 — bis; — bas?) — (ag + ais; + ajs?)}]
N
= -2 Z {zu — by8;z1; — bosizy; —ag — a1 8; — a%s?} (D.4)
i=1

= —Q(EZM — blEsizu — ngS%ZU — a(l)N — aiEsi — G%ES?)

When all derivations are made they should be set to 0 to minimize the
error. The criteria for a minimum is that the derivate is zero. So for the
example above the following relation holds

a(l)N +alSs; + a%Esf + ag 0+ a?-0+4+b,s;21; + ngslei =3Yz; (D.5)

On the left hand side of (D.5) there are 7 terms one for each coefficient.
When differentiating n for each coeflicient gives us 7 equations similar to
(D.5). Arranging the equations as above makes it possible to represent the
equation system on matrix form:

Xa=y (D.6)
where
[ N Bs; 2s? 0 0 Y8210 Ysizi ]
Y8 Es? Esf 0 0 Es?zu Es?zu
s? s st 0 0 Ysdz Ysizi
0 0 0 N Ys; Y5214 Y5z =X (D.7)
0 0 0 ¥s; Esf Esfzu Es?zu
Ysiz1i ES?ZU ES?ZU Ysiz1i ES?ZU ESZZ (Zli + Zzi) ES?(le + Zzi)
| Bs?z1; Bsbz1; Bsizy Ysiz BsPzi Ysi(zi + 22i) Bsi(zui + 221) |

[a} ] i Y21 i
a% Esizu
1 b)) 2, .
as S %14
a= |a? y= Y29 (D.8)
a? Y829
2 2
by Esi(z1; + 23;)
2/.2 2
| b2 | | Bs7(21; + 23;)

The matrix equation is then solved by

a=Xly (D.9)




Appendix E

Impedance equivalents

When measuring an impedance the result is basically a magnitude, |Z]|, and
a phase, ¢, at a given radial frequency w = 27 f. The mathematical repre-
sentation of Z is shown in (E.1). Rewriting the expression for Z in its real
(resistance) and imaginary (reactance) part yields (E.2).

Z = |Z|et? (E.1)
= |Z|cos¢p + j|Z|sing = R+ jX (E.2)

The impedance is often represented in admittance. The admittance, Y,
is simply the inverse of the impedance (Y = 1/Z). The admittance can be
separated in its conductance, G, and susceptance, B, Y = G + jB. When
measuring the impedance the results can be given in a numerous combina-
tions of resistances, inductances and capacitances. Figure E.1 shows some
representations of the impedance.

A common representation is the capacitance and the conductance. This
should be interpreted as that the impedance is a capacitance in parallel with
a resistance, figure E.la, were Rp = 1/G. The total impedance Z® is given
by:

. Rp o Rp o WCPR%D
T 1+ jwCpRp  1+w2C3R% 1+ w?CLRS
Similar equation for the representations in fig. E.1b,c can be derived.

a

(E.3)

1
7t = Rs + 7wCs (E.4)
e JwLp

o RP +ijp
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Figure E.1: Some impedance representations.

Setting Z® = Z° and solving for Rg, Cs, Rp and Cg gives expressions to
convert a the RC-parallel representation to the series representation and vice
versa:

_ Rp _ 1
RS = m (EG) RP — RS + 7UJ2C§'RS (E8)
C
Cs = Cp+ (E.7) Cp = 5 (E.9)

WQCPR%—, 1 +w2C§R%

Similar expression for the RL series or parallel representation yields:

w?*L%Rp W2L2
s = ooy, (B10) Rp = Rs+ == (B12)
LpR%g R2
Ls = ———F__ (E.11 _ s

The correlation between L and C is simply C = —1/w?L. Other useful
representations are the reflection coefficient, I', which is a scattering parame-
ter, and the Q-factor.

Z—Zo |X|

P=7 (E.14) Q="% (E.15)
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