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ABSTRACT

This Master thesis describes the graduation project of Nico van Melick, on the simulation and
optimization of a lateral MOS transistor with a low doped drain extension (LDMOS) for RF
power operation at low supply voltages and the developed link between process and large signal
circuit simulations with which the LDMOS could be optimized for new operation conditions.
The lateral DMOS process is discussed and later on simulated with the two dimensional process
simulator TSuprem4. According to the measured doping profiles and concentrations, the simu
lated cross section of the device has a good resemblance with the actual processed device and
it is used as the input for the two dimensional device simulator Medici. The device characteris
tics of the LDMOS are simulated after including several physical models, which define the ac
curate behaviour of the LDMOS. The simulated characteristics are in good agreement with the
measured curves, and give together with additional simulations a good insight in the degrada
tion effects of this device.
Since it is very difficult to describe the lateral DMOS with an analytical model a measurement
based model is used, e.g. the Root-model. However in this project the model is based on DC and
S-parameter simulation results in stead of measurements. Therefore a new device modelling
system is developed, which uses 2D process and device simulations as input. The above Root
model of the LDMOS can be used in a microwave circuit simulator (MDS). Generally its DC
and small signal simulations show a very good correspondence with measurements of power
transistors with a total gate width of 480 ~m and 4000 ~m.

Since the DC and small signal simulation results of this model are so promising, large signal
simulations are performed which also show a very good resemblance to large signal measure
ments of a transistor with a total gate width of4000 ~m. Only an additional drain resistance had
to be included in the model to get the best fit, which also improved th small signal simulations.
As a result, an accurate link is created which can be used to investigate the influence of separate
process variations on the RF power performance of the LDMOS. Several process parameters
are varied and as a result the LDMOS is optimized for operation at 1.8 GHz with a supply volt
age of 3.6V. The RF performance simulation results ofthe optimized lateral DMOS with a low
supply voltage are very promising and indicate that these transistors can be used in the future
under the above mentioned conditions.
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INTRODUCTION

The use of wireless or cellular telephones has already proven to be a booming business. Conse
quently the demand of radio frequency (RF) transistors has increased, and so has the research
at this subject in the last few years. Especially RF power transistors are important in this field
of interest. These transistors need to have good features at high frequencies. As the wireless tel
ephones are battery supplied, they have to be designed for low supply voltages, 6V nowadays
and 4,8V and 3.6V in the near future. The most important telephony systems in Europe are
GSM, DCS 1800, and in a few years DECT. Both GSM and DCS 1800 operate at an output pow
er of 1 to 3 Watt at frequencies of about 900 MHz for the former and 1.8 GHz for the latter. The
DECT system operates also at a frequency 1.8 GHz, but with an output power of about 0.5 Watt.
This DECT system is expected to be used extensively in the near future.

Nowadays, bipolar transistors are commonly used for RF power applications. Also GaAs MES
FETs are penetrating this market. A competitor ofPhilips, Motorola, has a large experience with
lateral DMOS transistors being employed for high voltage (28V), high power (60W) applica
tions (e.g. base stations). This type of device has completely overtaken the vertical DMOS de
vices for higher frequencies. The latter can be used for frequencies lower than 500 MHz.
Motorola, but also Hitachi and Toshiba, has more recently started to use these lateral DMOS
(LDMOS) devices also for RF power applications with low supply voltages. These devices
would be especially suited for wireless telephone usage. Motorola has developed an LDMOS
with a cut-off frequency, fT, of 5.5 GHz [1]. For the gate structures no silicidation was used.
The n-type poly-gate has a resistance of 10.8 QIO. In these transistors the source metalisation
is used to protect the gate from cross-talk. Motorola has already used these transistors in a two
stage IPA (integrated power amplifier) circuit. The overall power added efficiency of the IPA
is greater than 50% and has an output power of 1.5W for a supply voltage of 5.8V. Hitachi has
developed an LDMOS with an fT of 8 GHz [2]. They use an AI-shorted W/poly-Si gate structure
to obtain short (deep submicron) gate lengths as well as a low gate resistance. With this device
they achieve an power added efficiency of 50% at 1.9 GHz and an output power of 0.3 - 1.0 W
for supply voltages of 3-5V.

The use of lateral DMOS transistors rather than bipolar or vertical DMOS devices can have cer
tain advantages. These advantages, however, have not been proven incontrovertibly yet, since
the developments in this area are still in an early stage. Nevertheless, these advantages can be
summarized as follows:
• Lateral DMOS transistors have a low feedback capacitance, due to a lowly doped drain

extension. Therefore, they can achieve a high power gain.
• The source can be internally connected to the substrate. Therefore, the inductance in the

source lead can be very low (no bonding wires) and no power gain degradation occurs at
high frequencies. It is also expected that scaling to larger output power structures becomes
easier.

• Because the use ofBeO to insulate the substrate from the package can be omitted, the pack-
aging is cheaper. Furthermore, it is also beneficial for the environment.

• The LDMOS can more easily be biased, with respect to a bipolar transistor.
• MOS transistors are thermally very stable so no thermal runaway occurs.
• The LDMOS technology is a relatively cheap technology.
• The integration of LDMOS transistors is relatively easy, yielding large integrated circuits.

On the other hand there might also be some disadvantages involved:
• The LDMOS transistors have a lower efficiency at low supply voltages.
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• ESD (electrostatic discharge) sensitivity occurs because of the gate oxide.
• More wafer area is needed because of the lateral structure.
• The output power is more temperature sensitive,

To obtain a better insight in and knowledge of the LDMOS transistors, these devices were de
veloped at Philips Research. At first these transistors proved to have rather good characteristics
for DC as well as high frequency, high power usage. However, the developed and tested devices
suffered from degradation effects. Consequently a few questions arose:
What causes the degradation effects and how can this be modelled in a device simulator? What
is the influence of changes in the process parameters on the RF power performance? How can
process simulations be coupled to large signal simulations, to obtain a better understanding and
expertise in this feature?

This report discusses the above mentioned problems and will try to give an answer to these
questions. However, first the process will be introduced step by step and the characterisation
and the general equations of the metal-oxide-semiconductor transistor with a drain extension
will briefly be discussed in Chapter 1.
In Chapter 2 the results of DC simulations and measurements are compared. Here it is proven
that the process and device simulations are accurate and consequently reliable for further use.
The accuracy of the device simulations is largely dependent on the simulation models specified
in the device simulator. The model specification is dealt with in Chapter 3. Thus a better insight
in the degradation and other effects is obtained.
The link between the process and device simulator on one hand, and the large signal simulator
on the other, is performed by means of the Root-model. This model is extensively introduced in
Chapter 4. The simulation results and their optimization is discussed in Chapter 5.
Chapter 6 describes various model simulations based on changing the process parameters. The
goal ofchanging the process parameters is to find the best or optimized device for an application
at 1.8 GHz for a low supply voltage, e.g. 3.6V.
Finally conclusions are presented and some final remarks are stated in chapter 7.
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CHAPTER 1 LATERAL DMOS PROCESS AND CHARACTERISA

TION

1.1 Lateral DMOS Process

For the lateral DMOS process developed at Philips Nat.Lab. eight masks are needed: DP, OD,
PS, PW, SN, CO, IN, and CB. The lateral DMOS process will be discussed below. To illustrate
it a few pictures are used to show each process step. The process is started with a highly doped
pH substrate (5 mil·cm) with a lowly doped p- (1015cm-3) epitaxial layer on top of it with a
thickness of 4.5 J..lm. The first step is the source-substrate plug definition with the DP (deep p
type) mask. The deep p+ plug connects the surface of the epitaxial layer to the p++ substrate.
The DP mask is indicated with the black areas.

The B+ atoms are implanted with a high energy implantation step and diffused deeper into the
silicon afterwards. The OD mask is used for the Channel Stop definition and LOCOS. Hereby
the active area of the actual transistor is defined. The LOCOS is a thick thermal oxide layer
which insulates the separate transistors. Characteristic of the LOCOS is the birds beak shape at
its ends.

After this step a thin oxide layer, which is to be used as the gate oxide, is grown and a poly sil
icon layer is deposited, both over the entire wafer. The poly silicon acts as the gate and is pat
terned together with the oxide by means of the PS mask.
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Now the p-well has to be implanted. This p-well is used because in this way the epi-Iayer can
remain lowly doped to yield lower parasitic capacitances and higher breakdown voltages. The
p-well also determines the threshold voltage and the punchthrough voltage. The PW mask is
used, so that the B+ (Boron) acceptor atoms are implanted only in the source regions. By means
of a thermal diffusion step the p-well is diffused under the entire gate. As a result the p-type
doping profile under the gate is highly non-uniform.

! !

The next step is the n--type drain extension implantation and diffusion. The Phosphorus-ions
used for this implantation do not diffuse through the poly-silicon and do not overdope the p+
plugs defined by the DP mask. As a result, for this step no mask is needed and thus the entire
source and drain regions will be n- doped.
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The next step is the n+ source drain implantation. For this step the SN mask is used to define the
photo-resist pattern, that protects the lower doped (n-) drain extension just beside the gate in the
drain region from being overdoped by this high concentration implantation step. The entire
source region is also n+doped. The donor atoms diffuse, by means of a thermal step, deeper into
the epi-Iayer than the former drain extension and again do not overdope the DP plugs.

To obtain a low contact resistance to the p+ plugs the DP mask is used again and an additional
contact implantation is performed. After this step the actual transistor is ready.

Now a protecting oxide layer is deposited over the entire wafer and the contact holes are etched
using the CO mask.

Then, the metalisation is deposited and patterned using the IN mask. The last step is the depo
sition of a scratch protection layer and the contacts to the bonding pads are opened using the CB
mask but this is not indicated in any picture.
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Figure I shows the cross section of the completed n-channellateral DMOS transistor with the
masks indicated. This can be compared to a SEM picture, figure 2, of the real device. In this
picture only the structure can be seen and not the doping areas.

S G D G S

Figure 1: Cross-section of the lateral DMOS transistor.

Figure 2: SEM picture of the real device.
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1.2 Characterisation I General equations

(1.1)

Since the lateral DMOS is a normal n-channel MOS transistor, the general equations for aMOS
also apply for this device, see equations (1.1) and (1.2)

JlCoxW[ 1 2 JI D = L (Vgs - VT)Vds- 2Vds

(1.2)

for Vgs ~ VT' Vds ~ Vdssat. Cox is the oxide capacitance per area, Jl is the mobility of the electrons
in the inversion channel, W is the gate width, L is the gate length, and VT is the threshold volt
age. Although these equations describe the general behaviour of the MOS, measurements
showed that they are quite inaccurate to describe the current-voltage characteristics. Therefore
these equations have to be adjusted.

1.2.1 Short-Channel Effects and Influence of the Drain Extension
The gate length of the LDMOS is in the order of magnitude of 1 micron. Therefore short channel
effects arise as a result of the two dimensional potential distribution and the high (lateral) elec
tric fields in the channel region. As the channel length is reduced the depletion layer widths of
the source and drain junctions become comparable to the effective channel length. The potential
distribution now depends both on the transverse field (controlled by the gate voltage with re
spect to the substrate potential) and the lateral or longitudinal field (controlled by the drain bias).
As the dimensions are decreased the electric field increases and the device behaviour becomes
field dependent, leading to substrate currents and parasitic bipolair transistor action. High elec
tric fields also cause hot-carrier injection into the oxide, leading to oxide charging and subse
quent device degradation. Because short channel effects complicate the device operation and
degrade device performance, these effects should be eliminated or minimized so that a physical
short channel device can preserve the "electrical" long channel behaviour.
First the effective channel length, Leff, instead of the actual gate length, L, has to be taken into
account. Therefore L has to be replaced by Leff in the equations and Leff =L - ys - Yd. Where ys
and yd are the lateral junction widths of the source and drain junctions under the gate, respec
tively (see figure 3). The short channel effects also cause a threshold voltage shift, .1VT. Now
the old threshold voltage in the equations, VT, has to be replaced by the new threshold voltage
given by VT

new=VTola+.1VTo

L

, I
",••L.. -
I I
I I

,_ Leff y....._"'~:.!o!- .~I d I

I ,r
I :'1
I •

. - - •••••• ' I
I Ys

Figure 3: Lateral DMOS cross section.
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(1.3)

Taking into account the influence of the drain extension on the device characteristics is more
difficult. Therefore the drain voltage, Vds' used in equations (1.1) and (1.2) should be replaced
by Vds', the actual drain voltage directly at the drain side of the channel, due to potential loss
over the drain extension, see figure 3. The relation between Vds and Vds ' is not further referred
to in this report because it is beyond the scope of this project. Instead, comprehensive device
simulations will be used to obtain the characteristics. Moreover, the drain extrension applied in
this device has more influence on the device characteristics than the short-channel effects and
it also diminishes the short channel effects because lower electric fields are obtained. Therefore
equations (1.1) and (1.2) can be rewritten as

JlCoxW[ 1 2 ]I D = L (Vgs - VT )Vds - 2(1 +o)Vds

(1.4)

(1.5)o::= 0.3'1

JVbs + 2'1'B

for Vgs ~ VT, Vds ~ Vd/ at, where 0 represents the effect of the bulk depletion charge and is de
fined as

Where '1 represents the back-bias control from the p-n junction and 'VB is the built in or barrier
potential.
Analytic formulae and consequently compact models are not good enough. Equations 1.1 to 1.5
only show the resemblance and differences of the lateral DMOS compared to a normal MOS
transistor without a low doped drain extension. Therefore usually standard MOS models (Model
MOS9) with additional JFETs, to describe the effects of the drain extension, are being used. A
more extended description of a drain extension of the LDMOS is given by MOS model 30, but
this model has not extensively been tested for high frequency applications and is not implement
ed in high frequency simulators like MDS either. That is why in this project a different model
is used which will be described in chapter 4 and 5.
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CHAPTER 2 DC MEASUREMENTS AND SIMULATIONS

2.1 Measurements
The DC measurements which were performed on several test structures of several wafers,
showed rather good DC characteristics for the lateral DMOS device. Because several test-struc
tures were designed with different layout configurations and because a number of wafers with
this layout were processed with several process variations, a large number of different devices
were obtained. Table 1 shows all the device and process parameters with their variations.

Table 1: Process and design parameter variations.

Parameter Variation

p-well implantation 2e13, 1e13, 5e12 cm-2

p-well diffusion temp. 1100, 1150 °c

drain-ext. implantation 6e12,3e12 cm-2

gate length 0.9, 1.1, 1.3 J.lm

drain-ext. length 0.0, 0.5, 1.0, 1.5 J.lm

The threshold voltage is determined by the top-doping concentration of the p-well under the
gate. The doping profile under the gate is highly non-uniform due to the lateral diffusion and
has its peak at the source side of the channel, since the p-type doping was implanted in the
source region. As a result the threshold voltage, VT, is mainly determined by the implantation
density, f.i. an implantation density of2e13 cm-2 yields VT=1.2-1.4V, 1e13 cm-2 yields VT=0.7
0.8V, and 5e12 cm-2 yields VT=0.3-0.4V.
The threshold voltage is also dependent of the diffusion temperature, used for the lateral diffu
sion. When a diffusion step with a high temperature is performed, more acceptor atoms will be
diffused underneath the gate and as a result, the highest doping concentration near the source
will be increased. Consequently, the threshold voltage will also be increased, e.g. VT=1.4V for

T=1100oC and VT=1.3V for T=1150°C. The transconductance, gm= f>f>~d ,is also dependent of
gs

the diffusion temperature. When a higher temperature is used, the doping concentration under
the gate is increased, i.e. the doping concentration profile will have a steeper slope and the ef
fective gate length will be smaller. Because the effective gate region is smaller a higher electric
field results in this area and consequently a higher transconductance is obtained, because
Id=qnJ.lE. This results a higher transconductance for a higher doping concentration at higher dif-

fusion temperatures. For example, gm=306 J.lS for T=1100oC and gm=265 J.lS for T=1150oC at
Vds=O.lV and W=20 J.lm.

The drain extension implantation has a great influence on the saturation of the drain current.
With a high implantation density a high doping concentration results. Consequently, the resis
tivity effect of the drain extension is small and less current saturation occurs and a lower on
resistance, Ron' is achieved. On the other hand, with a higher drain extension concentration a
higher electric field peak occurs at the gate edge on the drain side. This causes more avalanche
ionisation resulting in higher bulk impact ionisation generation current and more D.VT and Ron
degradation due to carrier and charge trapping in the oxide. So, the concentration of the drain
extension has to be sufficiently low.
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The gate length will naturally influence the drain current and transconductance according to
Id-WIL and gm-WIL.
The drain extension length influences the resistivity effect resulting in a higher Ron and more
drain current saturation for a longer drain extension length, Ldrex' Increasing Ldrex decreases Id
and gm which is a drawback for the device operation, but also decreases the bulk current due to
a smaller and broader electric field peak at the gate edge, which indicates less impact ionisation
currents.

2.2 Simulations

To simulate the DC characteristics of the lateral DMOS, firstly the device process is simulated
and secondly, the results of these simulations, Le. dimensions, doping type and rates, are used
as the input for the two dimensional device simulator, to evaluate its electrical properties. The
two dimensional process simulator (TSuprem4) simulates each single process step including
mask specifications, deposition, etching, implantation, and diffusion as function of temperature,
energy, density, and/or time. Thus, a virtual cross-section of a device is created using a mesh
structure. To achieve sufficient accuracy for the simulations this mesh structure should consist
of many nodes at which the calculations will be performed. The number of nodes should be high
at the important areas, i.e. near the surface and source and drain junctions. It can, however, be
decreased in the deeper areas, see figure 4.

LDMOS

Figure 4: Simulated mesh-structure

At each node, or intersection point of the mesh lines, the dope type (n or p) and concentration
are fixed, calculated by the process simulator, and they are used as input data for the two dimen
sional device simulator (Medici). With Medici electrodes can be defined, so the device can be
biased. Thus, the device simulator can calculate almost every electrical parameter at every node
for all bias conditions and frequencies, using several calculation models. For the LDMOS the
usual MOS electrodes are defined, Le. drain, gate, source, and bulk.
To evaluate the electrical properties of the LDMOS only one device configuration has been sim
ulated corresponding to a measured device with L=l.O~, Ldrex=l.0Jlm, p-well implantation
density and temperature of2e13 cm-2 and 1100oC, respectively, and the drain extension implan
tation density of 3e12 cm-2. Only one device configuration is needed to fit the simulated device
properties to the measured. To achieve a good fit the models and calculation methods of the de
vice simulator have been optimized to take the measured effects into account, f.i. bulk current
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due to impact ionisation generation and the temperature dependence of hot carriers. These mod
els and calculation methods will be discussed in chapter 3. The simulation results with the op
timized model specifications are dealt with in the next section.

2.3 Comparison of DC Simulation and Measurement Results

In this section the simulation results will be compared to the measurements. With the adjusted
models and calculation methods device simulations have been performed not only to fit the sim
ulations to the measurements, but also to model the transistor's behaviour and degradation ef
fects. Therefore the attention has to be focused more on the resemblance of the ~-curves shape
rather than their actual value agreement. To obtain an accurate resemblance ofthe measured and
simulated characteristics the simulated and measured devices have both a gate width of 20 Jlm
and a drain extension length of 1.0 Jlm, and the effective gate lengths instead of the defined gate
lengths are taken into account. The effective gate length of the simulated device is 0.70 Jlm, ob
tained from the current flow simulations. The effective gate length of the processed device can
not be determined by means of plotting 1I~ vs. L, because there is no uniform p-type doping
profile for different gate lengths because of the same diffusion time and temperature for all de
vices. Therefore the effective gate length of the actual device can be determined in two ways,
i.e. by fitting the simulated current curve to the measured one and by determining 1I~ vs. L for
a comparable layout and process with a uniform p-type doping.

The first method of determining the unknown effective length of the measured device is per
formed by fitting the simulated curves to the measured curves for the Id-Vgs and Id-Vds charac
teristics. The effective gate length of the simulated device is known as 0.70 Jlm, the currents
should be equal therefqre tqe effective length of the measured device, Leffmeas., can be calculated
with I;easLr;,7s

= I~,mL:ji .Where Id
meas is the mea~ured drain current, Ii1m is the simulated

drain current, both for a gate width of 20 Jlm, and Leftm=0.70 Jlm, the effective gate length of
the simulated device. This calculation method yields Lefr

eas=0.52 Jlm for the Id-Vgs curve for
Vds=9V, Leffmeas=0.55 Jlm for the Id-Vgs curve for Vds=O.1V, and Leffmeas=0.53 Jlm for the Id
Vds curve for Vgs=7V.

The second method for determining the effective gate length of the measured device is measur
ing the ~ = JlnCoxWIL (see equations 1.1 and 1.2) at several gate lengths for a comparable layout
and process with a uniform p-type doping. For a low drain voltage (Vds=O.1 V) the Id-Vgs char
acteristic is a linear function of Vgs' ~ is measured for differt~t values of L by means of deter
mining the gradient of the Id-Vgs characteristic with ~=f .~ .Consequently, the 1I~ - L and
Lefreas can be determined by plotting 1I~ vs. L. ds Vgs

The intersection of the interpolated straight line with the L axis equals 2LOY (see figure 21, Ap
pendix A). Consequently, 2LOy=OAO-OA8 Jlm, resulting the effective gate length of the device
to be 0.60-0.52 Jlm. Note that the real gate length is decreased from 1.1 Jlm to approximately
1.0 Jlm, because of the poly-silicon oxidation during several temperature steps in the process
and the gate length decrease during the lithography step.

Consequently, the average effective gate length is 0.53 Jlm. To obtain an accurate current com
parison both the effective gate lengths are taken into account. Therefore, the simulated current
is related to the measured current and multiplied with LeflimlLefreas=0.70/0.53= 1.32. The DC
measurements and simulation results are depicted in figure 5, 6, 7, and 8. The difference be
tween the simulated and measured effective gate length can be explained by the difference in
the oxidation of the poly-silicon and the underdiffusion of the source implant.

As can be seen from figure 5, The threshold voltage for the measured (solid line) and simulated
(dashed line) device is equal. Also the current saturation due to the resistivity effect of the drain
extension can be seen.
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For high drain voltages the measurements show also some current saturation, as can be seen
from figure 6. This current saturation is dependent of the drain voltage. From this figure the
transconductance can be evaluated and, as can be seen from the figure, it is not dependent of the
drain voltage for gate voltages below 5V. The simulated Id-Vgs characteristic for Vds=9V
(dashed line) also shows some, though less, current saturation.
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Figure 5: Id-Vgs (Vds=O.1 V). Solid lines are

measured and dashed line is simulated.

The measured Id-Vds characteristics are depicted by the solid lines in figure 7. From these
curves the Ron can be evaluated and they also show the resistivity effect because the drain cur
rent is dependent ofthe supply voltage and not constant for high drain voltages (>3V).This can
be seen also in the simulated curve (dashed line) for Vgs=7V.These three figures show the most
important DC parameters of the device. i.e. the threshold voltage, VT (determined by means of
interpolation of the Id-Vgs characteristic with Vds=O.1 V), the transconductance, gm' the on-re
sistance, Ran' and a characteristic drain current to estimate the maximum output power, Idss' see
table 2.

Table 2: DC parameters.

measured simulated

VT 1.4 V 1.4 V

gm Vds=O·lV 308 J.lS 321 J.lS

Vds=7V 2.4mS 2.2mS

Ran 198 n 191 n

Idss (Vgs=7V, Vds=5V) 9.30 rnA 9.25 rnA

Figure 8 shows the bulk currents caused by the impact ionisation (II). For low gate voltages the
impact ionisation current is proportional to the drain current, because of the exponential depend
ence of the electron density in the inversion layer on Vgs' When the gate voltage is more than 1
V above the threshold voltage the substrate current starts to decrease, caused by the reduction
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of the maximum electric field of the device for larger values of the gate voltage. The simulated
curve (dashed line) for V ds=9V is about a factor 3 higher than the measured curve (solid lines)
for V ds=9V. This difference is very dependent of the simulation models which will be discussed
in the next chapter.
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Figure 6: Id-Vgs (Vds=5,6,7,8,9V). Solid lines are

measured and the dashed line is simulated.
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Figure 9: Electric field in the LDMOS structure.

2.4 Degradation Effects
After an extensive literature search for articles describing degradation effects in (lateral) DMOS
transistors, no useful article was found. There are very many articles written about degradation
effects on normal MOS structures, but they only indicated a general description of the degrada
tion effects.
Simulations of the LDMOS structure showed that at the normal DC operation bias condition,
i.e. Vds=5.0V and Vgs=IAV, a large electric field peak occurs at the drain side of the gate under
the oxide layer, see figure 9. So at the p-well drain-extension junction a high lateral electric field
causes impact ionisation, described in section 2.3. The impact ionisation process is also more
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extensively described in section 3.2.5. This impact ionisation causes charged surface states and
ionized atoms in the oxide in this area, due to electrons which have gained enough energy to
cross the energy barrier of the semiconductor-oxide junction. The electrons are directed towards
the surface because of the high electron field perpendicular to the semiconductor surface. These
trapped charges cause a threshold voltage decrease and a decrease in the DC characteristics, f.i.
~n' gm and ID. The number of hot electrons being injected into the oxide can be correlated to
the amount of substrate current. Thus, figure 8, is an indication of the degradation effects. The
resemblance between measurements and simulations is, however, not very accurate. But a rel
ative resemblance is in this case as important as the exact accuracy of the two curves. To model
the bulk current and consequently the impact ionisation, the 2D device simulation models have
to be chosen very carefully. Therefore the same shape of the simulated and measured curve in
figure 8 shows that the models are chosen accurately and that the impact ionisation and as a re
sult the degradation effects ofthe lateral DMOS device are being described, using these models,
see also chapter 3. An effort to describe the impact ionisation current more accurately caused
simulation divergence so no better solution could be found.
Not only the high electric field beside the gate causes the degradation, This effect is also en
forced by the high current density of the channel and the high mobility of the charge carriers. In
the gate channel the current flow has a high density and the electron density is still high just
beside the channel under the gate-overlap in the drain extension due to the positive charge of
the gate This is at the same location where the high electric field occurs. An additional electric
field peak in the gate overlap area, parallel to the surface also pulls the electrons towards the
drain extension. So these electrons already have a high energy.
The combination of these three effects causes the LDMOS transistor to degrade. Degradation
measurements showed a Ron increase. This is caused by the negative charges trapped in the ox
ide above the drain extension. These negative charges cause the low doped drain extension to
deplete a little bit which results in a higher resistivity and consequently a higher ~n' No thres
hold voltage shift did occur. This is because of the fact that the oxide charge trapping happens
at the drain side of the gate. The threshold voltage is determined by the highest p-type doping
concentration which is at the source side under the gate. This proves that indeed the degradation
is caused by means of the oxide charge trapping at the drain side of the gate. Therefore the oxide
layer used above the drain extension and the drain extension doping level are important process
parameters.
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CHAPTER 3 MODEL SPECIFICATIONS

3.1 Basic Equations
To simulate the device behaviour and to analyse the electrical operation of the LDMOS, the de
vice simulator MEDICI is used. In this section a general physical background of the semicon
ductor theory is given and the fundamental equations are described which are solved by the
device simulator MEDICI. The most important issues are generation/recombination and carrier
and impurity statistics. The basic equations for semiconductor device operation, which describe
the static and dynamic behaviour of carriers in semiconductors under influence of external
fields, can be divided into three groups: the Maxwell equations, the continuity equations, and
the current-density equations. Poisson's equation, derived from the Maxwell ~uations, relates
the excess electron and hole concentrations to the internal electric field, E' = -V",ex, y, z), and
is defined as

(3.1)

(3.3)

(3.2)

with £ the permittivity of the semiconductor, '" the intrinsic electrostatic potential, p and n the
carrier concentration of the holes and electrons, respectively, ND+ and NA-the donor and accep
tor ionized impurity concentrations, respectively, and Ps the surface charge density. The conti
nuity equations for electrons and holes are given by

On 1--- = +-V·J -VOf q n n

OP 1--- = --V· J - VOf q p p

where Ji (i=n, p) are the current-densities for electrons and holes and Vi (i=n, p) are the recom
bination rates for electrons and holes. The current-density equations are defined as

I n = -qJ.lnnV<Pn = qJ.lnEnn + qDnVn

Jp = -qJ.lppV<pp = qJ.lpEpp-qDpVp

(3.4)

(3.5)

as functions of the carrier concentrations and the quasi-Fermi potentials of electrons and holes,
<Pn and <PP' respectively, or as functions of "', n, and p, consisting of drift and diffusion compo
nents, where J.ln and J.lp are ~e ele~ron ~d hole_mobilities, Dn and Dp are the electron and hole
diffusion coefficients, and En = Ep = E = -V",.

For the most accurate simulation results in comparison with the measurements additional mod
els have to be specified. These models give a more detailed definition of the device properties
or take additional features into account with relation to recombination, mobility, electric fields,
and impact ionisation. These characteristics will be dealt with in the next section.

3.2 Model Specifications
In this section the model specifications are given and described, which are used in the Medici
input file. The MEDICI command lines used to include the described models are enclosed under
the section title between quotes in the "courier" font.
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(3.6)

3.2.1 Recombination.
''Models ConSRH R.Tunnel Auger"
Un and Up represent the net electron and hole recombination rate respectively. These recombi
nation rates are expected to be equal and are used in the continuity equations. The net electron
and hole recombination rate are defined as: U = Un = Up = U*SRH + Ubtbt + UAuger> with:
• The Shockley-Read-Hall concentration dependent recombination rate:

2
* np - nieUSRH =------------------

~p(n)[n+ nieexp(:;)J + ~n(P)[P + nieexP(~i)J

(3.7)
with o 0

~n(x, y) ~p(x, y)
~n(n)= 1+r

n
~p(p)= 1+r

p

where nie is the effective intrinsic carrier concentration, ~on,p(x, y) is the electron or hole life
time for E=O V/cm (no tunnelling) defined as

o ~nO
~n(x, y) = ------.;,;",;"",..---

1 + Ntotal(x, y)/N SRHn
(3.8)

(3.9)

(3.10)

o ~pO
~p (x, y) = -:---:-:----:--"----:-""':"":""'--

1 + Ntotal(x, y)/N SRHp

where ~nO and ~po are the Shockley-Read-Hall electron and hole lifetimes, both 2.5.10-5 s,
Ntotal is the total impurity concentration: NA+ND, and N SRHn and N SRHp are the Shockley
Read-Hall concentration parameters for electrons and holes, with values 1.33.1017 cm-3 and
3.401.1016 cm-3, respectively. rn,p is the field-enhancement factor due to trap assisted tun
nelling and is given by

!:lEiJI [!:lEi 312Jr i = kT 0 exp kT u-Kiu du

for i=n, p and Ki given by

3 21tJ2(mo/4 )!:lE;
K i = 4' qhE (3.11)

• The band to band tunnelling recombination rate:

U - -40. 1014E2.5D (_Ebtbt)btbt - . exp E (3.12)

The factor D is expressed by

o

D=
2

nie - pn (3.13)

1

with vsat the saturated drift velocity. Ebtbt, the band to band tunnelling electric field, is given
by



7( Eg(T) )3/2
Ebtbt = 1.9· 10 E (T=300)

g

• The Auger recombination rate:
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(3.14)

(3.15)

(3.16)

(3.19)

3.2.2 Bandgap Narrowing
''Mode1s BGN"
Due to very high doping concentrations the bandgap energy, Eg=Ec-Ev, slightly changes. For
silicon bandgap narrowing occurs, ~g = q~Vg' The bandgap narrowing in heavily doped sili-
con is according to [3] given by 3 2( 2N JII2

~Eg = 16
q

qkT (3.17)
1t£s £s

The bandgap narrowing used for the simulations is according to [4] defined as

~Eg(N) = VO,BGNq{ln(N N )+ (In(N N )~ +~} (3.18)
0, BGN 0, BGN I)

with VO,BGN=6.92.1O-3V and NO,BGN=1.3·1017cm-3• Note that the doping concentration varies
with it's location, N=N(x, y). This bandgap narrowing effect influences the former equations by
means of the effective intrinsic carrier concentration dependence as follows

2 [-(Eg - ~Eg)J 2 [~EgJ
nie(N, T) = N eNyexp kT = ni exp kT

where Nc and Ny are the densities of state in the conduction and valance band, respectively.
This yields that the recombination rates, equations (3.6), (3.12), and (3.15), are also dependent
on the bandgap narrowing and by means of this model the bandgap narrowing effects are taken
into account.

3.2.3 Mobility
3.2.3.1 Low field Mobility
''Models PHUMOB"
Philips Unified Mobility model takes into account distinct acceptor and donor scattering, carri
er-carrier scattering, and screening. It separately models majority and minority carrier mobili
ties and is thus very appropriate for addressing devices made with bipolair-like processes like
this LDMOS process at Philips NatLab. The electron mobility is described by the following ex
pressions ([5] and [6]),

where

1 1 1=--+---
Jln Jllatt,n JlD+A+p

(
T )9n

Jllatt,n = Jlmax 300

(3.20)

(3.21)
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_ N D + N A + P(Nref,1) n + p
JlD + A + P - JlN, n . -- + Jlc.n . -----:..-

N sC,eff,n N sC,n N sC,eff,n
(3.22)

For a more thorough evaluation of these equations there will be referred to [5].

(3.23)
(
E ff )-0.285

Jls,nCsurjace) = Jlon ~~,n

3.2.3.2 Surface Scattering
"Models SRFMOB"

In a MOS device the inversion layer charge is induced by a vertical electric field for an n-chan
nel device. A positive gate voltage produces a force on the electrons in the inversion layer to
wards the surface. As the electrons travel through the channel towards the source, they are
attached to the surface, but then are repelled by localized coulombic forces. This effect is called
surface scattering. Consequently, along insulator-semiconductor interfaces, the carrier mobility
can be substantially lower than in the bulk of the semiconductor due to surface scattering. The
simulation takes the surface scattering into account using an effective-field based surface mo
bility model which is applied only at the insulator-semiconductor CSiOrSi) interfaces using the
expressions

(
E ff )-0.315e .1' p

Jls,pCsurjace) = Jlo p Eo (3.24)

where the e~onent values are determined from experimental results and so are Eo, Jlon' and Jlop
with Eo=1O Vlcm, Jlon=389.0 cm2/V·sec, Jlop=84.5 cm2/V·sec. In these equations Eeffl.,n and
Eeffl.,p represent the perpendicular components of the effective electric fields, EejJ,n and EejJ,p
which are computed at the insulator-semiconductor interfaces. These are described in section
3.2.4.

(3.25)

3.2.3.3 High Field Effects
''Models FLDMOB"

The mobility model which can account for effects due to high field in the direction of the current
flow is based on the parallel field-dependent mobility. Using analytic expressions for the drift
velocity vd as a function of the electric field in the direction of the current flow, Ell, and defining
Jl(EII )= vJEII)/EII' field-dependent models for mobility can be derived which account for carrier
heating and velocity saturation effects. In silicon simulations a Caughey-Thomas expression for
both electron and hole mobility will be used. In this case, the mobility has the form [7]

Jls, nJln = ------:~---1

[1 + [En.:?nrr
Jls, p (3.26)
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where Jls,n and Jls,p are the low field mobilities (which include the scattering mechanisms de
scribed in section 3.2.3.2) and ~n=1.330 and ~p=1.213, which are experimentally determined
field-dependent mobility parameters. vn

sat and v/at are saturation velocities for electron and
holes, respectively, which can be computed by the following experimentally determined expres
sion, see [3]

1+ 0.8 . eXP(6~)
(3.27)

(3.28)

3.2.4 Electric Field Calculation
''Models "EJ .Mobil"
In this section the effective electric fields at semiconductor-insulator interfaces are described.
Normally, effective electric fields are calculated and used at interfaces when performing the
mobility calculations described in the previous sections. The vector expressions for these effec
tive fields are given by the following equations:

E - {E + 1[(£insul
f

+ qQif E ]}A + E A
eff,n - semi,.ls:2 ~ insul,.ls ~ - semi,.ls n.l semi,lIs

n ll
semI semI

- { 1~(£insulf qQif J}A AE = E . +- --. +---E· n +E . neff,p semi,.ls 3 £ . msul•.ls £ . semi,.ls .1 semi,lIs II
semI semI

(3.29)

(3.30)

where Esemi,.ls and Einsul,.ls are components of the electric field in the semiconductor and insu
lator, respectively which are perpendicular to the interface, E semi,lIs is the component of the
electric field in the semiconductor which is parallel to the interface, and n.l and nil are unit vec
tors normal to and parallel to the interface. Note that the above effective electric fields also ac
count for the presence of interface charge, Qif. When calculating the perpendicular components
of the effective fields, Ee/fl..,n and Ee/fl..,p' the components perpendicular to the interface will be
calculated. In some cases the components perpendicular to the current flow will be calculated
but this is not included in these models.

3.2.5 Impact Ionisation
"Solve .... Impact. I"
Impact ionisation, also referred to as avalanche breakdown, occurs when electrons and/or holes,
moving across the space charge region, acquire sufficient energy from the electric field to create
electron-hole pairs by colliding with atomic electrons within the depletion region. The newly
created electrons and/or holes move in the opposite direction due to the electric field and there
by add to the existing reverse bias current. In addition the newly generated holes and/or elec
trons may acquire sufficient energy to ionize other atoms, leading to an avalanche process and
an increased impact ionisation current. By including this model in the calculations, the rate at
which electron-hole pairs are generated as a result of impact ionisation, and consequently the
generated impact ionisation current will be calculated. However, this is performed in the so
called post-processing calculation which means that the generated carriers will not be included
in the solution itself. The post-processing analysis is useful, for example, in calculating sub
strate currents for MOS devices. In addition, there is experimental evidence that the number of
hot electrons being injected into the oxide can be correlated to the amount of substrate current,
[8,9]. So this analysis can be useful for estimating long term device degradation. The generation
rate for electron-hole pairs due to impact ionisation can be expressed by

Gll = a .. ' I]nl + a .. ' I]pi
n, II q P. II q
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with [ ( 6]~5 1.231 . 10
an, ii = 7.03 . 10 exp - En, II (3.31)

6 [(2.036 . 106]~a .. = 1 528· 10 exp - (3.32)p,ll . E
p,1I

where an,ii and ap,ii are the electron and hole ionisation coefficients, ] n and]p are the electron
and hole current densities, and En,11 and Ep,11 are the electric field components in the direction
of the current flow. The numerical values are chosen from[lO].

3.2.6 Temperature Dependence
"Symbolic .... Ele. Temp"
As the electric field in the drain junction space charge region of a MOS-device increases, elec
tron-hole pairs can be generated by impact ionisation. The generated electrons tend to sweep to
the drain and generated holes sweep into the substrate, increasing the substrate current, in an n
channel device. Due to the electric field induced by the positive gate and drain voltages some
of the electrons generated in the space charge region are attracted to the oxide. These generated
electrons have energies far greater than the thermal-equilibrium and are called hot-electrons.
The same applies for holes due to the electric field induced by a positive voltage. A fraction of
the hot-electrons travelling through the oxide may be trapped. Producing a net negative charge
density in the oxide. The hot electron charging effects are continuous processes so the device
degrades over a period of time. Local carrier heating does not only occur in high electric fields
but also in rapidly varying electric fields. This local carrier heating is modelled in the simula
tions using a solution of the drift-diffusion equations

(3.33)

(3.34)

with uTn =kT,/q and uTp =kT!q, where Tn is the electron temperature and Tp is the hole tem
perature. Because of the fact that the electron temperature and its influence on the device be
haviour is usually much higher than the of hole temperature and its influence on the device
behaviour, only the electron temperature is taken into account to make the simulations less com
plicated and faster.

''Models II. Temp"
The temperature dependence of the charge carriers during impact ionisation generation, equa
tion (3.29), can be accounted for by adding the temperature dependent electron and hole ioni
sation coefficient

with

(3.35)

(3.36)

(3.37)
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for i=n, p. vrt is the saturation velocity for electrons or holes, 'twi is the energy relaxation time
for electrons or holes, and KCE,i is a constant representing the critical electric field, with
K cE,n=1.231.106Vlcm and K CE,p=2,036.106Vlcm, see equations (3.30) and (3.31). The expo
nential value between parentheses in equation (3.32) can be expressed as

sat
2 qVn 'twn3. k(T _ T ) . KCE,n (3.38)

The electron temperature is determined thf'oug~the concept of energy relaxation time by [3]:

sat 3 k(Tn - To)
qEv = _. (3.39)

n 2 'twn

Equation (3.37) can be extracted from equation (3.38) yielding KCE,,IE which is in agreement
with equation (3.30). The same is valid for equation (3.35) but now referring to holes and equa
tion (3.31).

3.2.7 Energy Balance Equations
As mentioned before, local carrier heating and spatially rapidly varying electric fields is mod
elled using a solution of the drift-diffusion and carrier energy balance equations, see 3.1 eqns.
(3.1), (3.2), (3.3), (3.4), and (3.5), the so called hydrodynamic model. The energy balance equa
tions including transient effects and carrier cooling due to impact ionisation are defined as

[

Tn To O( Tn)]V.S =!] .E- ~ n. u - u + nu + E GIl (3.40)
n q n 2 't Of g nwn

- 5 T[] -TJS = +-u p 2+J.l pVu P
p 2 q P

(3.41)

(3.42)

(3.43)

In these e~uations, Sn and Sp represent the electron and hole energy flow densities and uTn,

uTp, and u 0 represent the electron, hole, and lattice thermal voltage kT,Iq, kT!q, and kToIq, re
spectively.

3.2.7.1 Energy Balance Post Processing Analysis.
"Symbolic .... EB. Post"

A post processing mode to solve the energy balance equation calculation is available. Post
processing energy balance removes all dependence of the carrier concentrations on the electron
(or hole) temperature. This results in some loss of accuracy but in much faster simulation times.
The post processing option does the following (see figure 10):
• If the temperature dependent impact ionisation is enabled, it is disabled in the continuity

equation assembly, but left enabled during the energy balance assembly.
• First the continuity equation assembly, eqns. (3.1), (3.2), and (3.3) are calculated, then the

energy balance equations, (3.39) and (3.40), are calculated separately using the former solu
tions.
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equations

-·~I'-(-3.-1)-,(-3.-2)-,-(3-.3-)H-(-3.3-9-)H (3.40)I ~
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disa151ed. enabled

Figure 10: Post Processing Calculation
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CHAPTER 4 ROOT MODEL

4.1 Introduction

To simulate the device properties at RF-power operation a non quasi-static, non-linear large sig
nal model is used. Several models can be used to simulate high frequency behaviour of MOS
transistors. For a MOS model normally physical models are used. These models are usually
quite accurate and give a good insight in the process variations, simply by changing the model
parameters. However, these models do not apply accurately for the lateral DMOS described in
this report, because the drain extension is hard to model physically and analytically. Another
method is using empirical models, based on curve fitting of mathematical equations. These
models are usually accurate but are unable to predict changes in device or circuit performance
for a given change in the fabrication process. A third model is the measured based model, which
will be introduced in this chapter. The so-called, Root-model [11] is based on DC and S-param
eter measurements and is very general in that it is technology and process independent, since
the same calculation procedure applies to any device for which the equivalent circuit is valid,
see figure 11. Device-specific nonlinearities are included in this model as well as the non quasi
static behaviour, as it accounts for frequency dispersion effects.

IaDC(Vgs'Vds)

Qa(Vgs'Vds)

h(ro)

ISDC(Vgs,vds)

Qs(Vgs'Vds)

Ishigh(Vgs'Vds)

Figure 11: Simple large signal non quasi-static equivalent circuit for a FET.

The nonlinear functions of the Root-model are obtained from the solutions of algebraic and/or
differential equations involving the measured data. The measured data, i.e. DC-currents and S
parameters, is stored in tabular form as function of two independent bias voltages. The model
is detailed because the individual device characteristics, as reflected in the data, are incorporat
ed directly into the model's nonlinear functions. The generated model, based on the model state
functions, is also stored in a tabular form as function ofthe two bias voltages and can be import
ed into other microwave circuit simulator programs. Figure 12 shows the device modelling sys
tem which is used to generate the Root-model, consisting of a data acquisition system, a model
generator and the microwave design system nonlinear simulator. The data acquisition system is
used to create data points more densely at the two-bias-voltage plane where the nonlinearities
are severe and less densely where the device characteristics are not changing rapidly. Therefore,
the point density is higher near the knee of the DC I-V curves, where the nonlinearities are
changing most rapidly.
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Figure 12: A device modelling system consisting of a data acquisition system, a model

generator and a microwave design system nonlinear simulator.

A great advantage of this model is the fact that it is based on S-parameter measurements. In this
way it is possible to simulate circuits which contain devices and structures for which there are
measured data but for which there are no good physical and empirical models. Simulations at
frequencies for which there is no data can be performed by interpolation between the discrete
measurement points.

4.2 Model State Functions and Large Signal Current Equations

As stated in the former section the Root-model is based on the nonlinear state functions, ob
tained from the solutions of algebraic and/or differential equations involving the measured data.
Additionally by interpolation between DC and HF measurement points the whole frequency
range is modelled. The instrinsic device terminal characteristics are described by eight model
state functions, see fiB,ure 11. All eight are nonlinear functions of the intrinsic bias voltages, Vgs

and Vds' Functions Ii C (i = G,D,S) model the DC no~linearities, Qi (i = G,D,S) define the three
terminal, charge-based, nonlinear capacitors, and It1gh (i = D,S) model the nonlinear currents
at frequencies above the inverse thermal and trap time constant, COt. The function h(co) = cot!
(COt+co) is used to characterize the frequency dependence or dispersion between DC and high
frequency (HF) device currents by means of a simple rational function which smoothly interpo
lates for several (discrete) values of CO from unity at DC to zero at frequencies slightly greater
than COt. Intrinsic Ri components are neglected for simplicity.

The large signal model equation in the frequency domain for the drain current is defined by
equation (4.1).

H(co) is a diagonal matrix with elements h(ncoo), n is a diagonal matrix with elements ncoO, for
n=O, 1,2, ..., with COo the fundamental frequency. The state functions should be interpreted as
Fourier-coefficients. At DC (co = 0 s-l) equation (4.1) results in:

DC
/D=/D (Vgs,Vds ) (4.2)

and at the HF limit (co > COt) equation (4.1) results in:
. h~h

/ D = JnQD(Vgs' V ds) + /D (Vgs' Vds) (4.3)
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Similar equations apply to the intrinsic gate and source terminals. The DC port currents for the
model (equation (4.2)) are taken directly from DC I1l;easurements as function of the two inde
pendent gate and drain voltages. Although Qi and Ii

hlgh cannot directly be measured, they can
be determined as described in the next section.

4.3 High Frequency State Function Calculation

(4.4)
B(jooQ.) B(/~igh)

= ---..,=--......;.".1 + 1 = y ..
Bv. BV. IJ

J J

In the former section the model state functions were introduced and the large signal current
equations were discussed. The state functions of the large signal current equation for the high
frequency limit (4.3) can be calculated as follows. When the current Ii is differentiated to the
voltage Vj , it results in:

(4.5)

with i =G, D, S and j =gs, ds. For a common-source configuration with the gate as port 1 and
the drain as port 2 this results in:

BQG
Im(Yll)=ooBV

gs

Extracting the model state functions from the equations of (4.5) yields

ImYll(Vgs' V ds ) A ImY 12(Vgs, Vds ) A

VQG(Vgs, Vds ) = 00 V gs + 00 Vds

_ ImY21 (Vgs' Vds ) A ImY22(Vgs, Vds ) A

VQD(Vgs, Vds ) - 00 Vgs + 00 Vds

(4.6)

(4.7)

with

(4.8)

(4.9)

These equations relate the gradient of the scalar model state functions to the small signal Y-pa
rameters, yielding a vector fi~ld. Here

A
Vgs and Vds are the DC bias points at which the state

functions are differentiated. Vgs and V ds are unit vectors along the orthogonal intrinsic voltage
axes.
A mathematical law states

grad<p = F <=> f(F .dV) = 0 (4.10)

grad<p = F~ rotF = V x F = 0 (4.11)

Where <p is a scalar function and F is a vector field. Equation (4.10) means that the vector fields
are conservative if (and only if) they are equal to a ~radient o..! a scalar function. Now take <p to
be the scalar model state functions (QQ' QD' and ID Igh) and F the right hand side of equations
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(4.6) to (4.8), respectively, which are vector fields in the Vgs-Vds plane. Consequently, these
vector fields are conservative only if (4.10) applies for these equations. Here for, the necessary
and sufficient condition is given by (4.11). Consequently, equation (4.11) can be rewritten, with
<p the scalar model state functions and Fi the right hand sides of equations (4.6) to (4.8), to:

(4.12)

So, if the equations of (4.12) are valid, the equations (4,6), (4.7), and (4.8), which can be regard
ed as partial differential equations, are conservative and the solutions for the model state func
tions can be calculated.

The model Y-parameters can be obtained from measured S-parameters versus bias and the de
gree to which real device data actually satisfy the equations from (4.12) can be directly verified.
Literature showed that for Qo(Vgs,vds) from equation (4.6) the first condition of (4.12) is sat
isfied nearly exactly and that for QD(Vgs,vds) and IDh1gh(Vgs,vds)' from equations (4.7) and
(4.8), respectively, the latter two equations from (4.12) are satisfied quite well over most ofthe
voltage space, [11, 12]. As a result the vector field functions, Fi , are approximately conserva
tive and the state functions can be defined uniquely by path independent contour integration in
the intrinsic V gs-V ds plane.

4.4 Simulations as Root-Model Input

Another great advantage of the Root-model device modelling system is, that it can include ear
lier measured data to create the device model. This feature can be used by using simulations in
stead of measurements. If a data table can be created, not obtained from measurements but from
the two dimensional device simulations, described in earlier chapters, the model will be gener
ated based only on simulations instead of measurements. In this way the link will be created be
tween technology or process characteristics simulations and RF power circuit performance
simulations. This is an important issue, because so far there has been very little expertise of this
aspect yet. Figure 13 shows the new device modelling system with the two dimensional process
and device simulators, TSuprem4 and Medici respectively, and a data conversion in stead of the
measurement setup showed in figure 12.

For the data conversion a program is developed which creates two data files, needed for the
model generation, which contain the data of the DC and S-parameters simulation, on one hand,
and some additional information about parasitics and device impedances, on the other hand.
Special attention has to be paid on the little file which contains the information about the para
sitic impedances. Because normally the values of the parasitic impedances are calculated from
the measurements, the measured S-parameters are automatically correct for a good calibrated
measurement setup. However, for a simulated device no additional parasitics have to be includ
ed. So the parasitic gate, source, and drain capacitances and inductances can more or less be ne
glected. However, the extrinsic resistances ofZs, Zo, and ZD (see figure 11) define the accuracy
of the model. Therefore the resistive values Rs, Ro , and RD should be taken in to account to
optimize the accuracy. This is dealt with in the next chapter.
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The other file containing the large matrix of DC bias points with their corresponding simulated
S-parameter, also contains the values for the common wave frequency, fa, the dispersion con
stant, 't, the total gate width, and the number of interdigitated gate fingers.
Because the simulations are based on a two dimensional structure the simulated gate width is
one micron and the number of gate fingers is one as well. The most important operation frequen
cies for the lateral DMOS are 900 MHz and 1.8 GHz. Therefore, the Medici S-parameter sim
ulation frequency is taken to be 1 GHz and this value should also be inserted in the data file as
the common wave frequency. The dispersion constant, 't, is 10-17, its default value, and has no
great influence on the accuracy of the model or its simulation results.
These two generated files act as input files for ICCAP, which only has to generate the MDS
model file from the simulated data. Only a starting point has to be set in ICCAP for an accurate
model generation. The best simulation results are obtained if this starting point is set at an in
tersect ofVD and VG' where the drain voltage is beyond the knee and less than breakdown and
the gate voltage is below the threshold voltage. So Vknee < VDstart < Vbreakdown' and VGstart =
Vth/Z. Now ICCAP automatically generates a model-file which can be used within the micro
wave design system, MDS, to simulate several device characteristics. The MDS model file con
tains besides the parasitic impedances and the parameters like, fa, 't, Wtotal' and N, also the data
matrix with Vds' Vgs' ID

DC, IG
DC, QD' QG' and IDhigh, calculated from the simulated S-param

eters at each bias point.
In this way the link is created between the process simulator of a semiconductor device and a
circuit simulator, which can calculate the large signal, RF power behaviour of such a device.
These simulations are performed with the microwave design system (MDS) and its results will
be discussed in the next chapters.

• 1
<: ::>

2D Process Simulato Data
IYevlce
Model

(TSuprem4) Conversion _ File_

l,
Ir

Device Simulator Microwave non-
- Model Generator

I
linear simulator

(Medici) -
(ICCAP) (MDS)

Figure 13: New device simulation system, with 2D process and device simulators and a

data conversion.
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CHAPTER 5 ROOT MODEL SIMULATION RESULTS

As stated in the previous chapter the MDS simulation model created by ICCAP is used to sim
ulate the characteristics of devices with different gate widths and different numbers of interdig
itated gate fingers. To optimize the model the best values for the extrinsic resistances are
obtained from calculation, measurements and curve fitting. The plain drain contact resistance,
RD, without the resistance of the drain extension, is measured to be approximately 0.4 O. For
the source contact resistance, Rs, the approximated value, mainly due to the resistance of the
deep p-plug, is calculated to be 2.5 0 and this is quite an overestimated value. The most impor
tant parasitic parameter, however, is the gate resistance, RG. Though it does not change the cal
culated parameters during the generation of the MDS model, it has great influence on the MDS
simulations. The best results were obtained for a gate resistance of 12.5 O. This could be con
cluded from curve fitting for transistors with gates widths of both 480J.lID. and 4000J.lID.. The cal
culated value were 28.2 0 and 3.4 0, respectively, based on equation (5.1)

1 1 (W)RG = _. - ·Ro -
3 N L finger

(5.1)

with N the number of gate fingers, RO the sheet resistance, measured to be 25.4 WO, and W
and L the width and length of the simulated gate fingers. However, MDS scales its own internal
gate resistance, dependent of the inserted gate width and number of gate fingers, based on the
resistance value RG in the model for W=l IJ-m and N=l and RG=12.5 0 gave the best results.
When this value is scaled to the gate resistances of the two transistor types with gate widths of
480J.lm, N=12 and 4000J.lm, N=l00, respectively, according to RG=12.5·NlWfinger' it yields
31.20 and 3.750, which is in good agreement with the calculated values.

5.1 DC Simulation and Measurements

Now the model is set to it's final form almost every feature can be simulated within MDS. Start
ing with the DC simulation of a transistor with a gate width of 40 J.lm, a good agreement with a
measured comparable transistor is achieved, see figure 14.

12,,--------------------,

V. = 2, 3, 4, 5, 6. 7V
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MNIk'i 8lomb.Uoli

Measured

MDS Simulation

8

6

235
VIA (V)

Figure 14: Measured and simulated DC characteristics.
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The solid lines indicate the measured curves and the dashed curves indicate the simulated
curves, including one scaled Medici line for Vgs == 7 V, see also figure 7. Figure 14 illustrates
that the simulated curves for gate voltages of 3 to 5V are less accurate than the curves with high
er gate voltages up to 7V. This is a result of the fact that the model is based on the Medici input
file. And as stated in chapter 3 the Medici simulations are dependent of the model definitions
described in that chapter. However the generated Root model shows also current saturation due
to the resistivity effect caused by the drain extension. This proves that the drain extension can
be simulated quite accurately by Medici as well as MDS. Figure 14 also indicates that the MDS
DC simulation for Vgs=7V perfectly matches the Medici DC simulations, on which the MDS
model is based. These Root model simulations are based on Medici simulations for bias voltag
es up to lOY. However, in this case the Medici simulations take very long. A less accurate mod
el can be generated, when the gate bias in the Medici simulation file is decreased. In this case
the Medici simulations will take less computation time and for normal high frequency operation
the Root model, based on these simulations is sufficiently accurate. For this Medici simulation
Vds is simulated from OV to 7V with a step of 0.2V and Vgs is simulated from OV to 5.5V with
a step of 0.25V. As a result the S-parameters are calculated at 770 bias points.

5.2 Small Signal Simulation and Measurement

In MDS .a small signal simulation is performed for two types of transistors. The first is a tran
sistor with a gate width of 480 11m and the second with,a gate width of 4000 11m. Both transistors
correspond to real devices, the B14 and the AlO, respectively. The B14 has a total gate width
of 480 11m, twelve fingers, and was designed for an output power of 50 mW. The AlO has a total
gate width of 4000 fJ1I1, 100 gate fingers, and was designed for an output power of 500 mW. For
these simulations the model is used with a gate resistance of 12.5 n. The simulation results for
a bias of Vgs=3.5V and Vds=5.0V, can be seen in Appendix B. As can be seen, the simulated Y
and S parameters have quite a good agreement with the measured curves. For the magnitude as
well as the phase for both types of transistors. Also depicted in the appendix are the small signal
gains. The maximum stable gain, Gms' is defmed as the maximum amplification of a transistor
that is not absolutely stable but still can be embedded so that it does not oscillate The maximum
available gain, Gma, is defined as the maximum amplification that can be obtained with optimal
matching of source and load [13]. See also equations 5.2 and 5.3.

_IS21!
Gms - IS121

G IS211 . [K - J(K2
- 1)]

ma = IS121

1 + IDI 2
-ISllI2 -IS2212

with K = 2!S S I and D = SllS22 - S12S21'
12 21

As can be ,seen in figures 25 and 30, App. B, the simulations are in good agreement with the
measurements. Another important parameter is the cut off frequency, fT, defmed as the unity
current gain frequency, so the frequency where Hfe=Y21IYU is unity, i.e. the 0 dB frequency.
In figures 26 and 31, App. B, the small signal current gain, Hfe, is plotted as function of frequen-

'cy and again the resemblance between measurements and simulations are very good, resulting
in a cut off frequency of 12 GHz, in both cases.
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5.3 Large Signal Simulations
Because the DC and the small signal simulations have a good agreement with the corresponding
measurements, it can be expected that the largesignal parameters, e.g. Pout vs. Pin' lout, effd, GT,

Gp, and PAB, should have a good agreement as well. However, to achieve the best simulation
results the load and source impedance have to be optimized for every simulation. These features
will be discussed in the next subsections.

5.3.1 RF Power Parameters
The parameters which describe the RF Power performance are Pout vs. Pin' lout, effd, GT, Gp,

and PAB. The output power as function of the input power of the transistor indicate the non
linearities of the transistor and in particular the decrease of amplification at greater amplitudes.
Important characteristics can be read from this graph: the amplification at low input power, the
saturation power, and the 1 dB compression point. The output current, or drain current, as func
tion of output power indicates the current consumption of the transistor at high frequencies. The
drain efficiency, effd, is defined as the output power divided by the DC power and also indicates
the power dissipation at high frequencies. The transducer gain, GT, is defined as the output
power delivered to the load by a source, divided by the maximum power available from the
source. This gain includes the effects of input and output impedance matching. The actual pow
er gain, usually called power gain, Gp, is defined as the power dissipated in the load divided by
the power delivered at the input of the transistor by the source. The power added efficiency,
PAB, is defined by: p p

PAE = out - delivered (5.4)
PDC

with Pout the power dissipated at the load, Pdelivered the power delivered at the input of the tran
sistor by the source, and PDC the DC power component, IdVds'
These parameters indicate the RF Power performance in general and every transistor has to be
optimized to achieve the best feature for each changed frequency or bias. The optimization can
be done by improving the transistor design, e.g. increasing the number of gate fingers. On the
other hand the above mentioned parameters are optimized by impedance matching. That is,
when the source and load impedances are matched to the input and output impedances of the
transistor, respectively, the high frequency, large signal performance will increase.

5.3.2 Load and Source Impedance Optimization
Before measuring the large signal characteristics the measurement setup has to be calibrated and
the source and load impedances, Zs and ZL, respectively, have to be matched to the input and
output impedances of the device under test, in order to achieve good measurement results, see
figure 15. The impedance matching for the measurements is performed by means of the network
analyser and changing the load and source impedances by hand.

Source
Zs

DUT

LDMOS

Load

Figure 15: High frequency setup, with source and load impedance, Zs and ZL, resp. and

the source and load reflection coefficient, r s and r L' respectively.
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It is, however, difficult to optimize the load and source impedances for the simulation. There
fore an optimization program is used to find the best solutions for the load or source impedances
for the fundamental frequency and the first harmonic. The impedances are optimized for a max
imum output power. The program scans the whole smith chart to find the best solution for the
load and source impedance, taking into account the impedance setting of the source and load.
For example, if the load impedance for the fundamental frequency, Ll, has to be optimized, the
smith chart is scanned for which r L the output power is maximal. This r L' or load reflection
coefficient, corresponds to an impedance value of Ll according to equation 5.5 with Zi = Ll,
L2, S 1, or S2, and Zo the characteristic impedance of the transmission lines, i.e. 50 n.

1 +r.
Z.=ZO· __'

I l-r.
I

(5.5)

The value ofLI can be inserted in the impedance setting of the load. The same steps can be per
formed for the load impedance for the first harmonic, L2, the source impedance for the funda
mental frequency, SI, and the source impedance for the first harmonic, S2.

By repeating these steps several times the correlated optimized values for Ll, L2, SI, and S2
can be found resulting in maximum RF Power performance with a output power of 500 mW.
The optimization can also be performed for a certain value of transducer gain, power gain, and
efficiency.

The optimization is dependent of the bias voltages, the model gate resistance, and the device
layout, i.e. the total gate width and the number of fingers. The optimization was performed for
two bias voltages, Vds=3.6V and Vds=4.8V, with Vgs=1.4V. For the lower drain voltage a solu
tion could be found easier. Also with a higher model gate resistance a better optimization could
be performed. For instance, when the gate resistance is changed to a low value no solution can
be found for some impedances, because the transistor starts to oscillate due to a negative overall
input resistance. However the model gate resistance was set to 12.5n, so scaling the model gate
resistance to achieve an easier optimization is not the issue. Nevertheless, when the impedances
of the AlO transistor are optimized, it is still difficult to find a optimized solution for the imped
ances. Because of the fact that this transistor has a large total gate width and consequently many
gate fingers, the gate resistance is low, see equation 5.1. In some cases even a trade off had to
be made between optimized impedances and finding a solution. This resulted in only optimizing
the load impedances and setting the source impedances to 50n, in some cases. See table 3 for
the values of the optimized load and source impedances for different transistor types, frequen
cies and bias voltages.

Table 3: Load and Source Impedances.

freq. type bias Load Impedance Source Impedance

0.9GHz B14 Vds=3.6V Ll=65.175+j51.428 SI=50
L2=0.820-j84.145 S2=50

Vds=4.8V Ll=167.395+j47.512 SI=50
L2=0.07-j 10.061 S2=50

AlO Vds=3.6V Ll=6.626+j6.001 SI=50
L2=3.582-j20.083 S2=50

Vds=4.8V Ll=14.626+j7.414 SI=50
L2=3.367-jI3.406 S2=50
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Table 3: Load and Source Impedances.

freq. type bias Load Impedance Source Impedance

1.8 GHz B14 Vds=3.6V L1=66.179+j28.162 S1=39.035+j179.079
L2=0.815-j19.394 S2=6.376-j596.100

Vds=4.8V L1=117.308+j91.686 Sl=50
L2=1.248-jl17.264 S2=50

AlO Vds=3.6V L1=5.558+j7.849 S1=3.683+j24.559
L2=0.421-j25.3 S2=0.216-j31.112

Vds=4.8V L1=13.572+j9.084 Sl=50
L2=0.375-j20.271 S2=50

5.3.3 Simulation Results and Measurements

As the optimal solution for the load and the source impedances are found for several variations,
the RF power performance simulations can be started. To make sure that the simulations repre
sent accurate and reliable data, they are compared to measurements performed on an actual and
comparable device. The measured device was the Al0 type transistor with a gate width of4000
J.lm and 100 interdigitated gate fingers. The measurements were performed at two frequencies,
0.9 GHz and 1.8 GHz, with a drain bias voltage of 4.8V and a gate bias voltage equal to the
threshold voltage, i.e. 1.4 V. The measurement results at 0.9 GHz showed a very high power
gain, up to 23 dB. This is higher than the maximum stable gain, Gms' at this frequency (20 dB),
see Appendix B, fig. 31. As a result this measurement was performed in the unstable area, so it
does not represent reliable data. Therefore the measurements at 1.8 GHz are used to compare
with the simulations, because the Gms at this frequency is 17 dB and the measured maximum
power gain is approximately 13 dB, indicating that the measured Gp at 1.8 GHz is performed in
the stable area and therefore reliable.

The power gain is the most important high frequency, large signal parameter, described in sec
tion 5.3.1. Consequently special attention is paid to this parameter's agreement between the
simulations and the measurements. On the contrary no attention was paid to the transducer gain,
GT, because the source impedances could not be optimized in the case of f= 1.8 GHz and
Vds=4.8V for the AlO type transistor, see table 3.

The first simulations showed a rather good resemblance with the measured curves, see figure
16 and Appendix C, fig. 32. Figure 16 shows the power gain as function of the output power
with an input power increasing from -10 dBm up to 25 dBm.

As can be seen in this figure the power gain deviation is not more than 1 dB at its maximum.
For higher output power the deviation increases and the simulated output power (solid line) is
higher than the measured. This disagreement can be corrected for by adjusting the model drain
series resistance (see figure 11), which decreases the power gain at higher output power. Figure
17 depicts the new simulation results for Gp vs. Pout with a drain resistance of 1.6 n. As can be
seen, now the simulations (solid line) are very accurate to the measurements (dashed line).The
small signal simulation results do not change considerably with this additional drain resistance
and consequently this model is very suitable to predict the RF power performance at this fre
quency and these bias voltages, see App. C, fig. 33. This also indicates that this model is suitable
to simulate the RF power performance for changed parameters, e.g. f, Vds' Wtot' and N, provid
ed that the correct source and load impedances are used in the large signal simulations.
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Figure 16: Simulated (solid line) and measured

(dashed line) power gain at f=1.8 GHz.
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Figure 17: Simulated (solid line) and measured

(dashed line) power gain at f=1.8 GHz.
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CHAPTER 6 TRANSISTOR OPTIMIZATION

6.1 RF Power Performance Optimization

To simulate the RF power or large signal performance of the lateral DMOS the same high fre
quency, large signal simulation setup is used as depicted in figure 15. The MDS-setup is com
parable and given in figure 18. Figure 18 shows that the LDMOS transistor is used in the
common source-bulk configuration. The gate bias voltage is equal to the threshold voltage, so
consequently the transistor acts as an amplifier in class AB operation.

• RP HOSFET MODEL •
HODEL=RPHOSFETHODEL
FILENAHE=/home/melick/mds/State_DrE fL.~re

CPROBE

FundFreq=Fundamental
ZL1=Ll
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ZLS=LS
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+
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PHASE=O

- FUND=l

AGROUND

Figure 18: MDS Setup with source and load impedance blocks, S and L.

In this figure the source and load impedance blocks can clearly be seen. As stated in the previous
chapter these impedances are one of the most important features of the large signal simulations.
Therefore special attention should be paid to these impedances, which have to be optimized for
every new simulation. All the simulations are optimized for an output power of 500 mW. This
was described in section 5.3.2. Also described in chapter 5 were the RF power performance pa
rameters, e.g. GT, Gp, PAB, and ID vs, Pout. It is obvious that if the LDMOS transistor charac
teristics are to be improved, these parameters should be optimized. It is however very difficult,
not to say impossible, to define the large signal parameters as function of small signal model
components. Nevertheless, the small signal formulae for equivalent parameters can be used to
give an indication on which parameters should be changed to improve the large signal perform
ance. For example, the approximated expression for the small signal power gain is used, see
equation 6.1.

(6.1)_(ffiT)2 RL
Gp - -

ffi 2
Ro(l + ffiTRLCDO ) +Rs(l + ffiTRLCDO)

with RL the real part ofL1, the load impedance for the fundamental frequency, RG the gate re
sistance, and CDG the feedback capacitance. This expression was derived from the equivalent
equation of the power gain for bipolar transistors [14]. Equation 6.1 shows that the power gain
is dependent on important (parasitic) components of the LDMOS, e.g. ffiT, Ra, and CDG. For
Vgs=1.4V, CDG is 562tF and Gp becomes 12.0 dB. As a consequence, the power gain can only
be increased if these components are improved by means of process or layout variations.
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Chapter 5 described the newly created link with which process simulations can easily be cou
pled to MDS large signal simulations by means of the Root-model. Therefore this link is used
as a tool to optimize the LDMOS. To improve its RF power perfonnance several process vari
ations are simulated with TSuprem4. Their influences on the RF power perfonnance with
Vds=3.6 V and f=1.8 GHz is investigated with MDS. Not only process variations are considered,
but also layout variations.
As a result this chapter describes the process and layout variations and their effect on the RF
power perfonnance at a high operation frequency, 1.8 GHz, and a low supply voltage, 3.6 V.

6.2 Simulated Process Variations
6.2.1 Oxide Thickness
The first changed process parameters is the gate oxide thickness. The device was simulated with
three varied thicknesses, i.e. 20, 30, and 40 nm.The oxide thickness used in the actual processed
LDMOS device was 30 nm. This variation was perfonned to get a better insight on the effect of
this parameter on the large signal, high frequency perfonnance. By changing the oxide thick
ness a threshold voltage shift can be expected. This is however not disadvantageous to the op
eration of the transistor because for the class AB operation the bias gate voltage can easily be
adjusted to the new threshold voltage. A thicker gate oxide implies that more charge can be
trapped in the oxide layer but on the other hand the electric field is also smaller and this can
yield less degradation of the device. The DC and small signal (Vds=5.0V and Vgs=3.5V) simu
lation results of the transistor with a total gate width of 4mm and N=l00 (A1O type) are sum
marized in table 4.

Table 4: The DC and small signal simulation results, Wtot=4mm, N=l00.

Oxide Thickness 20nm 30nm 40nm

VT(V) 1.0 1.4 1.7

gm(Vds=O.l V) (mS) 103 65.8 57.4

gm(Vds=7.0V) (mS) 596 425 330

Ron (Q) 0.82 0.97 1.12

Idss(Vds=5V,Vgs=7V) (A) 2.33 1.86 1.60

fT (GHz) 10.3 10.6 11.7

Gms1.8GHz (dB) 17.4 17.2 17.1

After optimizing the source and load impedances, the RF power simulations could be performed
and the results are depicted in appendix D.1. These figures show that changing the gate oxide
thickness has no great influence in the RF power perfonnance of the device. Consequently, this
is not an important parameter which can improve the LDMOS considerably, but it could be used
to optimize for degradation effects.

6.2.2 Gate Length
The second parameter which influence on the RF power perfonnances is not very clear is the
gate length. Since the drain current and consequently the transconductance, gm' are inversely
proportional to the gate length, L, it can be expected that a smaller length has a positive effect
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on the cut off frequency and the large signal gains. Also the drain to source series resistance will
be decreased when the gate length is decreased. This will however not have a great effect be
cause the major part of the series resistance is caused by the drain extension. The common sim
ulated gate length is 1.0 Jlm and the additional simulated gate lengths are 0.8 Jlm and 1.2 Jlm.
The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation results of the AlO-type transis
tor are summarized in table 5.

Table 5: The DC and small signal simulation results, Wtot=4mm, N=100.

Gate Length 0.8 Jlm 1.0Jlm 1.2Jlm

VT(V) 1.4 1.4 1.4

gm(Vds=O.lV) (mS) 69.2 65.8 63.3

gm(Vds=7.OV) (mS) 435 425 417

Ron (n) 0.92 0.97 0.99

Idss(Vds=5V,Vgs=7V) (A) 1.96 1.86 2.05

fT (GHz) 14.0 10.6 9.8

Gms1.8GHz (dB) 18.7 17.2 17.0

For each of these variations the load and source impedances had to be optimized for the large
signal simulations at f= 1.8 GHz and Vds=3.6V. The simulation results are depicted in appendix
D.2 and show that the gate length has a considerable influence on the device performance. A
smaller L yields a higher GT, Gp, and PAE. Meanwhile the ID vs. Pout curves are approximately
the same. A smaller gate length also increases the cut off frequency, which can be expected ac
cording to equation 6.2 for a uniform doped gate area.

(6.2)

See also section 5.2. As a result the gate length is a very important parameter which has great
influence on the RF power performance of the lateral DMOS transistor. Since the LDMOS has
a non-uniform doped gate area, equation 6.2 only yields an approximated fT'

6.2.3 Drain Extension Implantation Doses

It can be expected that if the drain series resistance of the transistor will be reduced, the per
formance of the device will improve. One way to decrease this series resistance of the lateral
DMOS is to increase the doping concentration of the drain extension, because the low doped
drain extension is the most important cause of the rather high drain series resistance. A higher
drain extension doping can be achieved by increasing the implantation dose. Usually an implan
tation dose of 3'1012 cm-2 is used. In this process variation three additional implantations were
simulated, so consequently devices with four different implantations were simulated, e.g.
1.1012 cm-2, 3.1012 cm-2, 4'1012 cm-2, and 5.1012 cm-2. These implantations yielded the fol
lowing drain extension doping concentrations: 6.0.1016 cm-3, 2.0.1017 cm-3, 2.5,1017 cm-3, and
3.0.1017 cm-3, respectively. The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation re-
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suIts of the A10-type transistor are summarized in table 6. The RF power simulations were per
formed after optimizing the source and load impedances and the results are depicted in appendix
D.3

Table 6: The DC and small signal simulation results, W tot=4mm, N=100.

Dr. Ex. Imp!. Dose 1.1012 cm-2 3. 1012 cm-2 4·1012 cm-2 5. 1012 cm-2

VT(V) 1.4 1.4 1.4 1.4

gm(Vds=O.l V) (mS) 55.0 65.8 68.5 71.0

gm(Vds=7.0V) (mS) 390 425 428 431

Ron (Q) 1.59 0.97 0.87 0.78

IdsS<Vds=5V,Vgs=7V) (A) 0.981 1.86 2.23 2.28

fT (GHz) 5.4 10.6 10.9 10.9

Gms1.8GHz (dB) (Gma=11.7) 17.2 16.9 16.5

These results show that changing the drain extension implantation dose and consequently its
doping concentration, has a great influence on the RF power performance. With a higher im
plantation dose better results are achieved. However when the dose gets too high, the improve
ments stops. This can be seen by comparing RF power characteristics of the implantation dose
of 4.1012 and 5.1012 cm-2. Although the device with an implantation dose of 5.1012 cm-2 has a
lower series resistance, Ron (see table 6), the RF power performance does not improve. Conse
quently an implantation of 4.1012 cm-2 gives the best result.

Despite the fact that a higher implantation dose compared to an implantation of 3.1012 cm-2 in
creases the device performance, it also causes the breakdown voltage, VBO' to decrease, accord-
ing to -2

eE
VBD = 2qN

D
' (6.3)

where No is the donor concentration of the drain extension. When the two devices with an im
plantation dose of 3.1012 cm-2 and 4.1012 cm-2, resulting in an drain extension doping concen
tration of 2.0'1017 cm-3 and 2.5'1017 cm-3, respectively, are compared, calculations show that
the breakdown voltage for the latter is decreased by a factor 0.8 (VBO4e12 = 0.8VB03eI2). How
ever, the optimized device should be used at a lower drain supply voltage, i.e. 3.6 V in stead of
4.8 V. So the supply voltage is reduced by a factor 0.75. This means that there is relatively even
more voltage space for the new device, so the breakdown voltage decrease is not a real draw
back.

6.2.4 P-wellimplantation Dose and Diffusion Temperature
The next process variation is performed on the P-well and it is twofold, because the P-well im
plantation dose as well as the diffusion temperature are varied. The default implantation dose
and diffusion temyerature combination is 2.1013 cm-2 and 1100 Dc. Additionally an implanta
tion dose of 1.101 cm-2 with diffusion temperatures of 1100 °c and 1050 0 C are simulated. The
acceptor concentration, NA' on the drain side of the gate is controlled by this implantation dose
and diffusion temperature. The drain junction capacitance is a function of the acceptor concen-
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tration and by means of these simulations the influence of this feature on the RF power perform
ance can be investigated. By changing the implantation dose, it can be expected that the
threshold voltage will decrease due to a lower acceptor peak concentration underneath the gate.

In Section 2.1 the influence of the P-well implantation dose and diffusion temperature on the
DC and small signal characteristics is already discussed on the basis of measured data, see also
table 1, page 15. The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation results of the
AI0-type transistor for these variations are summarized in table 7.

Table 7: The DC and small signal simulation results, W tot=4mrn, N=lOO.

P-well impl. dose and 2·1013 cm-2 1.1013 cm-2 1.1013 cm-2

diffusion temperature 1100 °c 1100 °c 1050 0 C

VT(V) 104 1.0 0.8

gm(Vds=O.1 V) (mS) 65.8 68.5 72.7

gm(Vds=7.OV) (mS) 425 426 402

Ron (n) 0.97 0.95 0.93

Idss(Vds=5V,Vgs=7V) (A) 1.86 2.08 2.11

fT (GHz) 10.6 9.2 10.2

Gms1.8GHz (dB) 17.2 15.7 16.2

After optimizing the load and source impedances the RF power simulations of these variations
could be performed and the results are presented in appendix 004.

From these results it can be concluded that decreasing the implantation dose at the same diffu
sion temperature has hardly any effect on the power gain and tranducer gain. However, a lower
implantation degrades the efficiency. When the diffusion temperatures are compared at the
same implantation dose, the curves show that this does have little influence on the device per
formance at RF power operation. This may be caused by the fact that, due to the lower diffusion
temperature, the acceptor concentration is lower near the drain and higher near the source. This
means that the junction capacitance, Cjun' at the drain is decreased and at the source is increased,
according to

Which can be further simplified, cause NA «ND, to

JqeNA
Cjun = A ~

Jun

(6.4)

(6.5)

'where Vjun is the voltage across the junction and A is the junction area. The smaller junction
capacitance at the drain yields a smaller drain to substrate capacitance, Cds' which has a positive
effect on the large signal gains, and it also yields a smaller contribution to the junction capaci
tance to the drain gate feedback capacitance, Cdg, which is also positive for the power gain, see
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equation 6.1. The simulated CnG at Vds=3.6V for the three variations are: 512,521, and 570 fF,
resp. A larger capacitance at the source side has a positive effect on the source impedance at
high frequencies, because the source impedance will be decreased and this is also an advantage.

6.2.5 Drain Extension Variations
In section 6.2.3 the drain extension implantation dose variations were discussed. In this section
two new variations will be discussed to investigate their influence on the RF power performance
of the LDMOS.

One of the most important component in equation 6.1 is the drain to gate feedback capacitance,
Cdg. If the value of this capacitance could be decreased a higher power gain can be expected.
An important part of Cdg is the overlap capacitance from the gate to the drain. To decrease this
capacitance an arsenic (As) implantation is used because As-ions have a smaller lateral diffu
sion coefficient, so an As implanted drain extension will have a smaller under diffusion under
neath the gate and a steeper slope in the lateral doping profIle. This was also verified with
process simulations So the first process variation is the use of arsenic ions as drain extension
implant in stead of phosphorus.

Because of the fact that an As-implantation yields a much smaller under diffusion, the peak of
the electric field is no longer situated under the gate oxide, but just beside the gate at the surface
of the drain extension region. This causes more charge traps in the oxide above this drain ex
tension region and consequently this charge will increase the series resistance of the drain ex
tension. Therefore a higher diffusion temperature is used to achieve a deeper under diffusion,
yet not as deep as compared to the P type implantation at the default diffusion temperature. The
increased diffusion temperature for the As diffusion is 1000 DC in stead of the default tempera
ture of 9OO°e.

As a result three process variations are compared, i.e. a P implantation with a diffusion temper
ature of 9ooDC, an As implantation with a diffusion temperature of 9ooDC, and an As implanta
tion with a diffusion temperature of 1OooDC. Process simulations showed that indeed less under
diffusion occurred with an As implantation in stead of P, see figure 19 a and b.
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Figure 19: Doping profiles of the lateral DMOS with a) a P drain extension implantation and b) an
As drain extension implantation.

The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation results of the A1O-type transis
tor for these variations are summarized in table 8. After the source and load impedance optimi
zation the RF power simulations were performed and the results are presented in appendix D.5
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Table 8: The DC and small signal simulation results, Wtot=4mm, N=IOO.

Dr. Ex. imp!. atoms and
P, 900 °C As, 900 °c As, 1000 0 Cdiffusion temperature

VT(V) 1.4 1.4 1.4

gm(Vds=O.lV) (mS) 65.8 59.0 55.9

gm(Vds=7.0V) (mS) 425 387 413

Ron (n) 0.97 1.14 1.16

Idss(Vds=5V,Vgs=7V) (A) 1.86 1.97 1.82

fT (GHz) 10.6 10.2 10.3

Gm/8GHz (dB) 17.2 16.9 17.2

These results indicate that the process variations described in this paragraph do not show a sig
nificant improvement in the RF power performance. Nevertheless, a drain extension implanta
tion with As with a diffusion temperature of 1000 °c has a 1 dB higher power gain.

6.3 Layout Variation

6.3.1 Gate Fingers and Total Gate Width Increase
Another important component in equation 6.1, which cannot be changed by means of process
variations, is the gate resistance, RG. This gate resistance is defined by equation 5.1 and is in
versely proportional to the number of gate fingers, N. So, to decrease the gate resistance the
number of gate fingers can be decreased with the same gate width per gate finger. As a result
also the total gate width has to be increased. Usually the number of gate fingers is 100 corre
sponding to a total gate width of4mm. For this variation the number of gate fingers is increased
from 100 to 125 corresponding to a total gate width of 5mm. The load and the source imped
ances of this new layout are optimized for the default output power of 500 mW and for the up
scaled output power of 625 mW. Because the layout is changed the DC parameters cannot be
comrared, but the Ran=0.78n and the small signal parameters are: fT=1O.5 GHz and
Gms .8GHz=17.3. The RF power simulation results are showed in appendix D.6

These figures show that an increase of the total gate width and consequently the number of gate
fingers improve the large signal gains at a frequency of 1.8 GHz. On the other hand the RF pow
er parameters are dependent on the optimized load and source impedances, when only the
curves for an optimization of Pout=500mW and Pout=625mW are compared. Although these re
sults are promising they may be overestimated because MDS does not take into account the ca
pacitances due to the metalisation towards the gate fingers when Wtot is increased.

6.3.2 Decreasing the Finger Width
In the previous chapter the number of gate fingers was increased and the width per gate finger
was kept the same. Now the total gate width is kept the same, the number of gate fingers is in
creased, and the width per gate finger is decreased. According to equation 5.1, describing the
gate resistance, an increase of N and a decrease of the width per finger have a double impact on



- 50 - Layout Variation

the gate resistance decrease. So, as a consequence a further improvement of the power gain can
be expected according to equation 6.1. In this case N is increased to 125 and the width per gate
finger is decreased to 321.lm, resulting a total gate width of 4 mm.

Now the DC characteristics can be compared because Wtot did not change. The DC and small

signal (Vds=5.0V and Vgs=3.5V) simulation results of the AIO-type transistor for these varia
tions are summarized in table 9.

Table 9: The DC and small signal simulation results, Wtot=4mm, N=l00.

Dr. Ex. imp!. atoms and N=I00, N=125,
diffusion temperature Wfinger=40Jlm Wfinger=32Jlm

VT(V) 1.4 1.4

gm(Vds=O.1 V) (mS) 65.8 65.8

gm(Vds=7.0V) (mS) 425 440

Ron (0) 0.97 0.97

IdsiVds=5V,Vgs=7V) (A) 1.86 1.86

fT (GHz) 10.6 10.5

Gms1.8GHz (dB) 17.2 17.4

After optimizing the load impedance, the RF power parameters could be simulated and the re
sults are presented in appendix D.7. The source impedances could not be optimized because oth
erwise the circuit simulations were unstable, due to the very low gate resistance. Appendix D.7
shows that the power gain is increased. Nevertheless these results may also be overestimate for
the same reasons stated in the previous paragraph.

6.3.3 Drain Extension Length Variation

The last changed parameter is the variation of the drain extension length. This variation could
be simulated by means of a process simulation and is performed because it will decrease the
drain series resistance and consequently it will improve the large signal parameters. The drain
extension length can be decreased because the electric fields are relatively low over the entire
length compared to the end of the drain extension near the gate were the doping concentration
decreases due to the lateral diffusion. The decrease of the length will result a higher electric field
over the entire drain extension however not as high as the field at the lower doped end. This also
includes that no breakdown voltage decrease will occur and only the series resistance of the
drain extension is decreased. The common length of the drain extension is 1.0 Jlm and the new
simulated length is 0.6 Jlm. The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation re
sults of the AIO-type transistor for these variations are summarized in table 10. Again the load
and source impedances are optimized and the RF power simulations results are presented in ap
pendix D.8. As can be seen in these figures the smaller drain series resistance yields a power

gain increase of 3 dB and also a higher efficiency.
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Table 10: The DC and small signal simulation results, W tot=4mm, N=l00.

Drain Extension Length Ldrex=1.0 Jlm Ldrex=0.6 Jlm

VT(V) 1.4 1.4

gm(Vds=O.1 V) (mS) 65.8 72.0

gm(Vds=7.OV) (mS) 425 422

Ron (n) 0.97 0.69

Idss(Vds=5V,Vgs=7V) (A) 1.86 2.17

fT (GHz) 10.6 10.9

Gms1.8GHz (dB) 17.2 17.3

The results can be compared to the increase of the drain extension implantation dose with the
exception of the fact that the breakdown voltage reduces. The results prove that this is a very
important option to improve the device performance which can easily be performed by adjust
ing the layout of the LDMOS.

6.4 Combined Results and Conclusions

In paragraph 6.2 and 6.3 various process and layout variations were simulated and their influ
ence on the RF power performance was presented and discussed in order to optimize the lateral
DMOS transistor. The previous sections showed that some variations had great impact on the
performance and others accomplished hardly any improvement. This paragraph describes the
results of the RF power simulations when the best process variations are combined into a new
process. With respect to the default process, the new one is simulated with the following opti
mizations:
• The gate length, L, is 0.8 Jlm.
• The drain extension length, Ldrex' is 0.6 Jlm.

• The drain extension implantation dose is 4.1012 cm-2.

• The P-well diffusion temperature is 1050 0c.

The DC and small signal (Vds=5.0V and Vgs=3.5V) simulation results for the AlO type transis
tor with Wtot=4mm and N=100 are presented in table 11. These results already show an im
provement in the device performance. The threshold voltage is decreased which is favourable
for the biasing. The drain series resistance, Ron' is quite low. Remarkable is the high cut off fre
quency, fT' The (small signal) maximum stable gain is also higher than the default value of 17.2
dB.
For the large signal simulations the load and source impedances should be optimized. However,
due to instability in the optimization simulations, only the load impedances could be optimized
and the source impedance was matches to the characteristic impedance of 50n. Consequently,
the RF power simulations were performed and these simulation results are compared to the de
fault LDMOS and are presented in appendix D.9.
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Table 11: The DC and small signal simulation results, Wtot=4mm, N=l00.

Combined Variations Default Optimized

VT(V) 1.4 1.2

gm(Vds=O.1V) (mS) 65.8 94.5

gm(Vds=7.0V) (mS) 425 453

Ran (n) 0.97 0.57

Idss(Vds=5V,Vgs=7V) (A) 1.86 2.51

fT (GHz) 10.6 13.6

Gms1.8GHz (dB) 17.2 17.6

Due to the source impedance mismatch the transducer gain, GT, of the optimized transistor (dot
ted line) is low. However, the power gain, Gp, has a 5.5 dB improvement compared to the de
fault LDMOS. The most important improvement is the power added efficiency, PAB, rise up to
50%. This is approximately 15% higher with respect to the default transistor. No remarkable
efficiency improvement was achieved when the variations were considered separately. But the
combined optimization does show an improvement of this important parameter.
It should be noted that all the RF power simulations are performed with a parasitic drain series
resistance included in the model. Compared to the Ron' its value of 1.6n is quite high, but it is
due to the measurement setup (see paragraph 5.3.3). Therefore all the simulations are a bit un
derestimated and it can be expected that the RF power performance increases when a lower par
asitics drain series resistance is applied in an actual circuit. Simulations showed that decrease
of this additional drain resistance yields a better RF power performance. Especially the PAB in
creases when the parasitic drain resistance is decreased. This indicates that a better device per
formance can be expected if the parasitic drain resistance of the measurement setup can be
reduced. The dynamical load lines of the default (a) and optimized (b) transistor are depicted
below, figure 20. The dynamical load lines of the optimized transistor show that the large signal
voltage sweep is decreased down to approximately 9.5V, which is advantageous for the degra
dation effects.
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Figure 20: Dynamical load lines of a) default and b) optimized transistor, with Pout from 350 mW to

450mW.
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CHAPTER 7 CONCLUSIONS AND FINAL REMARKS

In order to reproduce the measurements of the lateral DMOS transistor, two dimensional proc
ess and device simulations have been performed. These simulations also give a better insight in
the device characteristics. The process simulations showe a good resemblance to the doping
profiles and concentrations. However, there appears a difference in the effective gate length.
The simulated effective gate length is larger than the processed Leff. This is probably caused by
the difference of the thermal oxidation of the poly-silicon and the underdiffusion of the high
dose source implantation.

The current vs. voltage curves were simulated by the 2D device simulator (Medici). In order to
obtain a qualitatively good resemblance between the simulated and measured curves, physical
submodels had to be included in the device simulator, describing the recombination, the band
gap narrowing, the mobility, the temperature dependence, and the impact ionisation. Especially
the latter is a very important one. First, to achieve a good resemblance of the simulated and
measured bulk-current, which is the result of the impact ionisation in the device. Next, to give
a better insight of the degradation effects of the LDMOS. The device simulations showe that the
degradation, which the device is suffering from during operation, is probably caused by a com
bination of an electric field peak across the gate drain junction, the high current density in the
drain extension near the gate, and the generation of hot electrons in the same region due to the
high electric field and the high frequency operation.

Because the process and DC characteristic simulations did show a good qualitatively resem
blance with the actual processed LDMOS, these simulations are a good starting point for the
large signal simulations. Because it is difficult to model a lateral DMOS using a compact model
the Root-model is used. For this application the Root-model is based on DC and S-parameter
simulatiedresults instead of measurements. The model can be used in the large signal, high fre
quency simulator MDS. The DC and small signal simulations obtained by the Root-model, did
show a good correspondence to the measured and previously simulated characteristics. There
fore the Root-model can be used for the large signal simulations. These large signal simulations
also agree well with some measured large signal parameters, i.e. 0T' Op, PAB, and ID vs. Pout,
when an additional drain series resistance of 1.60 is included in the model. Thus, a quite accu
rate, simulation based link between process and RF power specifications is created, which can
be used to investigate the influence of several process variations on the RF power performance
of the device at a certain frequency and bias voltage.

The process conditions, which gave the best im~rovementof the large signal parameters are a
drain extension implantation dose of 4.1012 cm- ,a P-well diffusion temperature of 1050 °C, a
gate length of 0.8 Ilm, and a drain extension length of0.6Ilm. In addition some layout variations
gave a better RF power performance, e.g. a smaller gate finger width and more and shorter gate
fingers to decrease the series gate resistance.

When the above mentioned process variations are combined into a new process, a device results
which has an optimized RF power performance for an operation at a frequency of 1.8 OHz and
at a supply voltage of 3.6V. Especially the efficiency and the power gain show a great improve
ment, PAB = 50% and Op=16.8dB, compared to the default transistor. These are good results,
which indicate that the lateral DMOS still can be used at RF power operation for low supply
voltage.



- 54-

Finally some remarks can be made:
• It should be noted that the additional drain resistance of 1.60 has been taken into account to

fit the simulations to the measurements. This resistance represents the parasitic drain resist
ances of the measurement setup and the device series resistance increase due to device heat
ing during RF power operation. For instance if the device temperature is increased to 125

°e, Ran is increased by a factor 1.42. This means that Ran ofthe default device (AW -type)
is increased from 0.970 to 1.380 It is however not clear how high
the actual device operation temperature is. Simulations showed that the RF power perform
ance improves when this drain resistance is decreased. Therefore a minimization of the
measurement setup parasitics and a lower device operation temperature thanks to a lower
supply voltage can improve the performance and the simulated parameters might be under
estimated.

• The created link between process simulations and RF power specifications is not only appli
cable to an LDMOS transistor. As a consequence this tool can be used to investigate the
influence of any process on RF power device performance. Furthermore this tool can be
applied to devices, which are related to all the MOS and MES field effect transistors.

With this report the research on the above topic is not entirely finished. Some future work re
sults. Still some process variations can be investigated to further improve the LDMOS, f.i. im
plantation dose and diffusion temperature and time of the P-well in combination with a smaller
under diffusion at the drain extension by means of an arsenic implantation. More attention
should be paid to the degradation effects of the LDMOS and its minimization. Also the influ
ence of the drain series resistance due to device heating effects should be investigated and fi
nally attention can be paid to the data conversion of different device simulators, e.g. Minimos,
so that they also can be used to generate Root-model data.
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LIST OF SYMBOLS

area

drain gate feedback capacitance
drain to substrate capacitance
input capacitance
junction capacitance
oxide capacitance per area

electron and hole diffusion coefficients

internal electric field
electric field in the direction of the current flow
band to band tunnelling electric field
effective electric field
perpendicular components of the effective electric field
bandgap energy
electric field component in the insulator perpendicular to the interface
electric field component in the semiconductor perpendicular to the interface
component of the electric field in the semiconductor parallel to the interface
drain efficiency

vector field
fundamentllifrequency
cut off frequency

generation rate for electron-hole pairs due to impact ionisation
maximum available gain
maximum stable gain
power gain
transducer gain
transconductance

current gain

drain current
characteristic drain current
impact ionisation
DC currents
high frequency nonlinear currents
output current

current-densities for electrons and holes

Boltzman's constant

gate length
load impedances
drain extension length
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effective channel length
gate overlap length

N
NA
N-

A
Ne,Nv
ND
N+D
NSRHn' NSRHp
n

nie

n.l' nil

Qi (i =G,D,S)
Qij
q

number of gate fingers
acceptor concentration
ionized acceptor concentration
densities of state in the conduction and valance band
donor concentration
ionized donor concentration
Shockley-Read-Hall concentration parameters for electrons and holes
n-type carrier concentration
effective intrinsic carrier concentration,
unit vectors normal to and parallel to the interface

power added efficiency
input power
output power
p-type carrier concentration

three-terminal, charge-based, nonlinear capacitors
interface charge
electron charge

sheet resistance
extrinsic drain resistance
extrinsic gate resistance
transistor on-resistance
extrinsic source resistance
radius of the drain n-type doping area

source impedances
electron and hole energy flow densities

Temperature (K)
electron, hole temperature

Uf. (i=n, p) recombination rates for electrons and holes
u n, uTp , and uTo electron, hole, and lattice thermal voltage

breakdown voltage
drain source voltage
saturated drain source voltage
gate source voltage
voltage across the junction
unit vectors along the orthogonal intrinsic voltage axes
threshold voltage
drift velocity
saturation velocities for electron and holes
saturated drift velocity.



W

Wtotal

Ys' Yd

Ps

't

'taO' 'tpO
't n,p(X, y)
'tt

'twi

'liB
'I'

gate width
total gate width

the lateral junction widths of the source and drain junctions

electron and hole ionisation coefficients

semiconductor permitiviy

load reflection coefficient
field-enhancement factor

mobility of the electrons in the inversion channel
electron and hole mobilities
low field mobilities

quasi-Fermi potentials of electrons and holes

surface charge density

dispersion constant
Shockley-Read-Hall electron and hole lifetimes
electron or hole lifetime for E=O V/em
thermal and trap time constant
energy relaxation time for electrons or holes

scalar function

barrier potential
intrinsic electrostatic potential

inverse thermal and trap time constant
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ApPENDIX A EFFECTIVE CHANNEL LENGTH DETERMINATION

A.1 1/~ vs. Gate Length

- - - - with DP-plug

-- without DP-plug

200

400

600

800

1000

aL....L.....L....L....I'-L..........L.....L.....L....L....L.....L......1.....JL......L....1.-.L.....L-L......L....JL.L....L.-L...1......J

0.0 1.5 2.0 2.5
L (J.L)

Figure 21: 1I~ vs. Gate Length, L, to determine the effective gate length, Leff.
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ApPENDIX 8 SMALL SIGNAL SIMULATION RESULTS FOR 814

AND A10

B.1 B14, V parameters (dB)

B.2 B14, S parameters (dB)

B.3 B14, V parameters (arg)

B.4 B14, S parameters (arg)

B.5 B14, Gms• Gma, H'e

B.6 A10, V parameters (dB)

B.7 A10, S parameters (dB)

B.8 A10, V parameters (arg)

B.9 A10, S parameters (arg)

B.10 A10, Gms• Gma, H'e
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Figure 23: The amplitude of the measured (crossed curves) and simulated (solid curves) small signal
S parameters in dB for the B14 transistor.



Al

20. OE+09 A
20.0 GHz B

20.0E+09 A
20.0 GHzB

-H+--~IBl

freql
freq

freql
freq

300.0E+06
300.0 MHz

oc:>
00 00
........··1

I ,

300.0E+06
300.0 MHz

Ei ·..,!..·.., ·! I..·..H +, ..

~~
~t;
~ ~ I-+++-H-++---j-
o.~,".g, 1-++-1-4++---j,..--

"''<
oc:)

o 0 ,...~otl=!::l...Jlll
"'''', I

o C.j
00 00.......--~

, I

.-i

;::;~

E~
ar .mo ..~tIf ,·j ·· l ··..,

'~1 I-++-HH-++---j--+-

OJ
.------------------------------,(,)

20.0E+09 A
20.0 GHz B

20 .OE+09 A
20.0 GHzB

freql
freq

fraqi
freq

(arg)B14

300.0E+06
300.0 MHz

300.0E+06
300.0 MHz

~ I
3~ ~i I
~i i I~

j Ef--ii-+-+-t+H--,i- -1. ! !\ j
"I - t --- --------- -+1+-t~ B1

I \ Al

I

"'<oc::)
00

"''''

Y parameters
YYl=StoY(S)



20.0E+09 A
20.0 GHzC

freql 20. OEt09 A
freq 20.0 GHz C

freql
freq

"'" ......i'............_....... ~~ ~ r::;.t Al

~ CI.

300.0E+06
300.0 MHz

+·i'.l~2 .....1... !...+...
~i I f I
'" '" I
31·~ 11
"'0
-a~ ~

'" I
7>. r-t--t-++1rrr---+--t--+-fffi..H_....---l

00

00 i I
er~ j

300.0E+06
300.0 MHz

20.0E+09 A
20.0 GHzD

freql
freq

freql
freq

(arg)B14

300.0E+06
300.0 MHz

300.0E+06
300.0 MHz

00'" ,"I ,

'"
~I~ I-+++r+tt---j---+-t-
"''''- '""'0;
~~

"''''"''''~~
04~

0. I--f--f-H-H-f---+-+

0<
00

;::;
::; ......
rl_

''''"''''- '""'0;

"''''0-

"'''''" QJ

"'''''.c: '".... '"
'"'il.

00

00
",a.

t I

parameterss~
OQ
l':
~
tv
~

~

~
~
::l....
S.
So
(D

~
elc
ca
Q.
,-..
(")

a
(I)

~
Q.
(")

~
(I)

'-'

§
Q.
(I)

~.-~
2-
,-..
(I)

o....Q.
(")

~
(I)

'-'
(I)

[(I)....
(JQ
::le.
(I) L..- ...J



==

1O!l<
==== ! ! I: Ii III
N N .L..--l--l-1 ...i-4-+++----+--+--4--+-+-+-+++---1

~'~II I

OJ
en

20.0 GHz A
20. OE+09 B

freq
freql

300.0 MHz
300.0E+06

, I IIi,

==NN
I I

20.0 GHz A
20. OE+09 B

~;:
~
tv B140-
'.

0. ~ ; lI::l<0..... el . ==0 0
"'1 - a l!"ll!"lS. §. ....,....,- ~
::l 0 ;><
0 ....

OQ a..... el.::r' =0 ::l a(') -= ~
~..... .....

0
~

~
(J...., - ;§

< '-'
0

<J)I,!@0 ~ OQ

a § ~ cd I.... wt..:!
§ 0. ::l (5-(') .....

~'< ::r'
0 en-..:r' (') 0='-'
~
~

0' .....
::l ::r'

"'1 ..... 0
t:C OQ a ==,.... e.
~ ~

l!"ll!"l
::l ................ I I- a::r: 300.0 freq(;" = MHz
'-' a 300.0E+06 freql
8'



-JoaJ.
en

20.0 GHzA
20. OE+09 B

20.0 GHzA
lO.OEf09 B

~_-",~Al

~Sl

+----tN B1

freq
freql

freq
fre'll

1-!ILtJ~~=1Al

300.0 MHz
300.0E'l-06

300.0 MHz
300.0E+06

--- -- --- t------r- ---t---- --- -------

20.0 GHzA
20. OE+09 B

20.0 GHzA
20 .OE+09 B

A10

freq
treql

freq
freql

(dB)

300.0 MHz
300.0E+06

300.0 MHz
300.0E.06

Y parameters~
l:::
~
N
~

-< ~"0 ~
~

I~... g'~..,
m 0-

S' ~

0
0- ......
txl ...

::r
8' ~

.., §...::r
~~

)- c:- Ci1
0 0-

~
.......
(')

a
m m..... m
m ~... 0-0
~ (')

c:
~
~m
'-"
~
::s
0-
m
S·
c:
~
~
0-
.......
mg......
0-
(')
c:
~
(II
m
'-"
m
EI
~
m

OQ'
::s
~



Appendix - 71 -

B.7

/)
~.

'A . __. ---_.-_.._~~--
(J _...._-- --------
'I _.. .._-

1 --I-- .... .._-
I 1---'

f--,-
_..

-~.._.

..... ..... ...... \ .. ........ ............ ............... ...................... .....................................,\ I
.\ i
~ i

I

.....«
.....
'" «'"

NO':x:: c..:)
'-"+

""a
o .
'0
o~.....

'"

gg..............

N,,,
fi c;'

""00

00
00

"" '"

........--. <1%.1
I yt, i! t I I .ii Ii i J i I ~~

'-"+"',o
o .
.Q

ON

'"

.,..~

.,g'.... ,.
..... .....

N
:<1'0
;0;0

+

""00

00
00

""""
'uTO
at'O

(CCS).6l1W
(lc ',] seams) 6mu

WO
10 '0

I[ O' OC
E1 O' Oc

nCS).6em
( [!'c]seiJms)iillm

"['0
, '0

«,,,
N<To

::z:: C.l
'-"+

'"e-
O •.""
0'"
N

et'~.,,,,
.... ....

..... tl ..

n
n

(lCs).6em
( [Z 'l] seams) Jj,,1U

.....
'"

I I I I I 4 J I:~'. ~ ~ 00
- 00

""""
1[0',
£10'"[

ct.-tit.,,,,
........

....... ' ...1

«,,,
NO>::z:: C~
'-"+

'"oo .
·0

0'''N

N

fi~
+

""00

00
oc::>

""""

9'0
9'0

:<

m-s).6ew
(f, ',J s!?ams)t5em

.....
'"
~

~
'"....

.. \ 4 •
\

\
\
\

I J
I f

I ./
//

V

'"I[ O'!
flO'!

p::j
ro

C>
rl
r:::t:

00
~
(1)
..w
(1)

S
CO
~
CO
~

U)

Figure 28: The amplitude of the measured (crossed curves) and simulated (solid curves) small signal
S parameters in dB for the AlO transistor.
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ApPENDIX C LARGE SIGNAL SIMULATION AND MEASUREMENT
RESULTS FOR A 10

C.1 Plain RF power simulations

C.2 RF power simulations with additional RD
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C.1 Plain RF power simulations

f=1.8GHz sim

------ f=1.8GHz meas

LDMOS,A10(2e13/1100/3e12)

L=1.1, DE=1.0, W=40, Wtot=4mm

VDs=4.8V, VGs=1.4V

meas: f s=.87<100, f L=.69<139

sim: fs=O<O, f L=.58<157

15

5

0'~..L.L..L..L.I.~'"::t-'-.............L.L..~+-,-L..L.I."""""'~
0.0 0.6

0.01;H-......................~%-'-L..L.I. ...........~f-'-'..L.L..L..L.I.~
0.0 0.2 0.4 0.6

Pout (W) Pout (W)

Figure 32: The simulated transducer gain (GT), power gain (Gp), power added efficiency

(PAE), and the drain efficiency (effd) compared to the measurements. The

simulations are performed with the plain model, i.e. no additional drain resistance is
included.
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C.2 RF Power simulation with additional RD
LDMOS,Al0(2e13/1100/3e12)

L=1.1, DE=1.0, W=40, Wtot=4mm

f=1.8GHz sim

------ f=1.8GHz meas

0'.;H-..L..L..IL....L..L.......,...t-'-L..L..L..L..L..I'-¥f--'-'...L..L.L..L..L~
0.0 0.6

0.6

Vns=4.8V, VGs=1.4V

meas: f s=.87<100, f L=.69<139

sim: fs=O<O, f L=.58<157

5

O.s.................."'T'T'"T"TT"T"T"1.................."'TT"T"TT"'T"T"...............,

0.0 O.O'.;H-..L..L..IL....L..L.......,...t-'-L..L..L..L..L..I~,...,......L..L.L..L..L~
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

Pout (W) Pout (W)

Figure 33: The simulated transducer gain (GT), power gain (Gp), power added efficiency

(PAE), and the drain efficiency (effd) compared to the measurements. The

simulations are performed with the model, with an additional drain resistance of

1.60.
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ApPENDIX 0 PROCESS VARIATIONS

0.1 Oxide Thickness

0.2 Gate Length

0.3 Drain Extension Implantation Doses

0.4 P-well Implantation Dose and Diffusion Temperature

0.5 Drain Extensions Variations

0.6 Gate Fingers and Total Gate Width Increase

0.7 Decreased Finger Width

0.8 Drain Extension Length Variation

0.9 Optimized Transistor
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0.1 Oxide Thickness

thickness 20 nm

LDMOS, Al0, Oxide thickness

Wtot=4000J.Lffi , N=100

Vns=3.6V, VGs=VT' f=1.8 GHz
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0.2 Gate Length

0.8 J..Lrn

1.0 J..Lrn

1.2 J..Lrn
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0.6

LDMOS, A10, Gate Length
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D.3 Drain Extension Implantation Doses
LDMOS, A10, Drain Ext. imp!.

1.1012 em-I Wtot=4000,um , N=lOO

------ 3.1011 em-I Vns=3.6V, VGS=VT, f=1.8 GHz

------- 4.1011 em-I

----- 5.1011 em-I

20 20
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3 10 ,'l' ...........~
t5 I " ~. ',,,,.',.\

--

o."...,.'-L..L...................L,-L,JL..L..L...L..L........&.....L:JL..L..L...............................
0.0 0.2 0.4 0.6

Pout (w)

O~'-L..L ..................~'-L..L ..................&.....L:JL..,L-&...L..L.................,..
0.0 0.2 0.4 0.6

Pout (w)

0.4

0.6

0.3

0.4 ,..... ", ..
w .:5- " .......:
« 0.2 .......~-
D... -~'--~

~'--.. #' ..
Al ...... ..

...

0.1

0.6
O.O~'-L..L ..................~'-L..L ..................I....J...JLL.I...L..L................L..J

0.0 0.2 0.4
Pout (w)

o.0~'-L..L..................L,-L,JL..L..L..................L.L.ILL.I...L..L....................
0.0 0.2 0.4 0.6

Pout (w)
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D.4 P-well Implantation Dose and Diffusion Temperature

LDMOS, A10, P-well irnpl.+ dif:

Wtot=4000JLrn , N=lOO
2.1013 em-I, 1100·C

Vns=3.6V, VCS=VT, f=1.8 GHz
1.1013 em-I, 1100·C

1.1013 em-I, 1050·C

15 15

, ....
~- ...... ~

I "10 , ,, ,
:l ' , CD\ ,
~ \ ' ~

\', \' a.
\ ' c.:>
\ "

5 " 5.

O'="'"='....................I...I....':~ .............................L:-L:L...L.L...................."="
0.0 0.2 0.4 0.6

Pout (w)

0.6

O'="'"='....................I...I....':~ .............................L:-L:L...L.L...................."="
0.0 0.2 0.4 0.6

Pout (w)

0.4

0.3

0.4

O.O'="'"='....................I...I....':~ .............................L:-L:L...L.L...................."="
0.0 0.2 0.4 0.6

Pout (w)
0.6
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0.5 Drain Extensions Variations
LDMOS, AlO, Dr.Ex. impl.+ diff

Wtot=4000JLm , N=lOO

Vns=3.6V, VCS=VT, f=1.8 GHz

15

D
,.....
lD

~ 3
..... a.
:::> <.:J

5 5

O~....L..L.."""""""""'~....L.L..................."............................~
0.0 0.2 0.4 0.6

Pout (W)

O~....L..L.."""""""""'~....L.L.. ................."..............L.L..""""~
0.0 0.2 0.4 0.6

Pout (W)

0.60.2 0.4
Pout (w)

o.0."..."......L.L.................."~..........................,,........'-'-'-.L.L..I'-'-I..J

0.0 0.2 0.4 0.6
Pout (W)

0.4

0.6

0.3

0.4 ,.....
.J .::s(
l-

~



- 86 - Appendix

4mm, 500mW

0.6 Gate Fingers and Total Gate Width Increase

LDMOS, Al0, Wtot'

Wtot/N=40p,m

Pout Optim.

5mm, 500mW

5mm, 625mW

,." ........., "",
I ,

',.,---- ", ... ......", ' .. ,, ", ,, , ,
',\

\
\'
\'

'..., .
5

15

a.
t.'

,.-- ..., ...,, ,
I '

I "
I ,,----. \I .... ,

I ....,
1/ ,
I, ~

" \'\'
\\
\ ,,', .

15

O.~"""""''''''''''''''''''''''::-'':::'''''''''''''''''''''''''''''''':::'":~''''''''''''''''~0.0 0.2 0.4 0.6
Pout (W)

o.O~u..L""""".I....I..I~""""".I....I..Iu..L-';::'-:f-"-''''''''''''''''''''""'';:;''
0.0 0.2 0.4 0.6

Pout (W)
0.60.2 0.4

Pout (W)

0.4

0.6

0.3

0.4
3:w«a...
:2



0.7 Decreased Finger Width

N=100

N=125
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LDMOS, A10, Fingers N

Wtot=400OJ.lID. N=125

Vns=3.6V, VGS=VT, f= 1.8 GHz

15 15

5

,--..., ....
l ",
I '.,

oL.a.-L...L..L..L..L..Ic..L..L..I....L..JL..L..L...L..L..L..L..I'::-!-L..L..L.L..L..L...L..L..L:-!

0.0 0.2 0.6
Pout (w)

0.6

O.O~...........L..L..IL..I...I;:~ ..........L..L..L..L..l~..L..L..................-';:J
0.0 0.2 0.4 0.6

Pout (W)

oL,-L,oL...L..L..L..L..I..........,~L..L..L...L..L...........'::-!-L..L..L.JL..L..L...L..L..L:-!
0.0 0.2 0.4 0.6

Pout (W)

0.4

0.3

3: 0.2

0.1

O. OL,-L,oL...L..L..L..L..l..........,~ ..........L..L..L..L..I'::-!-L..L..L..................~
0.0 0.2 0.4 0.6

Pout (w)
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0.8 Drain Extension Length Variation

1.0 J1.m

LDMOS, A10, Dr. Ext. Length

Wtot=4000/Lffi. N=lOO

Vns=3.6V, VGS=VT, f=1.8 GHz

0.6 J1.m

15 15

...... --., .....
" ,, ,

l \
\
\
\
\
\
\
\
\

5

,_.....,, ...., ..,
I ,
I ,

\, \

10 \
\
\
\
\
\
\,

5

ol...L..I..............L..L..JL..L..L,.J-L-........................L..L..JL.1...L..................................L,J
0.0 0.2 0.4 0.6

Pout (W)

0·'="'""::'..............L..L..JL...L...i:-:'-!-......................L..L..J'::-'7................................"::"
0.0 0.2 0.4 0.6

Pout (W)

0.0'~ ..............L..L..JL...L...i:~ ........................L..L..J';:J-:L....................a..........~
0.0 0.2 0.4 0.6

Pout (W)
0.60.2 0.4

Pout (W)

0.4

0.6

0.3

0.4 <'w« '-"
a.. ::2



0.9 Optimized Transistor

Default

Optimized

20

15

o~.............I.....I..J""""'~L.L.L"""""".I.....I..J~""""'L.L.L"""""",,=",
0.0 0.2 0.4 0.6

Pout (w)
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LDMOS, A10, Optimized

Wtot=4000p,m. N=lOO

Vns=3.6V, VGS=VT, f=1.8 GHz

L=O.8j.Lm, LnrEx=O.6j.Lm

Dr.Ex Impl: 4e12 cm-z

P-well diff. l050°C

20

5

o~.............I.....I..J""""'~L.L.L"""""".I.....I..J~""""'L.L.L"""""",,=",
0.0 0.2 0.4 0.6

Pout (w)

0.4

0.6

0.3

0.4
3;w«a..
32

o.0 ~"""""".L.L.I....I..I;~L.L.L"""""".L.L.I,:!-+-"""""'L.L.L""""""";:..I
0.0 0.2 0.4 0.6

Pout (w)
0.6
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