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As the scaling down of smart power ICs is gaining in importance, SOI technology is
becoming more attractive. The LDMOS transistor is one of the key devices in HV ICs, and
a good model is indispensable in order to perform accurate circuit design. Some subcircuit
models for bulk and SOI LDMOS devices are available, but, when certain special aspects
of device characteristics become critical, they are not always sufficient, and the need for
an accurate, robust compact model is apparent. Particular emphasis has been placed on
the behaviour and circuit level modelling issues related to high side drive applications, and
on the self- and mutual heating. For the N-type LDMOS, high side operation increases
the on-resistance and demands specific modelling effort.

In this thesis a circuit simulator model is developed, based on a detailed study of device
physics of the LDMOS. First, the subcircuit modelling approach was followed, resulting in
a ‘quick-fix’ LDMOS model. The drawbacks of this modelling approach are the complexity
of the circuit, and convergence problems.

To overcome these disadvantages a compact model is presented. The model has only
one internal node, situated in the channel at the transition point from thin gate oxide into
field oxide. Both currents are carefully derived, to keep the model as physical as possible.
The current under the thin gate oxide is described in terms of the surface potentials, whilst
taking into account the lateral doping gradient and the overlap of the gate over the N™
drift region. The impact of the thickness of the depletion layer at the buried oxide on
the current under the field oxide is studied rigorously, leading to a good prediction of the
unique high-side behaviour. Next, the complete SOI LDMOS charge model is set out,
presenting a promising new approach to deal with the unusual charge partitioning in the
LDMOS.

DC simulations with the compact model match the measured characteristics well for
a wide range of geometries, with self-heating and high-side effects being accounted for.
The simulated and measured capacitance characteristics for a range of geometries show
excellent qualitative behaviour, and demonstrate the soundness of the new charge model.

The model has been implemented in the SPICE circuit simulator and careful formu-
lation and coding has led to a very robust SOI LDMOS model, which converges easily
without the need for node setting. The model is evaluated thoroughly, using a set of
simulations based on the SEMATECH tests. Finally, two special analogue circuits were
designed and fabricated to allow circuit level evaluation of the accuracy and robustness
of our model. The model predicts the measurement results well for circuits containing LV
and MV transistors, and also gives a reasonable prediction of the HV circuits. We can
conclude that, with further optimisation, our compact SOI LDMOS model can provide a
practical and reliable simulation tool for commercial design use.
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Chapter 1

Introduction

1.1 History of Power Devices

In the late 1940s, research developments made the first steps towards what is today’s
semiconductor industry [1], [2]. In 1954, the first commercially available silicon bipolar
transistors were announced, but it was not until the 1960s that their application to high
power devices began. We find the real beginning of the power transistor business with
the introduction of the planar process, and the application of photo-lithography to wafer
processing [3]. The main advantages of the bipolar technology were the simple manufac-
turing process (complete double diffusion technology with high yield and low cost) and
the low on-resistance due to minority carrier current. The main drawbacks were the low
switching speed, the need for a high base current to control the device, and the secondary
breakdown [4]. Nowadays bipolar devices with current handling capabilities of several
hundred amperes, and blocking voltages of the order of kV’s are fabricated.

In the late 1970s, as MOS-IC technology became more mature [5], the first power
MOS transistors appeared, and, since then development has accelerated, moving away
from the bipolar transistor. The primary feature of the power MOSFET is a high input
impedance, which greatly simplifies the gate drive circuitry and reduces the cost of the
power electronics. They can withstand the simultaneous application of high voltage and
high current without showing any secondary breakdown.

In addition to the new discrete devices, monolithic high voltage ICs (HVIC) which
have a high supply voltage but a low output current, and combine power and control
circuitry on the same chip, have come onto the scene. This has allowed cost efficiency
in the power industry for the first time. Applications have been found in the areas of
telecommunications, power supplies, high voltage displays, etc. More recently power 1Cs
(PIC), which use both high voltage and high current circuitry, have been developed.

Smart PICs, where different power device functions are combined with logic functions
on the same chip, is a fast growing branch in industry for applications in television,
automobiles, aircraft, motors, lighting, audio equipment, switching devices, etc [6]. They

offer substantial improvements in performance, and the cost price is lower than the price
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Figure 1.1: The Double Diffused MOS process

The rapid growth of the PIC industry was made possible by the arrival of the DMOS
transistor [7-10] (double diffused transistor). The channel of the device is created by the
sequential diffusion of two different doping impurities under the gate, as illustrated in
Fig. 1.1. The P-base is driven in deeper than the N* source, and the difference in the
lateral diffusion between the P-base and the N1 source regions defines the surface channel
region. When these double diffusion techniques were developed in the 1970s, they were
used to obtain what at the time were very short channel lengths (1-3 pm).

A major change compared with the basic MOSFET structure has been the incorpora-
tion of a lightly doped drift region between the channel and the heavily doped drain [11].
The main advantages of the DMOS include the absence of secondary breakdown, negli-
gible steady-state input current, and fast switching. The main drawback compared with
the bipolar range is the increased on-resistance with increasing blocking capability.

At present, a whole range of different DMOS structures exist, but we can split them into
three main categories, which are illustrated in Fig. 1.2: the VDMOS (Vertical DMOS),the
LDMOS (Lateral DMOS) and the VMOS (V-groove DMOS).

The VDMOS and the LDMOS depend upon lateral diffusion profiles and sequential
diffusions under the same oxide to achieve the channel region, while the channel of the
VMOS derives from the vertical diffusion profile. The choice of a < 100 > material for
the LDMOS and VDMOS increases the electron inversion layer mobility and scattering-
limited velocity, in contrast to the VMOS, which has its channel along an etched < 111 >
surface. The initial focus on VMOS transistors was based on the belief that they had a

lower resistance than VDMOS devices. However, research pointed out that the existence
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Figure 1.2: (a) LDMOS; (b) VDMOS; (c) VMOS.

of a high electric field at the bottom of the V-groves results in a significant reduction of
the breakdown voltage, and the VMOS idea became less popular.

The VDMOS has its drain contact at the bottom of the silicon substrate, which limits
its integration capability with other components, but allows a higher packing density.
The LDMOS is a lateral device and is therefore a lot better suited for integrating high
voltage, moderate current switches with low voltage control circuits. Due to lower parasitic
capacitances, and hence faster switching, the LDMOS is more attractive than the VDMOS
[12].

The LDMOS devices have significant advantages compared to their bipolar and GaAs
counterparts for all applications in the 1GHz range, where linearity and efficiency are
required. This makes them suitable for wireless communication applications like GSM
[13,14].

The IGBT (Insulated Gate Bipolar Transistor), also called COMFET (Conductivity
Modulated Field-Effect Transistor), and the MOS gated thyristor combine the advantages
of MOS with the minority carrier enhanced current capability of bipolar devices, thus also
giving low on-resistance. The switching speed will be degraded in such devices [4,15,16],
although it can be adjusted by lifetime control processes [17].

One of the major aspects of smart power ICs is the isolation problem; smart power
development started with junction isolated techniques. However, these suffer from several
problems such as latch-up and high leakage current. Dielectric insulation is a much better

solution. We can distinguish three methods:

e V groove etching, polysilicon filling, lapping of the crystalline silicon [6].



e wafer bonding, lapping and etch-back.
e SIMOX (Silicon Isolated by iMplanted OXygen)

These last two techniques both give rise to SOI structures. This technology will be ex-
plained in more detail in Sec 1.2.

Another very important consideration is the heat generation in PICs. Not only do
many power 1Cs have to function in a high temperature environment, but, due to the
large currents and high biasing, a lot of heat is generated within the devices themselves,
which decreases the performance of the devices and needs accurate modelling.

Recently new high voltage devices suitable for PICs, based on a partial isolation SOI
technique, have been proposed. The advantage of a partial isolation is an enhanced break-
down capability and a better heat dissipation [18] compared with normal SOI.

In this thesis we will study and model the LDMOS and its associated low voltage
control components. The transistors are made in an HV (High Voltage) SOI (Silicon-on-
Insulator) technology, which will be explained in Sec. 1.2. The reason why this technology
is preferred to an ordinary bulk technology for smart power applications will be discussed

in Section 1.3.

1.2 Silicon-On-Insulator Technology

In MOS transistors produced in a bulk technology, only the upper part of the silicon
substrate is useful; the rest only causes parasitic effects and degrades the operation of
the transistor. Hence the idea to separate the substrate from the active part by an oxide
layer, and so the SOI-transistor appeared [19]. The two main technologies to produce SOI
structures are SIMOX and BESOI (Bonded and Etch-back SOI).

The SIMOX technique realises the buried oxide by an implantation of oxygen ions.
This step is followed by thermal annealing to repair the crystalline quality of the silicon
layer and to eliminate the defects and precipitates that coexist on the Si/SiO, interfaces.
During the implant, dislocations, which are not eliminated by thermal annealing, are
created. To avoid these anomalies, a series of implants with reduced dose are performed,
each of them followed by annealing. This technique is mostly used for radiation-hard and
VLSI applications where it is important to have a thin film silicon layer.

The BESOI technique involves growing an oxide on silicon wafers, then two such wafers
are bonded together (by the Van der Waals forces) and annealed to strengthen the bonding.
One of the wafers is etched or polished down to a thickness suitable for the application
considered, and the other wafer serves as a mechanical substrate. This is the most common
technique for producing smart power, power, HV and bipolar devices. These applications
require partially depleted devices and do not need a very thin silicon film thickness.

Recently, a new interesting method similar to BESOI (as far as the bonding is con-
cerned) has been developed to make thin film SOI wafers. The process is called Smart Cut
and was invented at LETI, Grenoble, France [20]. Hydrogen ions are implanted into the



body of a mono-crystalline silicon wafer. Because all the ions have similar energy, they
stop at the same distance below the surface. The implantation results in the formation
of micro-bubbles, which creates a plane of weakness. The wafer is bonded to another
wafer (just as for the BESOI technique), and put into a furnace, which causes cleaving of
the first wafer along the weakened plane. With this process film thicknesses as small as

200 nm can be realised.

1.3 SOI versus Bulk for High Voltage and Power IC Appli-

cations

The foremost difficulty in the realisation of smart power devices is the need to isolate
circuit sections working at very different voltage levels. SOI offers a far better isolation
scheme compared with bulk [21], as is clearly visible in Fig. 1.3, where the same typical
PIC structure is shown for bulk and SOIL The buried oxide provides perfect horizontal
isolation, but one also needs a method of isolating each device laterally. A thin SOI film
can simply be etched of (mesa etch) or consumed by LOCOS (Local Oxidation of Silicon).
However, for thick films deep narrow trenches are used; these are made by plasma etching,

followed by oxide and polysilicon deposition [4].
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Figure 1.3: High voltage LDMOS and low voltage CMOS in bulk (A) and SOI (B)
technology

SOI LDMOS devices will exhibit significantly lower on-resistance for source-high con-
ditions than their bulk counterparts [22]. This will be explained in more detail in the next
chapter. We also find diode structures [23], IGBT [19] and LDMOS-IGBT devices [16]
that make use of the advantages of SOL



Apart from this main advantage of SOI, we should notice as well the decrease in
parasitic capacitances and the smaller interaction between circuit components, which lead
to finer design rules and faster devices.

These benefits have lead to advanced SOI medium voltage (= 60 V) and high voltage
(=2 600 V) processes for various applications [24, 25].

1.4 The LDMOS

In this section we describe the typical fabrication process for an LDMOS. Next we look
at the characteristics of the LDMOS, as we would expect them based on the analytical
solution of the semiconductor equations. The example used is based on the PHILIPS HV

SOI process, in which the devices studied and measured in this thesis are fabricated.

1.4.1 The Fabrication Process
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Figure 1.4: The different masks of the LDMOS layout.

The base wafer is a BESOI wafer (see Section 1.2), with a 1.5 pm thick silicon film, on
top of a 3 um thick buried oxide, with an Nt substrate underneath. The N~ doping
concentration of the silicon film is of the order of 10'® /ecm3. First an oxide is grown on
the wafer, and next it is coated with silicon nitride. The first mask is the active mask (ID
mask in Fig. 1.4), which defines the area where the transistor is formed. After the nitride
is etched, the wafer is oxidized to produce the thick LOCOS (Local Oxidation of Silicon)
areas outside the devices. This thick LOCOS oxide touches the buried oxide. Next this
oxide is etched until an oxide layer of approximately 1 um is left on top of the buried
oxide. Removing the remaining nitride reveals the active area, in which the transistor will

be created.



Now a second LOCOS oxidation masked by the OD mask (Oxide definition, see
Fig. 1.4) is performed; a second oxide (typically 1 um) is grown on top of the drift region
(between the gate and the drain), to reduce the fringing fields at the edge of the polysilicon
for high drain bias. In this thesis, we will use the name LOCOS for this oxide, and thick
LOCOS for the oxide which defines the active area.

The following steps are similar to the standard nMOS process: first a thin oxide is
grown, then the polysilicon is deposited and etched, masked by the PS-mask (see Fig. 1.4)
to form the gate. The gate is typically 5 pm wide, of which typically 2 ym are on top of
the LOCOS oxide. Next a lightly doped P-implantation is done in the areas defined by
the thick LOCOS edges and the polysilicon gate (P-well mask in Fig. 1.4) and followed by
thermal annealing. The P-well diffuses 1.5 pym under the gate and forms the MOS channel
region of the LDMOS. The resulting P-well doping concentration is of the order of 107
/cm3. Now the source and drain NV areas (shallow N mask in Fig. 1.4) are implanted,
self-aligned on respectively the gate and the LOCOS edge. The lateral diffusion of the
source under the gate is typically 0.3 um. Finally the P area for the body contact is
implanted, masked by the shallow P mask.
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Figure 1.5: Three-dimensional view of the LDMOS.

Now the wafer is covered with a new oxide layer, deposited by an LPCVD (Low
Pressure Chemical Vapour Deposition) step. This layer is typically 0.5 pm thick. The

7



Name Description value
Ny P doping concentration under thin front gate oxide 1017 / cm?
Np N~ doping concentration in the drift region 1016 /em?®
Rgnar Sheet resistance of the drift region under the LOCOS oxide | 4 k{2/square

Table 1.1: The process parameters

Name Description value
Lg, Length of the drift region under LOCOS 3 pum
Lesr Length of the MOS channel under thin front gate oxide | 1.2 ym
Lgrov Length of the drift region under thin front gate oxide | 1.5 um
tof Front gate oxide thickness 60 nm
tob Back gate (buried) oxide thickness 3 pm

Table 1.2: The geometry parameters

CO (Contact) mask (see Fig. 1.4) is then used to define the contact holes in this layer.
Following this, the metal is deposited by means of sputtering. The METAL mask (IN
mask in Fig. 1.4) defines the pattern in the aluminium layer.

As a final step the wafer is covered with a passivation layer to protect the integrated
circuit from external influences. The complete three-dimensional structure is represented
in Fig. 1.5.

1.4.2 The LDMOS Characteristics

This section describes qualitatively the LDMOS behaviour. As an introduction to how
this device functions, how the current flows, and how the charges are distributed under
different operating conditions, we perform a simplified analysis based on fundamental
semiconductor physics equations.

Tables 1.1, 1.2 and 1.3 respectively list typical values for process, geometry and derived

parameters [26], which are used for the analysis below:

o For the bias arrangement where all the terminals are at ground potential (Vpp =
Vs = Vam = Vaube = 0 V), the situation illustrated in Fig. 1.6(a) is obtained. The
width of the depletion layer Xyq under the source can be approximated (assuming

an abrupt junction) by

2 €
_ L 1.1
Xod \/ . NA(<I5bxs VBs) (1.1)

For Vg = 0 V this width is equal to 0.1 pm.
The width of the depletion layer X4qp, at the P-side of the P-N~ junction can be



Name Description value

or Fermi-potential for P-type Si, %ﬁln(%) 0.408 V

GFdr Fermi-potential for N-type Si, Eg—ln(lx—?) 034V

Vis Flatband voltage, N-type poly Si on P-type Si -0.996 V
—0.56 V — ¢p

Vi Flatband voltage, N-type poly Si on N-type Si -0.212 V
—0.56 V + ¢pqar

Vb Flatband voltage, N* substrate, P-type Si -0.858 V
—0.45V — ¢

Vodr Flatband voltage, Nt substrate, N-type Si -0.11V
—0.45V + ¢par

Yo Front gate body factor in P-well, ﬂ%ﬁ;‘gﬁ 3.2 VV

AP Back gate body factor in P-well, ﬁ%ﬁ% 159.6 V'V

Afdr Front gate body factor in N-well, ﬁ%%N—D 1.01 VvV

~bdr Back gate body factor in N-well, l/—g‘(’/f:}:& 50.48 V'V

Vino Front gate threshold voltage in P-well 273V

Vi + 2¢F + 70v2¢F
Ve, Back gate threshold voltage in P-well 144V
Vigs + 2¢r + v°V2¢r
yldr Front gate threshold voltage in N-well 175V
Vig = 2¢rdr — ¥ /2¢rar
vodr Back gate threshold voltage in N-well -42.99 V
Vg — 26rar — 7Y v2¢par

Pbis Build-in potential for $-B diode, £Lin(Xal™) 0.875 V

Pid Build-in potential for D-B diode, £ in(NaNE) 0.756 V

Cot Front gate oxide capacitance per unit area, C(:f = 2= | 0.575 fF /um?

Cop Back gate oxide capacitance per unit area, Cyp, = <= | 0.0115 fF/um?

expressed by

This width is negligible for Vpg = 0 V (0.03 zm) since N is an order of magnitude
larger than Np. The width of the depletion layer Xgqq at the N-side of the P-N~

Table 1.3: The derived parameters

X i 2e5iNp
44> T A gNA(Na + Np)

junction can be expressed by

(¢bia + VDB)

2¢; N
Xddd = \/ LA (fvia + VoB)

g Np(Nj + Np)

This gives a value of 0.3 um for Vpg =0 V.

Because Vo = 0 V > Viig, we have a depletion layer in the P-body under the front
gate oxide (region 1 in Fig. 1.6(a)). And since Vgis = 0 V < Vipg, the Si-SiOq surface
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Figure 1.6: (a) Depletion layers and accumulation in the LDMOS when Vpg = Vs =
Ve = Vabs = 0 V; (b) current flow and depletion, accumulation and inversion layer
when Vpp =0.1V—->6V, Vg =5V, Vsg =0V, Vob =0 V.

is not yet inverted. The width of the depletion layer, which we will call Xgf,, can be

approximated before inversion by

C’of

= N, Vams — Vi's) (1.4)

Xgfb

For Vg = 0V this value is very small (0.035 pm). A similar reasoning is valid for the
depletion layer at the buried oxide interface in the P-body (region 2 in Fig. 1.6(a)),
but this value will be even smaller because C,},, the buried oxide capacitance per

unit area, is 50 times smaller than Cy.

Let us now take a closer look at the conditions under the gate oxide in the drift
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region (region 3 in Fig. 1.6(a)). We have an oxide on an N~ region (cf. a PMOS
device), so we have to invert the signs, compared to the nMOS case; —Vgmp =0V
< —V{f¥, and hence electrons will be accumulated at the N~ silicon surface under
the gate. A similar analysis can be done for the back gate, and we will also have an

accumulation layer at the silicon surface above the buried oxide.

Applying a positive gate bias (higher than the threshold voltage given by Ving) will
invert the P-surface under the front gate and accumulate more electrons in the drift
region under the front gate. This is illustrated in Fig. 1.6(b), where the situation
when Vgrg = 5 V is shown. If the drain voltage is also increased, current starts
to flow; it passes from the source into the inversion layer, then primarily into the
accumulation layer, and finally into the drain via the N~ region under the LOCOS
oxide. First we will assume that Vpg is very small, for example 0.1 V. In this case
we can write the following simplified equations for respectively the current in the

inversion layer, in the accumulation layer and in the drift region:

w 1%
Ly = ——pis Cot (Vars — Vino — =) Vi (1.5)
Leg 2
w
=T s Cot - (Vars — Vine) Vi for Vps very small, (1.6)
eff
w i+ V-
Toee = — Hs Cof : (VGfS - Vlg%r - 2) . (VQ - Vl) (1~7)
Ldrov 2
o I s Cof - (Vags — Vg%r) (Ve — V1) for Vpg very small, (1.8)
drov
Iy Wé(VDBL“ va) | (1.9)
shdr &dr

I,y is simply the expression of the MOSFET current in the linear region and V)
is the potential at the end of the inversion layer (of length Leg) with respect to
the source (see Fig. 1.6(b)). I, represents the current in an accumulation layer
(of length Lgyov), which is the current of a depletion type MOSFET. In this case
Vs is the potential at the end of the accumulation layer with respect to the source
(cf. Fig. 1.6(b)). For simplification, we have assumed that the entire current flows
through the inversion layer into the accumulation layer, while in reality part of it
will flow in the bulk underneath the accumulation layer. In Egs. 1.5, 1.7 and 1.9
the surface layer mobility for electrons is given by us. I4, is the current through a

resistor with sheet resistance Rghgy and length Lg;.

The above equations for the current are simplified, excluding high field and other
second order eflects, because the aim of this section is to gain an intuitive approxima-
tion to the LDMOS behaviour, rather than finding the exact solution for the current
flow and charge distribution. Since Iiny = Iy = Igr = I, we have three equations
in three unknowns, which we can solve for Vi, Vo and I. With the parameters from
Tables 1.1, 1.2, and 1.3, we obtain V; = 0.4 - Vpg and V5 = 0.6 - Vpg.
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Increasing Vpg raises the current until the saturation region is reached. In the case
of a low Vs (in our example 5 V), saturation is caused by pinch-off of the inversion
channel, which happens at V; = Vgrg — Ving = 2.3 V; the saturation current is given
by

w
Linvsat = m#scof(VGfs — Vino)? (1.10)
€

and for Vges = 5 V the current will be approximately 0.1 mA/pm. This means that
Vo = Vps — (Ldr Rshdr) -0.1 mA/,um = Vpg — 1.2 V. For V] = Vg — Vino = 2.3 vV,
Egs. 1.5 and 1.7 yield V = 3.7 V. This is lower than Vag — V&, and hence an

accumulation layer is still present over the whole length of Lgpoy-

When (Vps — 1.2 V) is larger than (Vg — Vi), the surface in the N~ drift region
under the front gate will no longer be completely accumulated, but will become
partially depleted. This transition from accumulation to depletion is illustrated in
Fig. 1.7. Setting Vpp = 7V, V, is approximately 5.8 V and the depth of the depletion

layer at this place becomes equal to

C
Xgtar = =2 (Ve + Vo + VE) = 0.28 ym (1.11)
gNp

As is obvious from Eq. 1.3, further increasing Vps widens the depletion layer at the
P-N~ junction, Xgqq. For Vpg = 7V we have V5 & 5.8 V and X449 = 0.9 pm. At a
certain drain bias this depletion layer and the depletion layer under the front gate in
the drift region are going to touch. Saturation is now dominated by two phenomena:
pinch-off of the inversion MOS channel and pinch-off of the drift region.

For even higher drain biases, the boundary of the depletion layer in the drift re-
gion shifts increasingly close to the drain, and the lateral electrical field becomes

important. The current is now also limited by velocity saturation of the carriers.

Finally we have a look at the depletion layer width at the buried oxide in the drift
region:

Cob bd
X = —(-V Vst 1.12
ghdr = LA (—=Vab + ¥ + VEB') (1.12)

where 1) is the potential at position y in the drift region. The quantity 7 is at a
maximum at the drain (= Vp;g), and consequently the thickness of the depletion
layer is also a maximum at this point. For Vpg = 40 V, which is approximately
the maximum drain voltage for a device with our selected dimensions, we have

Xgbar = 0.3 pm.

Now we consider the case of a high positive gate bias, i.e. Vg = 16 V, which in
our example is the maximum allowed gate bias for oxide breakdown. This time the
inversion layer will not pinch off. Assuming that V3 became higher than Vggs —
Vino = 13.27 V, then the current would have to equal the saturation current of
3.2 mA/um for Vg = 16 V. This would mean that, for the maximum allowed drain
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Figure 1.7: Depletion layers and current flow in the LDMOS when Vpg =7V, 75V,
30V, Vage =5V, Vsg =0V, Vgog =0 V.

bias Vps =40V, V5 =40V —-3.2-4-3 V =2V, which is lower than V7, and hence
impossible. The accumulation layer will not disappear either; for Vo > 16 V — Pf%r,

Eqgs. 1.5 and 1.7 do not provide a valid solution for V7, and hence V3 has to be lower
than 16 V — F{%r'
For this situation, the current will be limited by velocity saturation in the drift

region when the drain bias is increased.

e When an LDMOS is used in high side switching applications, high voltages can
appear across the back oxide. This leads to an increased resistance of the N~ region
under the LOCOS. The source-high condition with grounded back gate is equivalent
to a negative back gate voltage and a grounded source. Fig. 1.8 illustrates the effect
of a negative back gate voltage. As Vips is made increasingly negative, the depletion
layer at the buried oxide in the drift region grows, causing an increase in the drift
region resistance. This effect continues until the Si/SiO2 surface at the buried oxide
becomes inverted. The threshold for inversion at a certain point in the channel

depends on the local channel potential %, and is given by
Vid' = W — 2¢F — 7" V28 + (1.13)

At the drain end of the channel, we obtain V24" = —166 V for Vpg = 10 V. De-

creasing the back gate bias below V29" only increases the inversion layer charge, but
g g tho y
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Figure 1.8: Effects of a negative substrate bias.

does not affect the depleted area. The resistance of the drift region is now constant,

since the width of the depletion layer is fixed at ,/%‘%(2(]51? + 7). At the drain end,
for Vpg = 10 V, this depletion layer width is 1.2 pm.

These different operation modes show the complexity of the device and the necessity of
a thorough physical study of the LDMOS transistor before any modelling is begun. This
will be done in Chapter 2.

1.5 Overview of Power Semiconductor Device Modelling for

Circuit Simulation

1.5.1 Introduction

The know-how of power device modelling for circuit simulation is rapidly developing to-
wards increasing professionalism and applicability for practical use. New model concepts
have been explored to serve the needs of the designers for more efficient models. The
challenge in the development of such models is the achievement of the optimal trade-
off between the necessary accuracy, the required simulation speed, and the feasibility of
parameter extraction.

A variety of commercial circuit simulation programs exist on the market, such as
SPICE [27], SABER [28] or ELDO [29]. In addition, a number of proprietary industrial
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circuit simulation programs exist, including the PHILIPS circuit simulator, PSTAR [30].
Since SPICE is used world wide, and is informally accepted as the industry standard, the
compact LDMOS model reported in this thesis has been implemented in this simulation
program. However, in the near future the model will also be available in the PSTAR
simulator, as a PHILIPS implementation team is currently working on the transition from
the SPICE code to the PSTAR code.

1.5.2 Model Implementation

According to a recent literature overview [31] the following modelling concepts can be

distinguished:

e The functional model or “black box” model: the externally observed behaviour is
described without considering any of the physics of the device. The application of
the resulting model will, however, be rather the complete system simulation and not

circuit simulation.

e The approximate solution: the exact physical equations (which are usually very
complex) are replaced by an approximate solution in order to limit computation
time. This technique is the most promising for future research as it enables practical
employment for the design of power electronic circuits with a medium number of

components. We explore this technique in Chapters 4 and 5.

e The transformation solution: the Laplace transform or the Green’s function is ap-
plied and the result is an approximated solution obtained through the truncation of
infinite series. However, this technique still suffers from the inability to treat moving
boundaries, which are necessary to describe conductivity modulation correctly, for

example.

e The lumped model: the charge storing region is subdivided into subsections, each
with a node, and the derivative of the charge is replaced by the difference in charge;
this approach is useful when describing bipolar effects, where charge storage phe-
nomena are very important. The main application field would be the simulation of

power electronic circuits with a large number of components [32-35].

e The numerical solution: this method clearly gives the highest accuracy, but the
computational effort will also be the highest. These models will only be used for

circuits with a small number of components.

We can distinguish two main methods to implement a model into a circuit simula-
tion program [36]. Firstly there is the subcircuit method; a combination of existing fixed
functional elements from the library of a certain circuit simulator is used to describe the
behaviour of the device. Unfortunately, if accurate modelling is desired, the subcircuit can

become very complex (and hence require a lot of computational power). This is because
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we have to describe the complex physical equations of the power device, using predefined,
possibly inappropriate elements. The great advantage though is that the resulting model
can be implemented in nearly every circuit simulator, and that the model can be made
within a relatively short time. This modelling approach has been followed in Chapter 3.
We have developed an LDMOS model, using existing components of the PSTAR library.
The result is indeed quite complex, which not only increases computation time, but can
also create convergence problems when the number of components in the circuit becomes
very large. On the other hand, this model demanded only modest programming skills and
could be made within a relatively short time, which is very useful if designers urgently
need a model.

Secondly there is the mathematical method, where the possibility of describing the
equations in a special description language or program is made available by the circuit
simulator. The modelling is usually more accurate, because we have the ability to describe
the device physics with whatever equations we find appropriate. But, the use of the
model will be restricted to the chosen circuit simulator. In Chapters 4 and 5 the physical
equations for the SOI LDMOS are described. They have been implemented in SPICE.
The compact modelling approach also offers the possibility to have a smaller computation
time and an improved robustness. Ideally, the model should always converge, even without

initial guesses made by the designer for the node voltages in the circuit under simulation.

1.5.3 Parameter Extraction

The accuracy of a model also depends on the quality of its parameters and the availability

of a systematic extraction procedure. We can distinguish five different parameter classes:

e technological parameters, in general available from the device manufacturer,
e physical parameters determined by the semiconductor physics,

o clectrical parameters which can usually be extracted from electrical measurements,

e thermal parameters, and
e fitting parameters to improve the fit of the model to the measurement.

To extract the parameters from measured device characteristics, we can consider two
systematic methods. The first one fits the model to the measurements by changing the
parameters. This method, called parameter optimisation works in general only for small
groups of variable parameters, and it is useful to have a good idea of the initial values of the
parameters to be optimised. This procedure is applied in Chapter 3 where we perform an
optimisation of a part of the parameter set within ICCAP [37], a software package which is
part of HP’s EEsof high frequency electronic design automation solutions. ICCAP is used
to measure semiconductor device and circuit modelling characteristics, and to analyse the
results. We have divided the parameter set into smaller groups, and performed separate

optimisations on the appropriate measurements.
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The second method is called Parameter isolation; each parameter is extracted sepa-
rately from a chosen characteristic. This method often requires a strong simplification of

the model equations.

1.5.4 Existing LDMOS Models

Whilst the modelling of bulk LDMOS devices has received much attention to date, little
research work has been done on the particular problems posed by SOI devices. There is
a need for a good compact SOI LDMOS model, which includes high-side behaviour, the
lateral doping gradient in the channel, the overlap of the gate over the drift region, heating
effects and has an accurate, physical charge model.

For a model to be useful, it must be implemented in a circuit simulator, and so in
this section we deal only with models which have been published and implemented. The
compact models described are all for bulk power devices, since a compact SOI LDMOS
model has not been developed before. The main difference with the bulk model is the
drift region. For SOI we have a low-doped region on top of a thick oxide, instead of a
thick low-doped region on top of a P-type substrate. However, the modelling of the MOS
channel part is similar for both technologies.

Many subcircuit models for vertical and lateral bulk DMOS devices have been pub-
lished, where one or more JFETSs are used to describe the drift region [38-40]. Sometimes
extra non-linear capacitances are added to describe the overlap of the gate over the lightly
doped drift region [41].

The University of Florida has done a lot of research on compact physical modelling
of vertical and lateral DMOS devices for IC CAD. Their models take into account the
lateral doping gradient (but not in all the equations, see Chapter 4) , the parasitic bipolar
action [42], and the JFET action and velocity saturation in the drift region [43]. Both
their bulk VDMOS [44] and LDMOS models [45] have been refined (especially the charge
model) and implemented in SPICE2g.6.

MOTOROLA also has a physically-based model for the bulk LDMOS [46], which is
implemented in their internal simulator MCSPICE. The doping gradient can be accounted
for by partitioning the channel into regions of constant doping, which is accurate but
increases considerable the computation time. The drift region, and the overlap of the gate
over this region are physically modelled, introducing two extra current sources and hence

two internal nodes. This approach is likely to lead to larger simulation times.

1.6 Objective of this Work

The objective of this thesis is concerned with the detailed characterisation and modelling
of the LDMOS devices in a HV SOI technology. Particular emphasis is placed on the
behaviour and circuit level modelling issues related to the high side drive applications,

and on the self- and mutual device heating for high voltage linear applications. High side
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operation for CMOS implies very large bias values across the back oxide, leading to inver-
sion of the back interface, with consequent leakage and unaccounted charges in switching
and class D circuit stages. For the N-type LDMOS, high side operation increases the
on-resistance and needs accurate modelling. Self- and coupled heating are also significant,
particularly in small signal applications (such as video amplifiers). Other aspects, such as
the influence on the charges of the lateral doping gradient in the channel, and the overlap
of the gate over the lightly doped drift region, are studied and modelled.

Modelling work is aimed at improving the CAD capability for designers with better
dynamic accuracy in a consistent and robust simulation model system. A closed form
or compact model has the advantage of simplicity, and aims to predict as accurately as
possible the device behaviour with simple mathematics, making it possible to use the
formulations in a circuit simulator. Our model is based on a simplified analysis of device
physics, so that the parameters have a physical meaning, which benefits the parameter
extraction strategy.

The compact modelling approach is compared with the subcircuit approach, which uses
a combination of existing components. The latter suffers from a very large parameter set
and non-convergence problems; problems which can be overcome by the use of a compact
model. On the other hand, putting together a subcircuit model is a lot faster and goes
some way to meeting the urgent needs of IC designers for an SOI LDMOS model.

My modelling philosophy is strongly influenced by the compact model for the partially
depleted SOI MOSFET, written by M. S. L. Lee [47]. This model, called the STAG
model (Southampton Thermal AnaloGue model) includes floating body effects and self-
heating effects in both static and dynamic domains. The LDMOS heating effects have
been implemented in a similar way to the STAG model, and the SOI LDMOS model is
also charge-conserving and surface potential based. It has one internal node, and uses two
current expressions, which are both smooth and continuous for all regions of operations.
The first current expression describes the LV LDMOS part, including the drift region
under the thin oxide, and the second one models the drift region under the field oxide.
These two current equations have been matched consistently with the help of limiting
procedures and an accurate prediction of the internal node voltage.

One of the main difficulties is the realisation of a good charge model, which has to
provide smooth and continuous capacitances and trans-capacitances in all operation re-
gions. The lateral doping gradient and the drift region introduce a very different charge
behaviour compared to a standard MOSFET, and we have developed a new unique charge
model for the LDMOS.

The results are evaluated by comparison between circuit and device measurements,
and simulation data. The model has been implemented in the SPICE3f5 simulator and
provides a reliable design path for analogue circuits using a HV SOI DMOS technology.
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1.7 Structure of Thesis

Modelling of a transistor demands a full comprehension of the physics of the device. In
Chapter 2, we address the particular properties of the LDMOS fabricated in a HV SOI
process. The typical structures of these devices are described, and the consequential
electrical and thermal behaviour is studied; the unique effects, when the components are
used under high side conditions (as in a typical half-bridge configuration, for example) are
explained in detail. The P-body of the LDMOS is formed by under-diffusion of a P-well
under the gate and hence the doping at the source side will be higher than at the drain
side of the MOSFET channel. A new characterisation method for the lateral body doping
gradient coefficient is developed. Finally, we discuss the important parameters for thermal
behaviour.

Based on the knowledge obtained from the detailed study of the LDMOS in Chapter 2,
we can now commence the modelling work. In Chapter 3, a subcircuit model for the LV
and MV LDMOS has been developed to meet the needs of PHILIPS’ circuit designers
engaged in smart power IC design. We use a combination of elements provided by the
PSTAR library. The PSTAR library contains different MOS models and JFET models
from which we chose the most appropriate ones to describe the behaviour of the LDMOS.
The subcircuit modelling approach yielded a “quick-fix” LDMOS model, which can be used
in the PSTAR simulator. The model gives good DC agreement with measurements, and
reasonable transient and AC results, but has the drawback of complexity and increased
computation time. In addition, the doping gradient in the MOSFET channel is not taken
into account.

In Chapters 4 and 5 respectively, we develop the DC and AC parts of the compact
model to overcome the difficulties of the subcircuit approach. Our model accounts for the
most important unique features of the SOI LDMOS; we use two current equations, both of
which are smooth and continuous in all regions of operation. The first current expression
describes the LV LDMOS part, including the lateral channel doping-density gradient and
the overlap of the gate over the drift region. The second expression models the drift region
under the field oxide, and includes high side behaviour.

One of the main concerns of a circuit model, especially for a device used in HV circuits,
is its robustness, to ensure good convergence for all analysis modes. To make a model
robust, smooth and continuous equations are required, and the smoothing functions have
to be chosen with great care. The finite representation accuracy of numbers can lead to
numerical overflow or underflow, resulting in floating point exceptions. These have to be
avoided in all circumstances, and this demands a thorough check of all the equations, and
the introduction of contingency measures where needed. Furthermore, the internal node
connecting the two current sources has to be predicted accurately at every iteration step.
These implementation considerations are treated in Chapter 6.

The model has been tested extensively, both in single device configuration and with
circuits. In Chapter 7 we show the results of the single device SEMATECH tests [48],
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used as a standard for MOSFET testing. Additional tests, which were found useful in
testing convergence, are also presented. Furthermore, some analogue circuits, which caused
convergence problems with the subcircuit model, have been successfully simulated with
the compact model. These circuits were fabricated in the PHILIPS HV SOI process, and
measurements are compared with simulations in this chapter.

The final chapter contains a summary of the achievements of this thesis. A main
conclusion is drawn, and advice for possible further work is presented.

App. A shows ATLAS simulation results for the LV and MV LDMOS. App. B lists
the parameters of the PHILIPS models used in the LDMOS subcircuit model developed
in Chapter 3. App. C gives a complete description of our compact SPICE LDMOS model,
including element card, full parameter set and all model equations. Apps. D and E provide
detailed mathematical derivation for formulas respectively used in Chapters 4 and 5. In
App. F a description of the full set of SEMATECH tests is listed, and the results for
different parameter sets are shown. Finally App. G lists the extracted parameter sets

used to simulate the circuits of Chapter 7.

1.8 Extent of Originality

Although the main body of the work described in this thesis is original, some parts could
not have been done without the help of others. The subcircuit model (see Chapter 3)
has been developed at PHILIPS Nijmegen, and the modelling ideas are partly inspired by
the many interesting discussions I had with the people of the characterisation group of
PHILIPS, Consumer Systems, Nijmegen, The Netherlands. In particular I would like to
mention Maarten Swanenberg, Hans van Zwol, Michiel Stoutjesdijk and Peter Rommers.
For the development of the compact LDMOS model, I would like to mention Jim Benson,
who is currently refining the Southampton STAG model, Annemarie Aarts, who is at
present implementing the compact LDMOS model in PSTAR, and Luuk Tiemeijer, for his
help with the S-parameter measurements.

The circuits and devices used for evaluation were laid out by me and fabricated in
PHILIPS Nijmegen. The driver circuit in Chapter 7 was originally laid out by Wim-Jan
Brummelman and adapted by me for testing. The class AB amplifier circuit was based on

a suggestion of Jan Dikken.
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Chapter 2

LDMOST in a SOI HV Process:
Overview of Device Physics for
Modelling

2.1 Introduction

The distinguishing feature of an LDMOST compared with an ordinary MOST is the drift
region, which contributes an additional resistance in series with the active channel (in the
ON-state). Depending on the length, the doping profile, and other process and geometry
parameters of the drift region, the device will be able to withstand a certain voltage on
the drain. In the PHILIPS high voltage process three different LDMOS structures can
be distinguished: they are referred to as the LV (Low Voltage), MV (Medium Voltage)
and HV (High Voltage) LDMOS structures. These devices are discussed in detail in
the following paragraphs. In this thesis we have concentrated on LV and MV LDMOS
modelling. However, for completeness, the HV LDMOS structure and some of the key
issues which have to be taken into consideration when designing this device, are briefly
described in Sec. 2.4.

The most significant characteristics of an LDMOS are the OFF-state breakdown volt-
age, the ON-state specific resistance, the thermal dissipation and the packing density.
Device engineers have optimised the geometry parameters and the doping levels to obtain
the right trade-off between these different variables.

When developing a model for a circuit simulator, it is very important to have a physical
understanding of the current flow and the charge distribution in the device. In Secs. 2.2
and 2.3 the device simulations for the LV and MV LDMOS are performed, which illustrate
the behaviour of the device. The main points of interest are the influence of the lateral
doping gradient in the active channel and the FET action (due to front and back gate) in
the drift region.

Due to the high thermal resistance of the buried oxide, the device can heat up signif-

icantly when conducting under high drain voltage conditions. Hence, it is important to
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model the temperature dependent parameters very carefully. The thermal behaviour of
the LDMOS is studied in Sec. 2.6.

The use of an SOI substrate results in an extra drain-substrate capacitance. Its impact
on the switching behaviour of SOI LDMOST is discussed in Sec. 2.7.

In a HV circuit, it is common that the SOI CMOS or LDMOST are used under
high side conditions, which implies a very high voltage across the back oxide. For an
SOI PMOS, this leads to inversion along the back interface, which can cause leakage
and unaccounted charges in switching and class D stages. An SOI LDMOS, used under
high side conditions, exhibits an increased on-resistance. This particular operation mode

requires careful device design, which is discussed in Sec. 2.8.

2.2 The Low Voltage LDMOS

2.2.1 Device Structure

The LV SOI LDMOST is the simplest of the three LDMOS structures. The fabrication
process is identical to the process described in Sec. 1.4.1, with the exception that the
LOCOS growth for the field oxide is omitted, because only a relatively low breakdown
voltage (typically = 15 V) is aimed at for the LV LDMOS, and the thin gate oxide (60 nm)
can handle a voltage drop of 15 V. Hence the only differences with the layout in Sec. 1.4.1
are one OD mask instead of two, and a drain contact placed right next to the polysilicon
gate. This results in the layout of Fig. 2.2. The simplified cross section of the LV SOI
LDMOS is shown in Fig. 2.1.

Gf (front gate)

B(body) S(sourc¢) poly Si E(drain) '. D Shallow P
i f f ) ’E: allow
P+ ) K N+ f eff Le" Ldro)\(/ N+ ‘; D SrlowN
i; Poly Silicon
P (body) N- (drift region) =
. WD D ID (Isolation definition)
/ / D OD (Oxide definition)
P buried oxid /s kw co ot opeing
i ’ 4 ' IN (Interconnect)
2 2 - L
Tk
Figure 2.1: Simplified cross section Figure 2.2: Layout of the LV LD-
of the LV LDMOS. MOS.

The N~ doping concentration of the drift region is equal to the doping density of the
epitaxial layer of the SOI film, which was chosen to be quite low (typically 1-10'¢ /cm3)
to obtain high breakdown values. The front gate extends all the way over the drift region
on top of the thin gate oxide. This causes accumulation under the thin gate oxide in the

drift region, which improves the conductance.
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The P-body is formed by a lightly doped P-implementation, followed by thermal
annealing (see Secs. 1.4.1 and 1.1). The result is a P-well, which extends vertically
up to the buried oxide and laterally approximately 1.5 ym under the front gate. The
P-body doping concentration decreases moving from the source (z = 0, see Fig. 2.1) to
the drain (z = Leg) and the profile is determined by various implantation and annealing
processes.

The electrical channel length (L.g) is equal to the lateral diffusion of the P-well, minus
the lateral diffusion of the source junction under the gate.

The width of the source area Wy is defined by the width of the Shallow N mask, plus
two times the length of the lateral diffusion of the Nt source implant (see Fig. 2.1). This
width is smaller than the width at the drain side, Wp, which is defined by the width of the
OD mask (see Fig. 2.1). The reason behind this particular layout is the following: looking
along the width of the P-well, a lower doping concentration is observed at the edges of
the LOCOS (stars in Fig. 2.2), resulting in a lower threshold voltage compared with the
middle of the device. The cause for this decreased density is the segregation coefficient
between silicon oxide and P-type silicon, which is smaller than one [1]. Hence the oxide
has the tendency to take up impurities. If the source junction were to be extended all
the way until the side LOCOS edges, the two different threshold voltages would cause
undesired kinks in the linear characteristics. Using a less wide source area, introducing a
small area of P-type material in-between the source area and the LOCOS edges prevents
current from flowing in the area with the lower threshold voltage. Therefore the smaller

source width removes the kinks in the linear characteristics.

2.2.2 The Current Flow

From the analytical study of the LDMOS derived in Sec. 1.4.2, it is clear that the current
flow is a two-dimensional phenomenon, unlike in standard MOSFETs, where the current
flow can be considered to a good approximation to be one-dimensional. To verify our
conclusions from the analytical calculations, and to have an exact solution for the current
flow and for the boundaries of the depletion layers, device simulations were performed
with Silvaco’s device simulator, ATLAS [2].

Typical values for the geometry and dopant parameters were used: tof = 60 nm (thin
gate oxide thickness), o, = 3 um (buried oxide thickness), ¢, = 1.5 pm (silicon film
thickness), and Nas = 10'7 /em® (this is the maximum of a Gaussian doping profile
used to describe the under-diffused P-well). The total gate length is 3 pm. The lateral
diffusions of the source junction and the P-well are 0.3 pm and 1.25 pm respectively.

The lateral grid spacing of the mesh is chosen to be very fine at the front oxide - silicon
interface (0.005 pm), and expands towards the bottom (0.5 pm) and the top (0.02 pm).
The horizontal grid spacing is uniform and equal to 0.1 pm. For better accuracy, a “re-
grid” operation was performed, based on the doping profiles in the structure. This refines

the grid where the doping concentration varies strongly.
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Figure 2.3: The current density in the LV SOl LDMOS for Vbs = 1V and Vgis =4 V.
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Figure 2.4: The current density in the LV SOl LDMOS for Vps =4V and Vgis =4 V.
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Figure 2.8: The potential in the LV SOl LDMOS for Vps =4 V and Vggs = 4 V.
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Figure 2.10: The potential in the LV SOI LDMOS for Vps = 15 V and Vgs =4 V.
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The current flow for different bias conditions is illustrated in Figs. 2.3 to 2.6. Two bias

regions can be distinguished for the current flow when the transistor is in the ON-state:

e Low Vps (< Vggs — Vg%r) : the Si-SiOq interface in the drift region is accumulated
over the whole length and the current flows from the inversion layer, mainly into
the accumulation layer and then into the drain (see Fig. 2.3). For Vpg = 1 V, the
resistance of the drift region and the inversion channel are roughly the same and we
observe a voltage drop of roughly 0.5 V over each of the regions (see Fig. 2.7). When
the drain voltage approaches the gate voltage, the conductivity of the accumulation
layer decreases and now a bigger part of the current flows in the bulk of the drift

region (see Fig. 2.4).

e High Vbs (> Vars — VEY): a depletion layer is growing at the drain end of the drift
region at the top Si-SiO; interface. At the other end of the drift region the accu-
mulation layer is still present. The current flow is now strongly two-dimensional,
flowing downwards from the accumulation layer at the P-N~ junction towards the
middle of the drift region and then back upwards in the drain (see Fig. 2.5). For
Vbs > Vg — fo%r, the two depletion layers (from the front gate and from the junc-
tion) touch and the electrons flow at saturation velocity speed through the depleted

region (see Fig. 2.6).

In Figs. 2.8 to 2.10 the potential distribution is plotted for three increasing values of Vpg,
all larger than Vggg — Vg%r. Hence the current in the inversion layer has saturated. The
potential at the P-N~ junction stays almost constant : 2.6 V £ 0.1 V. A further increase
in drain voltage only causes a redistribution of the potential in the drift region until the
breakdown voltage is reached.

Figs. A.1 to A.6 of App. A show the distribution of the current density and the potential
for a high gate voltage (Vs = 8 V): the above discussion is valid, with the difference that
accumulation disappears later, and a smaller region will be depleted under the thin gate
oxide at the drain side for Vpg = 15 V. For Vgis = 8 V the two depletion layers from
the P-N~ junction and from the front gate in the drift region never reach each other and

current saturation originates in the inversion channel.

2.2.3 Lateral Doping gradient in the P-body under the Thin Gate Oxide

The double diffused NMOS has a non-uniformly doped channel region defined by the
compensations of the P-implant and the N*'-source lateral diffusions. Thus, the doping
concentration along the channel, Na(z) has a maximum near the source (N (0) = Nas)
and decreases sharply towards the drain (N (Leg) = Nag)-

From diffusion theory [1] it is known that the doping concentration after diffusion as a
function of the distance normal to the surface is given by a complementary error-function
type of distribution. The doping profile parallel to the surface from the edge of the opening

deviates slightly from the error-function type distribution.
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Figure 2.11: Comparison of the error-type with the exponential ana nnear aistripution
for the doping concentration in the channel.

In the following of this thesis, it is assumed that the lateral non-uniform channel (P)

doping can be approximated by an exponential function [3,4],

Nalz) = Nas exp(~ 227 (2.1)

where z is the distance along the channel, L the channel length, Nag the doping concen-
tration at the source side and kn, the lateral body doping gradient coefficient. In Fig.

2.11 the exponential distribution is compared with the error-function type distribution,

NAerf(fE) = NAs erfc( ) (2.2)

Lis

with Lg;g the diffusion length. We have also added a linear distribution

x
Najin(z) = Nas + (Nad — Nas) 7 (2.3)

Depending on the channel length and the lateral doping gradient (or in other terms de-
pending on the diffusion length) the linear or the exponential function will be a better
approximation of the error-type distribution, but for typical LDMOS processes both pro-
vide a good approximation of the doping profile. In Fig. 2.11 the comparison is made
for a typical value of the doping gradient (kn, = 1) and for an extremely high value
(kn, = 2.5). For the high value the exponential distribution is the better choice as an

approximation of the doping profile.
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Extraction Technique for ky, Based on Threshold Voltage Measurements

In [5] an extraction method for the lateral channel doping profile is developed. This
technique is based on C-V characterisation, and extracts the threshold voltage at the drain
end of the channel from the gate-drain capacitance. The disadvantage of this technique is
that one needs to know the exact curve for the accumulation capacitance originating from

the overlap of the gate over the drift region.
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Figure 2.12: (a) The drain current versus the gate voltage for Vpg = 0.1V, 2.1V,
4.1V,6.1V, 8.1V, (b) the source current versus the gate voltage for Vsp = 0.1V, 2.1V,
41V, 6.1V, 8.1V (source and drain are reversed compared to normal biasing).

To obtain the doping concentrations at the drain and at the source ends of the channel,
a new characterisation method will now be formulated. This technique is based on the
measurement of the current as a function of the gate voltage, when the LDMOS is reverse
biased with a high source bias. In those operating conditions, the channel is strongly
pinched at the source side (instead of at the drain, which is the case for an LDMOS biased
in normal saturation conditions), and the threshold voltage will be determined by the
doping concentration at the drain side of the channel.

The drain current was measured as a function of the gate voltage for normal and
reverse biasing (Fig. 2.12). For the normal biasing, the drain current increases with the
drain bias until the saturation regime is reached. This is clearly visible in Fig. 2.12(a),
where the curves for Vpg = 2.1 V, 4.1 V, 6.1 V and 8.1 V all overlap each other.

For the reverse biased situation, it is observed that the threshold voltage decreases with
increasing Vsp. This can be explained with the help of Fig. 2.13. If the channel pinches at
the source side, the threshold voltage is lower than the value at the source (Vipo) and the

doping concentration at the pinch-off point of the channel (see * in Fig. 2.13) determines
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Figure 2.13: lllustration of saturation by pinch-off in the LDMOS under reverse bias
operation conditions.

the actual threshold voltage. For very deep saturation the threshold voltage converges to
the threshold voltage calculated from the doping concentration at the drain side of the
channel, Viyr,.

Looking closely at Fig. 2.12, one notes that the current increase in the reverse biased
case cannot only be due to the threshold voltage decrease. There is another parasitic effect
which causes this large increase in current as Vsp is increased. This could be explained
by the fact that as Vsp is increased, the depletion layer under the source grows (for
Vsp =8 V, it is of the order of 0.4 pm), and the body resistance increases. When holes are
generated due to impact ionisation the potential in the body increases, and can switch on
the parasitic bipolar.

From V;ho and Vipp, the corresponding doping concentrations, Nas and Naq can be
calculated. In our example Vipg = 2.6 V and Vi, = 1.5 V. The corresponding doping
concentrations are: Nas = 0.93 - 1017 /em® and Nag = 0.37 - 1017 /cm3. Knowing the
doping concentrations, the lateral body doping gradient coefficient which describes the

exponential doping profile can be calculated and this yields kn, = 1.

Influence of ky, on the Charge Distribution in the Channel

The non-uniform doping concentration in the channel causes a substantially different
charge distribution compared with the uniform case. This effect manifests itself mainly in
the capacitance behaviour, which will be treated in Chapter 5. Here we want to have a
look at the electron concentration along the channel for different gate biasing conditions.

The electron density in the LV LDMOS was simulated with ATLAS, for zero drain
and source voltage. The gate voltage was stepped from 0.5 V to 2.5 V in steps of 0.5 V.
The threshold voltage of the simulated device (Vi) is 2.5 V, which corresponds to the
appearance of inversion charge at the source end of the channel.

In Fig. 2.14 the electron density in the inversion channel of the LV LDMOS is shown
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Figure 2.14: The electron density in the inversion channel of the LV LDMOQOS for
ngB=1Vand VDBZVSB=0V.

for Vgggs = 1 V. The Si-SiOy interface in the drift region is accumulated, and inversion
charge is present at the P-N~ junction spreading about half way into the P-well, but the
source side of the channel is not yet inverted.

Increasing the gate voltage shifts the starting point of inversion towards the left, and
when Vg exceeds the threshold voltage, the source end becomes inverted. This gradual
decrease of the inversion charge from drain to source is illustrated in Fig. 2.15, where the
electron concentration is plotted as a function of the position in the channel.

In a standard MOSFET device the gate-channel capacitance increases rapidly from 0
to its maximum value as the gate voltage passes the threshold voltage. The lateral doping

I »———* Electron Conc (/cm3) J

R

0.6
Microns

Figure 2.15: The electron density along the channel for Vg = 0.5 V till Vg = 2.5V,
and VDB = VSB =0V.
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profile in the channel of the LDMOS causes the gate-channel capacitance to increase more

gradually starting at Vs = Vinr and reaching its maximum value at Vs = Vino.

2.2.4 Impact Ionisation and Avalanche Current

Body current [nA]

e.2 S.a 12.8 1S.2

Gate bias [V]

Figure 2.16: The avalanche current in function of the gate voltage for different drain
voltages for an LV LDMOS with Wg = 20 pm.

The high electric field that exists across depletion layers is responsible for sweeping out
any holes and electrons that enter this region. When this field reaches a critical value,
these carriers have sufficient energy to generate electron-hole pairs. This phenomenon,
called impact ionisation, is multiplicative. When the rate of impact ionisation reaches
infinity the device undergoes avalanche breakdown.

To look at the avalanche current, it is common to measure the body current as a
function of the gate voltage for different drain biases (Fig. 2.16).

For gate voltages just above the threshold and a low drain bias, avalanche takes place
at the P-N~ junction, just as for standard NMOS [6]; increasing the drain bias gives rise
to a second impact ionisation area in the depleted region close to the N drain area (see
Fig. 2.17). This explains the first bump in the characteristic: the impact current first
increases with increasing gate voltage due to the increase of the drain current. Then it
reaches a maximum and decreases as the triode region is entered and the channel is no
longer pinched. Furthermore the depleted area at the drain end reduces as the gate bias
is increased. This can be seen in Fig. 2.18, where the impact generation rate is plotted for
Vats = 8 V. The total impact generation is considerably smaller than in Fig. 2.17, where
Vas =4 V.

The second bump can be explained by the fact that the current flows partly at the
two extremes of the channel (along the LOCOS edges). The current flowing from the
source extremes to the drain (see arrows in Fig. 2.21) has to follow a longer current path
and hence the density is lower. In this area avalanche will be maximum for a higher gate
voltage. The height of the second bump is independent of the device width because the

difference between the width at the source side and at the drain side is independent of the
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Figure 2.17: The impact generation rate in the LV LDMOS for Vgis = 4 V and
Vps =15 V.
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Figure 2.18: The impact generation rate in the LV LDMOS for Vgrs = 8 V and
Vps=15V.
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device width.

For very high currents (hence very high Vi¢s) more avalanche takes place at the N™-
N interface in the drift region. This explains the tail in the body current curves of Fig.
2.16.
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Figure 2.19: Emission micro- Figure 2.20: Emission micro-
graphs of the LDMOS for the graphs of the LDMOS for the
following biases: Vg = 4 V and following biases: Vggs = 10 V and
Vbs = 10 V. Vs = 10 V.

BODY

N+ P POLY P+ CONTACTHOLE

Figure 2.21: Top View of the LV LDMOS.

To verify the above explanations, photo emission measurements were performed at the
bias conditions for which the two maxima in the body current are visible (Vg = 4 V
and Vg = 10 V). A high drain voltage (Vps = 10 V) was chosen to make the impact
ionisation effect clearly visible.

Emission microscopy is an effective technique for reliability physics, design verification
and failure analysis of industrial semiconductors. It has numerous applications like detec-
tion of the location of avalanche breakdown in reversed biased P-N~ junctions, detection
of impact ionisation, analysis of the different leakage current mechanisms, etc. [7]. When

carriers are generated by impact ionisation, this is accompanied by the emission of high-
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energy photons, and hence light emission due to avalanche currents can be observed [8].

The photographs of the photon emission in the LV LDMOS are shown in Figs. 2.19 and
2.20. For clearness the top view of the LV LDMOS is added in Fig. 2.21. The emission
at the thick LOCOS edges (ID mask) on the first photograph is merely the reflection and
is not relevant. The first picture shows that impact ionisation happens in an area defined
by the source width (Ws), and not over the whole width defined by the OD mask (Wp,
see Sec. 2.2.1), as expected for low Vgss.

On the second picture we observe the impact ionisation at the two sides of the channel
where the current density is lower, and hence impact ionisation happens for higher Vgss.
This second maximum can of course not be simulated, because the study was limited to 2

dimensional simulations.

2.3 The Medium Voltage LDMOS

2.3.1 Device Structure

P-body N (drift region)

% buried oxide /

Figure 2.22: Cross section of the MV LDMOS.

(¢

The medium voltage (40V) LDMOS is schematically shown in Fig. 2.22. The structure
of the MV LDMOS is very similar to the LV structure with the difference that a thicker
oxide above the drift region is needed to prevent early breakdown of the thin gate oxide.
The complete fabrication process was already described in Sec. 1.4.1. The gate electrode
extends a little over the drift region on top of a thicker oxide, helping to shape the surface
fields in the structure. This part of the gate has the function of a field plate and will bend
back the equipotential lines to reduce the lateral electric fields. The thick oxide also helps
to reduce the fringing fields at the edge of the polysilicon gate.

The electrical gate length (Leg) is equal to the lateral diffusion of the P-body well,
minus the lateral diffusion of the source junction. The length of the drift region under the
field oxide (Lg;) depends on the desired breakdown voltage, but this structure is not very

efficient for very high (> 100 V) drain voltages, because in that case it is more worthwhile
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to use a graded doping profile in the drift region, and hence have more homogeneous field

lines (see Sec. 2.4).

2.3.2 Depletion regions and the current flow lines

Just as for the LV LDMOS, we are going to undertake a detailed physical study of the
two dimensional behaviour of the MV LDMOS with the help of Silvaco’s device simulator.
Typical values for the geometry and doping parameters were used: t,r = 60 nm (thin gate
oxide thickness), top = 3 pm (buried oxide thickness), ¢, = 1.5 um (silicon film thickness),
thar = 1.0 pm (silicon film thickness under the field oxide), and Nas = 10'7 /cm? (this
is the maximum of a Gaussian doping profile used to describe the under-diffused P-well).
The total gate length is 3 pm. The lateral diffusions of the source junction and the P-well
are respectively 0.3 pym and 1.25 um. Because it is only possible to specify rectangular
shapes in the ATLAS simulator the shape of the field oxide has been approximated by a
step profile.

The lateral grid spacing of the mesh is chosen to be very fine at the front oxide -
silicon interface (0.02 pm), and is then expanded towards the bottom (0.5 pm) and the top
(0.05 pm). The horizontal grid spacing reduces from 0.1 pm at the source end to 0.05 pm
at the drain end. Just like for the LV LDMOS, a “re-grid” operation was performed, based
on the doping profiles in the structure.

Two different situations can be distinguished for the current flow lines:

e Low Vps: the Si-SiOg interface under the thin gate oxide in the drift region is
accumulated over the whole length. The current flows from the inversion layer,
mainly into the accumulation layer, and via the bulk of the drift region to the drain

(see Fig. 2.23). The corresponding potential distribution is shown in Fig. 2.24.

e High Vpg: the Si-SiOs interface under the thin gate oxide is only partly accumulated
starting at the P-N~ junction. The current flows from the inversion layer, into the
leftover of the accumulation layer, and then flows almost vertically, guided by the
two depletion layers (from the front gate and from the junction). This channel can
become very narrow, and at the pinch-off voltage (when the two depletion layers
touch) the current flows through the depleted area at drift saturation velocity (see
Fig. 2.25). However, since the current will have already saturated due to saturation
by pinch-off of the MOSFET channel at a lower drain bias, this second saturation
effect cannot be seen in the output characteristic of the current. The corresponding
potential distribution in Fig. 2.26 illustrates the higher voltage drop (and hence

higher fields) in the saturated areas.

2.3.3 Avalanche current

While the field oxide in the MV LDMOS shifts the presence of high electrical fields to higher
drain voltages compared with the LV LDMOS, the behaviour of the avalanche current is
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Figure 2.23: The current density in the MV SOI LDMOS for Vps =1V and Vgss =
4 V.
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Figure 2.24: The potential in the MV SOI LDMOS for Vps =1V and Vs =4 V.
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Figure 2.25: The current density in the MV SOI LDMOS for Vpg = 20 V and Vges =
4 V.

source RN drain

, | |Potential (V)
7] Keamig
4 206
3 —_ 18 Materials
g— | W 133 Sio2
N it 104 | Silicon
7| — Air
5 = 22 | Conductor
& (—— -0.424 Electrodes
b O i el o O i et e D i (W 18] [ TRRU U LU PRLETUR R G [P Ul U U
0 1 2 3 4 5 A 6 7 8 9 10

Figure 2.26: The potential in the MV SOI LDMOS for Vps =20 V and Vges =4 V.
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Figure 2.27: The impact ionisation current in terms of Vps in the MV SOI LDMOS;
ngs=4vand ngs:8V.

very similar. In Fig. 2.27 the simulated impact ionisation current is plotted as a function
of the drain voltage for two different gate biases. The body avalanche current increases
with increasing electrical fields and drain current. For Vgggs = 4 V the drain current is
too low to cause considerable impact ionisation. For a higher gate bias (Vggs = 8 V), and
hence more drain current, impact ionisation becomes significant above the critical value
for the electrical field.

To analyse the sources of the impact ionisation current, the impact ionisation rate was
simulated in the cross section of the MV LDMOS. For a low gate voltage (Fig. 2.28) it
takes mainly place at the P-N~ junction, where the electrical field is highest. In this
situation the current in the drift region is very small and the voltage drop over the drift
region under the field oxide is only a minor part of the total drain voltage.

For a higher gate voltage (see Fig. 2.29) the current is higher, and a larger part of the
drain voltage drops over the drift region. A high field is created near the drain, where the
current flows at drift saturation velocity. This region has now become the main source for
impact ionisation.

High side bias conditions also influence the avalanche current in the MV LDMOS, but
this will be discussed in Sec. 2.8.1

43



sowce  NNCNNT drain

» — |Impact Gen Rate (/scm3)
] .
3 24 Materials
s — | NN ;’-g Si02
1o Silicon
7 I Air
g = 4 | | Conductor
g 0 v
i FE= Electrodes
Ul gL ' {5 ] Lk l ¥ Wl Tl LA | | Bl B ) ' el | | 353 07 | l | ) ' 1 GEd e | Te=lom b
0 1 2 3 4 5 6 7 8 9 10

Figure 2.28: The impact generation rate in the MV SOI LDMOS for Vps = 20 V and
Vars =4 V.
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Figure 2.29: The impact generation rate in the MV SOI LDMOS for Vps = 20 V and
Varss =8 V.

44



2.4 The High Voltage LDMOS

To achieve optimal on-resistance and breakdown voltage, the doping concentration in the
drift region can be made to have a decreasing profile from the drain end towards the
source end. This is especially worthwhile for high voltage devices (> 100 V) because then
the devices can be made a lot smaller. In this thesis, these devices will be referred to as
HV LDMOS transistors. This doping profile is not included in our compact model, which
concentrates instead on the modelling of the LV and the MV LDMOS, but an effective

avarage value for the drift doping concentration can be used if desired.

2.4.1 Breakdown Voltage versus On-Resistance

HV LDMOS in bulk technology HV LDMOS in SOI technology
Sour, " Drain
Y SR
Pt n-epitaxy Pt
I p-substrate ¥ I n+ substrate T

Figure 2.30: The HV LDMOS in bulk technolgy and in SOI technology.

The basic challenge for the designer of an HV LDMOS device is to minimise the on-
resistance for a specific breakdown voltage. In the OFF-state of the device, the drain is
biased positively and the body is grounded by the body contact, so that the P-N~ junction
between the drift region and the body is reverse biased. To approach the breakdown
voltage of an ideal P-N junction we have to ensure that the drift region becomes completely
depleted in the OFF-state, or in other words, a uniform potential distribution in the OFF-
state is needed. Therefore the doping concentration in the drift region has to be optimised.
This is known as the RESURF (REduced SURFace field) effect and was discovered by J.A.
Appels and H.M.J. Vaes [9]. The principle is well known for bulk LDMOS [10-12] and
has been extended for SOI structures [13, 14].

In bulk (see Fig. 2.30), the two-dimensional structure is composed of a lateral P™-N
diode and a vertical P~-N diode. In the OFF-state the depletion region extends into the

45



P~ substrate and all the way through the epitaxial N layer for a certain doping concen-
tration and thickness. Hence the surface depletion width is increased and the horizontal
component of the electric field is reduced, compared with the case with only the lateral
diode. In other words, the surface field is reduced, and thus the breakdown voltage is
increased.

In an SOI technology (see Fig. 2.30) the lateral PT-N diode is again present, but
the vertical diode is replaced by a buried oxide and N* substrate. In the OFF-state the
electric field applied across the buried oxide induces a depletion region along the surface of
the buried oxide, which allows a large surface depletion width and hence a low horizontal
component of the electric field.

Let us now have a closer look at the charge and field distribution in the HV LDMOS,
with a mind to optimising the RESURF effect. To achieve the highest possible avalanche
breakdown, the horizontal component of the electric field in the depletion region has to be
uniform. It can be proven that the doping distribution necessary to obtain this uniformity

is given by [13]:

_ €5 V

g Xadat toar
where V is the total potential drop along the depletion region, Xgqq the length of the
surface depletion width, #,4, the thickness of the silicon film in the drift region and ¢t =

N(z) (2.4)

fi’tob + Ebid’;

This linear lateral doping profile can be achieved using a sequence of small slit openings
for masking the impurity implantation. These slits become increasingly small towards the
P-N~ junction (junction between the channel and the drift region), so that a linear graded
drift region is obtained.

The ideal breakdown voltage (V4,) for a RESURF device is given by [15]:

B Lar (2.5)

Y = A Loy

where Lg; is the length of the drift region, A = 7.03 10° cm™!, and B = 1.47 108 V.em™L.

The design of a RESURF device should be based on equation 2.5 to calculate the
length of the drift region for the desired breakdown voltage, and on equation 2.4 to find
the graded doping profile. However these formulas will only be valid with the assumptions
of a thin film and a thick oxide.

When the silicon film thickness is too large, or the buried oxide too thin, the vertical
ionisation integral dominates, leading to vertical breakdown and causing the breakdown
voltage to fall below its ideal value. Preliminary horizontal breakdown can occur when
non-optimum drift charge causes crowding of the horizontal electric field near the gate
electrode and drain electrode.

The HV LDMOS transistors are typically used in integrated bridge circuits. In these
applications the source follower high side transistor has to float above the ground potential,
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creating a voltage drop across the buried oxide since the substrate is connected to the
ground potential. This causes parasitic effects, called high side (HS) effects. For the N-
channel LDMOS, the drift region will become partially depleted at the back oxide leading
to an increase in the on-resistance or even pinch-off of the drift region. However, once
inversion is established along the buried oxide, both the width of the depletion layer and
the on-resistance stay constant. Thus, pinch-off can be avoided, if the SOI film thickness
is significantly larger than the depletion layer thickness at inversion.

This is not the case for the LDMOS in bulk technology, where the depletion layer
width keeps increasing with increasing source potential, and hence the on-resistance will
continue to increase as well. For this reason, the source-follower configuration becomes
more difficult to realise in very high breakdown bulk devices [16,17]. A reasonable on-
resistance in bulk technology would necessitate an increase in the device area and make it

less suitable for PICs.

2.5 Linear and saturation regions for the LDMOS

For a simple NMOS two operation regions can be considered when the transistor is in
the ON-state: the linear region and the saturation region. For an LDMOS, both the
MOS part and the JFET-like drift part can be in the linear region or in the saturation
region. It is important to know for which bias conditions these different situations happen,
because this determines the different measurement set-ups for parameter extraction and
optimisation which are performed in the next chapter. Based on the previous sections in

this chapter, 4 different situations can be considered:
e Vars > Vps: MOS part in linear region and JFET-like drift region in linear region

o Vps > Vars and Vpg < Vpsat, the pinch-off voltage of the drift region: MOS in

saturation region and JFET-like drift region in linear region.

e Vbs > Vg and Vpg > Vpsar: MOS in saturation region and JFET-like drift region

in saturation region.

o Vars — Vinr > V(Leg) and Vs > Vpsat, with Vipp, being the threshold voltage of the
drain end of the MOS part, and V (Leg) the voltage at the drain end of the MOS
channel: MOS in linear region and JFET-like drift region in saturation region. Note
that this situation is not always possible; with very short lengths of the drift region
it is usually impossible to have pinch-off in the drift region without having pinch-off

in the inversion channel as well.

Depending on the bias conditions certain model parameters have more influence than oth-
ers. If for example the MOS part is in the linear region and the drift region is in saturation,

only the parameters which characterize this particular behaviour will be optimised.
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2.6 Thermal behaviour of the LDMOS

Numerous applications for PICs which require high temperature operation are emerging,
such as automotive and aircraft control. This temperature rise can seriously degrade device
performance and reliability. Also, the self-heating effect plays a major role for DC, AC
and transient characteristics of SOI power devices, since the buried oxide creates a high
thermal resistance layer. The self-heating effects increase with increasing buried oxide
thickness and decreasing silicon thickness [18,19]. In ultra-thin RESURF SOI structures
the heat generation in the drift region will have a spatial distribution (with a maximum
at the side of the P-N~ junction where the doping concentration is lowest), but it will be
quite uniform in thicker devices [17,20].

In the compact model developed in Chapters 4 and 5, a thermal node is included, so
that all self- and coupled heating effects can be simulated. Details about the implemen-
tation of the thermal node can be found in Sec. 4.4.

Here we have a closer look at the key temperature dependent parameters. The satura-
tion velocity, the mobility and the threshold voltage all strongly influence the linear and
saturation current characteristics. Other important temperature dependent parameters

are the leakage current and the breakdown voltage.

2.6.1 Saturation velocity and mobility

The thermal dependence of the low-field carrier mobility is given by

(2.6)

T \—k
10(T) = po(Tamp) - (Tamb)
with T' being the absolute temperature and Ty, the ambient temperature in degrees
Kelvin. The values of 1g(Tamp) and k depend strongly on the doping concentration of the
silicon '. At low doping concentrations (Np < 10'% /cm?) lattice scattering dominates the
mobility behaviour. In the region of interest for the operation of the devices under study

here, we have, for electrons [22]:

pon (1) = 1360 em®/(V -5) - (555) @7
and for holes [23]:
p0p (T) = 495 cm®/(V - s) - (3%) 2 (2.8)

For higher doping concentrations the effect of ionised impurities or Coulomb scattering
of the free carriers reduces the mobility. However, the ionised impurity scattering ex-
hibits a positive temperature coefficient, which decreases the temperature coefficient of
the mobility, k. In the LV and MV devices from PHILIPS, k is found to be 2.2 for
tar = 1450 cm?/(V-s), the mobility of the N~ drift region.

'For the interested reader, the electron and hole mobility are plotted as a function of the temperature
and the doping concentration in [21] on page 7.
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The mobility of carriers in an inversion or accumulation layer are limited by several ad-
ditional scattering processes: surface phonon scattering due to lattice vibration, additional
Coulomb scattering due to a fixed oxide charge and interface states, and surface roughness
scattering. The last of these causes the surface mobility to decrease with increasing elec-
trical field and is predominant under strong inversion conditions. The maximum effective
mobility in surface layers decreases with increasing substrate doping [21]. This is not due
to enhanced ionised impurity scattering, but arises from the higher electric field necessary
to create an inversion layer.

The carriers in an accumulation layer are distributed further from the surface than in
the case of inversion layers. Therefore surface mobility in accumulation layers is expected
to be higher than in inversion layers, because the surface roughness scattering is less severe.

The thermal dependence of the maximum surface carrier mobility is given by:

T )—k

2.9
Tamb ( )

ps(T) = ps(Tamp) - (

The parameter k is usually assumed to be 1.5 for CMOS, while for DMOS it is observed to
be 2.5 [24] which is significantly higher. In CMOS the slower temperature variation of the
carrier mobility is due to the variation of the Fermi level, which determines, for a given
surface field, a different electron distribution, and therefore a different shape of the vertical
component of the electric field [25]. In the double diffused channel of a DMOS, due to
the higher peak doping concentration and graded doping profile, both the variation of the
relaxation time and of the Fermi level are important [24]. The relaxation time varies with
the temperature as T~25 according to experimental data on electron bulk mobility [26],
and hence explains the higher value of k for LDMOS transistors. In the LV and MV
devices from PHILIPS k is found to be 1.7 for the inversion layer mobility (us(300) =
750 cm?/(V-s)), and 2.0 for the accumulation layer mobility (1acc(300) = 750 cm?/(V-s)).
When the lateral electric field strength is small, the carrier velocity will increase linearly

in proportion to the electric field. Under higher lateral electric fields (10%-10° V/cm in
silicon) the velocity saturates. The saturation velocity is an important parameter that is
required for the description of the behaviour of LDMOS devices operating in the presence
of very high fields. The temperature dependence of the saturation velocity for electrons

can be modelled as [26]

2.4-107cm/s
Usat = /T (2.10)
2.6.2 Threshold voltage
The threshold voltage for an LDMOS transistor is (just as for CMOS) given by
Vino = Vi + 2 ¢ + 10 v2¢r — Vs (2.11)
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where both the flat band voltage, VgB and the Fermi potential, ¢r are dependent on the
temperature. For the LDMOS, we use Njas, the maximum doping concentration in the
channel near the source, to calculate ¢p, VFfB, and 7. For applications above 50 K it has
been found that the threshold voltage can be modelled very accurately as a linear function

of temperature [27]:
Vino(T) = Vino(Tamp) + x AT (2.12)

where y is a temperature coefficient which can be easily extracted from threshold voltage
measurements at different temperatures. A value of -3.3-1072 V /K was found for x, which
is a quite high value compared with a normal SOI NMOS, where x varies between -
1-107% and -3-1073 V/K [28]. This is expected because ‘—%%hﬂ increases with the doping
concentration [26], and the doping at the source side for an N-LDMOS is higher than the
doping in the channel of most common NMOS transistors. The main doping dependent
term in the Eq. 2.11 is y91/2¢F — Vas, and hence the main doping dependent term in d—}i%hﬂ

18
dVino dor 1 (2.13)

dr "~ AT 2y — Ves
with vo = ——-———q——”?%iofNAs‘ Thus, the threshold voltage will not only vary at a higher rate with
the temperature for higher substrate doping levels, but also for thicker gate oxides. Indeed,
the o factor contains the factor ¢y in the denominator via Cpg. In the HV SOI technology

the front oxide is usually quite thick compared with the more advanced CMOS processes,

which also explains the higher value of y.

2.6.3 Drain current

Current saturation is mainly caused by velocity saturation [29]. When the device tem-
perature is increased the saturation velocity and mobility are strongly reduced, which
reduces the saturation current. On the other hand, the threshold voltage decreases with
increased temperature, but this effect is less pronounced. Hence, as a consequence of the
large self-heating in SOI LDMOS transistors, the slope of the drain current versus drain

voltage characteristic can become negative in saturation.

2.6.4 Leakage current

The leakage current to the body consists of a generation and a diffusion component of the

reverse biased P — N~ junction and can be written as [26]

Dn? qAmW
La=qA = 2 12087 (2.14)

T Np T

where the first term is the diffusion current and the second term the generation current. D
is the diffusion constant and 7 the space charge generation lifetime. For an SOI LDMOS,
A is the area of the P-N~ body junction and the leakage will be rather small compared
with a bulk structure, where A is dominated by the area of the N(drift)-P(substrate)
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junction. It can be shown [26] that the generation term increases as exp(—Eg/2kt) with

temperature, and the diffusion term with exp(—Eg/kt).

2.7 Switching behaviour

Considering high-speed applications at more than 1 MHz, LDMOS transistors on SOI
substrates are more attractive than the SOI-IGBTSs because of the better high-frequency
switching performance.

Thin film SOI power MOSFETS have smaller parasitic capacitances than power MOS-
FETs fabricated on a conventional bulk substrate. However, some care must be taken in
designing these transistors because an additional drain-substrate capacitance results from
the use of an SOI substrate [30,31].

Compared with a conventional MOSFET on SOI, the SOI-LDMOS has an additional
drain-substrate capacitance associated with the area of the drift region and will give rise
to an additional contribution to the output capacitance. This will increase the turn-off
time of the transistor since this output capacitance has to be discharged through the
rather large load resistance. This drain to substrate capacitance becomes smaller when
the transistor is used under high side conditions; as the source goes high, an inversion layer
is formed along the surface of the buried oxide interface in the drift region which increases
the capacitance between the body and the substrate but decreases the capacitance between
the drain and the substrate.

To limit this capacitance Lqr and tpqr have to be as small as possible and %, has to
be increased, but of course for the HV LDMOS these parameters still have to satisfy the

RESURF conditions. An expression for this capacitance is given by

(Ldr - ded) W (215)
top +d

Casub = €ox

with Xgqq the depletion width from the P-N junction in the drift region, W the width of

the transistor, and d the thickness of the depletion layer formed at the buried oxide.

2.8 Influence of High Side Behaviour

2.8.1 Influence of High Side Behaviour on LDMOST

When an LDMOS is used in high side switching applications, high voltages can appear
across the back oxide. This leads to an increased resistance of the N~ region under
LOCOS. The source-high condition with grounded back gate is equivalent to a negative
back gate voltage and a grounded source. To analyse the high side behaviour the effect of
a negative back gate voltage was simulated with ATLAS.

As Vgopp is made increasingly negative, the depletion layer at the buried oxide in the
drift region grows, and at a certain voltage, the surface at the buried oxide becomes

inverted, starting at the left side of the drift region where the channel potential is lowest.
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This is illustrated in Figs. 2.32 to 2.34. For Vgpg = —30 V, the hole concentration at the
buried oxide interface is negligible. For Vgpg = —100 V (Fig. 2.33) the surface is partly
inverted and for Vgpg = —200 V (Fig. 2.34) the inversion layer at the buried oxide reaches
the drain end of the channel. This is what one could have expected, because threshold

for inversion at the buried oxide at a point in the channel depends on the local channel

potential 9., and is given by
Vibd" = s — 2 60 — v*" V265 + Yen (2.16)

At the drain end of the channel, Vtt}’lgr = —166 V for Vpg = 10 V. Decreasing the back
gate bias below this value only increases the inversion layer charge and causes no more
changes to the depleted area. The resistance of the drift region is now a constant, since
the width of the depletion layer is fixed.

In Fig. 2.31 the simulated drain and body current are plotted as a function of the back
gate voltage. The drain current first decreases with increasingly negative back gate voltage,
but once inversion is established the current stabilises. Another interesting characteristic
is the body current due to impact ionisation. It can be seen that the body current increases
with decreasing back gate bias, and saturates when inversion is established along the buried
oxide. An increased thickness of the depletion layer at the buried oxide interface confines
the channel and increases the electric field at the drain, causing more impact generation.
Furthermore, the inverted hole layer forms a current path for the holes generated by
impact ionisation, which can now reach the body more easily through this path. These
two factors explain the increase in body current with increasingly negative back gate bias
until an inversion layer is present along the whole length of the buried oxide. This increased
hole current will raise the body potential, and if the body resistance is quite high, this

effect can turn on the parasitic bipolar transistor leading to early breakdown.
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Figure 2.33: The hole concentration in the MV SOI LDMOS for Vgpg = —100 V,
VDS =10V and Vc,fs =8 V.
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Figure 2.34: The hole concentration in the MV SOI LDMOS for Vgps = —200 V,
VDS =10V and V(;fs =8V.
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2.8.2 Influence of High Side Behaviour on SOI CMOS
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Figure 2.35: Simplified cross section of the PMOS used under high side conditions.
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Figure 2.36: Simulated leakage current in terms of ¢, for a PMOS with Ny, = 1.5 -
1016 /cm3, VGf‘B =0 V‘and VGbB = —500 V.

The HS working conditions will also cause parasitic effects on the CMOS circuits control-
ling the source follower. For the SOI NMOS this will have no major effects; the back gate
will become accumulated but this will not influence the electrical behaviour of the NMOS.

For PMOS, on the other hand, the hole inversion layer formed at the back oxide can
cause serious leakage and charge displacement currents. To study these effects the leakage
current of the SOI PMOS (see Fig. 2.35) was simulated with the device simulator Atlas [2].
The results are shown in Figs. 2.36 to 2.38. The drain leakage will increase drastically
with substrate voltage if the doping concentration along the bottom (Np) is low, and if
the distance between the junctions and the back gate is small; under these conditions a
back channel inversion layer can be formed and a current path exists between the S and D
regions. Hence the on-characteristic of the transistor will depend on the substrate voltage.

Parameters that strongly influence this effect are the silicon thickness t, minus the

junction depth ¢;, and the bottom doping concentration Ny,. Above a critical value for the
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Figure 2.37: Simulated leakage current in terms of NV, for a PMOS with ¢, = 1.35 pum,
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drain bias the leakage becomes significant. This critical bias depends on

o the distance between the junction and the buried oxide: this is illustrated in Fig. 2.36;
for Ny, = 1.5 - 1016 / cm?® the minimum silicon thickness required to avoid leakage is

1.35 pm; and

e the bottom doping concentration: this is illustrated in Fig. 2.37; for ¢, = 1.35 pm,
Ny has to be higher than N, = 1.4-10'¢ /cm?3.

In Fig. 2.38 the leakage current is plotted in terms of the drain voltage for different values
of Ny and t,. From Fig. 2.38 (a) it can be seen that the leakage current can be very
important if too small a value for the silicon thickness is chosen. For values closer to the
critical Ny, and ¢y, serious leakage only occurs for higher drain biases (see Figs. 2.38 (b) to
(d)). This leakage current needs either to be avoided by changing the process parameters,
or else it needs to be modelled accurately, so that circuit designers can take account of it.

For the P-channel LDMOS [32,33] the same problems are encountered as for the P-
channel CMOS but this device is normally not used for high side and this problem is not

treated here.

2.9 Summary

Modelling of a transistor demands a full comprehension of the physics of the device. In this
chapter, we have given an overview of the typical structures for LV, MV and HV LDMOS
transistors and have described the special electrical and thermal behaviour. The P-body
of the LDMOS is formed by under-diffusion of a P-well under the gate and hence the
doping at the source side is higher than at the drain side of the MOSFET channel. A new
characterisation method for this lateral body doping gradient coefficient was developed and

the consequences of this gradient on the charge behaviour have been described. The impact
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ionisation phenomenon has been fully explained for both the LV and MV LDMOS. The
important parameters for thermal and switching behaviour have been discussed. Finally,
the unique effects on the LDMOS and the CMOS transistors , when these components
are used under high side conditions, as in a typical half-bridge configuration, have been

explained in detail.
With this knowledge about the device physics of the LDMOS, the development of a

circuit simulator model can commence and this is our goal in the following chapters.
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Chapter 3

A Subcircuit Model for the
LDMOS

3.1 Introduction

A subcircuit model for the LV and MV LDMOS is being developed in this chapter to meet
the urgent needs of the circuit designers for smart power IC design. The main advantages
of the subcircuit modelling approach are that the model can be implemented in nearly
every circuit simulator, that it can be built in a relatively short time, and that it requires
relatively little programming skill. The drawbacks are a higher degree of complexity,
compared with a compact model, and hence an increase in computation time and a more
complex parameter extraction procedure. Since the device models used in the subcircuit
model are not specifically designed to be combined in this way, the description of the
device physics is less accurate.

The model consists of two parts: the pre-processing part where all the model param-
eters are calculated from the physical and extracted parameters and where the geometry
scaling is done; and a second part containing the actual description of the subcircuit model.

To build the sub-circuit model, we will use a combination of elements provided by
the PSTAR [1] simulator of PHILIPS. The PSTAR library contains different MOSFET
models and JFET models from which we chose the most appropriate ones to describe the
behaviour of the LDMOS [2]. The choices made are based on the physical study done in
the previous chapter.

Finally, the parameter extraction and optimisation procedure are described and DC

simulations are compared with the real-world.

3.2 The LV N-LDMOS Model

A detailed description of the models used in the subcircuit model for the LV LDMOS can
be found in [3]. In this section, a short description of the employed models is given. The

reasons behind the choice of these components are discussed, and we explain what the
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Figure 3.1: The Pstar model for the LV LDMOS.

meaning of their parameters becomes when they are used to model an LV LDMOS. The
subcircuit model for the LV LDMOS consists of a MOS Model 9.02 (the normal PHILIPS
MOST model) [4] in series with a MOS Model 30.02 [5] (a depletion type MOSFET) [6],
two JUNCAP [7] models to describe the source to body and drain to body junctions, and
a couple of voltage dependent capacitances that will be described below. The capacitance
of the drain to body junction has to be set to zero because it is already included in the

MOS3.002 model as will be explained below.

3.2.1 MOS Model 9.02

MOS Model 9.02 (MM9.02) is the name for a recent version of the PHILIPS MOST
model. This model is of the regional type (also called a threshold voltage based model),
which means that the MOSFET behaviour is divided into a weak and strong inversion
region. Another approach to model a MOSFET is referred to as the single-piece or
surface potential based type [8].

The equations modelling the device are based on the gradual channel approximation.
The model is charge conserving and includes channel length modulation, short-channel
effects, floating body effects, impact ionisation and DIBL. For a full description refer to
the MM9 report [9] and to [10]. In App. B we give a list of the parameters for an individual
transistor at a certain temperature; there, the length, width and temperature scaling is
performed in the pre-processing phase.

In an LDMOS device the MOSFET action takes place in the P-region under the front
gate, and this is where MM9.02 is used. As explained in the previous chapter, the doping
in the P-region of an LDMOS decreases from the source side towards the internal node
(the P-N~ junction). MM9.02 assumes a homogeneous doping along the surface, but can
still lead to a good approximation of the DC current, provided the doping concentration
at the source side is used to calculate the threshold voltage. The body factor uses an

effective value for the doping concentration. As we shall see in Chapter 4, the influence of
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the doping gradient on the output characteristic is almost negligible for high gate voltages,
though quite important for gate voltages around the threshold and in the linear region.
Furthermore, it plays a very important role in the charge behaviour of the LDMOS as will

become clear in Chapter 5.

3.2.2 JUNCAP model

The JUNCAP model is intended to describe the behaviour of the diodes that are formed
by the source/drain-to-bulk junctions in MOS devices. The model is limited to the case
of reverse biasing of these junctions. Both the diffusion and the generation currents are
treated in the model, each with its own temperature and voltage dependence. For a

detailed description of the equations, refer to [7].

3.2.3 The Depletion Mode MOSFET for the Drift Region Modelling
(M30.02)

Vs

L

&) B)

Figure 3.2: Representation of (a) M30.02. (b) M30.02 used to model the drift region
of the LDMOS.

M30.02 is the name for a depletion type MOSFET model [5], which is used to describe the
drift region. The depletion mode MOSFET is a semiconductor device whose operation is
achieved by depleting an already existing channel via a gate controlled surface depletion,
or via a voltage controlled buried P-N junction. The model assumes a device cross section
as shown in Fig. 3.2(a). At the surface the channel is terminated by a MOS capacitor
with an oxide thickness tos. At the bottom the channel is terminated by a reverse-biased
P-N diode, which is assumed to have an abrupt bias profile. In M30.02, first the ohmic
current flow is calculated. This current reaches a maximum value when the drain voltage
is equal to the so-called pinch-off voltage (Vp). At this voltage the depletion regions of
the substrate and the gate touch at the drain side and the net charge in the channel
at the drain end is zero. If the drain voltage is higher than Vp the current saturates !.

1This is not velocity saturation, but saturation by pinch-off
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The effect of velocity saturation is accounted for by means of three parameters: Vgar, the
critical drain-source voltage for hot carriers, RsaT, the space charge resistance at zero bias
and Psar, a coefficient to make the transition between the ohmic and saturation region
smoother.

In summary, M30.02 includes accumulation at the surface, depletion from the surface
and from the bulk, pinch-off mode, velocity saturation, a gate charge model, and a sub-
strate charge model. Two major drawbacks are that the model does not include inversion
for negative gate biases and does not account for any impact ionisation current. A list of
the parameters is given in App. B.

In the case of the LDMOS, this model is used to describe the cross section shown in
Fig. 3.2(b): the body-substrate junction is rotated through 90 degrees and hence the shape
of the channel differs from the cross section of the normal depletion MOS (Fig. 3.2(a)).
The consequence is that some parameters need to be calculated in a somewhat different
way, and some cannot be calculated using a simple analytical formula. This is the case

for the following parameters:
e In the normal M30.02, the on-resistance for zero gate and body bias (Ron, App. B),

is given by

LdI‘OV (31)
W par g Np - (L‘b —d(Vgs = Vsg = VpB = Vaus = 0))

Ron M30.02 =

with Lgoy the length of the drift region under the thin gate oxide, W the width of
the drift region, g, the mobility, Np the doping concentration in the drift region,
iy, the silicon thickness and d(Vgm = Vs = Vb = Vaps = 0) the thickness of the

non-depleted channel under zero bias conditions.

For the LDMOS, we have used the expression:

Larov + kron tn
Ron tvipMmos = 3.2
’ W par g Np t (8:2)

In the drift region of an LDMOS the length of the current path also depends on
the silicon thickness, since the current is flowing vertically. For this reason the term
kron tp is added to the length of the drift region. The factor kron < 1 needs to
be determined by extraction. The thickness of the non-depleted channel ¢ is much
smaller than ¢, and rather difficult to estimate as it is not a constant for the current
path: ¢ is very small at the source side and equal to t, at the drain side. Therefore

an effective value needs to be determined by extraction.

e For the structure of Fig. 3.2(a), the pinch-off voltage (Vp) at zero gate and body
voltage can easily be calculated from an analytical expression (see [10]), but for the
LDMOS the calculation is not straightforward. The device simulations in Secs. 2.2.2
and 2.3.2 provide an idea of the value Vp for the LV and MV LDMOS, but the final

exact value has to be determined by extraction.
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e The critical drain source voltage for velocity saturation, Vgar, for the normal struc-

ture of Fig. 3.2(b), is given by
Vsar,m30.02 = & Larov (3.3)

with & the critical electrical field. For the LDMOS we have adapted the equation

to
VsaT,mvipmos = &c * (Larov + kvsaT tb) (3.4)

with (Lagoy +kvsaT tp) the length of the current path and kygar a factor to account

for the vertical current flow.

3.2.4 Modelling of the Capacitances

MM09.02 and M30.02 describe the charge behaviour along the front oxide, but inversion at
the surface of the M30.02 is not included. Also MM9.02 and M30.02 do not account for
the charge behaviour at the buried oxide interface. In this section three extra expressions

are derived to account for these extra charges and their corresponding capacitances.

Front Gate
Sourge Drain
 E— L 1l ¥
P+ PMOS 1 N& P+
N-
p- 7/7 PMOS 2 é P-
777 277
Back Gate

Figure 3.3: Structure of a PMOS device in the HV SOI process, and their corresponding
subcircuit model.

Applying a gate voltage lower than the negative threshold voltage of the N~ drift
region (Vg}dr) inverts the surface under the front gate in the drift region. An extra gate-
body capacitor is included to account for the resulting coupled increase in capacitance
between the gate and the body. The threshold voltage of the channel through the N~
region depends on the drain voltage, which acts as the body voltage of the N~ region.

The threshold voltage of the drift region is given by:

vidr — yldr — A1 (Vg + 204 — V20Far) (3.5)

where fog and 4" can be found from the threshold voltage and body factor respectively

of a PMOS with the same N~ channel region (see PMOS 1 in Fig. 3.3).
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The extra charge coupled between the gate and the body is given by

fdr
Vi

Ql(nyB) = —Lof w Ldrov ¢t 111(1 —+ EXp("KCﬁ;—h‘)) (3~6)

b

with Lgyov the length of the drift region under the thin front gate. Here the body voltage
plays the role of “source” for the inverted “PMOS” hole layer along the surface of the
thin gate oxide in the drift region; for this reason the gate bias in the above equation is

referred to the body (Vgrg). Hence we write

—COf W Ldrov for - VGfB > __"/;%ir

3.7
0 for — Vom <« ~ tfﬁir (3.7)

Cl (Gfa B) = {

The capacitors between the body and the back gate and between the drain and the back
gate are also included. They depend on the drain voltage in a similar way as C1(Gf, B)
depends on Vpg. The threshold voltage of the drift region at the buried oxide is given by:

Vol = Vgt =" (/VbB + 26rar — V2¢rar) (3:8)

where Vttfl%r and vP4" can be copied from the threshold voltage and the body factor of the
buried PMOS transistor (PMOS 2) in a PMOS device with the same N~ channel region,
as shown in Fig. 3.3.

The extra back gate-body charge is given by

Yo~ Vi) (s

with Wyep and Lyep the width and the length of the P-body region at the buried oxide,
and Wyon and Lgop the width and the length of the drift region at the buried oxide
interface. The first term represents the capacitance between the P-region and the back

@2(Gb, B) = Cob Whob Lbob Vabs + Cob Waob Ldob ¢ In(1 + exp(

gate. Because Vgpg < 0 in normal bias conditions, the surface in the P-region at the
buried oxide interface is always in or close to accumulation, and so the first term in the
above equation gives a good approximation for this charge. The second term represents
the charge coupled between the back gate and the buried oxide surface in the N~ region.

Hence

Cob - (Woob Lbob + Waob Laon) for — Vgpp > —VPdr

(3.10)
Cob Wrob Lbob for — Vgpp < —Vi&

Co(Gh, B) = {

The extra back gate-drain charge is given by

V. _ Vbdr
Q3(Gb, D) = Cop, Waob Laob Vabp+Cob Waob Ldob ¢4 1n(1+exp(‘—9‘%‘”‘th——)) (3.11)

The first term represents the capacitance between the drift region and the back gate.

Because under normal bias conditions Vgpp is usually not sufficiently negative to cause
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inversion, the surface of the drift region at the buried oxide interface is depleted, and
the first term in the above equation gives an approximation for this charge. The second
term compensates the first term once the buried oxide surface in the N~ region becomes

inverted. The corresponding capacitance is given by

0 for — Vabp >> -V

bdr

(3.12)
Cob Waob Ldop  for — Vabp << =V}

Cs5(Gb, D) = {
The three extra capacitors are represented in the schematic of Fig. 3.1.

3.2.5 Self Heating

Even more than in small geometry SOI devices, self-heating has a significant impact in
SOI LDMOS technology. Self-heating results from the much lower conductivity of the
thick buried oxide compared with normal silicon. In ultra-thin RESURF SOI structures
the heat generation in the drift region will be non-uniform (with a maximum at the
side of the P-N~ junction where the doping concentration is lowest) while it will be quite
uniform in thicker devices. In the low and medium voltage LDMOS a uniform temperature
distribution can be assumed since these devices are relatively thick and not very long.
Heat flow and temperature rise are modelled with the thermal circuit shown in Fig. 3.4.

A resistance term represents the heat path to the substrate, and a capacitor represents

]—'amb + AT

P=Wm*k Rr —_—Cr

|
Z}mb

Figure 3.4: Thermal circuit to model self heating

the heat storage effects [11]. This first order approach has been selected, because normally
second and third thermal time constants are less important [12]. Therefore, at this stage
of the modelling, a single time constant is considered to be sufficient. As a first guess for
Ry, we take the thermal resistance of the buried oxide, thus:

tob
Rr = 3.13)
T %ox W - (Laob + Liob) (

with kox the thermal conductivity of SiO;. Next this value was optimised by fitting

measured to simulated current characteristics for different geometries, leading to a more
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general equation for Rp. The thermal resistance of the buried oxide is put in series with

a second thermal resistance, which is only dependent on the width:

1

Kox We(Lgop+Lbon) , W
tob Tthe

Rr= (3.14)

with 7ihe & constant value. This term can be justified by the fact that we also have a heat
path through the side and top LOCOS oxides, which scales with the width. The thermal

capacity was not extracted for the subcircuit model, but only calculated from theory.

3.2.6 Model Implementation

The model implementation is done in two main blocks: the first one, referred to as the
process model, calculates the electrical model parameters from the physical and extracted
parameters. This block includes also the geometry scaling of the geometry dependent
parameters. In the second block, called the model definition, the subcircuit schematic as
shown in Fig. 3.1 is described.

The process model can be subdivided into four parts:

e part 1: the geometrical definitions, including the layout and the cross section of the

component and all the lengths and widths used in the rest of the process model.

e part 2: list of the MM9.02 parameters for a device with a reference width, list of the
width scaling parameters (no length scaling factors necessary since the LDMOS has
a fixed length), and a block with the actual geometry scaling pre-processing.

s part 3: M30.02 parameters.
e part 4: JUNCAP parameters and other capacitor parameters (for Cq, Cy and Cj).

The process model is executed only once during the simulation, while the actual sub-
circuit model definition is called at every iteration. If we want to account for the static
and transient self-heating, we have to do the temperature scaling in the subcircuit model
because the temperature change AT has to be recalculated at every iteration. In that
way, the temperature dependent model parameters are recalculated for every bias point of
a DC sweep and self-heating is taken into account. Note however that it is impossible to
account for self-heating effects when performing an AC simulation. For this it is necessary
to define a temperature node (see Sec. 4.4) within the different compact models used in
the subcircuit. Because the output conductance increases with frequency due to the ther-
mal time constant (typically in the range of 100 kHz to 1 MHz) it is important to have a
thermal node within the compact model when doing AC simulations. This reasoning will
be incorporated into the compact model developed in Chapter 4.

The subcircuit model definition is formulated, using PSTAR code in Table 3.1. Ev-
ery line contains a comment (written as “c: comment”), explaining the code. This code

describes the schematic of Fig. 3.1 and calculates the temperature increase due to static
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self-heating.

model: LVLDMOS(D,Gf,S,B,Gb) -parameters-;

MNE1(Dint,Gf,S,B,Gb) -parameters-; ¢: MM9.02;

MN1(DX,Gf,Dint,B,Gb) -parameters-; ¢: M30.02;

JUNCAPI1(S,B) -parameters~; c: source-body diode;

JUNCAP2(D,B) -parameters-; ¢: drain-body diode;

C1(Gf,B) Q = Q1I; c: extra capacitance;

C2(GE,B) Q = Q2; c: extra capacitance;

C3(Gf,B) Q = Q3; c: extra capacitance;

S1(D,DX); c: current source to measure the drain-source current.
¢: This is a trick to obtain the current, which is needed to
c: calculate the self-heating;

DTA=R1*i(S1)*v(D,S); ¢: AT due to static self-heating;

temp scaling equations;

end;

Table 3.1: The subcircuit model definition as formulated for PSTAR.

3.2.7 Extraction Strategy with ICCAP and Model Validation

No model is useful unless there is some way of obtaining a set of parameters from measured
wafers. Here, a parameter optimisation strategy has been developed which divides the
parameter set into groups. Separate optimisations on the different groups of parameters
are then performed, using the appropriate measured data.

The parameters for the MOSFET (MM9.02) can be extracted in a way similar to an
ordinary NMOS with the following differences: to obtain the threshold voltage (Vino) and
the gain factor [ it is necessary to limit the linear characteristic to a couple of volts above
the threshold voltage; this is before the drift region starts to play an important role. The
output characteristics for the MM9.02 extraction procedure need to be measured only for
low gate voltages, such that the main part of the applied drain voltage drops over the
MOSFET channel.

For high V¢ and medium Vpg values, the MOSFET channel has a very low resistance
and is not pinched. Therefore the current saturation behaviour originates in the drift
region and it is under these conditions that we extract the depletion MOSFET parameters.

The complete extraction procedure for the MM9.02 and the depletion mode MOSFET

parameters is described in Table 3.2.
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Measurement Set-up MM9.02 | M30.02

Ip-Vass, Vars just above Vipg,Vps=0.1V B, Vino -
Ip-Vais,Vps=0.1V Yo, b2 -
In-Vass, Vps=0.1V, high Vg - p
In-Vass,low Vass, Vps=Vatmax/2,Vaimax 61 -
In-Vas,medium Vars, Vbs=Vatmax/2,Vatmax 03 -
In-Vass,high Vass, Vbs=Vaimax/2,Vatmax - Vsar

9ps-Vbs, Ves=0V, Vars=Vino+0.1V,...Vino+3.1 | m, o, Vp -
Ips-Vps, Ves=0V, Vars=Vino+0.1V,..,Vino+3.1 1, 03 -

Ips-Vps, low Vps, Vas=Vafmax-3V,..,Vafmax - Ron
In-Vars, Vars=Ving-0.5V,...,Ving+0.5V,

Vbs=0.1V,Vatmax/2,Vatmax, VBs=0V Yoos M0; C1 -
In-Vass, Varg=Vinp-0.5V,...,Vino+0.5V,

Vps=0.1V,Vatmax/2,Vatmax, VBs=0,-1,-2V VsBT -
Is-Vars, Vbs=Vbmax-2V,-..;Vbmax, VBs=0 Ay, A, As -

Table 3.2: Extraction strategy for the LV LDMOS parameters

The extraction of the geometry and temperature scaling factors is done just as for the
standard MOSFET model (MM9.02).

The measurements and simulations were performed within ICCAP [13]. ICCAP is
a software package which is part of Agilent’s EEsof’s high frequency electronic design
automation solutions. ICCAP can be used to measure semiconductor device and circuit

characteristics, and to analyse the results. It also allows simulation and parameter opti-

misation.
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Figure 3.5: Measured (markers) Figure 3.6: Measured (markers)
and simulated (full line) In(Vrs) for and simulated (full line) In(Vies) for
Vs =0, -1, -2V and Vps =0.25 V; Vbs=7V, 14V; W = 20 pum.

W = 20 pm.
The ICCAP optimisation procedures are used for the extraction of the parameters,
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but a fully convergent automatic extraction strategy has not yet been developed. The
optimised parameters for the LV LDMOS can be found in App. B.
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Figure 3.9: Measured (markers)
and simulated (full line) I (Viss) for
Ves = —~2Vand Vagrs = Vin +0.1 V,
Vin+ 1.1V, Vi, +2.1V, Vi +3.1V,;
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Figure 3.10: Measured {markers)
and simulated (full line) Ip(Vass)
{around the threshold voltage) for
VBS = O, —1, -2V and VDS == 1, 7.5,
14 V; W = 20 pm.

The final verification consists of the comparison between the measurements and the
simulations from the subcircuit model; the figures above show the measured (marks) and
simulated (full line) characteristics for an LV LDMOS with a width of 20 ym and a separate
back gate.

We notice the

flattening of the curves for higher gate bias. This is due to the increasing influence of

Fig. 3.5 shows the linear characteristic for different body voltages.

the drift region, which can be approximated as a series resistance. A good fit is obtained
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between the simulated and measured values.

Fig. 3.6 shows the drain current as a function of the gate bias for two different high
drain biases. For a normal MOSFET in saturation the drain current varies in a quadratic
way with the gate voltage. Here this is only the case for very low gate biases, since then
the drift region plays a less important role and the drain bias drops almost completely
over the MOSFET part of the LDMOS. We also notice that the curve for Vpg = 14 V lies
beneath the curve for Vpg = 7 V, which is explained by the large amount of self-heating
resulting in a negative static output conductance.

Fig. 3.7 and 3.8 show the output characteristics for respectively lower and higher gate
biases and a zero body voltage. For the lower gate biases the MM9.02 part plays the main
role and for the higher gate biases the drift region modelled by M30.02 is crucial. We can
see that both are well modelled and that the fits are very accurate in both plots.

Fig. 3.9 shows the output characteristic for a body voltage of -2 V. The fit is less
accurate than for the previous plots. This is due to the fact that the current reduction,
caused by increased depletion in the drift region, cannot be described very accurately by
M30.02 (see Sec. 3.2.3).

Finally we show the sub-threshold plots in Fig. 3.10. We can see again that the fit is

less accurate for non-zero body voltages, as explained above.

3.3 The MV Model

Gf

|
MM9.02  M$0.02

S FT FT D
[ | a0

C1 (GL, B);

uncap?2
C=0

jungapl

Gblim( VGbB)

B o
~\'cz (Gb,B)
Gb

Figure 3.11: The Pstar model for the MV LDMOS

The main difference compared with the LV LDMOS is the longer and thinner drift region
which can lead to significant “high side” effects. To model the increase in on-resistance
with increasingly negative substrate voltage, a special SOI type depletion mode MOSFET
that can describe this effect is added. The complete model, shown in Fig. 3.11, is thus
a composite of a MM9.02 (the normal MOST model) in series with a M30.02 (depletion
mode MOSFET) in series with a M40 (a special depletion mode MOSFET for SOI). The
new model (M40) is used to describe the drift region under the LOCOS oxide. Two
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JUNCAP models are used to describe the source to body and the drain to body junctions,
along with a couple of voltage dependent capacitances.

For the description of MM9.02 and M30.02, which models the part of the drift region
under the thin gate oxide, refer to Sec. 3.2.1 and Sec. 3.2.3 respectively, because the
functionality of these models is exactly the same for the LV and MV LDMOS. The self-
heating effect is implemented in the same way as for the LV LDMOS (see Sec. 3.2.5) and
is not treated again in this section. We find the same extra capacitances in this model,
with the exception of the drain-back gate capacitance; this is now included in the SOI
depletion type MOSFET (M40).

3.3.1 The SOI Depletion Type MOSFET (M40)

Var
T S \;igi;ia;,
VS— V — VD
: . ﬁepieu%
|

Ve

Figure 3.12: Representation of the SOI depletion type MOSFET

The normal representation of the SOI depletion type MOSFET is illustrated in Fig. 3.12.
The channel is terminated by a MOS capacitor both at the top and at the bottom. By
applying a bias to the front gate and/or the back gate contact, the amount of free charge
in the channel, and hence the drift region resistance, is modulated.

This model includes accumulation at the surface and at the buried oxide, depletion
from the surface and from the buried oxide, pinch-off mode, velocity saturation, a gate
charge model and a box charge model. Two major drawbacks are that the model does not
include inversion for negative front gate or back gate biases, and also does not account for
the impact ionisation current.

The most important parameters are the on-resistance, Ron,sor and the pinch-off volt-

age Vp. Ron,sor can be calculated from

Lar :thgjﬂ
W par q tvar Np S W

Ron,sor = (3.15)

with Lg4, the length of the drift region under the field oxide, tpqr the thickness of the
silicon film under the field oxide, and Rghq, the sheet resistance of the drift region. For the
calculation of Vp we only consider the depletion from the buried oxide since the gate field
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plate is only extending partly over the LOCOS oxide and this part is included in M30.02.
Vp is given by [10]

Cob/2 + C
Vp sor = ¢ tpar Np Cob/2+ Char (3.16)
Cob Char
where
€ox
Cob = 1= (3.17)
tob
Char = ;S’ (3.18)
bdr
with t,, the thickness of the buried oxide.
3.5
I Vers= 0V
— 3T -
2.l T Va= 50,
E 251 e
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o . rerd
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Figure 3.13: Simulated (full line) and measured output characteristic for Vg = 10 V
and Vgps = 0V, =50, -100, -200 V; W = 20um.

For a zero back gate voltage the SOI depletion type MOSFET presents nothing more
than an ohmic resistance. Making the back gate bias negative expands the depletion layer
at the buried oxide, which increases the resistance of the drift region. Once inversion is
established over the whole length of the drift region, the resistance stays constant. This
cannot be predicted by the SOI depletion mode MOSFET, because the model does not
include inversion. To solve this problem the back gate voltage is limited to a fixed value

Vibmax; here we are using a fitted value of Vigpmax = —110 V. The expression
Veblim = —ming, (—Vebs, —Vabmax) (3.19)

is used to describe this limitation of the back gate bias in a smooth way. The function
mingm (z,y, ¢¢) takes the smooth minimum of z and y via a “In” function and can be
found in App. C.6. We optimised Vp and Vigpmax (-110 V) using measured high side
characteristics, with results shown in Fig. 3.13. The saturation current is predicted quite
well, with a maximum error of 20 % for the case of Vgpg = —50 V. The overestimated

current for Vgpp = —50 V indicates that the optimised Vp is slightly too low. However
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a higher value for Vp would underestimate the current for higher Vg because a partly
inverted surface at the buried oxide is not modelled by our simple model; for —Vaup
below —Vabmax, but above the threshold voltage at the source end of the drift region
(-=V2dr = 45 V), the current reduction predicted by the model would be too strong, if the
correct physical value for Vp were to be used.
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Figure 3.14: Measured output characteristic for Vg = 10 V and Vgps = 0V, =50,
-100, -200, -250 V; W = 20um.

The current in the triode region is less accurately modelled. This can be justified as
follows: for lower drain biases the threshold voltage for inversion at the back gate is lower
than -110 V. Also, this threshold voltage is not constant over the length of the channel,
being lower at the source end of the drift region. The compact model developed in the
next chapter includes the possibility of having a fully or partly inverted surface at the
buried oxide and describes the current in triode region more accurately.

Fig. 3.14 shows that breakdown happens around Vps = 25 V for a gate voltage of
10 V and Vgps < —200 V. As the gate voltage increases the breakdown voltage decreases,
because the impact ionisation current is higher; for the maximum gate voltage (14 V) and
maximum back gate voltage (-750 V) the maximum drain voltage that the transistor can
stand is 20 V. The SOI depletion type MOSFET model (M40) does not include impact

ionisation or other breakdown mechanisms, and so breakdown cannot be simulated.

3.3.2 DModel Implementation

Just as for the LV LDMOS the model implemented is in two main blocks, and we refer to
Sec. 3.2.6 for the description of the first block and for the explanations behind the chosen
implementation.

The subcircuit model definition is formulated using PSTAR code (see Table 3.3). Ev-
ery line contains a comment (written as “c: comment”), explaining the code. This code

describes the schematic of Fig. 3.11 and calculates the temperature increase due to static
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self-heating.

model: MVLDMOS(D,G{,S,B,Gb) -parameters-;

MNE1(D1,Gf,S,B,Gb) -parameters-; c: MM9.02;

MN1(D2,Gf,D1,B,Gb) -parameters-; ¢: M30.02;

MN2(DX,Gb,D2,B,Gb) 40,-parameters-; c: M40;

JUNCAPI1(S,B) -parameters-; c: source-body diode;

JUNCAP2(D1,B) -parameters-; c: drain-body diode;

C1(GfB) Q = Q1; c: extra capacitance;

C2(Gb,B) Q = Q2; c: extra capacitance;

S1(D,DX); c¢: current source to measure the drain-source current.
¢: This is a trick to obtain the current, which is needed to
c: calculate the self-heating;

DTA=R7*i(S1)*v(D,S); c: AT due to static self-heating;

temp scaling equations;

end;

Table 3.3: The MV LDMOS subcircuit model definition as formulated for
PSTAR.

3.3.3 Extraction Strategy with ICCAP and Model Validation
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Figure 3.15: Measured (markers) and simulated (full line) In(Vges) for Ves =0, -1,
-2V and Vps =0.25 V; W = 10um.

The measurement set-up is identical to the set-up used for the LV LDMOS. We have to
extract two main extra parameters: Vgar sor, the critical drain-source voltage for velocity

saturation in the second part of the drift region, and Ron, sor, the on-resistance of the
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W = 10pm.

SOI depletion type MOSFET. It is good practice to calculate these from the available
process parameters (using the formulas from Sec. 3.3.1), and to keep them constant while
optimizing all the other parameters. Once the other parameters are known, the results can
be refined by optimizing the values of Vsar sor and Rongsor- As explained in Sec. 3.3.1
the parameter Vp sor can be optimised using the high-side measurements. The optimised
parameter set for the MV LDMOS can be found in App. B

Fig. 3.15 shows the linear characteristic for different body voltages. We again notice
the very strong flattening of the curves for higher gate bias due to the long drift region
presenting a high series resistance. A good fit is obtained between the simulated and
measured values.

Fig. 3.16 and 3.17 show the output characteristics for respectively lower and higher
gate biases and a zero body voltage. For the lower gate biases the MM9.02 part plays the
main role and for the higher gate biases the drift region modelled by M30.02 and M40 is
crucial. We can see that both are well modelled and that the fits are very accurate in both
plots.

Fig. 3.18 shows the output characteristic for a body voltage of -2V. Just as for the LV
LDMOS, the fits are less accurate than for the previous plots. The negative body voltage
increases the depletion in the drift region at the P-N~ junction and the consequent current
reduction can not be described very accurately by M30.02 (see Sec. 3.2.3).

Finally we show the sub-threshold plots in Fig. 3.19, which again gives an excellent fit
between measured and simulated data. For the subthreshold case, the influence of M30.02
is less important compared with the LV LDMOS, so the fits for non-zero body voltages

are also accurate.
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3.4 Limitations of the Models and Conclusion

The first drawback of this modelling approach is the complexity of the circuit and hence
the large number of model parameters. These parameters require a considerable effort in
extraction while their contribution to the accuracy of the results is not entirely certain.
A consequence of this is the increased computation time during simulations which can be
very inconvenient for the simulation of large scale circuits.

Secondly we have been restricted in the charge modelling. The different transistor
models all contribute to the overall charge behaviour, but the inversion charges along the
buried oxide are not included, so we had to add voltage dependent capacitances, which can
only describe reciprocal capacitances, which is limiting for the LDMOS. Furthermore, as
explained in Sec. 2.2.3 the gradually decreasing doping of the P-region under the gate has
a big influence on the capacitance behaviour, and this can not be modelled by MM9.02.

Finally the use of a MOSFET and a depletion mode MOSFET in series, instead of using
one compact model, increases the risk of non-convergence during a circuit simulation. The
model has been tested on a Schmitt Trigger circuit in PHILIPS, and it has been found that
some node settings and simplifications were necessary to make the circuit converge [14].

To conclude, we can say that the subcircuit modelling approach gave a “quick-fix”
LDMOS model, which could be used in the PSTAR simulator. The model gives good
agreement with DC measurements, and reasonable matching for transient and AC results
[15], but has the drawback of complexity and increased computation time. In the next

chapter the development of a compact model will overcome these disadvantages.
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Chapter 4

Compact DC Model

4.1 Introduction

In this chapter the compact SOI LDMOS model is developed to facilitate circuit design
for smart power applications, where the SOI LDMOS is the most common element of the
circuit. The model combines an electrical model with a thermal network to model self-

and coupled heating effects in a consistent manner.

(a) LV LDMOS (b) MV LDMOS in HS operation |
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Figure 4.1: lllustration of the use of the DC current expressions: (a) LV LDMOS; (b)
MV LDMOS working under high side conditions.

To describe accurately the behaviour of the MV SOI LDMOS we use two current
equations, both of which are smooth and continuous in all regions of operation. The first
current expression (Icq, see Sec. 4.2) describes the LV LDMOS part, including the drift
region under the thin gate oxide. The second expression (Ipg, see Sec. 4.3) models the drift
region under the field oxide and includes high-side behaviour. Fig. 4.1 illustrates where
Icy and Ipg are applied in the LV and MV SOI LDMOS structures. These two current
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expressions have been matched consistently with the help of limiting procedures and an
accurate prediction of the internal node voltage. For this reason, a compact model can
converge much more quickly than a subcircuit model, since, in the latter case, the circuit
simulator must try to make the state of an isolated internal node converge. With the
compact model, the simulations of linear and switching applications can converge without
initial node sets. Another advantage is that fewer parameters are required, and these are
more physical than for a compound subcircuit model.

The model for the current under the thin gate oxide (Sec. 4.2) is surface potential
based, and models both the drift and diffusion currents in all operating regions. Care has
been taken to use only continuous and infinitely differentiable expressions. Furthermore,
the model ensures a smooth transition between subthreshold and strong inversion and
between triode and saturation. Both the lateral doping gradient in the channel and the
overlap of the thin gate oxide over the drift region are accounted for in a compact and
physical manner.

The model for the current under the field gate oxide (Sec. 4.3) uses both the potential
distribution in the drift region and the surface potential at the surface of the buried oxide,
ensuring a purely physical prediction of the unique high-side behaviour observed in the
SOI LDMOS.

In Sec. 4.4 the implementation of the internal thermal netlist is discussed. The self- and
coupled heating effects are much more apparent in SOI HV devices and need particular
care if an accurate model is required.

Finally measurements and simulations are compared for SOI LDMOST with different

geometries and good agreement proves the model’s precision.

4.2 Current under Thin Gate Oxide

Leff (if Ldrov
B s poly Si _ Db
pe | e O g fsdi \y
fo chi drg
‘ P N-
buried oxide J

Gb

Figure 4.2: lllustration of the symbols used for the calculation of Icy.
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To explain our model strategy, let us consider the following three operating regions :

e Under strong tnversion conditions the potential at the P-N~ junction cannot be
calculated immediately from Vgsp, Vpip and Vges. However, the inversion channel
current (Iepi) and the drift current under the front gate (I4y,) can be expressed
as functions of the surface potentials g9, 91, (= ¥siL, Where the subscript “si” is
used to refer to the strong inversion case) and vs4;. The different symbols used in
this section are defined in Fig. 4.2; note that all potentials used in this section are
referred to the P-body (B). Expressions for Io,; and I are developed in Secs. 4.2.1
and 4.2.2 respectively.

The surface potentials at the source (%) and at the internal drain (1sqi) can be
calculated immediately from the node voltages. An analytical solution for the surface
potential at the P-N~ junction s, can be obtained by equating the two current

expressions Igr, and Iop; (Sec. 4.2.3).

Under subthreshold conditions the current is dominated by the diffusion current in
the MOSFET part of the LDMOS, and the surface potential at the left side of the
P-N~ junction (1g1,) is given by the subthreshold surface potential in the channel
(s, = ss0), which is only a function of Vg and not of the other nodal voltages.

Finally, in the saturation regime, when the high field effects are included in the

channel current (see Sec. 4.2.4), the current saturation potential 9s1sat can be found

dicu -
from dipgr, ["psL:"psLsat = 0.

These three cases can be joined together smoothly to provide the final expressions for the

surface potentials:

o 22)
Yo = ¢y In| 1+ (4'1)

1 + eXp( siO“(ptsLsatf)

(%)

Y, = ¢ In| 1+ (4.2)

1+ exp<¢siL—¢t Ls f)
Ysdi = VDiB + Pbid (4.3)
where the expression for g s.s is developed in Sec. 4.2.4. 1t is shown that ¥spsatr = ¥ss0

in the subthreshold region and %sisatf = %sLsat in the saturation regime. The natural

logarithmic function provides a smooth minimum between g satr and s, and describes

well the transition from subthreshold into inversion. The surface potentials s and

QﬁssO

in the inversion and the subthreshold regions respectively are expressed in terms of the

nodal voltages in App. C. For more details about the physical background refer to |

1).

These expressions for 151, and 1o are then used in Iy, and hence provide an analytical

expression for the current under the front gate (Icy), which is only a function of 1y

80

and



Psdi-

4.2.1 The Inversion Channel Current

Using standard assumptions for MOSFETSs [1], the inversion channel current can be ex-
pressed using the classic charge sheet model [2],
vy

Lon(4) = =W ) i 0) 02 + W () 6, 2 (4.4)

In Eq. 4.4, geinv(y) is the channel charge density, s the surface potential at position y, ¢y =
k_qu the thermal voltage, and ps(y) is the surface mobility. Using the electron continuity
equation [3] and neglecting recombination and generation currents means -‘%thi = ( for all

1y, yielding

qL
90

o =7 (- / ?:Lus(y) deine () s+ 9 [ py) - dacin)- (45)

Here Leg is the effective length of the channel defined by the length of the under-diffusion
of the P-well minus the under-diffusion of the N* source well (L¢g = L — Lp). The charge
densities are denoted by gy and g1, at y = 0 and y = Leg respectively.

The mobility is assumed to be constant along the channel, although this is not strictly
true. The effects of the electrical field on the mobility in the channel will be discussed
in Sec. 4.2.4 and will be modelled by an effective mobility in the final expression for the
channel current Icy.

Using the depletion approximation, which assumes that the depletion region under the

gate is free of mobile carriers [4], the inversion channel charge can be obtained as

Geinv (Ps, y) = —Cof + (% —ns ¥s — Y (y) v ws) (4.6)
with V; = Vam — Viig, the body factor v(y) = —zq—eg—o—f]!‘-\@, and a factor 7 which accounts

for the influence of the fast surface states at the silicon-oxide interface. This factor is given
by

Diys
=1 4.7
s + Cor ( )

with Dji denoting the fast surface state density.
In order to get an analytic closed form expression for the saturation voltage when
including high field effects (see Sec. 4.2.4), the body charge is linearised using a Taylor

expansion for the square root term [5]:

g = Cotv Vs (4.8)
= Cor 7 (Voo + 0+ (5 — Wst0)) (4.9)
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with § = —L— and

2\/ 1+'l/)st0

t

_ exp (%)
Ysto = ¢t In (1 + : +exp( = sso)> . (4.10)

Note that we are using 1st0 and not g9, as defined at the beginning of the section, because
at this point in the development the saturation surface potential is still unknown.

The lateral doping gradient in the channel (kn, ) is brought in by means of v(y), which
is a function of Na(y) and thus of the position y along the channel. In order to perform
the integration of Eq. 4.5, gciny is needed in terms of 5 only, or in other words, we have
to transform 7(y) to y(1s). This can only be done under certain assumptions, which are

set out below.

o

]Il!llllllllllill]!lIlllllllll!ll'lllllll 1
X
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Figure 4.3: ATLAS simulation of the depletion layers and the surface potential under
the front gate (Vg =4 V).

The doping profile is assumed to be exponential (Ny = Nagexp ( —kN AT;ZE)) [6,7] and

hence 2 .
_ _BNaY o L (1 BNAY 4.11
YY) =% emp( 5 Leﬂ') Yo (1 5 Leﬁ”) (4.11)

with vy = 3@. The approximation is valid (see Sec. 2.2.3) for typical values of the
doping gradient kn, (= 1). To transform ~(y) into (vs), s is assumed to be a linear

function of y, i.e.

"ﬁs = Pst0 + Zy;‘ (¢SL - wsto) . (4.12)
This yields 2
Na
Y(Ws) =0 <1 = Sl — ) (s — 7#st0)) : (4.13)

In a standard MOSFET with a constant doping in the channel, the linearity of 15 with
y is accurate for low drain biases, but deteriorates towards higher drain biases. However,
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a decreasing doping concentration in the channel causes a reduced field effect, giving a
reasonable linearity for higher drain biases. Furthermore, the MOS part of the LDMOS
never reaches very deep saturation because the main part of the applied voltage drops over
the drift region. These two arguments are illustrated in Fig. 4.3, where we have simulated
the surface potential as a function of position y along the channel. The SOI LV LDMOS
structure used for this ATLAS simulation is the same as the one described in Chapter 2.
One observes the reasonably good linearity of the surface potential between the source
and the P-N junction, even when Vp;g is very high.
Using Eqgs. 4.13 and 4.9, the inversion channel density becomes

. R . _ _ _ kNA (¢s - wst())
Genv (V) = of {Vg 7is s = 0 (1 2 (s, — Pst0) )

(Vs +6 - (95 = ¥s0)) | - (4.14)

Substituting Eq. 4.14 into Eq. 4.5 results in a closed form continuous equation, which can

be used for the inversion channel current in all regions of operation:

Lo = B+ (9 (W& — 9) + f - (Yor = ¥s0) ) (4.15)
with
B = [IJ/V s Cof (4.16)
eff
= —-%773—%705‘(% k‘NA~%> (4.17)
f = fh+th (4.18)
k k
fi = Ve—7 Visto ( —“%>+<1—_§é) Yo 0 Ysto (4.19)
fro= b (metr0d— 5 by ) (4.20)

Note that 8 can be recognized as the inversion layer gain factor.

Previous LDMOS models accounting for the lateral doping gradient have the drawback
of using a fixed effective value for the body factor in the expression for the inversion
charge [7], or having to partition the channel into regions of constant doping [8].

Figs. 4.4 and 4.5 show the influence of the doping gradient (kn,) on the channel
current; the output characteristics illustrate nicely the increase in saturation current with
increasing doping gradient. In the linear characteristics we observe that the transition
from subthreshold into inversion occurs around the same voltage, which is the threshold
voltage at the source end of the channel defined as Vipo. However, this transition is faster
for a higher doping gradient. This is to be expected, since the higher the doping gradient,
the more inversion charge will be present at the drain end of the channel, and hence the

quicker the current rises when the source threshold voltage is reached.
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4.2.2 The Accumulation/Drift Current under Thin Gate Oxide

In the linear region of operation of the LDMOS an accumulation layer is created in the
drift region along the surface of the front oxide, and this makes an important contribution
to the device behaviour. In the compact bulk and SOI models published [6, 9, 10] the
influence of the gate overlap over the drift region is neglected, or, if taken into account,
an extra current source (and hence an extra internal node) is introduced [8], slowing down
convergence. Here the overlap of the thin gate oxide over the drift region will be accounted
for in an analytical way without introducing an extra node.

Because the overlap length of the front gate over the drift region (Lgroy) is typically
of the same order as the length of the inversion channel, we have made the assumption
that the channel current saturates before the accumulation layer starts to disappear at the
drain. This assumption is confirmed by ATLAS simulations. Fig. 4.3 shows an ATLAS
simulation of the surface potential along the gate oxide for different drain biases. We can
see that the surface potential at the P-N~ junction hardly changes when Vpis exceeds
Vars — Vﬁ%’ (where VFf%r is the flat band voltage in the drift region with respect to the
front gate), instead remaining fixed at 1s1sat, the saturation surface potential. Also, when
looking at the measured output characteristics of an LV LDMOS (see Fig. 4.12), it can be
observed that the current saturates before Vpis reaches Vgeg — fo%r.

Neglecting the diffusion current and assuming that the surface is completely accumu-

lated, the current in the drift region under the front gate can be expressed by [11]

W Psdi
Idrg = —L / (Udr qgr + Wacc QCacc) & d'()[)s . (4-21)
drov Jv¥sL

The free bulk charge density in the N~ region, ¢{¥, and the accumulation charge density,
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Gacc are

@ = qNpty fo, (4.22)
Geace = Cof - ((VGfB - VPfB) - ws) s (4'23)

where gy is the low field mobility factor in the drift region, and f, is a fitting parameter
taking into account the fact that the current flow is partially vertical. This is due to the
length of the current flow lines being longer than Lgroy, especially when Ly, is of the
same order as the silicon film thickness t,. When L., is considerably larger than %}, this
factor should approach one.

The surface potentials 11, 1sq; and 105 all use the body potential as a reference. So in
theory 1)sq; is given by Vpip + ¢piq. However, when Vpis = 0, the current also has to be
zero. For Vpis = 0, when the channel is in strong inversion, g1, = s, = ¥sio = 2¢r + VsB,
and 1)5q; has to be equal to 15 as well to ensure zero current. Therefore Vpjs + 1sio is used
instead of Vpig + ¢iq as the expression for 1q;. The difference between ¢nig = ¢r + ¢drdr
and 2¢p is usually negligible (<0.1 V), because, considered on a logarithmical scale, the
doping concentrations of the P-body and the N~ drift region hardly differ.

After integration of Eq. 4.21 we obtain

Iqrg = b1 (Vbis +sio — ¥s1) + ho - ((VDiS + 1hsio)? — ¢52L) (4.24)
with
- N B Ve . 4.25
hl = + ﬁacc ' (VGfB VFB + (7/1510 - VSB)) ( . )
Ron
1
hy = ) Bace (4'26)
w
ﬁacc = 7, Hacc Cof (4'27)
drov
%% -1
Ron = (L tar ¢ Np tb) : (4.28)
drov

This expression completely describes the drift current under the thin gate oxide with a
second order equation in the surface potentials 1), and 1sqi. Note that Ron can be
recognized as the ON-resistance of the drift region under the thin gate oxide under zero

bias conditions, and [, is the accumulation layer gain factor.

4.2.3 Solving for Surface Potential at the End of the Inversion Channel

Having obtained expression for the inversion layer channel current (Ii) and the drift
current under the thin gate oxide (I4rg), an analytical expression for the surface potential
at the P-N junction (1g1) can be derived. To find 15, when the channel is in strong
inversion (¢¥so = ¥sio, Ys1. = ¥%1), Eq. 4.15 is equated to Eq. 4.24. To get a more accurate
solution for 9%, simple expressions for the vertical field effects for the inversion and
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accumulation layer mobility are included by substituting 8 and B,.. with respectively
p
Be = 4.29
S R (A 29

_ ﬁacc
:Bacce - 2 (1 + Hacc : (V:g - 77DsLsa.t)) (430)

with @ and G respectively the inversion and accumulation vertical mobility degradation
factors. To simplify the derivation we have made the assumption that velocity saturation
effects can be accounted for by an identical reduction factor for Iy; and I4r. The validity
of this assumption is supported by the fact that we are looking for a result for ¢; before
saturation occurs, because after that point, 11, is given by ¥s1sat, as developed in the next

section. Putting Iq,g = Icpi now results in

( Jy + Bacce - (VGfB -V + ¢bid)> (Yodi — Y1) — Bazcce (?/}é?di - (¢siL)2> =

Ron
Be- (9 (Wan)? = v30) + f - (Wi — vs0)) - (4:31)

This yields ¥3;, as a function of the known surface potentials 90 and 9sq;:

B B2 _ *
Wy, = — * \/E——A_CT (4.32)
with
_ Bacce

“ = "% (4.33)

" & JJZON " ﬁaﬁfe (Vora = Vs + (o = V) (4.34)

4 = g+G (4.35)

5= J+F (4.36)

¢ = - (g wszio +f 'l/)siO) ~ F - (Vpis + v¥sio) — G - (Vpis + 7/’510)2 _ (4.37)

Only the solution given by Eq. 4.32 is correct for %, the second solution of Eq. 4.31
being physically invalid.

4.2.4 Inclusion of High Field Effects

The surface mobility will be reduced due to the presence of a vertical field in the channel
and due to velocity saturation. In this section we develop an effective value for the surface
mobility including these two high field effects. The approach followed is similar to the
standard MOSFET mobility model used in STAG [1], with the difference that root terms

in the expression for the vertical electric field will not be neglected.
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Vertical Field Mobility Reduction

Due to scattering and two-dimensional confinement effects the mobility in the channel
depends on the bias conditions. The mobility decreases with increasing effective transverse
electric field &xeqr, which is defined as the field averaged over the electron distribution. The

transverse electric field is given by [12]

b= = (@ +C dem) (4.38)

51

where ( is an empirical parameter, taking on the value % for electrons and % for holes.
Assuming classical diffuse scattering at the Si-SiOy surface, the effective mobility due to

the presence of a vertical electrical field can be modelled as

Hs (4.39)

ff = "7
e 14 ag ,fxeff}

with the scattering coefficient «y. Using the linearised expression for the body and the
channel charge densities (Egs. 4.9 and 4.14), Eq. 4.38 becomes

b= Ve (1-2) (Va8 (a—w0) | . (440

where the interface traps have been ignored, and a mean value for the body factor has

been defined as
o = 7_032512 : (4.41)

Averaging & over the length of the device results in

bt = (V= (1= 2) (Vo = 6 )

€si ¢
1
‘(1+"Ym5'(1”"‘>> 2/’sO'f"(psL} ) (4'42)
¢ 2
For an N-type device the effective mobility becomes
Hs (4.43)

Hxeff =
T 140 (Ve (Vo — 0 th0) — (1= im 9) L0505 )

with
0 = _ 2 G Cof _ (4.44)

€si
Although physical values exist for the parameters in Eq. 4.44, it is usual to treat ¢ as a
fitting parameter; this approach has been chosen in our SOI LDMOS model.

In the original version of the STAG model [1] the linearised root terms were neglected.
This resulted in low non-physical low values for the optimised zero-field mobility parameter
ps. Furthermore, in high voltage devices the doping concentration of the P-body is often
higher than for standard CMOS. This leads to a higher body factor, which makes the
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linearised root terms even more important.

Carrier Velocity Saturation

When the longitudinal field &, increases, the carrier velocity increases proportionally to
the field strength, until eventually velocity saturation occurs. This limiting high-field drift
velocity is referred to as the saturation velocity vgy;. The critical field for which this
happens is given by £ = yﬁa;: The effect of velocity saturation is modelled just as in the
original version of STAG [1]:

_ Hs
bt = (4.45)

Vsat Lest

Combined Mobility Model

The two high field effects give rise to the following expression for the high field effective
mobility [1]:

et = = e —— . (446)
1+0'{Vg“ SLQ > +’Ym<V¢sO+§(¢sL_'¢sO))}+ﬂs‘ srieﬂs

Vsat

If pus in Eq. 4.15 is simply replaced by peg and we use 10g, = min(tss0, ¥siL.), & non-
physical rollover is visible in the output current characteristic around the transition from
triode into saturation region [1]. This is explained by the fact that the new mobility model
reduces the current for 15 < 10, Where g is used as the saturation voltage, while in
fact it is necessary to introduce a saturation surface potential g sat.

In [13], it is claimed that velocity saturation in LDMOS transistors occurs at the source
side because the doping concentration is highest there, but this is not proven. The position
of the lateral field maximum also depends on the applied biases and, on whether velocity
saturation occurs before channel pinch-off, i.e. for very short channel length devices, the
onset position will probably move along the channel. For long channel devices pinch-off
generally happens before velocity saturation, and velocity saturation takes places at the
internal drain junction, where the lateral field is highest. Considering the above arguments,
it is not a good idea to characterise saturation by electron velocity saturation at a fixed
position, as they do in [13] (IcHsat = W vsat Geinv(y = 0)). To find the saturation surface
potential at y = Leg, we search for the value of 1), for which the channel current becomes

maximal and avoid the problem of the peak position of the lateral field:

aIchi

=0. (4.47)
6¢SL YsL.=YsLsat

If we consider only the drift part of the channel current we find
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(2 g Ysrsat + f1) (1+9. (Vg_ﬁsIJsat___z'*'_?ﬁt_o>
w>

+Ym * (\/?/)_s;(; + g‘ (¥sLsat — wsto)) + L&
= Mmob (g ' (¢S2Lsat - ¢th0) + fl ' (¢sLsat - Q/"stO)) (4-48)

with 0 1 5
M. __Y e 4.49
mob 2+Lefffc+0,ym2 ( )
Replacing 9spsat by W
"/’sLsat - wst() + § (4'50)
with S as a new variable and ¢ = —1g9 — éfig, we find a quadratic equation:
7/’ Mmob
§2_g_ 2~ =0 4.51)
21+9'(Vg'¢st0)+97m\/'¢'30 (
with the solution
1 1 29 Muon
S=Z+2/1+ — (4.52)
2 2\/ 1+9'(Vg“¢st0)+07m 'lpstO

Note that the second solution of Eq. 4.51 would lead to a negative physically impossible

solution for S. Let us know have a closer look at the expression for #:

fi

Y = —thsto — 5 (4.53)
g
7 Vi (1 — a
Ve 7s Psto — Yo V¥s0 ( - _4-'> (4.54)
= 54 .
k
_ é% + Y0 V¥sto %A‘ (4.55)
29

In the strong inversion case the term vy /%sio k—zﬁ can be neglected compared to —C‘i—(‘))?. On
the other hand, in the subthreshold case qq is zero, and neglecting the above mentioned
term means 9 = 0. So, under subthreshold conditions we find ¥spgat = ¥sto = Yes0, Which
is what we want. Rewriting Eq. 4.50 and omitting the described term in % gives the final

expression for the saturation surface potential at y = Leg

Ve — — o ST
Ystsatf = Psio + B w;t(; S% Peto (4.56)

Note that 1)gsaif is slightly smaller than 1)g1 gat, which is not a problem. In the hypothetical
case of a slightly larger value, the non-physical roll-over mentioned in the beginning of

this section would still be visible over a very small voltage range, which would have been
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unacceptable.

4.2.5 Calculation of the Saturation Voltage

In the previous section the saturation surface potential at ¥ = Leg (tPs1.6aif) Was calculated.
This saturation effect happens for a certain value of the drain voltage, referred to as the

drain saturation voltage Viysst. To calculate Vygar, we look for Vpig = Vg for which

Lepi <¢sLsatf) = Idrg (",bsLsath VDiS)7 Le.

g- ("/jsstatf - ws?to) + f - (Ysvsart — Pst0) =

F- (Vdsat + "/’stO - wsLsatf) +G- ((Vdsat + wst0)2 - "/)SQLsatf) . (4-57)
This results in . .
Vdsat - 'é ("“é‘ + v RS) - wstO (4-58)

with
F? 2 2
Ry=—+G- (9 “(YsLsasr — Vo) T f - (Yssatt — Vst0) + YsLsast * (G Psusase + F )) :

(4.59)

In subthreshold g1 satf = 1st0, and hence Vg, as calculated from Eq. 4.58 is close to zero.

In the LDMOS model a small constant (0.1 V) is added to Vg to avoid the condition

that Vg, reaches zero when the device is working in subthreshold. This is explained in

more detail in Sec. 4.2.7, where the subthreshold current is studied.

To attain a smooth transition from triode into saturation region a smoothing function

is invoked to limit Vpig to Visag [14]:

VDIS Vvdsat (4‘60)
((Viis)2m + (Vagsar) ™) /2™

Vbisn =

with m an empirical parameter, which can take integer values only. For a short channel
MOSFET m = 2 gives good fits. For longer channel lengths larger values for m have to

be used.

4.2.6 The Total Current Expression

All the different aspects of the current under the thin gate oxide studied in the previous

sections can now be joined to give the final formulation:

fore 140 {Vg — Bdbe by (Vifg + § (Yt — o) ) | + 2 Yo
(9- (va —wh) + £ (o — ¥0)) (4.61)
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with

exp (1/1510
Yo = ¢ In (1 + ’ +exp( ¢t¢) LSM))

t

o ()
puln (1 i + exp (zesifiqumm )) (4.63)

(4.62)

wsL =

The expression for 11, is identical to ¥%; (Eq. 4.32), with the difference that Vp;s is

replaced by Vpig, to include the saturation effects, i.e.

B B2
-B /B _acC

Psit, = ) (4.64)

with A and B defined by Eqgs. 4.35 and 4.36, and C given by Eq. 4.37, where Vp;s is
replaced by Vpign:

c = - (g Vi + f lbsio) — F - (Vbisn + ¥si0) — G - (Vbisa + ¥sio)” - (4.65)

4.2.7 The Sub-Threshold Current

In the sub-threshold regime the current is dominated by the diffusion current in the MOS-
FET part of the LDMOS and can be approximated as follows using Taylor approximations:

IcHo, sub—threshold = %%ﬁ (f2 - (¥s1, — ¥s0)) (4.66)
A ANRIES IR
—tss0 — 1 €xp Cisso) + ¢ exp ( Y0 — 7 %0))} (4.67)

- 222 fnnem(2000) (-on ()]

S

In Eq. 4.68 we recognise the same exponential functions as for the standard MOSFET
[11]. In the sub-threshold regime sy, is the minimum of g, and sso; this value is slightly
larger than g if Vpign > 0.

Let us now come back to the comment made in Sec. 4.2.5. Setting Vgsay = 0 would
result in Vpisn = 0 and 91, = 10, which would give a zero current instead of the
subthreshold current. Thus we require a small off-set value for Vys,¢, usually selected of
the order of ¢;. For this very reason the value of 0.1 V was added to Vs, in Sec. 4.2.5.
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4.2.8 Auxiliary Model

To model the short and narrow channel effects on the value of the threshold voltage we

AL AW
=y -{1- 1—-—=1} . 4.69
Teft 0 ( Leff) ( w ) ( )

For the Drain induced barrier lowering (DIBL) effect, we write [1]

use [1]

Vigetr = Viig — Yoo Vbis » (4.70)

where Y00 = 72—. Two models are included for the channel length modulation (CLM)
effect. In the saturation region, an increase in Vpig causes the pinch-off point of the
channel to move towards the source. The reduction in channel length, referred to as lg

can be described by a simple model [1]:
la = A - (Vbis — Vbisn) - (4.71)
The second short-channel model [1] is given by

(Vbis — VDiSn)) . (4.72)

ldzlx 1n(1+ Vp

The simple model is the default. The only way the short-channel model can be invoked, is
by specifying a non-zero V,, and a non-zero Iy and not specifying A,. With channel length

modulation we obtain

)
Icn = Icno (1 + Ld ) (4.73)
eff

for the channel current. The CLM and DIBL effect in LDMOS transistors are a lot smaller
than in standard MOSFET because a large part of the drain voltage drops over the drift
region. However, for low gate biases, it is important to take the CLM effects into account

because it determines the value of the output conductance in the saturation regime.

4.3 Drift Current under the Field Oxide

The current flow in the drift region is illustrated in Fig. 4.6. When the back gate voltage
is made very negative, the surface at the buried oxide can be partially (which is the case in
the example illustrated in Fig. 4.6) or fully inverted, depending on the channel potential

.
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Figure 4.6: Current flow in the drift region under high side conditions.

4.3.1 The Intrinsic Drift Current

Neglecting diffusion current, the channel current can be written as the current in a
depletion-type MOSFET with the back gate acting as the gate terminal [11]

YD

w
Ty Mard Np /Di (toar — d(¥)) - dv , (4.74)

Ipro =

where d(v) is the depletion layer thickness extending from the buried oxide into the silicon,
and tpq, the silicon thickness under the field oxide. The channel potentials ¥p; and ¥p are
shown in Fig. 4.6. In this section all potentials are referenced with respect to the neutral
bulk potential minus ¢p;q.

We consider two definitions for the depletion layer thickness, before and after inversion.

Before inversion the depletion layer thickness is referred to as dgep and given by [11]

€si & 2 2 €
d =—S‘+<S‘>+S‘—V+
dep Cob \/ Cob q Np ( gb ",b)
Cob
o = 4.75
e (Ve +9) (4.75)

with Vg = Vgps — VF}?gr, and C,p, the buried oxide capacitance per unit area. In standard
depletion type MOSFET devices, the possibility of surface inversion is usually excluded
for practical devices. However, when an LDMOS is working under high side conditions,
the formation of an inversion layer is crucial to limit the further increase in ON-resistance.
If the surface at the buried oxide is inverted, the depletion layer thickness is referred to

as dipy and can be expressed as

. . 2 € (2 ¢Fdr + ,1/}) 4.76
dan i \/ q ND ) ( * )

where we have used the depletion layer approximation from [4], and where the inver-

93



sion surface potential is approximated as 2¢rgr + 9. To obtain closed-form analytical
expressions for the saturation potentials in the next section, the square root of the surface

potential is linearly approximated with a Taylor approximation around 2¢pg,:

2€i ([
dinv = ’“E_ ( 2 ¢Fdr + 5dr ¢> ) (477)
\ ¢ Np

with 64y = In Fig. 4.7 the linearised and ideal depletion layer thicknesses

1
2/ 14+2¢rdr

ideal depletion layer thickness
—————— linearised depietion layer thickness

Figure 4.7: Comparison of the linearised (dotted line) and ideal (full line) formulation

of the depletion layer thickness: d(¢) vs. ¢ for Vgpg = —50 V and -100 V.
dgep and din, are compared for typical parameters (see Table 1.3 in Chapter 1). Very
good agreement is obtained for low values of 9 and Vg,g. For higher values the deviation

increases, but remains below 5%.
Using the linearised formulations for d(1) the integral in Eq. 4.74 can be rewritten as:

YD »i YD
/ (toar — d(¥)) - dp = tpar - (YD — ¥pi) — / diny () - dyp — / daep(¥) - dip , (4.78)
YDi ¥pi Wi

where ; is the potential at the end of the inversion layer as denoted in Fig. 4.6. This
potential can be calculated from diny (1) = daep (i),

bdr _/
1- ,),bdr 5dr

with yPdr = ——q———VQECS.ibMD being the back gate body factor in the drift region. The potentials at
the internal drain node and at the drain can be expressed in terms of the nodal voltages
using ¥p; = Vpig and ¢¥p = Vpp. Substituting Eqgs. 4.75, 4.77 and 4.79 into Eq. 4.78
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results in

1 1 bd

Ipro = Eé}; {VDB — VpiB — Vodeon (7 " Hyy + HQt)} ) (4.80)
with
Lq
Rdr — r 4.81
ON W pdr ¢ Np todr (4:81)
Np t
Vodp = LD bdr = bbdr (4.82)
(o]

Sdr

Hy = <(VDBf0 ~ VbiB) V2 ¢rar + —S* (Vngo - VgiB)) (4.83)
1

Hy = 3 ((—ng +VoB)? — (Vg + VDBfO)2) (4.84)

and Vppgo = mingy, (Vp, maxnyp(Vpi, i)). The “minyy,” and “maxyy,” functions de-
scribe a smooth and continuous minimum and maximum respectively, and can be found in
App. C. Note that RdOrN can be recognized as the ON-resistance of the drift region under
zero bias conditions. Vpgep is the pinch-off voltage when the back surface is not inverted
and Vg, = 0.

4.3.2 Saturation by Pinch-off

The maximum value for the depletion layer thickness is £,4,. The channel voltage at which
this happens is called the pinch-off voltage. Let us assume in the following reasoning that
Vbe > Vpip; otherwise Vpp and Vp;p only need to be swapped in the current equation.

To calculate the pinch-off voltage, we have to consider two different bias situations:

e Vpig > ¥ : no inversion at the buried oxide

The pinch-off voltage Viatdep can be found by equating dgep t0 thdr:

Vsatdep = Vgb -+ VPdep . (4'85)

e 1 > Vpip : inversion at the buried oxide

The pinch-off voltage Viatiny can be found by equating diny to fhar:

VPdep - ’der V 2¢Fdr (4 86)
) ,der ’ :

Vsatinv =

Both Vpig and Vpp are limited smoothly to the maximum of Viatiny and Viatdep. It
can be proven that when Vpjg > tj, this maximum corresponds to Vgadep, and when
Vbi < %, it corresponds to Viatiny (see App. D). In conclusion, we obtain the pinch-off
voltage

Vpsar = maxnyp(Vsatdeps Vsatiny) - (4.87)
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To include saturation by pinch-off in the drift current expression, Vp;g and Vpp have to

be replaced by

Vbies = mingm1(Vpis, Vpsat) (4.88)
VoBst = mingm1(Vps, Vpsat) - (4.89)

The smoothing functions “maxyy,” and “mingy;” can be found in App. C.

4.3.3 Velocity Saturation

For low electric fields the equations developed in the previous section can describe the
device behaviour reasonably well. However, for higher drain biases the high field velocity
saturation effects can no longer be neglected. To account for the velocity saturation effects

we replace the low-field mobility pq, with [15]

Hdr (4.90)

Hdreft = 777 034: (Vo — VDiB)

with O34, = @%%rf;‘ The quantity vgaqr is the saturation value for the drift velocity,

which in theory is 107 cm/s for silicon [15].
Both Vpp and Vpip have to be limited due to velocity saturation effects. To calculate

the saturation potential, we have to consider three different bias situations:

e Vbe > Vpig > %; : no inversion at the buried oxide, and hence Vpprp = Vpin

To find the velocity saturation potential Vg1 we solve

9Ipro —0 (4.91)
OVom VoB=Vsat1
and get
1 1 VbiBs Visatdep
Vs = Vpigps — -2 2 . 4.92
satl DiBs 93dr + \/egdr HSdr + 03dr ( )

e Vpg > 9; > Vpip : the surface at the buried oxide is partly inverted, and hence
Vbeio = ;. To find the saturation potential Vguo we solve

O0Ipro

= 4.93
oVpp 0 ( )

Vpe=Vzat2

and obtain

1 1 Vi Vi
Vsat2 = VpiBs — 4|y — 2228 TS | (  Viige)” (1 — 4P dar) -
O3ar O34 O3dr O34r
(4.94)

e 1; > Vpp > Vpig : inversion along the whole length of the buried oxide, and hence
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Vpeio = Vpe. To find the saturation potential Vsat3 we evaluate

I
9Ibro =0 (4.95)
OVDB |Vop=Vias3
which yields
1 1 VDiBs Vvsa.tinv
Vsats = VDiBs — + -2 + 2 ; 4.96
a3 DiBs 93dr \/9§dr 03dr 03dr ( )

These three expressions can be transformed into one single expression for the drain

saturation potential:

. 1 1 Vi Vi
V2 = Vhigs — 7— + 1/ 53— — 222 422 4 (g — Vi§ip)? (1 — 724 bar) ,  (4.97)
03dr 63dr 03dr 83dr

with

. 2
V]SiB = mMaXhyp (mlnhyp (VDiBs, 7/)1) 3 'l/)i = \/@-possm (VPinv — Qpl)) . (498)
r
Limiting Vppst to Vo, results in the final expression for Vpps:
VbBs = VbiBs + mingat (VbBst — VDiBs Veat — VDiBs) - (4.99)

The final expression for the drift current, including pinch-off and velocity saturation
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Figure 4.8: Drift current vs. Vpp; for different back gate biases.
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effects is given by

1 1
Ipr = Voss — Vbiss — bdr ) + H 4.100
PR RE (1 + 034 - (VoB — Voin)) { PP P T Voep (7 ' 2) (4.100)
)
Hy = (Vbpt — Vbiss) V2 ¢rar + —gﬁ (VSBf — VSiBS) (4.101)
1
Hy = 3 ((—ng + Vo) — (—Vib + VDBf)Q) (4.102)

and Vppr = minpy, (VpBs, maxnyp(Vbins, ¢1)). The expressions for V5, VoBs and Vpae
use smoothing functions to ensure the continuity of the equations; these can be found in
App. C.

Fig. 4.8 shows the drift current vs. Vpp; for different back gate biases. Note the
continuous description of the different saturation effects, and the current decrease with

increasingly negative back gate voltage.

4.4 Modelling Heating Effects

At room temperature, self-heating effects have been long since well known for high power
dissipation levels in DMOS [16-18] and other high voltage devices [19]. Later, self-heating
was observed at moderate power dissipation in VLSI bulk MOSFETs [20] and SOI MOS-
FETs [21].

In any technology there is a finite thermal resistance from the active area to its sur-
roundings, which implies that the device temperature will be higher than the ambient
temperature when significant power is dissipated. This causes a reduction in drain cur-
rent, which can sometimes be sufficiently strong to cause a negative output resistance [22].
In a SOI technology this thermal resistance is much higher than in its bulk counterpart,
especially for high voltage devices where the buried oxide layer can be up to 3 pm thick.

The finite thermal capacitance causes the device temperature not to follow the device
power instantaneously, and so it is important to consider self-heating as a dynamic effect
[23-25]. The effects of self-heating are most noticeable in the saturation region, which
is the normal region of operation for analogue circuits. A slow variation of the drain
voltage in the saturation region causes a change in device temperature, which in turn
affects the current. At higher frequencies, the channel temperature can no longer follow
the power dissipation and the heat-flow is effectively low-pass filtered [26]. This increase
of the output conductance with frequency due to the thermal time constant (typically in
the range of 100 kHz to 1 MHz) is of extreme importance for analogue designers, since the
output conductance determines the gain of any amplifier.

In ultra-thin RESURF SOI LDMOS structures, the distribution of the heat generation
in the drift region will be highly non-uniform, but will be quite constant in thicker SOI
LDMOS devices [27,28]. To model a non-uniform temperature rise of the device, the 2-D
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heat flow equation [29] has to be solved using numerical methods. This, however, is very
time consuming, and in compact models it is usually preferred [1,21] to assume thermal

equilibrium and use an average temperature rise AT

— AT (transistor 1)
AT [ —
/

Intergonnection network
Externally accessible thermal node RT1 fo af coupling

Thermal network embedded
within SOI LDMOS model

AT P@ I = ﬁ_“

R T3

— AT (transistor 2)

(@ (b) (©)

Figure 4.9: (a) First order thermal circuit; (b) Three time constant thermal netlist;
(c) Example of an interconnection network for the simulation of thermal coupling.

Because of the analogy between thermal heat flow and electrical current flow, a separate
circuit is used to model the thermal behaviour of a device [24, 30]. The thermal circuit
consists of a thermal resistance (Rr) and a thermal capacitance (Ct) and is shown in
Fig. 4.9. The thermal network embedded within the model has only one time constant.
However, if more thermal time constants have to be taken into account [31] a higher
order network can be added externally as shown in Fig. 4.9(b). The thermal node can
also be connected to a thermal interconnection network for the simulation of thermal
coupling between devices, i.e. the influence of the temperature rise in one device on other
neighbouring devices (Fig. 4.9(c)).

In the case of a first order thermal circuit, the simulated temperature rise is obtained

from AT d(AT)
P=—+0C 4.103
Rr @ (4.103)
The dissipated power in the SOI LDMOS is given by
P = IcuVpis + Ipr Vopi (4.104)

from which the simulated temperature rise can be determined via Eq. 4.103. To find the
small-signal equivalent of the thermal circuit, the thermal dissipation has to be differen-
tiated with respect to AT, Vpis, Vam, Vabs, Vb and Vsg, just as with all the other
electrical current expressions in the compact model. The temperature rise is treated as
another voltage which SPICE has to solve for, and the local device temperature rise is

available to model developers as another terminal voltage.
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Measurement Set-up Optimised Parameter
Ip-Vass, Vars just above Vipo,Vps=0.1V Hs, Haces Viho
ID'VGf87VDS:O-1V 97 Oacc
In-Vars,Vps=0.1V, high Vg Np
In-Vass,low Vars, Vbs=Vatmax/2:Vatmax 6
In-Vies,medium-high Vars, Vbs=Vatmax/2,Vatmax VUsat

9ps-Vps, VBs=0V, Vas=Ving+0.1V,..,Vipe+3.1 ((lx and Vp) or Ay), 0
Ins-Vps, VBs=0V, Vas=Vino+0.1V,..,Vipo+3.1 0, VUsat
Ips-Vps, low-medium Vps, Vars=Vatmax-3V,-.,Vafmax Vsatdr, IVD; Mdr
ID‘VGfS: ngs=Vch0—0.5V,...,Vtho-i-O.E)V,

Vbs=0.1V,VGtmax/2,Vamax, VBs=0V o

In-Vars, V(;fs—‘:vzh—()ﬁv,...,vth+0.5V,

Vps=0.1V,VGtmax/2,VGtmax, VBs=0,-1,-2V Na

Table 4.1: Measurement set-ups for parameter extraction

For all the temperature dependent parameters of the model, a conversion from the
nominal temperature (Tphom) to the ambient temperature (TEMP = T,p) is performed
in a parameter preprocessing stage of the simulation (see Sec. C.5.2 in App. C). Thom
is the measurement temperature, and TEMP = T, 1, is the temperature specified on the
instance line of the device. The local self- and coupled heating induced temperature rise,
AT, is used to modify the values of only those parameters which have a major contribution
to the device behaviour (see Sec. C.5.3 in App. C). This is because this operation has to
be performed at each Newton-Raphson iteration, and including the effect of AT for every

temperature dependent parameter would drastically increase computation time.

4.5 Validation

Test chips were fabricated on a commercial HV SOI process containing single LV and MV
LDMOS structures with different geometries. In this section, the measured data from the
single device characteristics are presented in comparison with the compact SOI LDMOS
model simulations. LV LDMOS devices with two different overlap lengths (Lqroy = 1.2 pm
and Loy = 3.2 pm) and MV LDMOS devices with three different drift lengths (Lgr =
3.7 um, Lg, = 5.7 pm and Lgyoy = 7.7 um) were selected for detailed study. This choice
represents a comprehensive range of geometries used for the LV and MV SOI LDMOS
transistors in the HV SOI process. The parameter extraction procedure used is very
similar to the one used in Secs. 3.2.7 and 3.3.3, with the difference that less parameters
need to be extracted, which facilitates the optimisation procedure. The initial values for
Vino and kn, can be extracted as explained in Sec. 2.2.3. For the other parameters, their
physical values are used as an initial guess prior to an optimisation procedure, which fits
simulations to measurements for a particular measurement set-up as shown in Table 4.1.

Using this optimisation technique and starting with a good first guess for all the
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Parameter Initial Optimised
Vino 26V 275V
Na 0.95 1017/ cm® | 0.75 107/ cm?
kx, 1 1.4
s 750 cm?/(V.s) 700 cm?/(V.s)

6 0.03 V! 0.045 V-1
Pacc 750 cm?/(V.s) 750 cm?/(V.s)
Oacc 0.03 v-! 0.04 V-1
Usat 1107 cm/s 2.2 107 cm/s

o 0 0
Np 110 /em?® 1.3 10'% /cm3
Hdr 1450 cm?/(V.s) | 1250 cm?/(V.s)
Vsatdr 1107 em/s 1.4 107 cm/s
fv 1 0.3
Ar 51079 m/V 5107° m/V

L 1.5 ym 1.45 pm
Lp 0.3 pm not optimised
tof 60 nm not optimised
tob 3 pm not optimised
tp 1.5 pm not optimised
Thdr 0.9 ym not optimised
m 2 not optimised
XFB -3 1073 (extracted) | not optimised

k 1.7 (extracted) not optimised
kace 2 (extracted) not optimised
kar 2.2 (extracted) not optimised

Table 4.2: The optimised parameters compared to their initial values

parameters, we have obtained a parameter set for the LV and MV LDMOS, which is given
in Table 4.2. Most optimised values are very close to their initial values, indicating that
the model is very physical. The only exceptions are the optimised saturation velocities
Vsat and vgaqr, Which are considerably higher than the initial physical value. The only
difference between the LV and MV LDMOS is that we have added a different drain series
resistance for the LV and MV SOI LDMOS (Rp (LV) = 57 Q for W = 50 pm and
RBp (MV) = 30 Q for W = 50 pm). For completeness the impact ionisation and diode
parameters are also given in App. G, but these have not been optimised.

In many processes only a couple of different values for Ly, and Lgyoy are available, and
different parameter sets can be used for the different geometries to obtain better fits. The
reason why this can be advantageous is that, because of 2-D effects, the lateral scaling is
not perfect. 2-D effects are more important for the shorter devices. However, here we have
chosen to use one single parameter set for the whole range of geometries to show that the

scaling is reasonably accurate.
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4.5.1 Linear Characteristics
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Figure 4.10: Measured (markers) and simulated (full line) drain current in the linear
region for different geometries and Vps = 0.1 V.

The linear characteristic for the different geometries is shown in Fig. 4.10. As can be seen,
the SOI LDMOS model matches the measured data very well in almost all regions.
Curves 1 and 2 show the drain current decrease with increasing Lg,oy, and curves
3, 4 and 5 show the current decrease with increasing Lg,. The match is very good for
gate voltages more than 2 V above the threshold voltage but just above the threshold,
the model over-estimates the measured current. The fit can be made better by using a

lower value for the doping gradient, but this is not physical and would also reduce the

saturation current for low gate biases, which is otherwise well predicted (see next section)

when ky, = 1.4 is used.
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&
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drov
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Figure 4.11: Measured {(markers) and simulated (full line) current in the linear region
for Vps =0.1Vand Vgs =0V, -1V and -2 V.
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Fig. 4.11 shows the linear characteristic for different body voltages. Again the match
is very good for gate voltages more than 2 V above the threshold voltage, but just above
threshold the simulation results over-estimate the current. The reason for this excessively
large simulated current has its origin in the approximation for the body factor employed
in Eq. 4.13. Just above the threshold the body factor is not exactly a linear function of
the surface potential; the lower threshold at the drain end of the inversion channel causes
the inversion at the source end to be considerably less than at the drain end, and hence
the main part of the drain voltage will drop over the source end of the inversion layer,
becoming almost constant towards the point where y = Log. Because of the assumption
that v is a linear function of 95, the inversion charge in the intergral of Eq. 4.5 will be
over-estimated just above the threshold for values between 159 and 1)1, explaining the

slightly over-estimated current.

4.5.2 Output Characteristics

[
2]

15

L=0pm, L, =32pm Ldr=0 pm, L, =32 pm
< =
% 10 % 10 |
g:’ § Vns=7.1v.;;;;;
g g
i 5 £ st Vos= 14.1V
2 8
0 / 0 1 T T H
1 0 2 4 6 8 1
Drain bias [V] Gate bias [VI

Figure 4.12: LV LDMOS with Figure 4.13: LV LDMOS with

Larov = 3.2pum; measured (markers) Laroy = 3.2 pm; measured (mark-

and simulated (full line) current vs. ers) and simulated (full line) current

Vps for Vais = 35V, 45V, 5V, vs. Vags for Vps = 7.1 V and Vpg =

5.5V, 8V, 11Vand 14V 14.1 V.

Output characteristics for the LV and MV LDMOS are shown in Figs. 4.12 and 4.14
respectively. In almost all cases the model yields a good match with the measured data.
The onset of saturation is well predicted, proving that pinch-off and saturation effects in
the drift region are well modelled. For the LV LDMOS the drain saturation current keeps
increasing with the gate bias, while for the MV LDMOS the drift region limits the current
much more noticeably. The model predicts well the decrease in current due to self-heating,
which can lead to a negative resistance in some bias situations.

Another interesting characteristic for the SOI LDMOS is the drain current vs. the gate
bias for two different high drain biases. These are plotted for the LV and MV LDMOS in
Figs. 4.13 and 4.15 respectively. Self-heating is very noticeable in these curves because,

above a certain gate voltage, the curves cross each other, leading to a higher current for

103



7 7
6 Ldr: 5.7 nm, Ldrov= 1.7 nm e’ g L Ldr= 57 um, Ldmv= 1.7 pm Vos=71V
4 ' o
£S5 Es|
S4 24l 3 Ves= 141V
£ e
S3r P g3f
F2 '5 2 L
iy a
1_ 1k
0 — T T
0 T —
0 5 o 10 1 0 5 10
Drain bias |V] Gate bias [V]
Figure 4.14: MV LDMOS with Figure 4.15: MV LDMOS with
Larov = 1.7 pm and Ly, = 5.8 pm; Larov = 1.7 pm and Ly, = 5.8 um;
measured (markers) and simulated measured (markers) and simulated
(full line) current vs. Vpg for Vs = (full line) current vs. Vggg for Vps =
35V, 45V, 5V, 55V, 8V, 11V 7.1V and Vpg = 14.1 V.
and 14 V.
the lower drain bias.
4.5.3 High-Side Behaviour
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Figure 4.16: Measured (markers) and simulated (full line) current for Vg = 10 V
and Vagps =0V, =50 V, —100 V and —150 V.

Fig. 4.16 shows the device working under high-side conditions.

We observe a current

decrease with increasingly negative back gate bias, but when inversion is established the

back gate voltage no longer influences the drain current. Good agreement is found between

the simulated and measured data for curves (1) to (3). However, measured curve 4 has

a positive slope, while the simulated curve (4) has a negative slope, which is due to the

inclusion of self-heating. The reason for the positive slope in the measured curve is not

that obvious. One would expect the current to have saturated due to pinch-off of the drift
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Figure 4.17: MV LDMOS with Figure 4.18: MV LDMOS with
Larov = 1.7 pm and L4, = 5.8 um; Lgrov = 1.7 um and Lg, = 5.8 pm;
measured (markers) and simulated measured (markers) and simulated
(full line) current vs. Vg for Vpg = (full line) current vs. Vgbs; Vars =
0.1 V and VGbS =0 V, —50 V, 10 V; VDS = 2 V and VDS =10V.
—100 V.

region, so that the current decreases with increasing Vps due to self-heating. It is probable
that 2-D effects in the drift region change the field distribution when Vpg is increased,
allowing a higher drain current. Another explanation could be an enhanced channel length
modulation effect with increasing back gate bias. However, these hypotheses would need
to be investigated with a device simulator to be more certain.

Fig. 4.17 shows the influence of a negative back gate on the linear characteristic. As
explained in Sec. 4.5.1, the simulated current just above the threshold overestimates the
real current, but the decrease in current due to a negative bach gate bias shows good
agreement with the measurements. In Fig. 4.18 we have plotted the current vs. the back
gate bias for a fixed front gate bias and two different drain biases. As explained in the
previous paragraph, the simulated saturation current is too low for very negative back
gate biases. The plot illustrates nicely the decrease in current with increasingly negative
back gate bias until the drain voltage dependent back gate threshold voltage of the drift

region is reached (V,24), at which point the current stays constant.

4.6 Summary

In this chapter, the complete SOI LDMOS DC model was set out. Expressions for the
current under the thin gate oxide and under the field oxide were carefully derived, keep-
ing the model approach as physical as possible. The assumptions made were considered
critically and verified where necessary.

First an expression for the current under the thin gate oxide was developed, describing
the current in terms of the surface potentials, whilst taking into account the lateral doping
gradient and the overlap of the gate over the N~ drift region. Vertical mobility degradation
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and velocity saturation effects were included in a robust and continuous way. Furthermore,
we accounted for CLM and DIBL.

Next, an expression for the current under the field oxide was developed. The impact

on the current of the thickness of the depletion layer at the buried oxide was studied

rigorously, leading to a good prediction of the unique high-side behaviour.

The model simulations match the measured characteristics well for a wide range of

geometries, with self-heating effects being accounted for.
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Chapter 5

Compact Charge Model

5.1 Introduction

In the previous chapter we have treated the LDMOS transistor under the assumption
that all terminal voltages are constant. However a device is usually employed in circuits
with time-varying terminal voltages. This dynamic regime causes the charges within an
LDMOS to vary, and these charges must be supplied from outside by extra currents flowing
into or out of the transistor. The DC currents flowing in the device cannot be used to
predict such extra currents.

The subject of this chapter is the evaluation of the charges associated with all the
separate terminals. Using these charge expressions, we will be able to deal with the large
signal and small signal dynamic operation of the LDMOS. The effective capacitances which
result are non-reciprocal and our model strategy guarantees the conservation of charge [1].

We will concentrate on the intrinsic part, which is mainly responsible for transistor
action. Just as for the DC case, the intrinsic part will include the overlap of the thin
gate oxide over the drift region, and will account for the lateral doping gradient. In the
last section the different overlap capacitances (the extrinsic aspect of the LDMOS charge
model which is responsible for the parasitic effects) are discussed.

In the following, quasi-static operation is assumed, which means that the variation of
the terminal voltages is sufficiently slow so that the charges can instantaneously readjust
to the varying terminal voltages. At very high frequencies “transmission line effects” have
to be taken into account, and the device then behaves in a non-quasi-static way. For most
applications LDMOS devices are not used at such high frequencies, and the non-quasi-
static effects exceed the scope of this work. If non-quasi-static effects have to be taken
into account, it is always possible, just as for a standard MOSFET, to use the Elmore
equivalent circuit to model channel charge build up in the channel [2].

Motorola’s RF LDMOS model [3,4] uses hyperbolic trigonometric empirical functions
to describe the capacitances, but we are looking for a physical model. The more physical
LDMOS models found in the literature account for the lateral doping gradient by using a
couple of MOSFET models (in practice 2 or 3) with decreasing threshold voltages, placed
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in series [5,6]. This not only increases the computation time, but also introduces more
parameters, which can lead to non-physical situations; the short channel length and DIBL
parameters will be different for the 2 or 3 MOSFET transistors and the extraction of
these parameters is not straightforward. In [7,8] a JFET-like model is used to describe
the influence of the gate over the drift region, which means an extra internal node, and

hence slower convergence.

5.2 Overview of the Charges in the LV LDMOS

Let us consider the charges in the SOI LDMOS for different bias conditions. In Fig. 5.1
the LDMOS is plotted with source, drain and the P™ body well omitted, to emphasize

that only the intrinsic part is considered.

5.2.1 Charges in the OFF-state

Figs. 5.1 (a), (¢) and (e) show the charge distribution when the device is in the subthreshold
regime (VA < Vam < Vino); when the drain voltage is zero, the surface under the
front gate in the drift region is in accumulation. As explained in Sec. 2.2.3, the doping
concentration in the P-body has a maximum near the source decreasing towards the drain,
and hence the threshold voltage for inversion at the source end (Vi) is higher than at the
the drain end (Vi). The ATLAS simulation results from Sec. 2.2.3 showed that, for a
gate voltage higher than Vi1, an inversion layer is present, growing from the P-N junction
towards the source as Vg is increased (case (a)). We define Lpy, as the y position for
which inversion in the channel starts, i.e. the y value for which the expression for the
strong inversion surface potential equals the subthreshold expression: si(y) = ss(y).
Below threshold the inversion layer does not reach the source junction, and the channel
charge is only dependent on the gate and the drain voltage. Hence, since no conducting
path is present between the source and the channel, the intrinsic gate-source capacitance
and the charge attributed to the source are negligible.

Increasing the drain voltage slightly reduces the inversion charge (Lmin=> Leg), until
the inversion layer disappears completely (case (c)). But as long as Vgm;i > VF%T, the
accumulation layer in the drift region stays present.

When the gate-internal drain voltage (Vi) is decreased below flat band, the accu-
mulated electrons are driven away from the surface and a depletion layer starts to grow
under the front oxide in the drift region (case (e)).

In the unusual bias situation where the gate voltage is made negative, a hole layer can
be present at the surface. When the gate-body bias is decreased below flat band, holes
accumulate in the P-body at the front oxide interface (case (g)). A gate bias below the
negative threshold voltage of the drift region (thﬁlor) causes surface inversion in the drift

region (case (h)).

110



VSB

=Vee=0V

fdr
Vre < Ve < Vino

Ve > Vino

=0V

Vbis

(a)|cP

fixed negative/positive charge (b)
J+ mobile negative/positive charge

Q_ - %min Lest % | y _
_P_ : § s
7 ///////// :////////////////

Se F
N /%52///////////’
(e) (f)
o | | ||| . |
el
8 |p Boggoey 325929/,
. ///%’2/ 0
Vin < Vom <Vib Vo < Vino
| (SI]) | (h])
g +++++++ g%soooooo +++++++ (; +8f~®++@+®+é+é§
e Bl
NI | O ||| —— 9@ _
'%/// ///%’ Y~ //%5
Figure 5.1: Intri charges in the SOI LDMOS for different bias conditions:

Vors < Vino VD —OV(b)ngB>V , VbiB —OV

VGf‘B < Vino VGfD < VF (f) VGfB > Vino

a)
¢) Vo < Vino, VEF < Vami < Vino
e)
) ()Vh > Vars.

111

()VGfB>V

V
, Vami >Vd

r < Vami < VinL;



5.2.2 Charges in the ON-state

In Figs. 5.1 (b), (d) and (f) the strong inversion case is considered. Now a conducting
path exists between the drain and the source (Vgrs > Ving). When the drain voltage is
small (case (b)), the channel charge consists of inverted and accumulated electrons.

Increasing the drain voltage, increases the surface potential at the P-N~ junction (¢g1,)
until the inversion layer pinches at y = Leg (case (d)).

When the drain voltage exceeds Vgm — VEY the accumulated electrons are driven
away from the drain end of the drift region, leaving the surface depleted. This layer grows
towards the P-N~ junction depletion layer as the drain voltage is further increased (case

(1))

5.2.3 Charges at the Back Oxide Interface

Let us consider the bias situation where Vgpg = 0 V and Vpip is positive. Since Vgpp >
V%, a depletion layer is present at the back oxide interface in the P-region. Assuming a
N7 substrate, —Vgpp; = 0 V is smaller than the flat band voltage between the drift region
and the back gate (—V;29"), and hence the back oxide in the drift region is accumulated
(cases (a), (b), (g) and (h)). For higher drain voltages (cases (c), (d), (e) and (f)) a

depletion layer is present at the back oxide.

5.2.4 A Fluid Dynamical Analogue for the Channel Charge

Better intuition about the storage and motion of the inversion and accumulation charges
in the channel can be obtained by considering the analogous case in fluid dynamics, which
is illustrated in Fig. 5.2. The gate voltage is represented as the height of the piston and the
drain and source voltage are the water levels of the water reservoirs respectively left and
right of the piston. For a normal MOSFET the piston would have a rectangular shape [9],
but because the threshold for inversion (y < Leg) varies with y due to the doping gradient,
the piston has the shape used in Fig. 5.2.

When the gate voltage is lower than the threshold voltage (cases (a), (c), (e)), no water
flows from the drain to the source. The water in the channel (the region above the piston)
can only be provided by the drain reservoir when the piston height or drain level is slightly
altered, which in electrical terms means a non-zero drain-gate channel capacitance. The
source-gate channel capacitance is zero as no charge/water flows in or out of the source
reservoir.

When the piston is lowered below the threshold (cases (b), (d) and (f)), the water
can flow from drain to source. For almost equal drain and source levels the water in
the channel will be provided by both reservoirs when the piston height is lowered, which
means in electrical terms that a change in the gate voltage causes a change in both the
charges attributed to the drain and to the source. In other words, both the drain-gate

and source-gate capacitances are non-zero.
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The quasi-static assumption in MOS theory is equivalent to the assumption of a slowly

moving piston in the fluid dynamical case.

5.3 Nodal Charges Originating from the Channel Charge

The total channel charge (Qcp) is the sum of the total inversion layer charge (QcHinv)

and the total accumulation layer charge (Qcmacc), and can be obtained as

min

Les Liot
QcH = QcHinv + QcHace = W - (/ Qeinv - Ay + A Gcacc * dy) (5.1)
eff

where ¢ciny and geace represent respectively the inversion charge density and the accumu-
lation charge density in the channel and Lioy = Legr + Lgrov (cf. Fig. 5.1 (a)). To perform
this integration expressions for geiny and geace as a function of position y are needed; they
will be derived in Sec. 5.3.4. An expression for Ly, will be derived in Sec. 5.3.3.

When the total charge present in the channel changes, this extra charge can only leave

or enter the channel via the source or drain, which means

Tm i)+t 5:2)
dQp; d
fiztD +% (6:3)

where ig;(t) and 4g(t) are respectively the drain and source “charging” currents. (Jp; and

Qs are two fictitious charges associated with the source and drain so that

Qcu = Qpi + Qs . (5.4)

Various approaches can be found in the literature to evaluate these two fictitious charges
[1,10,11], but it is only the Ward and Dutton partitioning scheme [12], which is rigorously
shown to be correct for a simple MOSFET with a constant channel doping concentration.
However, for the LDMOS, which has a varying doping profile as a function of position
along the channel, this partitioning scheme is no longer strictly valid. In the next section
the derivation of the Ward and Dutton scheme is repeated and we will explain where the
derivation is not correct for the LDMOS. In Sec. 5.3.2 we present a modified partitioning
scheme for the LDMOS.

5.3.1 The Ward and Dutton Partitioning Scheme

In a standard MOSFET the Ward and Dutton partitioning scheme defines the channel

charges associated with the source and the drain as [12] :

L
s = w [ Loy (55)
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L
QM = w [ (1-4) a-ay (5.5)

where the subscript “wd” indicates that the Ward and Dutton partitioning scheme is
used, and the superscript “MOS” refers to a standard MOSFET. Using this scheme in the

LDMOS gives:
Q = [’[’ - ““_——“—‘—y d 5 7
Diwd / o Lt . — L : qC ’ y ( - )

0 W/L( y ) d (5.8)
Swd = Ltot me e 3 .

mm

where ¢, is the charge density in the channel, which for the LDMOS is the inversion
charge density (gcinv) for y < Leg and the accumulation charge density (geace) for Leg <
Y < Leg + Ldrov-

It is easy to observe that Eq. 5.8 will lead to a non-zero source charge when the gate
voltage is lower than the threshold voltage but higher than Vi + V. This cannot be
correct since, below the threshold voltage, there is no conducting path between the source
and the inversion channel charge and hence Qg should be zero as we explained in the
previous section. So why is the Ward and Dutton partitioning scheme not valid in the
case of the LDMOS?

Let us consider first the Ward and Dutton partitioning scheme in case of a simple
MOSFET with a constant doping profile as a function of the position y along the channel
[12]. Assuming that current transport is parallel to the surface, the current transport
equation is given by

I, = g W iy, 0) 520 5:9)
with ¢ the mobility in the channel, n(y, t) the mobile carrier density and s(y, t) the surface
potential at the silicon surface in terms of position y and time ¢. Neglecting recombination,

the current continuity equation is given by

on(y,t) 1 0I(y,?)
- . 5.10
ot qgW 0Oy (5.10)

Integrating this equation, and substituting I(y,t) by Eq. 5.9 yields

ow [0 —qwﬂn(y,w%ﬁﬂw,w. (5.11)

Integrating again from source to drain and rearranging terms results in

y L t
1(0,t) = ¢ — 8ny ) dy'-derqMI/—V— n(y,t)%—(—y—’——)-dy. (5.12)
L L Jo dy

In the case of a MOSFET with a constant doping concentration along the channel,
we can write n(y,t) = n(vs(y,t), Vams(t)) = n(ys, Vors). This cannot be done for the
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LDMOS, because, for the same surface potential and the same gate voltage, the channel
charge will still be dependent on the doping concentration, which varies with position y.
For a MOSFET Eq. 5.12 can be rewritten as

Y on(y',t) W o)
— _/ / y dy dy+qp o | n( Vam) - dis . (5.13)
L Jysq

The second term is recognized as the steady-state current, which will be referred to as Ip,
MOS
and the first term can be identified with g%stﬂ*—. By developing a little further the first

term via integration by parts, one obtains Eq. 5.8:

L
Ay =01 /yn(y',t)-dy’-dy (5.14)
= qW/ ,) dy . (5'15)

For the LDMOS, this simplification of the integral to the steady state current cannot be

done, because

L ¥o(t)
[ ntoy 25Dy [ i, Vo) - g (5.16)
0 Yy Ys(t)

This can be understood in a more physical way; let us consider the case of a gate voltage

lower than the threshold voltage. It will be proven that

Lot _ Lot Ops (Z/, t)
/O f(y,t)—/0 n(y,ws,t)Ty——--dy (5.17)

is not the steady-state current. Imagine a small decrease in Vpip at ¢ = tp; this causes an
instant decrease in 15 (Lot ), the surface potential at the drain end, because the charges can
be instantly removed by the drain N region (assuming quasi-static operation). However,
the surface potential at Ly, the starting point of inversion, cannot decrease instantly
because as long as the inversion layer does not reach the source end, this point is isolated
from the source and all the extra charge has to come from the drain. At t = fg we
have %Z’to) which has a non-zero value in the accumulation-inversion channel and drain

current will flow until an equilibrium is reached. So at t = t3, we have

Lot Ltot
/0 I(y,t)- dy’i/ I(y,t)-dy < 0. (5.18)

nn n

This is not the steady-state current, because the DC current is the very small positive

subthreshold current.
When the LDMOS is operated above threshold,

n(y,t) = n(s(y, 1), Vams (1) = nlis, Vars) (5.19)
is a good approximation (cf. the approximation of the body factor in terms of 75 in
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Sec. 4.2.1) and the Ward and Dutton partitioning scheme is expected to give valid results
for QDi and Qs.

5.3.2 The Modified Ward and Dutton Partitioning Scheme for LDMOST

(@) Vee< Ve < Vio Vois=Vse=0V

Vss Ver-Visr Vois

__________ Qswd

QDwd
(b) Vere > Vino Vse=Voie=0 V
vs.sl Vors - V¥ vmaj

telelele
tetelede
tetedede
¥e %o %%
S,
4

%% %% % % %%

drain Auid

Qswd -Qswdim
Qpwd
Q Swdlim

Figure 5.3: Fluid dynamical analogy of the partitioning of the channel charge:
(a) Vas < Vino, (b) Vats > Vino-

To obtain a good model valid from sub-threshold into inversion, the Ward and Dutton
scheme has to be slightly modified.

Below threshold, we want Qp; = Qcm and Qs = 0, while the Ward and Dutton scheme
predicts a partitioning as illustrated in Fig. 5.3 (a). Let us now simply add the source
charge found from Eq. 5.8, when Vg < Vino, to the drain charge predicted by Ward

and Dutton. The same value has to be subtracted from the source charge to maintain

Qi + Us = Qcu-
Following the reasoning above, the equations for the internal drain and the source

charge become

@pi = Qpiwd + Qswa(VaBiim) (5.20)
Qs = Qswd — Qswa(VaBlim) - (5.21)

Obviously, once the threshold is reached, the source can also provide electrons to the
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channel and Qs has to increase. This result can be obtained using the following definition

for Varpiim

wd (V4 fi
Qswa(Vam) for Vgm < Vino . (5.22)

Qswdiim = Qswa(Vasmii ):{
e v " Qswa(Vino) for Vgm > Vino

In Sec. 5.3.5 it will be explained how Vgspiim is implemented in the charge expressions in

a continuous way.
In Fig. 5.3 (b) the charge partitioning above threshold is illustrated: the extra charge

added to the drain and subtracted from the source charge (Qswqim) is now a very small

proportion of the total channel charge, and the Ward and Dutton partitioning scheme

gives a good approximation for Qg and Qp;.

5.3.3 Calculation of L,

If Vars < Vino then we have to calculate the value of Ly, the position for which the chan-
nel goes into inversion. Two different situations have to be considered: firstly, inversion
can start at the drain end of the channel when the gate bias is increased. This is typically
the case for Vpp = Vgp. Alternatively, when Vpp >> Vsp inversion will start at the source
end when the source threshold voltage (Vi) is reached.

Let us now consider the first situation and calculate Linjnr,, the position for which the
channel becomes inverted under the assumption that inversion starts at the drain end. For
Yy = Lmin1,, the expression for the subthreshold surface potential has to equal the value of

the inversion surface potential:
wss(LminL) = "/’si(LminL) (523)

where

2 2L€ff Leff
Ysi(LminL) = VPsiLiny (5.25)

2
kN, Lmin 2 kx. Lmin
Vs (Dinint.) = {_ﬂ exp(—M)+\/ng+2§exp(—M)} (5.24)

with 9siziny the inversion surface potential at = L_g, where L is used to indicate the left
side of the P-N~ junction. In the ON-state ¥gipiny 18 equal t0 YsLace, the surface potential
at z = L:ﬁc, but, in the OFF-state, these quantities are different (see next section). To

avoid a negative root term in Eq. 5.24, Vy is defined as

Vey = 2 1n(1 + exp(-é%)) , (5.26)

and limits the quantity V, to positive values. In the expression for the subthreshold surface
potential at iy = Ly, (Eq. 5.24), the approximation consists of using V; = Vgm — V}fB,
where VI,fB is the flatband voltage at y = 0. The flatband voltage at y = Lminr is in fact
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kn, ¢t£ﬁ‘§a higher than at y = 0, but this value is of the order of ¢; and can be neglected.
The quantity 9si(Lmin1,) is in theory Ay, ¢t L—LL:;‘“L higher than sriny, but again this
value is of the order of ¢y and can be neglected.

Solving Eq. 5.23 for Lp,1, leads to

2 Lot | ( Y0 V¥siLinv ) . (5.27)

LminL =
kNa Vey — YsiLiny

The denominator Vgy — %siLiny has to be limited in between ~+/4siLiny and Y1,V VsiLiny -
This ensures that L1, stays in between 0 and Leg, reaching the lower bound when the
source threshold voltage is reached, and the upper bound when the drain end is no longer

in inversion.

VGfB/

minL electrons

Y = Leint

depletion edge

(a) Movement of Luwin. When Vois = Vss

Vats < Vino
Lmino = Leff\A

Viis > Vino

etion edge

Lmino=0

(b) Movement of Lmino when Vo >> Vs

Figure 5.4: Movement of Ly, with increasing gate bias: (a) Vpis = Vsm. (b)
Vbip >>> VsB

However, the theory developed in the above paragraphs will only be correct if inversion
starts at the drain end of the channel, which is only the case when the drain-body voltage
is not much higher than the source-body voltage (Fig. 5.4(a)).

Using Eq. 5.27, one obtains Lminl, = Leg for a high enough drain voltage, independent
of the gate-source voltage. This is not correct, since once the gate-source voltage reaches
Vino, an inversion layer is present over the whole length of the channel, and L, should
then be 0 (see the “Vggs > Vino” case in Fig. 5.4 (b)).
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Let us now consider the case when Vpig > Vsg, and inversion starts at the source end
of the channel. This is not the same gradual process as is the case when inversion starts
at the drain end and gradually moves towards the source as Vgg is increased; now, on the
contrary, when Vjy¢ is reached, an inversion layer will appear over the whole length of the
channel. This fast transition is illustrated in Fig. 5.4 (b). This change in Lmino between
0 and Leg around the threshold can be achieved in a smooth way using:

20 Leg
n

2P (52) x/?ﬁsTo)

5.28
kNA ng - 1psi() ( )

LminO =

where the inversion surface potential at the source, s, is used instead of ¥sirmin. Vay —
150 has to be limited in between v5v/1g0 and g exp (——21%“—)\/1/1510, to keep Lpmino between 0
and Leff.

06—

04~

Lmin/Leff

02

Figure 5.5: Ly, vs. Vs for Vpig =0V, 0.2V, 0.5 V, 5V and Vsp =0 V.

The choice of this empirical function for Ly, was made by analogy to Lminr; the
denominator Vgy — 9siriny in Eq. 5.27 can vary from ~1,v/4siviny (when the drain end is on

the edge of inversion, Lmint, = Left) t0 Y0V UsiLiny (When the inversion layer has extended
all the way to the source, Lyin, = 0). The ratio of these two quatities is a measure for

the slope of Lyin when plotted against Vg in the transition region. This ratio only
depends on the doping gradient, and is given by exp (kn,/2). Similarly Vg, — 90 can
vary from 9v/%sio (when the whole channel is on the edge of inversion, Lying = Leg) to
vo exp (kn, /20)v/1sio (when the inversion layer is established, Lming = 0). The ratio of
the two quanteties being exp (kn,/20). This ratio was chosen to be ten times smaller on

a log scale than for Lpyn;, to ensure the fast transition required, and, at the same time,
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provide a smooth conversion from Lmini, t0 Lmino, when taking the minimum of the two
(see next paragraph).

The final expression for Ly, is given by the smooth minimum of Ly, and Lmino,
and is illustrated in Fig. 5.5. For very low Vpig we have Lpin = Lyin (see curves (1) and
(2) in Fig. 5.5). For very high Vpig, Lmin is given by Lmino (see curve (4) in Fig. 5.5). For
intermediate values of Vi, Lmin converts from Lpyinr, t0 Lming as Vgrs is increased (see
curve (3) in Fig. 5.5). The whole set of continuous smoothing functions and factors can be
found in Sec. C.9.1 in App. C. We will comment on the suitability of certain smoothing
factors, when comparing measurements with simulations (see Sec. 5.12.2). Some numerical

issues will be discussed as well in Chapter 7.

5.3.4 The Charge Distribution in the Channel

To obtain the charge distribution in the channel region as a function of position y, an
approach is followed which is similar to the ones used in most non-reciprocal standard

MOSFET models [13,14].
Neglecting the diffusion component in the channel current and assuming that all the

current flows in the accumulation region present in the drift region, the current in the

channel can be written as
Icu(y) = —p W qc(y)—— . (5.29)

This is integrated from Lpyin t0 Leg, and from Leg to Liot:

W wsL
fon = —np—r— [ aws) - di (5.30)
Leff“Lmin PsLmin
W Ysai
Tou = —n— [ adws) - dis (5:31)
drov Y YsLacc

Changing variables, and assuming that the body factor in the expression for ¢, (see Eq.

4.6) is constant and given by 2L leads to the following result

I w L/ d 5.32

CH = —H Oof ] (Leff — Lmin) a _— gc - Agc ( . )
1%74 4di

Toy = —p—t / d 5.33

H :u’ Cof . (Ldrov) ( ULace qC qC) ( )

where oo = 15+ 7‘”;%, qL,.., 1s the channel charge at y = Lin, gL the channel charge density
in the inversion layer just before the P-N junction, grac the channel charge density in the
accumulation layer just after the P-N junction, and qq; the channel charge density at the
internal drain (the end of the drift region under the thin front gate). They are given by

Qi = Cof- (ng = 7s YsLmin — Vmin V ¢sLmin> (5.34)
g = Co- (ng — 75 PsL — ML \/%L) (5.35)
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qracc = Cof - (VGfB — PsLace — fo%r) (5'36)

gai = Cof- (VGfB — Psai — é%r) : (5.37)

The last two equations are limited to be positive in a smooth way (see Sec. C.9.1 in
App. C). We notice that g1, is by definition zero below the threshold, and becomes gg

once the threshold voltage is reached. But below threshold qg is zero as well, so gr_,, can

be replaced with
0 = Cor- (Vay = nsthso = 70v/0 ) (5.38)

and in that way, the calculation of g min is avoided. The surface potentials 15 and Ygq;

are straightforward to calculate:

70 ’Y(')? Ve ’
N 0, ey .39
'ZpssO ,: 2 75 + 4 7752 + N J (5 )
Pso = mingma(PYsio, Psso, 2 Pt) (5.40)
Psai = VbiB (5.41)

where 159 is the same value as the one calculated for the DC current, with the difference
that a slightly modified smoothing function is used to switch from subthreshold into inver-
sion. The reason behind this change is the need for a good transition between depletion
and accumulation charge regimes, as will be explained later (see Sec. 6.2.2). We note as
well that we are referring 1 and 11, to the body potential, while ¥gacc and 1gq; use the
body potential plus ¢p;q as a reference. This explains why Eqgs. 5.36 and 5.37 use the flat
band voltage between the drain and the gate, and not between the body and the gate.

The calculation of the surface potential at y = L (4s,) and y = L:ﬁ (¥sLacc) 18 less
evident. In the ON-state 1g1,5cc should be equal to 9, (they actually differ by ¢p;q, because
of the difference in reference potential). However, when no inversion layer is present, the
main part of the drain voltage drops over the P-N~ junction and gpacc differs from vsp,.
For the DC current, only 1), was of interest, because this value was sufficient to determine
the DC current in the SOI LDMOS.

To find the value of 1f1,acc, we rewrite the expression for the DC current (Icu = Iarg)
and solve this equation for tspacc. This is the same expression as Eq. 4.24 derived in
Chapter 4 with the difference that we use the body potential + ¢piq as a reference, and
that Vp;g is replaced by V' = mim(V;gdr7 Vpip) in the accumulation term. The reason for
this is that not only is the case of a fully accumulated surface being considered, but also

the possibility of a partly accumulated surface !. In the latter case the potential at the

!This was not necessary for the calculation of the DC current, because Icn has already saturated
(s, = sLsat) when the accumulation layer starts to disappear at the drain end.
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end of the accumulation layer is given by ngr = Vg — Vg%r. We have

1 v

Idrg = ﬁgcc . (VI — 7psLa,cc) (vadr - '2‘(V, + 1/’sLacc)> -+ R];N (V/ - T/JSLacc) (5-42)
with 8. = 1= oacc'(ﬂ&gﬁi“VDiB). Solving for 9gr,acc gives :
fv ( d [
=y Iy oy, __1_.)
"absLacc g RON /3§cc ( g Dan) + RON ﬂgcc
21
e CH 5 (5.43)
acc (POS(ngr = VbiBn) + “R—O‘l\{_vg—g;;)

with Vpign defined as

min(VDiB, ngr) if Vgms > Vin

) (5.44)
Vbis otherwise.

VbiBn = {

where Vpipn is used instead of V’ to ensure that, when Vg < Vin (i.e. the device is in
sub-threshold), ¥spacc equals Vpip in any case. The smoothing function which describes
this behaviour in a continuous way can be found in Sec. C.9.1 of App. C.

The strong inversion surface potential ¥siriny at ¥ = L_g can now be calculated in
exactly the same way as g, the strong inversion surface potential at y = 0: Vsp is
replaced by %spacc, which has the function of drain voltage for the MOSFET part of
the LDMOS. The rest of the derivation is identical and refer to [13] for the physical
background. The expression for ¥sipiny is given in Sec. C.9 (block 1B) in App. C. 9, is
then obtained by taking the smooth minimum of the subthreshold surface potential (vs1,)

and YsiLinv:
2 V. 2
Yesl, = - + ,YLQ + &Y (5.45)
2 75 4 ng s
Ps1, = min st("ﬁsiLinv: Yssly 2 ¢t) - (5'46)

Now that the expressions for the four main surface potentials used to calculate the
charge densities have been formulated, let us return to the principal aim of this section,
which is to find the charge distribution as a function of position y in the channel. Eq.
5.29 can also be integrated from Ly, to some point y in the channel, or from Leg to some

point y in the channel:

B Lo (é 2 g - dqc> for Liin <y < Lesi:

Icy = (5.47)

mﬂcof'(;/"/‘Leff) ( !Iqlifi) e - dqc> for Leg <y < Liot:

Knowing that Icy must be constant at each point along the length of the channel, allows
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us to equate Eq. 5.32 to 5.47 and 5.33 to 5.47 for respectively y < Log and y > Leg. This
then provides us with the charge distributions:

- L in
deinv = \/Qg + Y = (qIQ, - qa) for Lmin <y < Leﬁ (548)
Leff - Lmin
2 Y— Le , o 2
Gcacc = qLaCc + Ld (qdl - qLacc) for Leﬁ‘ < y < Ltot. (549)
rov

5.3.5 Final Expression for the Nodal Charges Originating from the Chan-
nel Charge

Substituting Egs. 5.48 and 5.49 into Egs. 5.1, 5.7 and 5.8 and performing the integrations,
gives the analytical expressions for the nodal charges originating from the inversion and

accumulation channel charges. For the channel charge we find:

2 F?24+F+1 F2 4 Fopee +1
= = W (Lt — Lmin) 0 —o———— + Larov = 5.50
QcHu 3 {( off ) 4o 7l + Lrov qLacc Frot 1 (5.50)
where
F =2 (5.51)
q0

Fpe = i (5.52)

QLacc

The charge associated with the drain as predicted by the Ward and Dutton partitioning

scheme, results in:
QDiwd = QDinv + QDaCC (553)

where

Leff y
e = W / — Y - d
QDmv Lo Lot — Lonin qcinv * QY

2 (Legg — Lmin)? 3 F2+6 F244F +2
T 15 Lit— Lm0 (F + 1)?

Ltot y \
Qpacc = W / 7 feacc * dy}

(5.54)

Lesr Lot — Lin
2 (Larov)? 3F3. +6 F2.+4 Faee +2

= T 7 4L
15 Ltot - Lmin ace (Facc =+ 1)2

_I_z 174 (Leff - Lmin)Ldrov (Lace Fa2cc + Facc +1 .
3 Ltot - Lmin Facc +1

(5.55)

Let us now have a look at the extra charge Qswdiim, which has to be added to the
drain charge to account for the doping profile along the channel. The subscript “lim” is
added to the different charge densities to indicate that Vs is replaced by Vigepiim where
appropriate, resulting in grim, 9racclim, 9dilim and goim. Note that by definition ggjim = 0.
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Substituting these into the equations for the charge density as a function of y (Egs. 5.48
and 5.49) yields

I
Geinvlim = \/ H—(Q%Ijm) for Lmin <y < Leg and (5.56)
€ min
_ 2 Y — Leg o 2 f 7
Geacclim = 4/ acclim T m(qdinm ~ Gfacctim) OT Legp <y < Liot-  (5.57)

We refer to App. E for the derivation of the expression for ¢1.1im, ¢daiim and ¢racclim- Lhe

extra charge can now be found from

eff y
Qswaim = W / < T I ) Geinvlim - 4y
mm O min

W Lot ) Yy p
o (1 ) e
Lo Lot — Lonin Gcaccl Y
= Qsinviim + @Sacclim (5.58)
where
4 (Leﬂ - Lmin)2 2 (Leff - Lmin)Ldrov
invlim — w im* |~ 5~ - = 5.59
Qval QLI ( 15 Ltot - Lmin 3 Ltot - Lmin ( )
2 Ldov 2Facclm+4Fcc1m+6Facchm+3
I i i .60
@saccl 15 Lot — Looin dLacclim (Facchm T 1) )
with
Facclim = —“‘“Qdihm . (5.61)
JLacclim

Using Eqgs. 5.50, 5.53 and 5.58 the total charges associated with the source and the drain

can be written as

Qpi = @piwd + Qswdlim (5.62)
Qs = Qcu— Qpi- (5.63)

5.4 Nodal Charge Originating from Depletion under the

Front Gate in the P-Body

The total body depletion charge in the P-body under the thin gate oxide is found by
integrating the body depletion charge density from 0 to Leg:

QBdep =W / d,’lj (564)

where gp(y) is the body charge density at position y. Using the depletion approximation,

which assumes that the mobile carrier concentrations are negligible in comparison with
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the acceptor concentration inside the depletion region, g, can be expressed as [9]

a(y) = —Cot(y) Vs - (5.65)

In order to perform the integration, 1 is needed as a function of 5. For this we proceed

as follows: from the relation geiny = —Cot (Vay — ms%s — ¥(¥) V/1bs), ¥s can be expressed as
a function of gciny(y), which yields

2
wly) = -%(-Z%JS—)— + ()

where geinv () is given by Eq. 5.48. Substituting Eq. 5.66 in Eq. 5.64 results in

Qeinv (Y) ) (5.66)

&y Oof

QBdep = W/ (Y, gc =0) - dy+W/ av(y) - dy

n}ln

= W.(%S/L 2 dy — /mm (y) ,Y(y)

- )\/ ——-—-—q“iaiy) -dy> . (5.67)

The first two terms of Eq. 5.67 can be calculated analytically when an exponential profile
is used for the body factor (y(y) = voexp (—kn,vy/(2Leg))). The third term cannot be
integrated analytically. A good approximation is found by splitting the integral in two,

gy’

using two mean values for y(y), i.e.

Leﬂ”
7(y)? wl(y) o
‘/Ll‘ﬂ]ﬂ fY(y) 4 77 gy C dy N
L . .
/ \/’Yel + vay + QCmV ) / £ ")’eg ng + QCmv(y) . dy(568)
Lo | Cot
with
Lmin L
L; = _2;@_ (5.69)
1 Li 4 Leff . (V(Lmin) - W(Lz))
- = cdy = 5.70
o= 1/ | ) -dy = TR T (5.70)
1 fLem 4 Leg - (y(Li) — y(Les))
- cdy = 5.71
Ye2 7 / i (y) - dy e (Lot — Lonin) (5.71)

Now the full integration of the depletion charge can be performed and we refer to Sec. C.9.2
of App. C for the final expression.

In Figs. 5.6 and 5.7 the exact solution for the body depletion charge, evaluated by
numerical integration, is compared with the approximated solution, where two effective
values for the body factor (Eqgs. 5.70 and 5.71) are used. In this comparison a large value
for the doping gradient (kn, = 1.5) was chosen, because the discrepancy increases with
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the doping gradient. It can be seen that the approximated solution gives an almost perfect

prediction of the body depletion charge.

It is important to compare the derivatives of the body charge as well, as they will

determine the body (trans)capacitances. In Figs. 5.8 and 5.9 the (trans)capacitances are
compared, and it can be seen that our approximation gives a very good match with the
exact solution. Therefore, in the following treatment our model will be based on the

approximate solution.
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5.5 Nodal Charges Originating from Accumulation under
the Front Gate in the P-Body
Consider the case where a gate-body voltage decreases below the flat band voltage VgB.

Now holes accumulate at the surface. In deep accumulation a conductive sheet of holes is

present under the oxide, and the total hole charge is given by

QBacc =W Leﬁ' Cof ' (2 ¢t ln(l + eXp(;E))) . (572)

The conversion from weak into deep accumulation is made continuous with a logarithmic

smoothing function which limits —V; to positive values.

5.6 Capacitances for a MOSFET with Lateral Doping Gra-
dient in the Channel

) e 4 D) 2 3
45.00 @ & @ 45.00 - @ 2
40.00 P 40.00 1
35.00 { (- e c 35.00 - f Cater
30.00 { &P gfef 30.00 4 C
Cora gfb
~ 25.00 - 8 ~ 25.00 -
Cgfd
€ 20.00 - £ 20.00 -
© 15.00 | Cyre 1500 Cers
10.00 10.00 -
5.00 - ; 5.00 -
0.00 ‘ 0.00
-5.00 e e -5.00 S, S N ————
6 -4 -2 0 2.4 6 § 10 12 14 6 4 -2 6 2 4 6 8 10 12 14
FVem Vem (V)
Figure 5.10: Cyger, Cgra, Clss, Figure 5.11: Cgrer, Cora, Cgss.
Cgfb VS, VGfB for Vps = VSB =0V, Cgfb VS, VGfB for Vpp = VSB =0V;
kn, = 1.5 fn, =0

At this point in the development of the charge model for the SOI LDMOS, it is interesting
to have a look at the capacitance behaviour when Lgoy = Lgr = 0, i.e. only the MOSFET
part with lateral doping gradient is considered. The partial derivatives of the charges are

known as the capacitances and transcapacitances, and are usually defined as:

94; fori=y
Cs={ Yo o (5.73)
—a—vj‘ for i s 7

where the subscripts denote the terminals controlling the charges, and where the signs have
been defined to keep most of them positive. This gives rise to sixteen (trans)capacitances
for the intrinsic part of the SOI LDMOS, out of which only nine are independent because
of charge conservation and Kirchoff’s voltage law [15]. Depending on the details under
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study, either all 16 quantities will be plotted in the following, or else we will limit ourselves

to 9 independent trans(capacitances).
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Figure 5.14: Cdgf, Cddy Cds: Cdb
VS. VGfB for VDB = VSB = 0 V;
Ex, =1.5

Figure 5.15: Odgf, Cdd, Cds: Cdb
VS. VGfB for VDB = VSB =0 V;
kn, =0

Let us now have a look at these capacitances as a function of Vges. In Fig. 5.10 the
partial derivative of the gate charge with respect to the different bias voltages is shown.
In region (1) the gate bias is negative and the surface is accumulated (cf. Sec. 5.5), leaving
only Cgr, and Cyper non-zero. In region (2), the accumulation layer has disappeared and
a depletion layer is growing. When the threshold voltage at the drain side of the channel
is reached, Cypq starts to rise (see region (3)). In region (4) the source threshold voltage
(Vino) is reached. This allows the source to provide electrons to the channel and reduces
the number of electrons the drain can exchange with the channel when the gate bias is
varied. Hence we see a decrease in Cyrg. These transitions are also illustrated in the
other capacitances (see Figs. 5.12 and 5.14). The little bump in the curve for Cpgr (and

129



45.00

40.00 -
35.00 - 40.00 - c
3000 4 35.00 —\ afef
1 G 30.00 -
g 2500 Con & 25.00 C,
& 20.00 - g 20.00 4 8fs
© 15.00 © 500 4
10.00 - Cora )
. 10.00 Cora
5.00 - 5.00
0.00 ( . , . . 0.00 . , , , .
0 2 4 6 s 10 12 14 0 2 4 6 8 10 12 14

Vpg (V)

Figure 5.16: Cgfgf, Cgfd, Cgfs VS.
VDB for VGfB =8 V and VSB =0 V;

Vop (V)

Figure 5.17: Cyger, Cota, Cyis VS.
VDB for VGEB =8V and VSB =0 V;

kn, =15 kn, =0
30.00 - 40.00 -
25.00 - 35.00 -
p 30.00 - G,
_ 20.00 - bs  25.00
= 5]
< 15.00 - < 20.00
&) © N
10.00 4 Cod 15.00 c
— bd
500 . Cogr 10.00 o
: 5.00 -
0.00 : . : ; , ‘ 0.00 : . : . . K
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Vbs (V)

Figure 5.18: Cbgf, de, Cbs VS,
VDB for VGfB =8 V and VSB =0 V;

kn, = 1.5

Vo (V)
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Chp) in Fig. 5.12 is due to the use of Ly, which is not perfectly matched with the other
expressions. For comparison, Figs. 5.11, 5.13 and 5.15 show the zero doping gradient case,
but otherwise use identical parameters as Figs. 5.10, 5.12 and 5.14. If the doping in the
channel is constant and Vpg = Vsg = 0, the device behaves in a perfectly symmetrical
way, leading to equal derivatives of any charge with respect to the drain and the source
(i.e. Cgfs = Cgfd, etc.).

It is also interesting to have a look at the same capacitances as a function of Vps,
when the channel is in deep inversion (Vgis = 8 V). The trends of these curves should
not differ a lot from standard MOSFET capacitances curves. Figs. 5.16-5.19 illustrate a
higher saturation voltage for the case where kn, = 1.5, which is logical since the saturation
voltage is roughly given by Vg — Vinr, and Vi, is lower when the doping is decreasing
towards the drain. The (trans)capacitances coupled to the drain charge follow quite a
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different course for the high doping gradient case at low drain biases (Fig. 5.20), compared
with the constant doping case (Fig. 5.21). The slight increase of Cygs before decreasing
when the saturation voltage is reached is due to the use of the modified Ward and Dutton

scheme, but even though the trend of the curve is correct, measurements predict a more

gradual increase of Cqgr with Vpg.

5.7 Nodal Charges Originating from the Depletion under
the Front Gate in the Drift Region

When Vpiar exceeds the flat band voltage in the drift region (Vléilg), the electrons under
the thin gate oxide are driven away, leaving a depletion region behind. Again using the
depletion approximation [9], the depletion charge density under the front gate in the N~

region can be written as

ey = Cor ¥ (/9" (5.74)
where 4" is the body factor in the drift region given by ¥/" = ~—-V2‘g5ifND.

The calculation of the surface potential can be easily understood if the N~ region
under the thin gate oxide is considered to be the body of a PMOS; the internal drain
voltage then plays the role of “body voltage” in the PMOS, and the body voltage plays
the role of the “source voltage” in the PMOS. This is illustrated in Fig. 5.22.

Making identical assumptions as the ones used to calculate the surface potential for
the MOS part of the LDMOS, the subthreshold surface potential can be written as [13]

fdr fary2  ydr )2
L B e 2) 4 ey (5.75)
2 s 4 n; s
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Figure 5.22: Recognition of PMOS like device in the SOl LDMOS, to explain the
formulation of the surface potential in the N~ region under the thin gate oxide
with the short-hand notation
Ve, = pos(—Vom + ViE + V() (5.76)

where V(y) is the potential in the bulk of the drift region with respect to the body. The

inversion surface potential is given by [13]

' 1 1
&= Ag+ ¢ In (E { T Vo =1 00)? = A+ @}) (5.77)

with

Aar = 2 ¢par+V(y) (5.78)
‘/gxdr = POSgy (V(y) - vadr - (773 Adr - ¢t (775 - 1) + ,der V Adr)a 5 ¢t) ¥ (579)

Joining Egs. 5.75 and 5.77 together gives the expression for the surface potential:
dr _ s dr . dr ( 5 80)
s minsm2 ( Yss > Ysi » Pt ) - .

The functions pos,,, and mingys can be found in App. C. The surface potential at the

132



two extremes of the channel is given by:

dr _ { éir(v = sLacc) fory = LZ;T (5.81)
° IV =Vpig) for y = Lot

Using these two expressions provides the depletion charge densities q(ciiépL and qggpdi for
respectively y = Ljﬁ and y = Lio;. Looking at the depletion boundaries in the drift region
of the LV and MV SOI LDMOS simulated in Chapter 2, illustrates that the distribution
of the depletion charge in the drift region is a two-dimensional problem, which is very
difficult to solve analytically. For this reason an empirical distribution for the depletion

charge density in the drift region is used:

dr
(@) = adpr - (Sam) T (5.82)
qdepL
Integrating gives the total charge :
Ldrov
QDdep = W Cot [) qgép(x) -dx (583)
v Faep — 1
= W Cof Ldrov qgepL . (—l—n—ée;—d—-)> (584)
ep

dr
with Fyep = %%%Ei. The justification for this empirical distribution is as follows:
depLs

e Obviously in the OFF-state of the device, when ¥1,.c = %4q; = Vpin, the distribution
has to be constant over the whole length of the drift region; we want qélgp(x) =

d _ .d
qdépdi = ngpL-

e In the ON-state of the device, the distribution function has to increase continuously
from qggpL to qggpdi. Let us now consider the case where qg’gpL is zero and qgépdi >
0. From our simulations in Chapter 2 we know that the accumulation layer no
longer extends all the way to the drain. However, in our model, geacc(y) is given

by Eq. 5.49, and as long as geaccl, > 0, Geacc(y) only becomes zero right at the
drain end. Hence, as long as geacc. > 0, the total capacitance between the gate
and the accumulation channel is given by (Cof W Lgrov), S0 we do not want to
add any depletion capacitance to this value. Returning to our discussion about the
choice of a distribution function, the required function needs the following property:

qggp(x) =0 for 0 < z < Lgrov, as long as qggpL =0 (or as long as geacct, > 0).

It can be seen that the requirements mentioned in the two paragraphs above are fulfilled

by the chosen distribution function.
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5.8 Nodal Charges Originating from Inversion under the
Front Gate in the Drift Region

When Vpias, the internal drain-gate voltage, exceeds the negative drain dependent thresh-
old voltage in the drift region (& Vg%r ~26¢dr — Vois =Y %v/2¢ar + Vpi), free holes (coming
from the P-body) are attracted under the thin gate oxide in the drift region, forming a

surface inversion layer. The inversion charge density under the front gate in the N~ region

g8 = Cor - (Vi — s 987 — 4 /g (5.85)
where 93" is the surface potential in the N~ region. This situation can only occur in the
OFF-state of the device, and hence the potential in the undepleted area of the drift region
is the same everywhere, and is given by Vpig. This means that ’l/igr in Eq. 5.85 is constant
and given by % (Vpig), as defined by Eq. 5.80. The total inversion charge is simply the
product of the inversion charge density and the total surface area of the drift region,

can be written as

QBinv =W Ldrov qs;;w . (586)

5.9 Total of all Nodal Charges in the intrinsic part of the

SOI LDMOS
Adding the nodal charges calculated in the previous sections to the corresponding nodes
gives:
QB = QBdep + QBacc + QBinv (5-87)
QDi = QDinv + QDacc + QDdep (588)
Qar = —(QcHiny + QcHace + @Bdep + @Bace + Qpdep + @Binv) (5.89)
Qs = —(Qcr+Qp+Qpi+Qs). (5.90)

5.10 The Extrinsic Part

We have added the standard constant overlap capacitances between the front gate and the
drain (Cgtqo), the gate and the source (Cgfso) and the gate and the body (Cetbo)-

Let us now have a look at the charges at the buried oxide. Exactly the same analysis
as we did for the front gate in Sec. 5.2 can be repeated for the back gate. The following

situations can be distinguished:

e A very high positive back gate bias causes inversion at the buried oxide interface in
the P-body, and accumulation in the N~ drift region. This electron sheet creates a
capacitance between the back gate and the drain, which is to a good approximation
given by ApoxCob, Where Apox is the total area of the buried oxide interface of the
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device. The depletion layer present at the buried oxide interface in the P-body

creates a capacitance between the body and the back gate terminal.

e A very high negative back gate bias causes accumulation at the buried oxide interface
in the P-body, and inversion in the N~ drift region. This hole sheet creates a
capacitance between the back gate and the body, given by ApoxCob- The depletion
layer present at the buried oxide interface in the drift region creates a capacitance

between the drain and the back gate terminal.

The influence of the back gate parasitic capacitances on the switching characteristics of
the SOI LDMOS can be considerable [16,17]; for thin buried oxide thicknesses the drain-
back gate capacitance can add an important contribution to the output capacitance, and
needs to be taken into account. In our model we have added constant capacitances between
the back gate and the drain (Cypq), the back gate and the body (Cgpl,) and the back gate
and the source (Cgps). The latter is only necessary if the source junction reaches the
buried oxide, which is usually not the case in LDMOS devices, but Cgs was added for
completeness. To get a really accurate description of the capacitance behaviour at the
back gate, it is clear that one has to do a quantitative analysis of the charges at the buried
oxide leading to non-constant non-reciprocal capacitance values.

Finally, our model also accounts for the junction capacitances of the parasitic bipolar
transistor with the body acting as the base. This behaviour was extensively studied in [13]
for a PD depleted SOI MOSFET and will not be repeated here. The model equations are
given in Sec. C.10.3 in App. C.

5.11 The Large and Small Signal Model

In our model the transient currents are modelled as the time derivatives of the nodal
charges. Three current sources d%ff, % and 51—%‘34 account for the time variation of the
nodal charges, and are placed between the respective terminals and the body. The choice
of the body as a recipient node is purely arbitrary and, since our device is absolutely
assymetrical, any node would have been a worthy choice. Tt is only for consistency with
Southampton’s PD SOI model that the body was chosen as a reference, and as recipient
node for the transient current. Fig. 5.23 shows the complete large signal model, including

the time derivatives of the nodal charges for the intrinsic part of the model, and the

extrinsic capacitances.
In a SPICE transient analysis the time domain derivatives are numerically integrated

using either the trapezoidal or Gear method, according to an option which can be specified
in the analysis set-up. The charges then need to be linearised for the Newton Raphson
solver, which requires the calculation of the partial derivatives of each of the nodal charges
with respect to each of the terminal voltages (or in other words, the (trans)capacitances

as specified in Sec. 5.6) and with respect to AT
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Figure 5.23: The compete large signal model

The SPICE AC analysis determines the perturbation response of the circuit by using
linearised models for each non-linear element. The DC operating analysis provides the
elements for these linearised models in the form of conductances and (trans)capacitances,
which are converted to susceptances. These are then loaded respectively into the real
and imaginary parts of the admittance matrix, and the network is solved as a linear
set of equations. If all the current sources in Fig. 5.23 are replaced by their associated
conductances and (trans)capacitances, the small signal equivalent circuit is obtained. It
should be noted that the electro-thermal subcircuit is treated in the same way as its purely
electrical counterpart; during an AC analysis the output of the thermal node provides the
magnitude and phase of the small variations in device temperature with respect to the

operating point equilibrium temperature.
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5.12 Validation

To investigate the actual charge behaviour of LDMOST, measurements of the (trans)

capacitances were performed.

5.12.1 Measurement Method and Test Structures

In general, the small signal current 4;; exited by a small signal potential vj, while all other

terminals are short-circuited is given by:
iij = Yyu; = (Gyj + jwCij)v; (5.91)

Hence in reality a small signal admittance is measured, which can be subsequently split
into a conductance and a capacitance according to Eq. 5.91.

A possible measurement scheme to achieve this goal can be realised using a HP LCR
impedance measurement system and Bias-Tees, configured as passive networks [18]. These
networks are needed because the bias networks of most LCR meters are not designed to
supply a substantial DC current, and they usually have a relatively high, current dependent
internal resistance, which needs to be compensated for [19].

A much easier measurement solution to obtain the capacitances is a low frequency
S-parameter analyser (HP8753), in combination with a Cascade probe station. With this
set-up, two-port measurements can be performed and the 4 Y-parameters (Y11, Y12, Y21
and Ys2) can be calculated from the S-parameters [20]. So, for example, in the common
source connection, Cggr, Cad, Cgta and Cyger are derived from the imaginary part of the
corresponding Y-parameters.

Specific test structures with a bondpad layout designed for the GSG (Ground-Signal-
Ground) probes of the Cascade probe station were used for the capacitance measurements.
The devices were all body-tied and we have used common source and common drain con-
figurations, providing access to the following capacitances: Caqgr, Caq, Cgtd, Cgfets Cergf,
Cs+s+ and Cgpe-, where the subscript “s*” is used for the source and the body tied to-
gether. An open correction and a correction for the gate resistance were performed. As
a verification of these corrections, the corrected Cygyr was compared with the sum of Cqgr
(obtained from the common source structure) and Cgrgr (obtained from the common drain
structure). Cyfyr is mainly affected by the open correction, while Cygr and Cy-gf are hardly
influenced by the open correction, but undergo a significant change when the gate resis-
tance is accounted for. Good agreement between Cgrer and the sum of Cyyr and Corgf

confirmed the reliability of our correction method.

5.12.2 Results

An LV LDMOS device with Lio; = 5 pm and Lgroy = 3.2 pm and an MV LDMOS device
with Ly = 3 pm and Ly, = 5.7 um were selected for detailed study.
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Figure 5.24: LV LDMOS Lg;oy = 3.2 pum; simulated (full line) and measured Cota.
nggf and Cgfs* VS. VGfB for VDB = VSB =0V

Figs. 5.24 and 5.25 show Cig, Cyper and Cege« in terms of Vg for Vpg = 0 V. The
transition from subthreshold into inversion is well modelled for Vpg = 0 V. For clarity
the different regions are indicated. In region (1) a hole layer (due to accumulation in the
MOSFET layer/inversion in the drift region) is present at the oxide surface, and hence
the intrinsic gate body capacitance is given by W Lyt Cos. In region (2), the hole inversion
layer has disappeared leaving the surface depleted, but the hole accumulation layer is still
present. Around Vg = 1 V, which is the value corresponding to the threshold voltage at
the drain end of the MOS channel, electrons start to create an inversion layer at y = Legg,
leading to an extra increase in Cyrq. The gate drain capacitance is at its maximum just
before the source goes into inversion (region (3)), and then drops as the gate bias is further
increased (region (4)).

The smoothing factors kx, /10 and &y, /100 used in Sec. C.9.1 in App. C were chosen
in order to get a smooth transition from subthreshold into strong inversion. A larger ky,
value causes a lower threshold voltage at the drain end, and hence Ly, shifts from Leg to
0 over a longer voltage interval (Viny, — Vino). So the smaller ky, is, the faster Lmin goes
to 0, and the smaller the smoothing factors have to be. This is why the smoothing factors
in the calculation of Ly, were chosen to be dependent on £y, .

The higher the resistance of the drift region, the more the gate-drain transcapacitance
drops with Ve, or in other words, the more channel charge is associated with the source.
This is clear from Fig. 5.25 where the gate-drain capacitance reduces to approximately

20 % of the total gate capacitance.
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W=50 um, L,,,=3 um, L, = 5.7 um, body tied device
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Figure 5.25: MV LDMOS device Ly, = 5.7 pm; simulated (full line) and measured
Cigtd, Cgigr and Cys= vs. Vg for Vpg = Vsp =0V

Figs. 5.26 and 5.27 show Cgq and Cg-s» under the same bias conditions. It can be
observed that the simulated curves follow the trends of the measured curves, but the
deviation can become considerable. For the LV LDMOS the agreement is good below
and a couple of volts above the threshold voltage, but for Cgq a difference of up to 50%
is observed, just above the threshold. The reason is that Qgwanm (see Eq. 5.58), which
is added to @Qp, changes from Qswa(Vars) to Qswa(Ving) around the threshold, and this
transition happens too fast in our model. For a better fit a detailed study of an appropriate

function to describe this transition is needed.

W=50um, L, =5 um, L, =0 pum, body tied device
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Figure 5.26: LV LDMOS Lgyov = 3.2 pm; simulated (full line) and measured Cqq and
Cses+ vs. Vam for Vpg = Vog =0V
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W=50 um, L,,,=3 um, L, =5.7 um, body tied device
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Figure 5.27: MV LDMOS device Lgq, = 5.7 um; simulated (full line) and measured
Cdd and CS*S* VS. VGfB for VDB = VSB =0V
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Figure 5.28: LV LDMOS Lgyoy = 3.2 um; simulated (full line) and measured Cisq,
Cgfgf and Cdgf‘ VS. VGfB for VDB =1 V, VSB =0V

Figs. 5.28 and 5.29 show the transition from subthreshold to inversion for Vpg =1 V.
The gate-drain transcapacitance is well modelled for the two different structures. The
drain-gate transcapacitance shows the correct trends, increasing above Cgrq when the
device is in saturation, and decreasing sharply when entering the linear region. However,
the simulated curve can overestimate the measured curve by 20%. This increase in Cqgt
in the saturation region when Vgrp > V& is typical for LDMOS transistors. It can be
explained by the strong dependence of tg1acc On the gate voltage, leading to a strong
dependance of the accumulation channel charge on the gate voltage, and hence causing
an increased Cgyr. In Fig. 5.28 we note that the decrease of the simulated Cggr is to0
steep. This can again be explained by the too abrupt conversion of Qswdiim around Ving

(see previous paragraph).
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W =50 um, L, =3 pum, L, = 5.7 um, body tied device
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Figure 5.29: MV LDMOS device Lg, = 5.7 pm; simulated (full line) and measured
Cgfd, Cgfgf and Cdgf VS. VGfB for VDB =1 V, VSB =0V

Figs. 5.30 and 5.31 show Cyq and Cg under the same bias conditions (Vpg =1 V). It
can be observed that the simulated curves follow the trends of the measured curves, but

just as for the Vpg = 0 V case, the deviation can become considerable. Again this is due
to Qswdlim-

W=350 um, L, =5 pm, L, =0 um, body tied device
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Figure 5.30: LV LDMOS Lgyov = 3.2 um; simulated (full line) and measured Cigg and
Cs*s* VS. VGfB for VDB =1 V, VSB =0V
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W=50 um, L, =3 um, L, =5.7 um, body tied device
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Figure 5.31: MV LDMOS device Lq, = 5.7 um; simulated (full line) and measured
Cyq and Cs*s* vs. Ve forVpp =1V, Vegg =0V
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Figure 5.32: LV LDMOS Loy =
3.2 pm; simulated (full line) and mea-
sured Cgra and Cyps- vs.  Vpp for
Ve =9V, Vgg =0V
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Figure 5.33: MV LDMOS device
Lgr = 5.7 pm; simulated (full fine)
and measured Cyeq and Cggs+ vs. Vpp
fOrVGfBZQV, VSB:OV

Figs. 5.32 and 5.33 illustrate Cyge-, Cyror and Clygq as a function of the drain bias. For the
LV LDMOS good agreement is found for Cgre- and Cygg, although the simulated curves

both decrease too quickly compared with the measured values at high Vpp. In theory

one would expect this decrease, because as Vg exceeds Vpg, the accumulated electrons

should be driven away from the surface at the drain end. A possible explanation for the

high measured values for Cyger at high Vpp could be the injection of electrons extending

the accumulation layer in the drift region depletion layer for Vpg > V. For the MV

LDMOS very good agreement was found up to 20 V. For high Vpg the simulated Cggs-

mainly depends on the DC current dependence on Vg, and so the deviation between

the measured and simulated Cgg+ for high Vpp is mostly due to imperfections in the

conductance model.
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W=50um,L,=5um,L, =0 pum, body tied device
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Figure 5.34: LV LDMOS Lgov =
3.2 um; simulated {full line) and mea-
sured Cggr and Cyegr vs.  Vpp for
Ve =9V, Vsg =0V
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Figure 5.35: MV LDMOS device
Lgr = 5.7 pm; simulated (full line)
and measured Cygr and Cg»gp vS. VDB
fOFVGfBZQV, VSB:OV

In Figs. 5.34 and 5.35, Cs+gr and Cggr are plotted as a function of the drain bias.
Fig. 5.34 shows the partitioning of Cyger between Cggr and Cggr. It can be seen that the
charge associated with the drain as predicted by the modified Ward and Dutton scheme

is underestimated by about 20% in the linear region and overestimated by about 20%

when entering the saturation region. Our modified scheme does predict an increase in

Cagr, just as for the measured curve, but this increase is too abrupt and any further model

development should focus on making this transition from triode into saturation more
gradual. Again, for the MV LDMOS (see Fig. 5.35) the behaviour is mainly influenced by
the DC current dependence on Vpp and Vsg, and the deviations can be mostly attributed

to imperfections in the conductance model.
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Figure 5.36: LV LDMOS Lgrov =
3.2 um; simulated (full line) and mea-

sured Cyqq and Cs+g« vs. Vpp for
Vo =9V, Vegg =0V

143

Trans-Capacitance (fF)

W =150 um, L= 3 pm, L, =5.7 pm, body tied device

0 5 10 15 20 25 30
Drain Voltage (V)

Figure 5.37: MV LDMOS device
Lg: = 5.7 pm; simulated (full line)
and measured Cyq and Cs«s+ vs. VpB
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Figs. 5.36 and 5.37 show Cg«s+ and Cyq as functions of the drain bias. Just as was the
case for Cygf, Cqq for the LV LDMOS is underestimated by about 20% in the linear region
and overestimated by about 20% when entering the saturation region.

Generally, after having compared the different measured and simulated (trans)-capacitances,
we found that the trends of the curves were mostly identical, and very good agreement
was found for the Vpg = 0 V case. One should note as well that derivatives of charges
were being compared and that even a small difference between measured and simulated

charge can lead to significant differences when looking at the derivatives.

5.13 Summary

In this chapter, the complete SOI LDMOS charge model was set out. A promising new
approach to deal with the charge partitioning in the LDMOS was presented. The model is
based on a detailed study of the device physics and accounts for the influence of the lateral
doping gradient in a compact way. The assumptions made were carefully considered and
verified where necessary. The model simulations and measured characteristics for a range
of geometries support the accuracy of the model; the use of a bias dependent length for the
inversion channel gives very good transition for the gate charge dependence (Cgrd, Cgfef
and Cggs-) from subthreshold into the ON-state. However, the simulated transitions for
the drain and source charge dependence (Cggr, Cad, Csrgr and Cgrg+) from sub-threshold
into strong inversion, and from triode into saturation, do not describe the reality perfectly,

and will require more work in the future.
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Chapter 6

Implementation of the Model in

Spice3d

6.1 Introduction

SPICE [1-3] is the industry standard for circuit design. A free version is available
from Berkeley and different commercial versions can be bought from CAD vendors. At
Southampton University a commercial variant, SIMetrix [4] was used for implementation.

As with Southampton’s partially depleted SOI MOS model (STAG), the SOI LDMOS
model has been implemented in SPICE3f5, which was the source code for the latest avail-
able version of Berkeley SPICE at the time. The model was subsequently adapted for
use in the commercial simulator SIMetrix [4], which is based upon SPICE3e2. The SOI
LDMOS and the STAG model both have 6 external nodes: the front gate, the source , the
drain, the back gate, the body and the thermal node. One internal node had to be added
for the SOI LDMOS model, which leads to an extra row and column in the SPICE sparse
matrix [5].

The main issue of concern to circuit designers using SPICE or any other simulator
is that of good convergence. Most convergence problems occur during a DC operating
point analysis or during abrupt transitions in transient simulations. SPICE uses the
Newton Raphson algorithm to solve a system of non-linear equations and this algorithm
is very sensitive to discontinuities in the first order derivatives [6]. Often, the cause of
non-convergence is a discontinuity in the first derivative of one of the currents or charges.
Only the former are important in a DC operating point analysis. During a fast transient
analysis, when the behaviour cannot be predicted due to discontinuities in the (trans)-
capacitances or conductances, an error message “internal time step too small” is reported.
Another reason for non-convergence can be the big excursions that the node voltages can
make during the Newton Raphson iterations.

To meet the problems described in the previous paragraph, the SOI LDMOS model
was formulated with continuous derivatives and node voltage limiting procedures. In order

to get continuous derivatives over the whole range of bias conditions, smoothing functions
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need to be used to realise continuous transitions from one operating region into another.
In Sec. 6.2 an overview of different smoothing functions is given together with a discussion
about the careful choice of such a function. Sec. 6.3 discusses the problems of over- and
underflow and explains how they can be avoided. In the last section voltage limiting
procedures are discussed, and in particular, the voltage limiting of the internal node for

enhanced convergence is examined.

6.2 Smoothing functions

6.2.1 Overview

This section gives a critical comparison of different smoothing functions. We classified
them in three categories: the “In”-type , the “root”-type and the “power”-type smoothing
functions. An important requirement for a smoothing function is that it has to be infinitely

differentiable with respect to all its variables. This class of functions are referred to as

C functions.
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Figure 6.1: "In"-type smoothing Figure 6.2: "root"-type to limit =
function to limit z positive, compared positive, compared withy = z forz >
with y = z for > 0. 0.

Let us now first look at two smoothing functions to limit a value z within a positive

range. The “In”-type function often used in STAG [6] is given by

€1 -In (1 + exp (-f;)) +e if o < (€1 Mexp) (6.1)

pOSln(ma €1, 62) - .
T+ €9 otherwise

where clipping is performed to avoid overflow (see next section) and My is the maximum
argument allowable in an exponential function. The quantities €; and ez represent two
small values, e being added to avoid overflow due to division by zero when posy, is used

in the denominator of an expression. This function is illustrated in Fig. 6.1. Another way

147



to limit z within a positive range is as follows (see Fig. 6.2):
POSoot(T,€) = 0.5z + 0.5 Va2 + 4€2 . (6.2)

From the figures it can be seen that for a certain deviation at z = 0, the “In”-type function
returns faster to 0 for z < 0 or to x for z > 0 compared with the “root”-type function
(see * in Fig. 6.2). This can be desirable in certain cases, where a smooth, fast transition
is needed. The function pos;, has been implemented using the C function “loglp”, which
calculates In(1 + z) in a more accurate way than if the normal “log” function were to
be used. The precision of the normal “log” function, as implemented in C, is only 109,
According to an error analysis, the “loglp” function has an error which is always less than
1 ulp (unit in the last place).

In the code the pos), was preferred to the pos,,,; function for the reason given above
and also because of consistency, when two smoothing functions are used in the same

transition region (see Sec. 6.2.2).

0.5\

offset= ¢ In(2)

N

min m1(x,1,0.1), min n2(x,1,0.1)

”’DL,S‘I“'—III—}‘_" 5

0, = W
| | I T 0
206 -04 -02 0 02 04 06 08 1 1.2 14 1.6
X

|

-0.5

Figure 6.3: Comparison between minj,; and miny,» to model the smooth minimum
ofzandy =1 (e =0.1).

Another smoothing function which is frequently needed when modelling transistor

behaviour is the minimum of two values z and y. Again an “In”-type function can be

used:
e-In [1 + Hz:g;_;)} ifz —y < (€ Mexp) and z < (€ Mexp)
ming (z,y,€) = z— ; (6.3)
z—e-In|l+exp(TE)| ifz—y < (€- Mep) and z > (€ Mexp)

Y otherwise

This function was to be found ideal to model the transition of the surface potential from

subthreshold into the strong inversion region [6]. One inconvenience is the offset when
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z =0 and y > e miny; = e In(2) instead of being 0. This can cause an undesired
delayed transition in the modelled depletion layer charge, as will be explained in the next
section. To avoid this offset, and if y is always larger than ¢, the following “In”-type
function can be used instead:
exp E .
T - ln< _51)_“) ifx —y < (e Mexp)
—e-In(1+exp(—Y)) otherwise.

€

minps(z,y,e) = (6.4)

The two functions minj,; and miny,» are compared in Fig. 6.3 for y = 1. It can be observed
that minyp2(0,1,0.1) = 0, while minj;;(0,1,0.1) is roughly € In(2).

L5 T T T T T T T T T

1sordér partial
\\derivative to x

min root2 (x,1,0.2), min root7(x,1,0.2)

Figure 6.4: Comparison between min;oot; and mingees2 to model the smooth minimum
ofzandy =1 (e =0.2).

Let us now consider some “root”-type functions to calculate the smooth minimum of

two values z and y. Two possible functions are given by [7]

MiNroot1 (T, y,€) = x —0.5- ((m —y)+ \/(:r —y)2+4 62) (6.5)
MiNroot2(T,y,€) = 0.5z —0.5- <\/(m —y)2+4e2—1\/y?+4 62> : (6.6)

These two functions are compared in Fig. 6.4. Compared with the “In”-type functions, it
takes longer to settle to the minimum value before or after the transition point. One also
has to take into account the slightly underestimated (min;o01) Or overestimated (minroot2)

minimum. Note as well that the second function can only be used for y > 0.

Finally, a third type of smoothing function can be considered [8]:

. By
mlnpower(xayam) = (m2m+y2m)1/2m (6'7)

where m is an integer fitting parameter and y a positive value. With this function z is
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min power (X, 1 ,m)

Figure 6.5: lllustration of the function minpower and to model the smooth minimum
of z and y = 1 for different values of m.

limited to y for z > 0, and —z is limited to —y for z < 0. The big advantage of this
function is that it is perfectly symmetrical and that the derivative with respect to z is 1
when z = 0. This function was to be found ideal for the limiting of Vpg to Vpsat when a
MOSFET converts from triode into saturation [8,9]. We have also used this function for
the same purpose in Sec. 4.2.5.

Depending on the physical behaviour of the transistor in a specific transition region,

certain smoothing functions are preferred to others, and each of the three different types

of smoothing function was used where appropriate.

6.2.2 Combining Different Smoothing Functions

To get a concrete idea of the problems which can arise when using smoothing functions,
an example from the source code is examined in detail. Let us consider the capacitance
Ceter = dQcy/dVams when in the transition regime from depletion into accumulation in
the drift region, with Vpg = Vsg = 0 V. Under these conditions, the expression for the

depletion charge is given by

Qpdep = W Cot Laroy 79"\ 08" (6.8)

with
&= mimg (v Y5 1) (6.9)

where
&= 2 ¢par (6.10)
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fdr fdr)2 2
= (‘—72 i +Vg‘§r—) (6.11)
V- = ~Vas + Vi (6.12)
gy— posi, (—Vasms + Vg, ¢1) - 3

The expression for the accumulation charge is

QcHace = W Cof Ldrov Vg(;r_q_ (6.13)
where
Vi = posi(Vom — W, ) - (6.14)

And the total gate charge is given by

Qct = —(Qpdep + QcHace) - (6.15)

In Figs. 6.6 and 6.7 the quantity Cyfyr is plotted in terms of the gate voltage using two
different smoothing functions in Eq. 6.9.

In the first figure miny,; is used in Eq. 6.9. This clearly results in a non-physical dip
in the Cgger curve. This is due to the fact that the quantity 3™ is not exactly ¥dr when
Vg‘;r goes to 0 (and hence 43" goes to 0), but is approximately ¢¢/n(2) too big, and hence

the derivative of Q)pgep lowers too quickly.
In the second figure minj,y is used in Eq. 6.9. Now the decrease in —dQpdep/dVam

happens at exactly the right gate voltage and the non-physical dip has disappeared. This
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shows how important it is to chose the right smoothing function for certain transitions.

6.3 Underflow, Overflow and Accuracy Problems

In SPICE the double precision floating point format is used, which limits the minimum
and maximum values that can be represented. Special care has to be taken when using
exponential functions or when big values are divided by very small values.

To avoid overflow when using an exponential function, the argument has to be limited.
The maximum value that can be represented by a “double” is 1.7 -103%, so the maximum
allowable argument of the exponential function is Meyp, = In(1.7 - 103%8) =~ 709. It is
advisable to check the argument of any exponential, and to use the limit of the expression
when Mey,, is exceeded. This explains why the clipping done in Egs. 6.1, 6.3 and 6.4 was
necessary. This is especially important for high voltage applications where exp (z/¢;) can
easily become very large. Also, during Newton Raphson iterations some node voltages can
significantly exceed the supply voltage, and if no contingency measures were taken, this
would definitely result in overflow. Note that the clipping done in the above-mentioned
smoothing functions is as close to C as machine code allows.

Underflow is not usually a problem as such, but becomes a problem when it leads to
overflow in certain expressions. The most straightforward example is in division: consider
1/z when z goes to 0 due to underflow. The quantity 1/z now becomes infinite leading
to a “NaN” (Not a Number) error message. Another example is the quantity In (z) when
x underflows, and In(z) tends to negative infinity. To avoid this sort of problem, it is

common practice to add a small value to variables appearing in the denominator of a
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division. This explains the term €3 in Eq. 6.1. If z is a voltage, the value of 1072 is
chosen for ey because this is well below any measurable potential. Note as well the term
4€? in the root expressions of Egs. 6.2, 6.5 and 6.6. Firstly, this is necessary to make the
expressions continuous, but furthermore when differentiating these expressions, the root
term appears in the denominator and could cause overflow if € was chosen as zero.
Another consequence of the limited precision of the variables is that some results are
not guaranteed to be accurate. When, for example, a long expression appears as the
argument of a square root or of a “In” function, care has to be taken that this expression
cannot become negative. Even if this expression can never become smaller than or equal
to zero analytically, numerical problems can still result in a negative value. To avoid these
numerical anomalies, clipping has to be introduced where inaccurate results are expected,
or else the evaluation of certain expressions can be split into parts. To visualise this
solution, let us consider a specific example where the precision is improved by careful
splitting of a certain expression:
A B

C =
where A and A" are both very big and of the same order of magnitude, as are B and B
Let us now consider the following three ways of evaluating this expression, as in Egs. 6.17,
6.18 and 6.19. The expressions between brackets are evaluated first and stored before

performing the evaluation of the total expression, C:

c = (%).(5) (6.17)

- (ZT%>~(AB) (6.18)
ABy /1

- (T)'(F> (6.19)

Eq. 6.18 can lead to underflow in the first factor and overflow in the second, yielding in
an inaccurate result. Eq. 6.19 is a slightly better choice, but can still become inaccurate

it B' is very big. Eq. 6.17 is definitely the best choice for a numerically exact result.

6.4 Voltage Limiting Scheme

In the STAG model it was found that the Newton Raphson algorithm allows large ex-
cursions of the body voltage (when used under floating body conditions) and of AT, the
temperature rise due to self-heating. To avoid these non-physical values, and to speed up
convergence, several measures were taken [6]. The solution for the body voltage consists
of limiting the diode potentials in both positive and negative going directions. To avoid
the large AT excursions, limiting of AT is performed each iteration in a similar fashion
to the p-n junction limiting.

In the SOI LDMOS model, an extra internal node was introduced and this node can
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also experience significant excursions of the internal drain voltage if no limiting procedures
are used. A solution to this problem in the SOI LDMOS model is to limit Vpis and Vpp;
each iteration. A simple algorithm, which is commonly used for the limiting of Vpg in
a standard MOSFET model, was introduced for this purpose. The value saved from the
previous iteration is referred to as 1, V is defined as the value predicted during the
Newton Raphson iteration and V! is the limited value, which is going to be used in the
next iteration. For a positive value from the previous iteration (V, > 0) the following

algorithm is executed at every iteration:

(3Vo+2 V>3Vy+2and Vo > 3.5
2 2>VandVy>3.5
vl = ~1-10712 V< -1-10"'2 and V; < 3.5
4 V>4and V< 3.5
1% otherwise.

\

If Vp is negative (Vp < 0) the algorithm is executed with —Vj. This algorithm is performed
first on Vpis. Then the value of Vpp; is recalculated as Vpg — V]%is, and the same algorithm
is then performed on the new Vpp;. The only difference from the algorithm used in
normal MOSFETs is the numerical values that are used. It was found that the internal
drain voltage can go first positive and then negative in successive iterations before finally
converging to zero, thus slowing down convergence. With the chosen limiting scheme Vpis
can only jump from a positive value to a very small negative value (—1 - 10712), or vice
versa for a negative value of Vpijs. Furthermore, supply voltages are usually quite large,
so the drain voltage should be able to rise fairly quickly. This is why the other numerical

quantities in the algorithm should not be chosen to be too small.

6.5 Summary

In this chapter we have treated the numerical bottlenecks and particularities which were
encountered during the implementation and testing phase of the model in a commercial
SPICE simulator (SIMetrix).

Easy debugging was possible due to Borland C++’s integrated debugger [10], which
allows running of the simulator within the Borland debugging environment, and allows
placing of breakpoints where necessary or when a C++ exception is caught or thrown.

Various clipping solutions to avoid over- and underflow were discussed and a new volt-
age limiting scheme for the internal drain voltage was presented. Furthermore, techniques
to improve the precision of certain evaluations were explained. These measures have led

to a very robust SOI LDMOS model, which converges easily without the need for node

setting.
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Chapter 7

Model Evaluation

7.1 Introduction

In this chapter the model is tested extensively in the circuit simulator SPICE [1], in terms
of its suitability for simulating single device characteristics and circuits. DC and AC
single device characteristics were already verified against measurements in Chapters 4 and
5 respectively. In this chapter the model is tested qualitatively and its ability to simulate
circuits is demonstrated.

In Sec. 7.2 single device characteristics are analysed qualitatively using a slightly
adapted set of the SEMATECH tests [2]. The SEMATECH evaluation consists of a set of
tests which were originally designed for bulk MOSFET devices. It checks for any weak-
nesses, discontinuities or non-physical behaviour in the model.

To test the circuit simulation performance, two typical high voltage circuits were de-
signed and fabricated using the model parameters extracted in Chapters 4 and 5. The

model predictions are compared with measurements in Sec. 7.3.

7.2 Qualitative Tests

7.2.1 Introduction

The SEMATECH evaluation consists of a set of tests which are aimed at showing up any
weaknesses or discontinuities in the model. The transitions between operating regions are
of special concern, because any discontinuities can cause convergence problems in a circuit
simulator. The tests also try to trace non-physical model behaviour in static, transient or
small signal analyses. Simple visual checks and more sophisticated numerical techniques
are used to detect discontinuities or non-physical kinks in the model. These tests were
originally designed for bulk MOSFET and later extended to SOI MOSFET transistors.
In this section the SEMATECH tests are adapted and used for SOI LDMOS transistors
as appropriate.

The tests are performed on four different devices, two with field oxide and two without
field oxide (L4, = 0). This set of devices is illustrated in Table 7.1. Parameter set 1
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consists of the values extracted in Chapter 4 for the MV LDMOS. Parameter set 2 is not
extracted, but describes a typical medium voltage process, with thinner gate oxides and
higher drift region doping concentrations compared with Parameter set 1. We have added
the tests with the second parameter set to ensure that our model is also robust, and that
the smoothness of the simulated characteristics is not affected when choosing a completely
different realistic parameter set. These two parameter sets can be found in App. F. In
this section the interesting results for devices 1 and 2 will be discussed. The interested
reader can find the full set of SEMATECH tests for all four devices in App. F.

Device | L4 | Parameter Set
1 0 1
2 4 pm 1
3 0 2
4 1 pm 2

Table 7.1: Ouverview of devices evaluated by the SEMATECH tests.

7.2.2 DC tests

The Output Characteristics

Sematech Test 2a Sematech Test 2a
T T T T T T T 0.0025 T T T T T T T

Ve = 10V

9.0025 Vs =10V 7
Ve =8V

0.002

Ins 00015

0.001

510
0
6z 4 & 8 10 12 14 16 o 5 10 15 20 25 30 3 4
Vs ) Vg ’
Figure 7.1: Test 2a: fine resolution Figure 7.2: Test 2a: fine resolution
plot of Ip vs. Vpg (Device 1). plot of Iy vs. Vps (Device 2).

In Test 2a the output characteristics are plotted using a fine grid for Vpg (Figs. 7.1 and
7.2). Test 2b considers the output conductance, obtained as the derivative of Ip vs. Vpg
from Test 2a (Figs. 7.3 and 7.4). Both tests require a visual check to investigate the
smoothness and continuity of the transition from the linear into the saturation region.
Because Test 2b requires the output conductance to be plotted on a log-linear scale, self-
heating was not included in the simulation. A non-zero thermal resistance would mean a

negative slope in the output characteristics for high Vpg, leading to a negative value for
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Sematech Test 2b Sematech Test 2b
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Figure 7.3: Test 2b: fine resolution Figure 7.4: Test 2b: fine resolution
plot of g, vs. Vs (Device 1). plot of g, vs. ¥pg (Device 2).

the output conductance, which cannot be plotted on a log scale. The effect of self-heating
on the output characteristics will be looked at in Tests 11 and 12.

It is clearly visible that the model behaves well in both tests. Note the lower value of
the output conductance for the LDMOS with field oxide at high currents (see Fig. 7.4).
The reason for this is that channel length modulation is almost negligible because the
main part of Vpg drops over the drift region, which is saturated by pinch-off at high Vps
and VGfS.

The Subthreshold Characteristics

Sematech Test 4a Sematech Test 8b

0.0IF T T T T

12 | ! ! L

{ 1

4 6 Is 10 6 2 4 6 3 19
Vars Vs

Figure 7.5: Test 4a: fine resolution Figure 7.6: Test 8b: very fine res-

plot (step is 0.04 V) of Ip vs. Vars olution plot of Ip vs. Vigg for Vpg =

for Vpgs = 0.1 V and 3 V. 14 V.

In tests 3, 4, 8 and 9 the transition from subthreshold into strong inversion is investigated.
Again this has to happen in a smooth manner, and must provide physical modelling of

the moderate inversion region. The full set of results for devices 1 to 4 can be found in
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Sematech Test 9a Sematech Test 9b
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Figure 7.7: Test 9a: very fine res- Figure 7.8: Test 9b: very fine res-
olution plot (step is 0.01V) of gm/Ip olution plot of gn/Ip vs. Ip for
vs. Vags for Vpg =14 V. Vps =14 V.

App. F, and in this section only the most interesting results for Device 1 are considered.
Furthermore, the effect of the field oxide on the subthreshold characteristics is almost
negligible, and hence the results for devices 1 and 2 are almost identical.

Test 4a (Fig. 7.5) plots the subthreshold current in terms of Vggg for two different
values of Vpg. Test 8b (Fig. 7.6) repeats this plot for Vps = Vpp, but with a grid that
is four times finer. For both tests the simulated current is smooth and continuous as
required, and behaves in a physically correct manner, predicting the same shape for the
subthreshold characteristics as for ordinary MOSFET devices.

Test 9 examines the ratio of g, over Ip, which is a scaling independent measure of the
device gain. Test 9a (Fig. 7.7) plots gm/Ip vs. Vars, and Test 9b (Fig. 7.8) vs. Ip. Again

the curves are smooth and continuous.

Geometry Tests

Tests 6 and 7 check the geometry dependence of respectively Ip and Vpg for a diode
connected transistor. For MOSFET devices this means plotting Ip and Vpg in terms of
L, and gy /Ip and Vpg in terms of VW. For the LDMOS an extra test verifying the
dependence on L4, was added.

The width dependence in an LDMOS is very similar to an ordinary MOSFET device
and we refer to test 7a and 7b in App. F for the results. The length dependence for an
LV LDMOST with Lq, = 0 (Devices 1 and 3) shows very similar behaviour to an ordinary
MOSFET. However, for devices 2 and 4 the drift region modifies the length dependence;
for very high drain biases the drift region is saturated, and the channel length hardly
influences the current. This is illustrated in Fig. 7.9. Note as well the continuity of the
curves. In Fig. 7.10 the current is plotted in terms of Lg,. Here an inverse effect can be
observed. For high drain voltages the drift length influences the current quite strongly,

while for low Vpg values the dependence on Lg, is almost nil. Again the results are smooth

159




Sematech Test 6c Sematech Test 6a
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Figure 7.9: Test 6¢: Ip vs. L for Figure 7.10: Test 6a: Ip vs. Lar
diode connected LDMOS (Device 2). for diode connected LDMOS (Device

2).

and continuous. Note that in practice L and L4, in an LDMOS transistor are fixed and
should not be varied by the circuit designer. However, a good model must ensure the

continuity of the current plotted against any parameter within its valid range.

Continuity and Gummel Tests

Sematech Test 18a Sematech Test 18b
2-10~4 4‘10.4 T T T T T
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Figure 7.11: Test 18a: Ip vs. Vps Figure 7.12: Test 18b: g, vs. Vg
around Vpg = 0 (Device 2). around Vps = 0 (Device 2).

The continuity test is an adapted version of the Gummel symmetry test, which verifies
the symmetry of the drain current around Vps = 0, with the body connected to the source
for Vps > 0 and to the drain for Vpg < 0. This test is very useful for a MOSFET,
because this device is usually perfectly symmetrical. An LDMOS device, on the contrary,
is asymmetrical and renders the test inappropriate. However, it is important to have a
continuous current around Vpg = 0, and Test 18 checks this behaviour with the body

connected to the source. The results are illustrated in Figs. 7.11 and 7.12 for the current
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and the output conductance respectively. The curves do not show any irregularities and

the current passes smoothly through Vpg = 0.

Sematech Test 19 Sematech Test 20
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Figure 7.13: Test 19: Gummel Figure 7.14: Test 20: Gummel
slope ratio test for device 1. tree-top test for device 1.

The Gummel slope ratio and tree-top tests are very sensitive to any non-physical
behaviour and form a fundamental model verification. The Gummel slope ratio test looks

at the asymptotic behaviour of the model with Vpg variation. The slope ratio (SR) is
defined as

(L + L) (Vi - Va) (7.1)
(I = I)(V1 + V2)
with V7 and V5 being two small values for Vpp, I; and I the corresponding drain currents
and Vgg = 0. For values much higher than the threshold voltage, the slope ratio should
tend to 1, while in subthreshold, it should asymptotically approach a value determined by
the temperature and the values of V; and V5. This is shown in Fig. 7.13 for the values
Vi =0.011 V, Vo =0.01 V, and T = 25 °C. It can be observed that the slope ratio moves
smoothly, and is free of glitches between the two asymptotes. The use of the smoothing
function for Vpg, as described in Sec. 4.2.5, has removed the non-physical hump observed
in the moderate inversion region in the Southampton SOI MOSFET (STAG) model [3].
This hump was attributed to an error in the surface potential approximation in this region.
The Gummel tree-top test studies the asymptotic behaviour of the model with Vgss
variation. The quantity g /Ip is plotted against Vigg for different values of Vsp (Fig. 7.14)

and moves smoothly from subthreshold into strong inversion, as required.

SR =

Self-Heating Characteristics (Tests 11 and 12)

Self-heating gives rise to a reduction in the drain current and can become particularly
important at high power levels. In the LDMOS output characteristics this effect typi-
cally leads to a negative output conductance. In Fig. 7.15 the output characteristics are

simulated with and without self-heating.
As explained in Sec. 4.4, self-heating is a dynamic phenomenon; at high frequencies
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Figure 7.15: Test 11: influence of Figure 7.16: Test 12b: influence
static self-heating on the output char- of dynamic self-heating. Output con-
acteristics (Device 2). ductance vs. frequency for Vs =

8 V (Device 2).

the device temperature can no longer follow the power dissipation, and hence the self-
heating effects are greatly reduced. Fig. 7.16 shows the output conductance in terms of
the frequency. A smooth increase with frequency is observed around the thermal cut-off
frequency (= 1/(RrCrt)). For high Vpg values, the output conductance moves from a

negative value for low frequencies to a positive value when the self-heating is filtered out.

Body Resistance Test (Test 13)

In LDMOS technology it is common to place the body contact parallel to the source
contact. This can lead to a relatively high body resistance Rp,qy, which is formed by the
pinched region underneath the source junction. This body resistance, together with the
impact ionisation back gate current, can switch on the lateral parasitic bipolar transistor,
and this can determine the safe operating area of the LV and MV LDMOS [4]. This effect
is enhanced by self-heating; when the device heats up the effective body source voltage
necessary to trigger the parasitic BJT becomes smaller. Furthermore, because the BJT
has a positive temperature dependent factor in the expression for the collector current,
this effect can lead to early breakdown of the device.

In Fig. 7.17 the influence of the output characteristics are simulated for different values
of the body resistance with a thermal resistance Rt = 5 kK/W. For very high values of
the body resistance, the LDMOS behaves as a floating body SOI MOSFET and shows
a clear kink in the output characteristics. This is explained by the well known “kink
effect” [5]. When the fields in the transistor are high enough, the electron current creates
electron-hole pairs (impact ionisation). The holes will naturally migrate to the body,
and increase the body voltage significantly if the body resistance in very high. This
reduces the threshold voltage via the well known body-effect, and hence the drain current

increases. This generates even more impact ionisation current, creating a positive feed-
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Figure 7.17: Test 13: influence Figure 7.18: Test 12b: influence
of the body resistance on the output of the thermal resistance on the par-
characteristics. Rt = 5 kK/W (De- asitic bipolar effect. Rpoqy = 100 Q
vice 2). (Device 2).

back loop, which stabilises only when the body-source junction becomes forward biased.
The generated holes can then recombine with electrons from the source and an equilibrium
is reached. This kink effect disappears for lower values of the body resistance. For higher
values of the drain voltage the parasitic bipolar switches on, causing a continuous increase
in the drain current, which will finally lead to breakdown.

Fig. 7.18 shows the output characteristics for different values of the thermal resistance,
and a low body resistance (Rpoay = 100 ©2). The body resistance is too low to cause the
kink-effect, but the increased temperature rise due to self-heating causes the parasitic BJT
to switch on earlier as the thermal resistance is increased.

Figs. 7.17 and 7.18 prove that our model can account for this anomalous behaviour

and that it simulates these effects smoothly.

7.2.3 Transient tests

Push-Pull Inverter

Figs. 7.19 (Device 1) and 7.20 (Device 2) show the transfer characteristics for a simple
push-pull inverter consisting of an N-type and P-type LDMOS. The longer drift region of
device 2 reduces the gain and leads to variations in the slope of the transfer characteristics.

Figs. 7.21 (Device 1) and 7.22 (Device 2) show input and output voltages for a positive
and negative going pulse. The effect of the longer drift region of device 2 mainly manifests
itself as a higher over- or undershoot of the output voltage at the start of the rising and

falling edge respectively of the input voltage.
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Figure 7.19: Test 14: inverter Figure 7.20: Test 14: inverter
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Figure 7.21: Test 15: inverter Figure 7.22: Test 15: inverter

charge/discharge characteristic (De- charge/discharge characteristic (De-

vice 1). vice 2).

Inverter with Resistive Load

An interesting single transistor circuit to test the transient behaviour of the LDMOS is
shown in the inset of Fig. 7.23. It consists of a simple invertor with resistive load and a
very high resistance connected to the gate. This gate resistance is added deliberately to
show the gate-drain capacitance effects. The simulated wave forms for devices 1 and 2 are
shown in Figs. 7.24 and 7.23 respectively. Let us have a look at the results for a rising pulse
for Vin. As Vin rises, the gate is charged until the channel is inverted and the device is
conducting. Now the drain voltage starts dropping and the drift region becomes more and
more accumulated. During the charging time of the large gate-drain capacitance, the gate
voltage stays almost constant while Vpp goes to zero. After that, Vgeg can rise further
until it reaches Vin. This effect is typical for LDMOS transistors because the overlap

of the gate over the drift region creates a considerable gate-drain overlap capacitance,
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Figure 7.23: Test 16: resistive load inverter charge/discharge characteristic. Rjpaq =
Rg = 100 k2 (Device 2).

which is much larger than for standard MOSFETs. From the results of Figs. 7.24 and
7.23, one observes that our model predicts this charge behaviour without discontinuities.

Furthermore, all these characteristics were simulated without any convergence problems.

T Sematech Test 16
14 T T T T T T

12+

[

Figure 7.24: Test 16: resistive load inverter charge/discharge characteristic. Rioaa =
Rg = 100 k€2 (Device 1).

7.2.4 Capacitance Tests

Tests 21 and 22 check the simulation behaviour of the (trans)capacitances with swept drain
and gate voltages. These values are derived from AC simulation in SPICE and not from

the derivatives of the internal charges. In this way, the model is checked for inconsistent
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implementation or coding errors of the charge model.

The results of these tests on devices 1, 2, 3 and 4 are shown in App. F. However, since
very similar simulations have already been compared with measurements in Chapter 5,
these tests will not be treated in detail. The model produces continuous (trans)capacitance
values for all tests (see App. F); refer to Chapter 5 for a discussion of the shortcomings

and the slightly non-physical behaviour of the SOI LDMOS charge model.

7.3 Circuit Simulation Performance

In this section the simulation and measurement results of two common analogue circuits
are presented. These circuits form a good test for the convergence behaviour of our model
in the simulator. The first circuit is a switching power circuit and tests the transient
simulation capability of the compact LDMOS model in a switching application. The
second circuit under study is one of the most versatile and important building blocks in
analogue circuit design: the operational amplifier.

The circuits have been fabricated in the HV SOI process and the simulation results are
compared with measurements of the circuit. The influence of self-heating on some circuit

blocks has been investigated and further insights about the compact model are set out.

7.3.1 Switching Power Circuit
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hvilv : high or low voltage device
number: width of device

Figure 7.25: Circuit schematic for a switching power block.

This particular switching power circuit was chosen as a test circuit because convergence

problems were encountered with it when simulating with the subcircuit model presented
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in Chapter 3 [6]. The circuit consists of a simplified driver circuit for plasma displays,
and was designed and fabricated in PHILIPS Nijmegen. The original, more sophisticated
circuit drives the horizontal lines of a plasma display, which forms a capacitive load, and
the lines have to switch between 0 and 200 V. In recent years, colour plasma displays
have attracted a lot of attention, and the number of HV driving circuits with a driving
capability ranging from 80 V to 200 V has been increasing [7-9].

To test the LV and MV LDMOS, two similar circuits were designed for 14 V and 40 V.
In the first one the HV LDMOS transistors were replaced with LV LDMOS transistors,
and in the second one with MV LDMOS transistors.
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Figure 7.26: Charge and discharge characteristics for the LV driver circuit.
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Figure 7.27: Detail of the rising edge of the simulated (full line) and measured (mark-
ers) output voltage (LV circuit).
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The circuit is shown schematically in Fig. 7.25. The output transistors Y3 and Y12
have to charge and discharge the capacitive load. Y12 and Y11 are directly switched on
by Vin, and at that moment Y2 has to be off. This is realised by the current mirror Y1-Y9,
which pulls up the gate of Y2. When Vi, switches to zero, Y12 and Y11 are turned off
and the gate of Y2 is pulled down, but limited by the zener diode (D3) for the MV and
HYV version of the circuit. This turns on Y3, charging the capacitive load. Measured and
simulated charge and discharge characteristics are compared in Fig. 7.26. Details of the
rising and falling edges are shown in Figs. 7.27 and 7.28. The rise and fall times are well
predicted by the simulation results, but the delay time is slightly overestimated by the
simulator. The reason could be the less accurate modelling of the LV PMOS transistors

(Y2 and A1) which are partly responsible for the delay.

14 -

12

out

-
[~
1

Input/output voltage (V)
[=2]

0

-2 T T T 1
9.90E-06 9.95E-06 1.00E-05 1.01E-05 1.01E-05

Time (s)

Figure 7.28: Detail of the falling edge of the simulated (full line) and measured (mark-
ers) output voltage (LV circuit).

To investigate the self-heating behaviour of the circuit, a load resistor was added
between the output and the positive supply (see dotted lines in Fig. 7.25). Now the
output voltage does not go all the way back to 0 V when Y12 is switched on, but reduces
to a value determined by Y12 and the load resistor. The measured and simulated results
for the MV circuit when R = 120 2, and for the LV circuit when R = 73.3 Q are shown
in Figs. 7.30 and 7.29 respectively. Due to self-heating the temperature of Y12 increases
with time when Y12 is switched on. This reduces the current in Y12 and causes a slight
rise in the output voltage to compensate for this decreased current value. In Fig. 7.31 the
output voltage is plotted in detail and one can clearly observe the positive slope. In the
same figure the output voltage is simulated with and without self-heating, and it is clear
that including self-heating correctly predicts the positive slope while the iso-thermal result
shows a constant value for V. Fig. 7.32 shows the simulated temperature rise of Y12
during the transient simulation, and for a frequency of 150 kHz and a duty cycle of 20 %,
a temperature rise of 10 K is observed. Measuring the circuit at higher frequencies with
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Figure 7.29: Simulated (full line) and measured (markers) output voltage with a re-
sistive load (R = 73 Q) to the supply voltage (LV circuit).

a higher duty cycle can lead to very high temperatures with the possibility of destroying

the circuit.
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Figure 7.30: Simulated (full line) and measured (markers) output voltage with a re-
sistive load (R = 120 Q) to the supply voltage (MV circuit).

Finally, the HV driver circuit was also measured and simulated. The HV N and P-type
LDMOS do not have a constant doping profile in the drift region, and therefore our model
will give less accurate results than for the LV and MV LDMOS. The HV LDMOS was
characterised using an effective value for the doping concentration in the drift region and
its model parameters can be found in App. G. Fig. 7.33 shows the charge and discharge
characteristics and the details of the rising and falling edge can be found in Figs. 7.34 and
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Figure 7.31: Detail of the measured (markers) and simulated (with (full line) and
without (dotted line) self-heating) positive slope from the previous figure.

10 - - 12
8
- <
>
s ° @
> 1
g, £
I =)
: :
-
: m
2 o
= £
= o
(.
0
-2
0.00E+00 1.00E-05 2.00E-05 3.00E-05
Time (s)

Figure 7.32: Simulated temperature rise of the output transistor Y12 when R = 73 Q).
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Figure 7.33: Charge and discharge characteristics for the HV driver circuit.
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7.3.2 Operational Amplifier Circuit
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Figure 7.36: Circuit schematic of the HV opamp.

The next circuit we will analyse is a class AB operational amplifier. The opamp topology
is based on a design commonly used in CMOS technology [10, 11]. It is a two-stage
configuration with an additional low output impedance stage. The circuit schematic is
shown in Fig. 7.36. For clarity the protecting zener diodes have been left out of the
picture, but they will be mentioned later on in this section.

The opamp circuit utilises a 200 V power supply and is biased externally through a
resistor (R1) to obtain a bias current of 50 pA. Transistors Y9 and Y10, together with
the current source (Y7/Y2), form the differential input stage. Transistors P1 and P4 in
the current mirror configuration convert the output differential signal to a single-ended
signal. Transistor P10 along with biasing transistors Y4 and Y8 form the second stage.
Y11 and Y45 provide a bias voltage for the source-follower buffers Y12 and Y13 of the
output stage. The capacitor C2 is a compensation capacitor required to set the unity gain
frequency. Y14 is a cascode transistor to limit the Vpg on the LV P-type LDMOS P10.
It is controlled by a control voltage provided by two diode connected transistors (P6 and
P8). The capacitors in the HV SOI process have a parasitic component to the substrate,
which is connected to earth: C5 is the parasitic part of C2, and C6 of C1.

The threshold voltages of the LV and HV N-type LDMOS transistors are exactly the
same, and hence the choice of a LV or HV device depends only on the drain voltage that it
has to withstand. However, for the P-type devices the threshold voltage differs slightly for
the LV and HV devices. Therefore Y45, which does not have to withstand a high voltage,
still needs to be a HV P-type LDMOS in order to obtain a good current mirror. The
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current mirrors are designed using cascode configurations to improve their performance.

To protect the gate oxides of the input transistors in the differential pair, two zener
diodes in series and opposite to each other were added in between the gate and source
of each input transistor. For the same reason another zener diode was added between
the positive supply and the gate of P10. The parameter sets for the N and P-type HV
LDMOS and for the LV PDMOS can be found in App. G. The parameter set for the LV
LDMOS was derived in Chapters 4 and 5.
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Figure 7.37: The simulated open loop opamp gain with a load capacitance of 20 pF.
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Figure 7.38: The measured (markers) and simulated (full line) opamp gain in a non-

invertor arrangement with Ry = 1 k{1 and Ry = 120 k{2, and a load capacitance of

20 pF.

In Fig. 7.37 the open loop gain is simulated. The DC gain is very high (almost 140 dB)
and the dominant pole is quite low (1 Hz). The second pole is situated around 10 MHz

and the simulated phase margin is 40°. In practice it is very difficult to measure such
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high gains, and with the available equipment, it was only possible to measure up to a
gain of roughly 40 dB. For these reasons it was decided to measure the non-inverter
arrangement of Fig. 7.38, for which the maximum gain is determined by the ratio of the
resistors. Good agreement is observed between the measurements and the simulations,
which predict the phase behaviour and the cut-off frequency accurately. Note that, if an
open-loop gain measurement were to be done by means of a resistor and capacitor in the
negative feedback path as illustrated in Fig. 7.37, one has to make sure that the reciprocal
of the RC time constant is a factor of A,(0) (the maximum gain) less than the anticipated
dominant pole of the opamp. This would mean that RC has to be more than 107, which

is not very practical.
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Figure 7.39: The measured (markers) and simulated (full line) output voltage of the
opamp with a load capacitance of 22 pF.

This non-inverter measurement arrangement can also be used to determine the input
offset voltage of the opamp, which can be simply obtained as the the DC value of the
negative input of the opamp. This results in a value of 44 mV for the input offset.
The consequence of this offset is that the output voltage will be about 5 V (120 kQ -
44 mV/1 kQ), instead of the theoretical value of 0 V when using the resistor divider of
Fig. 7.38 in the negative feedback path.

The configuration shown in the inset of Fig. 7.39 is useful to measure the slew rate,
overshoot, and the settling time of the opamp. This measurement is repeated for different
values of the load capacitance and the load resistance for a -10 V to 10 V step input into
the follower. Figs. 7.39, 7.40 and 7.41 show the slew rate characteristics for Clpaq = 22 pF,
Cload = 184 pF and Clpaq = 1 nF respectively with Rjp.q = 0 Q. The falling edge clearly
shows the slew rate limitations of the opamp. However, the rising input pulse switches on
the protective zeners at the input, and the output voltage rises quickly, showing only a
little bit of slewing in the tail of the output voltage. Figs. 7.42 and 7.43 show the slew rate
characteristics for Rygag = 1.5 kQ and Rjpaq = 800 kQ respectively with Cigq = 22 pF.
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The differences between the measurements and the simulations are probably due to the
fact that the circuit contains a couple of high voltage N and P-type LDMOS transistors,
which cannot be modelled perfectly with our model because of the doping profile in the
drift region. In particular the simulated overshoot of the rising edge of the output voltage
with a high capacitive load (see Fig. 7.41) is a lot smaller than the measured overshoot.
The reason is probably that the high-side behaviour of Y12, which is an HV LDMOS is
not very well predicted by the model, since the doping gradient in the drift region will
strongly affect the high-side behaviour. In our model we use an effective value for the
doping concentration, which is higher than the doping concentration at the source end of

the drift region. As a result, the pinch-off voltage used in the simulation is lower than in
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a real device, and hence the predicted current reduction due to the high-side behaviour is

too low. However the gain, phase and slew rate were all well predicted.

7.4 Summary

This chapter has evaluated the SOI LDMOS model thoroughly using a set of simulation
scripts, based on the SEMATECH tests. It has been shown that the model is well behaved
in all regions of operation, and moves smoothly and continuously from one region into
another. The model was also tested on two typical analogue circuits. The model predicts
the measurement results well for circuits containing only LV and MV transistors and gives
also a reasonable prediction of the HV circuits. We can conclude that the compact SOI
LDMOS model is a useful tool for analogue circuit design in an SOI DMOS technology,

and with further optimisation a good modelling capability can be expected.
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Chapter 8

Conclusions and Further Work

8.1 Conclusions

As the scaling down of smart power ICs is gaining in importance, SOI technology is be-
coming more attractive. The LDMOS transistor is one of the key devices in HV ICs,
and a good model is indispensable in order to perform accurate circuit design. The mod-
elling and characterisation work in this thesis is aimed at improving the CAD capability
for designers, to provide better static and dynamic accuracy in a consistent and robust
simulation model system. Some subcircuit models for bulk and SOI LDMOS devices are
readily available, but when certain special aspects of device behaviour become critical,
they are not always sufficient. Furthermore, the use of subcircuit models increases the
complexity and computation time of the simulation. The need for a good compact model
which specifically addresses SOI LDMOS behaviour is apparent!

Development of such a model requires a full comprehension of the physics of the device.
Therefore, an overview of the typical structures for LV, MV and HV LDMOS transistors
was first presented, and the special electrical and thermal behaviour was described and
explained physically. The effect of the lateral doping gradient on the charges in the
LDMOS was studied in detail, and a new characterisation method for this lateral body
doping gradient coefficient was developed. The impact ionisation phenomenon was fully
explained, measured, and simulated in ATLAS for both the LV and MV LDMOS. Also,
the important parameters for thermal and switching behaviour were discussed.

High side operation for CMOS or LDMOS is associated with very large bias values
across the back oxide. For an N-type LDMOS this leads to an increased on-resistance,
and for a PMOS this can result in inversion of the back interface, with consequent leakage
and unaccounted charges. These unique effects were examined in detail and simulated
with a device simulator to ascertain the physical causes.

With this knowledge of the device physics of the LDMOS, the development of a cir-
cuit simulator model could begin. First, the subcircuit modelling approach was followed,
resulting in a “quick-fix” LDMOS model, which could be used in the PSTAR circuit sim-

ulator. This type of model gave good DC agreement with measurements, and reasonable
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transient and AC results, but had several drawbacks: complexity, increased computation
time, and poor convergence. In addition the model could not be used to duplicate cer-
tain effects particular to the LDMOS. Most notably, the high-side effects could not be
simulated very accurately, and we were also restricted in the charge modelling.

To overcome these disadvantages a compact model was developed. Such a model
has the advantage of simplicity, and aims to predict as accurately as possible the device
behaviour with simple mathematics, making it possible to use the formulations in a circuit
simulator.

First the DC model was set out. The model needed only one internal node, situated
in the channel at the transition point from thin gate oxide into field oxide. Both the
current under the thin gate oxide and under the field oxide were carefully derived, to
keep the model as physical as possible. All assumptions made were considered critically,
and verified where necessary. The current under the thin gate oxide was described in
terms of the surface potentials, whilst taking into account the lateral doping gradient
and the overlap of the gate over the N~ drift region. Vertical mobility degradation and
velocity saturation effects were included in a robust and continuous way. Furthermore,
we accounted for CLM and DIBL. The impact of the thickness of the depletion layer at
the buried oxide on the current under the field oxide was studied rigorously, leading to a
good prediction of the unique high-side behaviour. The DC simulations performed with
the compact model matched well with the measured characteristics for a wide range of
geometries, with self-heating and high-side effects being properly accounted for.

Next, the complete SOI LDMOS charge model was set out, presenting a promising
new approach to deal with the charge partitioning in the LDMOS. The use of a bias
dependent length for the inversion channel to account for the lateral doping gradient
gives an accurate, smooth transition from subthreshold into the on-state. The simulated
capacitance characteristics, obtained for a range of geometries, show the right trends
overall. And although not always completely accurate, the new expressions form the basis
for a good charge model.

The model has been implemented in a SPICE circuit simulator. Although the model
equations are quite mathematically robust, numerical bottlenecks and particularities were
encountered during the implementation and testing phase of the model. Various clipping
solutions to avoid over- and underflow have been discussed, and a new voltage limiting
scheme for the internal drain voltage was presented. Furthermore, techniques to improve
the precision of certain evaluations have been explained. These measures have led to a
very robust SOI LDMOS model, which converges easily without the need for node setting.

The SOI LDMOS model was evaluated thoroughly, using a set of simulations based on
the SEMATECH tests. It has been shown that the model is well behaved in all regions of
operation, and moves smoothly and continuously from one region into another.

Finally, two special analogue circuits were designed and fabricated to allow circuit
level evaluation of the accuracy and robustness of our model. The model predicted the

measurement results well for circuits containing only LV and MV transistors, and also
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gave a reasonable prediction for the HV circuits. We can conclude that the compact SOI

LDMOS model is a useful and reliable design tool for analogue circuits using an SOI
DMOS technology.

8.2 Ideas for Future Work

The developed SOI compact model was specially derived for LV and MV SOI LDMOS
transistors, assuming constant doping in the drift region. However, HV LDMOS transistors
are usually fabricated with a graded doping profile under the field oxide, and the field oxide
can be thinner at the drain end. Ideally, the influence of these effects should be included
in a HV LDMOS model. However, a HV LDMOS transistor can be realised in different
ways. Various RESURF techniques [1,2] exist, or one can opt to use a superjunction (or
COOLMOS) [3,4] device. This makes the drift region of an HV LDMOS very technology
dependent, and it will be very difficult to make a general physical model for the drift
region under the field oxide. But still, more modelling work for the drift region of an HV
LDMOS is desirable.

Another feature of HV LDMOS transistors is that the drift region can become quite
long, creating a significant variation in temperature along the device. To account accu-
rately for self-heating would therefore require two or more temperature nodes for a single
device. Finally, in some technologies the effect of the overlap of the gate or source/drain
contacts over the field oxide should also be considered.

The impact ionisation phenomenon was examined in considerable depth in Chapter 2.
Our insights into this effect have not yet been exploited in the circuit model, which still
uses standard MOSFET equations for the impact ionisation current. These standard
expressions need to be adapted to account accurately for the avalanche current in the SOI
LDMOS. It would also be interesting to verify the effect of a correctly simulated impact
ionisation current on the parasitic bipolar behaviour, because the avalanche current flows
through the body, and hence rises the base voltage of the parasitic BJT. Furthermore, the
temperature strongly influences the parasitic BJT current, and thus heating effects should
be taken into account [5].

As explained in Chapter 2, the current flow can be highly two dimensional, which will
have a non-negligible influence on the charge behaviour, and although accounted for in an
empirical way, a more general physical study could be conducted.

The topic of noise in SOI LDMOS transistors was beyond the scope of this project,
but a study is under way by researchers in PHILIPS Eindhoven. The model will probably
combine noise contributions generated in MOSFET and JFET devices, and some reports
have suggested that there may be an additional anomalous effect in the noise behaviour
of an SOI technology compared to its bulk counterpart [6-8].

In our model, constant capacitances were used to model the back gate-drain capaci-
tance, the back gate-body capacitance and the back gate-source capacitance. However, it

is clear that, to obtain a really accurate description of the capacitance behaviour at the
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back gate, one has to do a quantitative analysis of the charges at the buried oxide, lead-
ing to non-constant, non-reciprocal capacitance values. The first step in the development
of a good back gate capacitance model consists of finding a good measurement strategy
for these capacitances. Next, the influence of all the different terminal voltages on the
charges at the back gate has to be derived. This will involve a similar analysis to the
study performed in Chapter 5 for the front gate charge.

In addition to the SEMATECH and circuit tests performed in Chapter 7, more conver-
gence tests on large scale ICs are necessary to check further the stability and robustness of
the model equations. These tests are currently being done in PHILIPS with the PSTAR

version of the compact model.
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Appendix A

ATLAS Results for the LDMOS
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Figure A.1: The current density in Figure A.2: The potential in the
the LV LDMOS for Vps = 1 V and LV LDMOS for Vps = 1 V and
Vors =8V Vors =8V

7 | | Potential (v)
Z = |Total Current Density (A/ t
1 | - s
5 = 26405 o | -
4 1.76e+05 7| o 633
3—) | mm 152008 3 | mmm 52
Tl = 1.05e+05 I — ggg
7 | mmm 8-12e+04 siIR—Er
4 | mmm 575e+04 iR
o) = 1508 T 05 = -0.419
G2 7T S e R e b e RN R SR N S AR e S
Figure A.3: The current density in Figure A.4: The potential in the
the LV LDMOS for Vps = 8 V and LV LDMOS for Vps = 8 V and
Vois =8V Vaos =8V

182



~

-

a

w ~
IIIIIIIIIII

»

Total Current Density (A/{

L0
g
g3
+
&

52e+05
.29e+05
05e+05
12e+04

g
8

\3Be+04
e+04

S WA= -

4

4
~ <

Figure A.5: Current density (LV
LDMOS); VDS =15 V, ngs =8V

|

-

-
IIIIlIlIIlI

Total Carrent Density (A/em2)

—

T 1004

75000 Material

- rals

6256403 sioz

- 500 = -

 3.75e+03 s Silicon

- 25000 Alr

o 1e-08 Conductor

T T i B e e e
L] 1 2 3 4 5 6 7 L] L] 10

Figure A.T: Current density (MV
LDMOS); Vps =8V, Vgis =8V

&

©
IIIIllIllII

Potential (V)

LpuoNesan
Shbbbansh

o
&
©

Figure A.6: The potential (LV LD-
MOS); Vbs = 15 V, Vs =8 V

~

>

-
1 I ETHEAE l o] l

Potential (V)
BT
2 Materials
—- 258 Si02
_— 144 Silicon
— 052 Air
019
— Rz Conductor
e T Emm e
L] 1 2 3 4 s 6 7 L] L] 10

Figure A.8: The potential (MV
LDMOS); Vs =8 V, Vg =8 V

Figure A.9: Current density (MV
LDMOS); Vps =20V, Vgis =8 V

183

| [votal Carent Deasity (Atm2) 5~

J —-1-;;;4‘,J o —

al 8.750+! -

— | 75003 Materials S o

- —g.{f:;” Sio2 . o).

5 _- 3750403 Silicon = __ 1.4 Silicon
| - 2sen Alr - | — 002

= 125043 ] B 0.198

| - Conductor e m -0.924 Conductor
LI B L B L T TT T T TTr T 7 T rrrrrryprrr L AL T S SBLAL a3 r.-.---;...,.n
0 1 2 3 4 O 370 7 ] s n (] 1 2 3 4 s s 7 ] L] n

Figure A.10: The potential (MV
LDMOS); Vps =20V, Vgs =8V



Appendix B

PHILIPS model parameters for
MM902, M30 and M40

Table B.1 on the following page gives the names, descriptions and units for all electrical

parameters of MM9.02.
Table B.2 on page 187 gives the names, descriptions and units for all electrical parameters

of M30.02.
Table B.3 on page 188 gives the names, descriptions and units for all electrical parameters

of M40.
Table B.4 on page 189 gives the optimised parameter set for the LV LDMOS.
Table B.5 on page 190 gives the optimised parameter set for the MV LDMOS.

In the following parameter description the Philips terminology is used. This means
that the body is referred to as the substrate, and the back gate is referred to as the handle
wafer. We have
BODY (B) = SUBSTRATE (SUB)

BACK GATE (Gb) = HANDLE WAFER (HW)
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Name Symbol Parameter Units

VTO Vino Threshold voltage at zero back-bias for the ac- Vv
tual transistor at the actual temperature
KO Yo Low-back-bias body factor for the actual tran- 1/ \&

sistor at the actual temperature

K Yn High-back-bias body factor for the actual tran- 1/ V3
sistor at the actual temperature

VSBX VsBx Transition voltage for the dual-k-factor model Vv
for the actual transistor

BET Jé] Gain factor for the actual transistor at the ac- AV 2
tual temperature

THE1 01 Coefficient of mobility reduction due to the 1/V
gate-induced field for the actual transistor at
the actual temperature

THE2 02 Coefficient of mobility reduction due to the 1 /V%
back-bias for the actual transistor at the ac-
tual temperature

THE3 03 Coefficient of mobility reduction due to the 1/V
lateral field for the actual transistor at the ac-
tual temperature

GAM1 m Coefficient for the drain induced threshold V!—7ps
shift for large gate drive for the actual tran-

sistor

ALP e} Factor of the channel-length modulation for -
the actual transistor

VP Vp Characteristic voltage for channel-length mod- v
ulation for the actual transistor

GAMOO 40 Coefficient for the drain induced threshold -
shift at zero gate drive for the actual transistor

MO mg Factor of the subthreshold slope for the actual -
transistor at the actual temperature

ZET1 (i Weak inversion correction factor for the actual -
transistor

VSBT Vst Limiting voltage for the Vsp dependence of A%

GAMO and MO {for the actual transistor

Table B.1: Names, descriptions and units for all electrical parameters of
MM9.02. Continued on next page ...
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Name Symbol Parameter Units

ETADS 11DS Exponent of the Vpg dependence of GAM1 for -
the actual transistor

ETAGAM 1, Exponent of the back-bias dependence of -
GAMO for the actual transistor

ETAM Mm Exponent of the back-bias dependence of M -
for the actual transistor

Al Ay Factor of weak avalanche current for the actual -
transistor at the actual temperature

A2 As Exponent of weak avalanche current for the A%
actual transistor

A3 A3 Factor of the drain-source voltage above which -
weak avalanche occurs for the actual transistor

COX Cox Gate-to-channel capacitance for the actual F
transistor

CGDO Capo Gate-drain overlap capacitance for the actual F
transistor

CGSO Caso Gate-source overlap capacitance for the actual F
transistor

NT Nr Coefficient of the thermal noise for the actual J
transistor

NF N Coefficient of the flicker noise for the actual V2
transistor

ETABET 1 Exponent of the temperature dependence of -
BET for the actual transistor

STVTO sgtho Temperature dependence of VTO for the ac- -

tual transistor
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Name Parameter TUnits

LEVEL Model level, must be set to 30 -
RON Ron Ohmic resistance at zero bias Q
RSAT Rgar Space charge resistance at zero bias Q
VSAT Vsar Critical drain-source voltage for hot carriers A%
PSAT Psar Velocity saturation coefficient -
VP Vp Pinch off voltage for zero gate bias and sub- A%

strate voltages ; VP <= 0 no depletion and/or
accumulation in the channel

TOX tor Gate oxide thickness cm
TOX > 0 MOSFET device
TOX <= 0 No depletion at the surface

DCH Np Doping level channel cm
DSUB Ny Doping level substrate ; DSUB <= 0 no de- cm™3
pletion from the substrate
VSUB Vsus Substrate diffusion voltage Vv
VGAP Vaap Band gap voltage -
CGATE Cgaatr Gate capacitance at zero bias F
CSUB Csus Substrate capacitance at zero bias F
TAUSC T3¢ Space charge transit time in the channel s
ACH Acy Temperature coefficient in the channel -
KF Ky Flicker noise coefficient -
AF Ap Flicker noise exponent -
TREF Tref Reference temperature; default = 25 °C °C
DTA AT Difference of the device temperature to the  °C
ambient temperature (T = Tymy + AT)
MULT  mp Multiplication factor -

Table B.2: Names, descriptions and units for all parameters of M30.02.
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Name Parameter Units
LEVEL Model level, must be set to 40 -
RON Ron Ohmic resistance at zero bias Q
RSAT Rsar Space charge resistance at zero bias Q
VSAT Vsar Critical drain-source voltage for hot carriers A%
PSAT Psar Velocity saturation coefficient -
VP %3 Pinch off voltage for zero gate bias and sub- v
strate voltages ; VP <= 0 no depletion and/or
accumulation in the channel
TOX tof Gate oxide thickness cm
TOX > 0 MOSFET device
TOX <= 0 No depletion at the surface
DCH Np Doping level channel cm™3
TBOX  top Box oxide thickness cm
TBOX <= 0 No depletion and/or accumula-
tion at the box
CGATE Caarr Gate capacitance at zero bias F
CBOX Crox Handle wafer capacitance at zero bias F
TAUSC 75¢ Space charge transit time in the channel 8
ACH Acu Temperature coefficient in the channel -
TREF Tret Reference temperature; default = 25 °C °C
DTA AT Difference of the device temperature to the °C
ambient temperature (T = Typp + AT)
MULT M Multiplication factor -

Table B.3: Names, descriptions and units for all parameters of M40.
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MM902 Value M3002 Value
VTO (2,98 + 2.75 1078 fp ) V RON | grsrasoow k2
KO (297 + 289 1070 fw ) V™3 | RSAT | i Q
K 3.0 V-3 VSAT 3.45 V
VSBX 100 V PSAT 2

BET 43(WAB851070) | A2 VP 4.0V
THE1 (156.8 103 + 1.6 106, ) V-1 || TOX 6 10-° cm
THE2 10 1073 V=3 DCH 1.1 1016 ¢m=3
THE3 (53.5 1073 - 0.49 10-5f,, ) V-1 | DSUB | 1.0 107 cm~3
GAM1 (9.62 10~3 + 190 10-6f,,, ") V1-"0s || VSUB 0.67 V
ALP 21.3 1073 VGAP 1.206

VP 0.3V CGATE | 23107 W F
GAMO00 2.7 1073 CSUB 3.7107°WF
MO 2.13 TAUSC 0s
ZET1 1.4 ACH 1.6
VSBT 0.5V KF 0
ETADS 0.6 AF

ETAGAM 1 TREF 25 °C
ETAM 1 MULT 1

Al 0.5

A2 6.25 1076 V

A3 0.65

COX 4107w F

CGDO 0F

CGSO 1.73 1071w F

NT 0J

NF 0

ETABET 1.4

STVTO -3.3 1073 °C-1

Table B.4: Optimised parameter set for the LV LDMOS.
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MM902 Value M3002 Value
VTO (298 +0.63 10°f") V| RON S A
KO 2.4 V™3 RSAT 50 k€
K 0V-2 VSAT 2.07V
VSBX 100 V PSAT 1.1
BET 43(gog=s) pA-V™2 VP 6.5 V
THE1 0.22 V-1 TOX 6 107 cm
THE2 0.01 V=3 DCH 1.1 10! ¢m=3
THE3 0.01 V-1 DSUB 1.0 10'7 ¢cm™3
GAMI (0.01 - 0.011 106, ") Vi=7s || VSUB 0.67 V
ALP 0.005 VGAP 1.206
VP 1.5V CGATE | 1151000 W F
GAMO0 0.003 CSUB 3.710°10F
MO 2.7 TAUSC 0s
ZET1 0.8 ACH 1.7
VSBT 0.75 V KF 0
ETADS 0.6 AF
ETAGAM 2 TREF 25 °C
ETAM MULT 1
Al 0.5 M40 Value
A2 35V RON ey
A3 0.65 RSAT 100 kQ
COX 41070 W F VSAT 2.9V
CGDO 0F PSAT 2
CGSO 1731070 W F VP 180 V
NT 0J TOX 0 cm
NF 0 DCH 1.1 10" cm™?
ETABET 1.4 TBOX 0.3107% cm
STVTO -3.3 1073 °Cc! CGATE 0F
CBOX 1.8 10710 W F
TAUSC 0s
ACH 1.7
TREF 25 °C
MULT 1

Table B.5: Optimised parameter set for the MV LDMOS.
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Appendix C

Model Description

C.1 Model Card

A model card specifying the SOI LDMOS parameters in the Simetrix implementation of
SPICES3 has the following general format:

.MODEL MNAME [NDSOI/PDS0I] <LEVEL=VAL> ...model parameters ...

After the model name MNAME, the parameter NDSOI or PDSOI must be specified to
indicate that the model is used for either an N-channel or P-channel SOI LDMOS re-

spectively. After this comes a list of model parameters which are assigned values via the

format
parameter_name = VAL.

Table C.1 on the following page gives the names, descriptions, symbols and default values

for all parameters of the SOI LDMOS model.
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Name Symbol Parameter Units Defaunlt
LEVEL - model index -
SWITCH - 0 for geometrical parameter set -
TNOM Trom parameter measurement temperature °C 27
TOF tof front oxide thickness m required
TOB tob back oxide thickness m required
TB ty silicon film thickness m required
TBDR thdr silicon film thickness in the drift region m required
TPG - type of gate material: - 1
1 N type
-1 P type
0 aluminium gate
L L length of the under-diffusion under the m required
gate
LD Lp lateral diffusion m 0
LDROV Larov overlap of the front gate over the drift re- m 0
gion
NQFF Nqrr front fixed charge density cm ™2 0
NQFB NqrB back fixed charge density cm™2 0
NSSF Dy front fast surface state density cm~2eV! 0
NSSB D, back fast surface state density cm~2eV ! 0
NSUB Nag silicon film doping concentration cm ™3 required
DOPGRAD kn, doping gradient coefficient (set to 0 if < - 0
1072)
PHIB ®nom surface potential (= 2drnom) A% derived f
GAMMAO v body factor \&i derived T
GAMMAB ~b body factor at the back gate \&i derived
vVTO Vihonom  zero bias threshold voltage (front) A% derived 1
DELTAL AL threshold roll-off with channel length m 0
DELTAW AW threshold roll-up with channel width m 0
SIGMA o drain induced barrier lowering factor m 0
VFBF Vigom  fatband voltage (front) \4 derived T
CHIFB XFB flatband voltage temperature dependence V/K 0
VTO0B V8 onom  2ero bias threshold voltage (back) \4 derived
VFBB Vsom  flatband voltage (back) \4 derived |

Table C.1: Names, descriptions and default values for all parameters of the

SOI LDMOS model. Continued on next page . ..
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Name Symbol Parameter Units Default
U0 Msnom zero field inversion surface mobility cm? /Vs 600
THETA 0 vertical field inversion mobility degrada- V! 0
tion factor
VSAT Vsatnom carrier saturation velocity cm/s 0 tf
MEXP m smoothing factor - 1
K k inversion mobility temperature exponent - 1.5
UACC Pacecnom  zero field accumulation surface mobility  cm?/Vs 600
THETAACC Oace vertical field accumulation mobility V-1 0
degradation factor
KACC kace accumulation mobility temperature expo- - 1.5
nent
KP - transconductance parameter A/V?  derived T
LAMBDAR Ar channel length modulation factor m/V 0
VP Vo fitting parameter (second CLM model) \4 0 tt
LX Ix effective pinch-off region length (second m 0 1ft
CLM model)
ALPHAO o first impact ionisation constant 1/cm 0
BETAQ Bo second impact ionisation constant V/cm 1.92E6
CHIBETA X3 temperature coefficient of BETAO V/emK 0
ETA 7 effective field factor - 1
LM Im effective ionisation length m 0
LM1 Im1 LM variation with gate voltage m/V 0
LM2 Im2 LM variation with gate voltage squared m/V? 0
LAMBDADR  JAg; fitting factor for capacitance in saturation - 0
NDR Np drift region doping concentration em™3 ftt
PHIDR Ddrnom surface potential (2éFdrnom) vV derived |
GAMMAFDR  Afdr drift body factor (front) Vi derived T
CAMMABDR b4 drift body factor (back) Vi derived !
VFBFDR Vil - drift flatband voltage (front) \Y% derived |
VTODR vidr . zero bias drift threshold voltage (front) \Y% derived
VFBBDR Vddr . drift flatband voltage (back) Y% derived T
VTBDR Vhdr  zero bias drift threshold voltage (back) \Y derived T
MOBDR Mdrnom mobility in the drift region cm?/Vs 1000
FAC fv fitting factor for 2-D current flow under - 1
the gate
KDR kar drift region mobility temperature expo- - 1.5
nent
VSATDR Vsatdrnom  Carrier saturation velocity in the drift re-  cm/s ot

gion

continued on next page ...
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Name Symbol Parameter Units  Default

JSS JsSnom S-B junction saturation current density per A/m le-10
metre width

ETADS DS S-B junction ideality coefficient - 1

JS1S Js1Snom second S-B junction saturation current density ~ A/m 0
per metre width

ETADI1S 1ND1S second S-B junction ideality coefficient - 1

ISS Issnom S-B junction saturation current A derived H

IS1S IsiSnom second S-B junction saturation current A derived H#

CHIDS XDS temperature coefficient of ISS eV.K/J Eq/k

CHID1S XD18 temperature coefficient of IS1S eV.K/J Eg/k

CJS Ciys zero-bias S-B junction capacitance per square  F/m 0
metre of (sidewall) junction area

CBS Cios zero bias body-source junction capacitance F derived H¥

PBS PBgnom  S-B junction potential A% 0.8

MJS Mg S-B junction grading coefficient - 0.5

FCS F(Cy S-B junction forward bias coefficient - 0.5

JSD JsDnom D-B junction saturation current density per A/m le-10
metre width

ETADD 7DD D-B junction ideality coefficient - 1

JS1D Js1Dnom  second D-B junction saturation current den-  A/m 0
sity per metre width

ETADI1D 7ID1D second D-B junction ideality coefficient - 1

ISD Ispnom D-B junction saturation current A derived #

IS1D Is1pnom  second D-B junction saturation current A derived #

CHIDD XDD temperature coefficient of ISD eV.K/J Eq/k

CHID1D XD1D temperature coefficient of IS1D eV.K/J Eq/k

DvT X6 switch for ¢y temperature dependence (diodes - 1
only)

CJD Cip zero-bias D-B junction capacitance per square  F/m 0
metre of (sidewall) junction area

CBD Ciyop zero bias body-drain junction capacitance F derived

PBD PBpuom D-B junction potential \% 0.8

MJD Mp D-B junction grading coefficient - 0.5

FCD FCp D-B junction forward bias coefficient - 0.5

BETABJTR fsime parasitic bipolar current gain parameter m?

TAUF T bipolar forward transit time S

TAUR TR bipolar reverse transit time s

continued on next page ...
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Name Symbol Parameter Units Default
RSH Ry, drain and source diffusion sheet resistance Q/sq 0
NRS - source squares - 0
NRD - drain squares - 0
RD Rp drain series resistance Q derived ¥
RS Rg source series resistance Q derived *
NLEV - 1/f noise model level: - 0
0 1/f (KF.I4F)/(L2.Cop)
1 1/f KF.I5F)/(W.L.Cyy)
2 1/FAF (KF.g2)/(W.L.Cof)
AF - 1/f noise exponent - 1
KF - 1/f noise coeflicient see NLEV 0
CGFSOR  Cgtsor front gate-source overlap capacitance per me- F/m 0
tre channel width
CGFDOR  Cgtdor front gate-drain overlap capacitance per metre F/m 0
channel width (for LV LDMOS)
CGFBOR  Cgor front gate-bulk overlap capacitance per metre F/m 0
channel length
CGBSOR  Cgbsor back gate-source overlap capacitance per me- F/m 0
tre channel width
CGBDOR  Cghdor back gate-drain overlap capacitance per metre F/m 0
channel width
CGBBOR  Cgpbor back gate-bulk overlap capacitance per metre F/m 0
channel length
KOX Kox oxide thermal conductivity factor V.A/mK 0
TCF TCF thermal capacitance factor V.A.s/m3K 0

! When not given, an estimate is derived from other model parameters.

A value of 0 is a switch to exclude velocity saturation effects.

t1 To select the second channel length modulation model, specify VP
and LX and do not specify LAMBDA.
T if NDR is given this parameter is not used. RSHDR is used to calcu-
late NDR when NDR not given

b el

-
e
R

Calculated from the sheet resistance RSH, and NRS or NRD.
Calculated from the current density JS or JS1, and the channel width.

Calculated from the capacitance per unit area CJ, the channel width

and the film thickness.
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C.2 Element Card

An element card specifying an SOI LDMOSFET modelled in Simetrix has the following

format:

Yxxxx ND NGEf NS NGb NB NT MNAME <W=VAL> <LDR=VAL>
+ <NRD=VAL> <NRS=VAL> <RT=VAL> <CT=VAL>
+ <IC=VDS,VGfS,VGbS,VBS> <OFF> <TEMP=T>

Very few letters of the alphabet remained unused by the normal SPICE program. As the
letter S is used by a SOS model developed previously at Southampton University and the
letter A is used for the STAG model, it was decided to use the letter Y to denote an
LDMOS SOI device. ND, NGf, NS, NGb and NB are the drain, front gate, source, back
gate (substrate) and body contact respectively. NT is the thermal node representing the
local MOSFET temperature rise, and can be used to construct a thermal netlist. Both
NT and NB can be left floating by specifying dummy node names. SPICE3 allows the
node names to be alphanumeric, so a useful convention may be to have thermal nodes
called T1, T2, ...etc.

MNAME is the model name. W and LDR are the nominal gate width and the nominal
length of the drift region of the device respectively, given in metres. If W or LDR are
not given, default values are used. NRD and NRS are the equivalent number of squares
of the drain and source respectively and both default to 1. These are used with RSH
in the .MODEL card to obtain the drain and source resistances. RT and CT are the
(first order) thermal resistance and thermal capacitance of the device. If RT is zero,
simulations are carried out without self-heating. The optional IC and OFF statements
are for use in transient analyses to allow the user to set the device initial conditions. The
optional TEMP value allows the user to specify the ambient temperature of the device

and overrides the temperature specification in the .OPTION control line.

C.3 Electrical Parameter set

Below a second parameter set is formulated. This set is meant to be used for an individual
transistor and does not contain any width or length scaling parameters. This parameter
set will be referred to as an electrical parameter set, because some of the parameters can
be extracted immediately from the electrical measurements. To find the full parameter set,
valid for a whole range of widths and lengths, it is convenient to extract first the electrical
parameter set for every different transistor. Then the full parameter can be derived, which

is valid for the whole range of geometries.
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Name Symbol Parameter Units Default
LEVEL - model index -
SWITCH - 1 for electrical parameter set -
TNOM Toom parameter measurement temperature °C 27
TPG - type of gate material: 1: N type, 2: P - 1
type, 0: Alum
VTO Vinonom zero bias threshold voltage (front) A% 3
STVTO XFB temperature dependence of Ving V/K 0
KO Yeff body factor Vi 3
DOPGRAD kx, doping gradient coeficient (set to 0 if < - 0
1072)
PHIB ®nom surface potential (= 2¢Fpom) v 0.8
BET Brom inversion layer gain factor A/V? -
ETABET k temperature exponent of Guom - 1.5
BETACC Baccnom  accumulation layer gain factor cm?/Vs 0
ETABETACC &k temperature exponent of Baccnom - 1.5
THE1 g vertical field inversion layer gain degrada- it 0
tion factor
THE1ACC Oace vertical field accumulation layer gain v-! 0
degradation factor
THE3 03n0m horizontal field mobility degradation fac- V7! 0
tor
MEXP m smoothing factor - 1
LAMBDA A channel length modulation factor 1/V 0
VP Vo fitting parameter (second CLM model) \% 0 ftf
ALP o pinch-off factor (second CLM model) - 0 11
GAMOO Yoo drain induced barrier lowering factor - 0
KB AP body factor at the back gate \&i -
VTO0B V8 onom  Zero bias threshold voltage (back) \% -
RON Ronnom drift region on-resistance under gate oxide Q 0
FAC fv fitting factor for 2-D current flow under - 1
the gate
RONDR Rondrnom  drift region on-resistance under field oxide Q 0
ETARONDR kg, R& temperature exponent - 1.5
PHIDR Ddrnom surface potential (2épdrmom) v -
KODR T drift body factor (front) \& -
KBDR bdr drift body factor (back) \& -
VTODR vidr  zero bias drift threshold voltage (front) A% -
VTOBDR Viodr  zero bias drift threshold voltage (back) v -

conlinued on next page ...
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Name Symbol Parameter Units Default

VPDEP Vedep pinch-off voltage without inversion at box v -
THE3SDR O3drmom  horizontal field mobility degradation in the V™! 0
drift region
LAMBDADR g fitting factor for capacitance in saturation - 0
ALPHAO ap first impact ionisation constant 1/cm 0
BETAQ Bo second impact ionisation constant V/em 1.92E6
CHIBETA X3 temperature coefficient of BETAOQ V/ecmK 0
ETA 7 effective field factor - 1
LM Im effective ionisation length m 0
LM1 Im1 LM variation with gate voltage m/V 0
LM2 lmo LM variation with gate voltage squared m/ V? 0
DVT X4 switch for ¢; temperature dependence (diodes - 1
only)

ETADS DS S-B junction ideality coefficient - 1
ETAD1S D18 second S-B junction ideality coefficient - 1
ISS Issnom S-B junction saturation current A 0
IS1S I51snom second S-B junction saturation current A 0
CHIDS XDS temperature coefficient of ISS eV.K/J Eq [k
CHIDI1S XD1S temperature coefficient of IS1S eV.K/J Eq./k
CBS Cjios zero bias body-source junction capacitance F 0
PBS PBspom  S-B junction potential A% 0.8
MJS Mg S-B junction grading coeflicient - 0.5
FCS FCq S-B junction forward bias coefficient - 0.5
ETADD DD D-B junction ideality coefficient - 1
ETAD1D 71D1D second D-B junction ideality coefficient - 1
ISD IsDnom D-B junction saturation current A 0
IS1D IsiDnom  second D-B junction saturation current A 0
CHIDD XDD temperature coefficient of ISD eV.K/J Eg/k
CHIDI1D XD1D temperature coeflicient of IS1D eV.K/J Eg/k
CBD Ciop zero bias body-drain junction capacitance F 0
PBD PBppom D-B junction potential A% 0.8
MJD Mp D-B junction grading coefficient - 0.5
FCD FCp D-B junction forward bias coefficient - 0.5

continued on next page ...
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Name Symbol Parameter Units Default

BETABJT fgir parasitic bipolar current gain parameter - 0
TAUF TR bipolar forward transit time S 0
TAUR TR bipolar reverse transit time S 0
RD Rp drain series resistance Q 0
RS Rg source series resistance Q 0
NLEV - 1/f noise model level: - 0

0 1/f (KF.I5")/(L*.Coy)
1 1/f (KF.IAF) /(W .L.Cyy)
2 1/ (KF.g3)/(W.L.Cop)

AF - 1/f noise exponent - 1
KF - 1/f noise coefficient see NLEV 0
CGFSO Coftso front gate-source overlap capacitance F 0
CGFDO Cetdo front gate-drain overlap capacitance (for LV F 0
LDMOS)
CGFBO Cetbo front gate-bulk overlap capacitance F 0
CGBSO Cebso back gate-source overlap capacitance - F 0
CGBDO Cebdo back gate-drain overlap capacitance F 0
CGBBO Cgbbo back gate-bulk overlap capacitance F 0
COXINV Coxinv inversion gate oxide capacitance F 0
COXACC  Coxace accumulation gate oxide capacitance F 0

i1t To select the second channel length modulation model, specify VP
and LX and do not specify LAMBDA.

C.4 Conversion from Geometrical to Electrical Parameter

Set

C.4.1 Calculation of Some Temperature Independent Parameters

39-60

Cot = .tof (C.1)
Cop = 3'?(:0 (C.2)
Cst = q- Dt (C.3)
Cesb = - Dip (C.4)
ns = 1+(éis: (C.5)
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If 7y is not given:
If 4 is not given: AP
If Vpgep is not given: Vpgep

If Np is not given: Np

V2qesi - Nag
Cof
V2q ési - Nag
Cob
aNDtbar
C'ob

1

q- Bspar - Hdrnom * Thdr

If A" is not given: ™ Lecs,i;&
of
If 44 is not given: P4 M
Cob
If CJOS/D is not given: CJOS/D = W-. CJS/D
If the current densities per metre width are given:
ISS/D w- JsS/Dnom
IslS/D = W JslS/Dnom
Lg = L-1Lp
AL AW
o
Yoo = Log
Ar
P—
L
o = x
Leff
BBt
BriT =
Leg

(C.10)

(C.15)
(C.16)

(C.17)
(C.18)
(C.19)

(C.20)

C.4.2 Calculation of the Temperature Dependent Parameters at the

Nominal Temperature

First all the parameters are calculated at the nominal temperature, which is the parameter

measurement temperature. The extension ”,on” was added to the subscript of these

quantities.

w

Brom = 7 lsnom Cof
Leﬂ"
w

Baccnom = 7 Hacenom Cof
drov
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C.5.1

H’snom

(C.23)
(C.24)

(C.25)

(C.26)
(C.27)

(C.28)

(C.37)

Oamom = —Homom
nom Vsatnom Leff
R o Ldrov
onn =
o q w Hdrnom ND 4%
Ldr
Rondrnom =
ondrmom ¢ W ldrnom Np thar
0 _ Hdrnom
3drnom — T
Usatdrnom Ldr
7.02107% .12
Egom = (1.16 R 110h§m) ev
k-1
¢tnom =
q
. Na
If ¢ not given: ¢rnom = Ptnom I - %)
inom
. E - N
If Vg, om 1Ot given: Vigiom = —TPG: =5 — TP dpyom — B
2q Cot
If Vihonom given: VFanom = Vihonom — TP(US2¢Fnom + Yo/ 2¢Fnom)
. q - Nqrp
If VFanom not givel VP}‘DBnom = "(1 -+ TP) : ¢)Fnom - —C,%“‘“
o
If V:nII))Onom given: VFanom - Vt%Onom + TP - (775 2¢Fnom + 'Yb V 2¢Fn0m)
. Np
If ¢4r not given: drdrnom = Ptnom ln(n )
inom
. E - Nopr
If Vﬁ%ﬂlom not given: Vg%rnom = —TPG: —2.‘2_ + TP * $rdrnom — : C(j
o
It thi%nom given: Vfg%rnom = V;f}?gnorn + TP(7s2¢Fdmom + Yfdr V 2Fdrmom) (C.36)
. - N
If VPE‘)}(Bj;om not given: VI?]grl;om = "(1 - TP) : ¢Fdrnom - 9“5%11_8_
o

If thfl%r given:

bdr

VFBnom = Vt?l%fwm + TP (775 2¢Fdrnom + 7bdr V 2¢Fdrnorr{p'38)

at the Nominal Temperature

these quantities.

f
VFBnom

b
VFBnom

fdr
VFBnom

bdr
VFBnom

= VthOnom
b

- V;hOHOm

- fdr

- VthOnom

— bdr
- VchOnom

— TP(152@Fnom + Y0V 2¢Fnom)

+ TP - (15 2¢Fnom +7° V2éFnom)

+ TP(12¢rdrmom + 7" V/2Fdmom)

+ TP - (15 2¢pdrnom + 7" V/2¢rdrnom)
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C.5 Parameter Preprocessing from electrical parameter set

Calculation of the Temperature Dependent Electrical Parameters

In this section the parameters are calculated at the nominal temperature, which is the

parameter measurement temperature. The extension ”,,m” was added to the subscript of



C.5.2 Calculation of the Temperature Dependent Electrical Parameters

at the Ambient Temperature

Now an adjustment is performed from Tyom to TEMP(= Thp1,), the ambient temperature

given in the instance line of a device. This adjustment is done for all the temperature

dependent instance parameters used in the model equations.

<1.16 -

k- Tamb
q

7.02107* -T2
Tymb + 1108

E, =
Py =

The Diodes and BJT Parameters

If xps/p is not given: xps;p =

If xpis/p is not given: xpig/p =

By

o
<

w[m@ﬁ w‘mhj

E gnom )

Is/p(Tamb) = IsS/Dnom'eXp("q¢t +

E

q ¢tnom
Egnom )

IslS/D (Tarnb) = IslS/Dnom ’ eXp(_q ;’c

1
PBS/D = (PBS/Dnom — @tnom (‘“1-5 ) ln(Tnom) +

amb

Zk(

The Channel and Drift current Parameters

L Egnom _

Tnom

q ¢tnom

Eq

Tamb Tamb

))) :

e —k
b
B(Lamp) Bnom * <Ta,m )
nom
“kacc
T.
,Bacc (Tamb) — ,Baccnom ) (Tamb>
nom
kdr
T,
Ron (Tamb) = Ronnom - (Tamb)
1nom
kdr
Tamb
R%rN (Tamb) =  Rondrnom - (Tam )
nom
K T
Tomb 1+ 0.8exp =amb
0+(T — 9 . . 600
3(Temb) Srom <Tnom 1+ 0.8 exp Loom
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(C.43)

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)

(C.49)

(C.50)

(C.51)

(C.52)

(C.53)

(C.54)



€3dr (Tamb)

¢r

VFf‘B (Ta.mb )

b
VFB

Prdr
fdr
VrB

bdr
VFB

—kd;
Oy _ Tomb " . 1+ 0.8exp %(%h
rnem Thom 1+ 0.8exp Tnom

600
¢F Tamb
nom T

nom

E —F
VFanom + TPG - _—gzlilzn__q__-g‘ + TP - (¢Fnom - ¢F)

VFanom + (1 -+ TP) . (¢Fnom - ¢F)

Tamb

¢Fdrnom
Tnom

Egnom —F

f
Vi dr + TPG - & TP - (¢Fdrnom - (der)

FBnom

VI;)]g;om + (1 - TP) ' (¢Fdrnom - ¢Fdr)

(C.55)

(C.56)

(C.57)
(C.58)

(C.59)

(C.60)
(C.61)

C.5.3 Inclusion of Self and Coupled Heating for the Major Temperature
Dependent Model Parameters

The local self- and coupled heating induced temperature rise AT is used to modify the

values of only those parameters which have a major contribution to the device behaviour.

This is because this operation has to be performed at each Newton-Raphson iteration and

making the relations very complex would result in a severely increased computation time.

The Channel and Drift Current Parameters

IBaCC
d
Ron

Ron

Tamb

—k
6(Tamb) ) (1 + =4 )

-k
AT acc
,Bacc(Tamb) . <1 + T )
amb
kdr
. AT
RN (Tamb) - (1 +5 b)
am
kdr
AT
RoN(Tamb) - (1 + 3 >
amb

AT\ 14 0.8exp LomptAT
Tamb

1+ 0.8exp Zame
AT ) TR ] 1 0.8 exp Tamptal

T'n1
1+ 0.8 exp g5

93nom * (1 +

03drnom . (1 + Tamb

Vg (Tamb) + XFB - AT
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(C.63)
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(C.65)

(C.66)

(C.67)
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The Diode and BJT Parameters

XDS/D AT
Tamb Tamb + AT

XD1S/D AT
Ias/p = Isis/p(Tamb) - exp ( Ta,m/b " Tamb +AT)

k (Tamb + X¢AT)
q

Lsip = Iss/p(Tamb) - exp ( )

¢t =

B = Po+xp AT
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C.6 Smoothing Functions

The constant Meyp used in this section represents the maximum argument allowable in

the exponential function when floating point variables are used.

eIn|l+e i]-%—e if z < (e1 M,
oSy (z,¢1,62) = 1 [ XP(el) 2 (61 Mexp) (C.73)
T+ € otherwise

eln [1 + —1—;%2((—%—2‘[)} if 2 —y < (€ Mexp) and = < (€ Mexp)

mingm (z,y,€) = z —e€eln [1 + exp(?—;-g)] if £ —y < (€ Mexp) and z > (€ Mexp) (C.74)
1

L
l Y otherwise

eln [l + M} —0.68¢ ifz—y < (€ Mexp) and z < (€ Mexp)

1+exp( L)

minsmsp (xv Y, 6) =

z—eln|l+ exp(ﬂc—;—y)} ifz—y < (€ Mexp) and = > (e ]\ifgg)g))

Y otherwise

mingm (z,y,€) =
Y otherwise

z+eln %J ifz—y < (e Mexp)
mingmo(z,y,€) = N (C.77)

{ 7z —¢ln {1 + exp(zz—y)J if z —y < (€ Mexp) (C.76)

y—eln|l+ exp(—%)} otherwise

maxnyp(z,y,€) = z—0.5 ((ZL‘ —y)—+/(z—-y)?*+ 462> (C.78)
minyyp(z,y,6) = «—0.5 ((m —y) ++/(z —y)?+ 462> (C.79)
minga:(,y,m) = ey (C.80)

($2m + y2m)
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C.7 The LV LDMOS Current

The subsections are entitled as block numbers, which correspond to the different blocks

in the code.

The equations below are for Vpig > 0. If Vpis < 0, Vpig and Vsg have to be swapped.

C.7.1 Block 1A

C.7.2 Block 1B

¢SSO
A

Vgconst
Vex

TlogO

'I;bsi()

sttO

C.7.3 Block 1C

fio=

kn
YL = Yem €XP(— —24)
L+
o Y Yeft
2
Vet = Viig = Yoo Vbis
Ve = Vam — Vet

Vé}' = pOSsm(‘/é, ¢t7 1E — 25)
¢ = MIN(2¢F7 2¢Fdr) —-0.1
Vioy = DO0Syy,(Vss + ¢, ¢1,0) — ¢

2
21 4773 s

= 2¢F + ‘/;by
= A —¢p(ns — 1) +verVA
= possm(Vg - Vgconst; 5S¢, 0) + Véconst

1 [ 1 )
= | V=)~ 4+ 4]
¢t f}’gﬁ'( g 3 ) t
[ A+ 4 (Tiog) if Thogo > 1
A otherwise

note: build-in protection in code for Tjogp <=1

(this can only happen due to numerical problems)

= minsmsp ('(,[)S]O 3 wss() 9 ¢t)

1
2V 1 +¢st0
1 1 1
—5 st e 0 (G hny = 5)

kn 1
Ver = Yot Vo (1= =) + (1= 3 kv 1) et 8 %o
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(C.81)

(C.82)
(C.83)

C.84)
C.85)
C.86)
C.87)

P U Uy

(C.88)

C.89)
C.90)
C.91)

C.92)

e e

(C.93)

(C.94)

(C.95)

(C.96)

(C.97)



Jin = — Yett vV Pst0 + > kNA )’Yeff 0 Psto (C'98)

1
fro = e (05 + Yerd = 5%t kny 0) (C.99)
0 )
Mpyor, = ‘5 + 93 +0 Ym 5 (0.100)
P = "¢st0 — %11 +0. 015¢ + Yeff voq@; *x 0.015 : (0.101)
Ns =+ Yeft \/"—1—_*_020159; (1 - E‘kNA)
2¢ Mmob
Stac = POSg (1l + , by, LB — 25 C.102
foe o 1+0 (Vgy = si0) + 0 YmvVsto o ) ( )
1
S = = + 5 vV Stac (0103)
PsLsat = Psto + %,‘ (C.104)
C.7.4 Block 1D
Veary = Dp0oSsm(Vam — Vi, ¢y * 1E — 6,1E — 25) (C.105)
fo = 14+6(Vgy — o) (C.106)
Iy
= C.107
fo B Ron ( )
1+ 0( wst())
ac = C.108
fa ¢ 1+ eacc( "/’sLsat) ( )
fﬂacc = IBZCC (0109)
F = f@fﬂ + f&accfﬂacc(vgy =+ "psiO - Vsby) (C.llO)
1
G = _5 fﬁaccfﬂacc (C.lll)
F2 2 2
RS = POSy (Z + G<g (wsLsat - Il/)stO) (0.112)

+(fl + fQ) (";bsLsat - ’(psto) + wsLsat(GwsLsat + F)) y ¢t, 15 — 25)

1(_F 4 ./ YA ;
Views = G( 5 T Rs) — tbsio + ¢y # 0.015  if Bacc > 0 (C.113)
PsLsat — Psto + ¢t * 0.015 otherwise
Vpisn = minsat(VDiSa Visat ’ITL) (C'114)
Vbien = Vbisn + Vaby (C.115)
C.7.5 Block 1E
Yo = mingy (wsi()y YsLsat » ¢t) (C'116)
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C.7.6 Block 1F

A
B
C

Racc

PsiL,
",bsL

feff

Icho

fia

g+G (C.117)
(fi+ )+ F (C.118)
—(g wio + (f1 + f2) ¥sio) — F(Vbisn + ¥sio) — G(Vpisn + ¥si0)?  (C.119)
possm(—i—z — AC, ¢y x 1E — 6,1E — 25) (C.120)
:—%iz——m (C.121)
Mingm (YsiL, PsLsats Pt ) (C.122)

1 /
\
1+ H[ng — Y0 4oy (VDo + S (e, — s0)) | + O3 (e, — ¥s0)

B ferr lg (WZ — %) + (F1 + f2) (s — 9s0)] (C.124)
A (Vbis — Vbisn) if A given.
{ aln (1 + —(VDiS‘_/:DiS“)) otherwise (C.125)

Icno (1+ fiy) (C.126)
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C.8 The Drift Region Current Under the Field Oxide

5dr

Vsatinv
Veb
ngy

(z

Vsatdep
VPsat
VbiBs

VDBst

Vrnin

e
VDiB

1

2V1+2 ¢par
VPdep " ’der V 2¢Fdr

5dr ,),bdr
bd
Vaovs — Vrg'

-possm(—%b7 ¢t7 1F — 25)

Y22 par + Vby
1- 5dr7bdr

vab}’ + VPdep
maxhyp(vsatinw Vsatdep, 1E — 25)
ming,1(Voig, Vesat, d1)

minsm1 (VDB 5 VPsat 3 ¢t )

2
pi — \/9 * (posgy (Vsatiny — Ui, ¢, 1E — 50))
3dr
maxyyy (minpyp (Vbiss, %1, 12 — 25), Vinin, 1E — 50)

1 i Vi
— 2VD Bs +2 Psat + ('l,bl _ V]giB)Q(l _ ,ybdrédr)
93dr 03(11‘ 03(:11‘

1
63dr
VbBst — VDiBs

+ R

minsat (VDDis> Vsatv 6)
VbiBs + VDDin
mathp(VDiBS7 ¢i7 18 — 50)

mingy, (VpBs, Vpigl, 1£ — 50)
1
1+ 034:(VpBs — VbiBs)

Sar
((VbBt — VbiBs)V 2¢par + %(Vng — Vidigs))

1

5((~ngy + Vbgs)® — (Vo + Vige)?)

f dreff H 1 H 9
— W 4 iBs — P T
R((i)IN DBs DiBs Yod Vodep | Videp
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C.9 The Charge Equations

C.9.1 The Body Channel Charge

USE REAL VALUE for Icn: positive when Vpg is positive, and negative otherwise. DO
NOT SWAP the drain and the source, if Vpg is negative!

Block 0

VbiBs
dr

Ve
‘/;by
Vin

Viibe

dr
ngc

dr
Védy

hy

IcHlim
ICHy

ha
r@bsLacc

Block 1A

ming, (Vpig, Vgdry + 0.01,2)

Vars = Vil

posgm (Vs + ¢, ¢1,0) — ¢

Vi + TP (25 + Vaby + Yeiry/ 265 + Visy)
POsgy (Vars — Vin, 0.005,107°°)

POSsm (—Vars + Vin, 0.005,1072°)

{ (PLtPo)VhinViiss  5p Voig| > 10-10

P1Vpis+P2Vpigs

0 otherwise, BUT DERIVATIVES NOT 0!

VbiBs
VbiBn otherwise

{ VDiBn — 111( Vhin )/\drRONICH if [Vpig| > 10710

VI~ Vaine

sm(vg%lrm 10¢t> 1B - 25)
Foll+ Bacc V)

/BaCCRON
ﬂacc(vg%ry + h1)2
2(1 + Oacc V)
~minpyp, (—Icu, Icuiim, 1E — 50)
ICHy(l + Haccvg%ry)
6a.cc(vg%€, + h1)2

Ve by — (VE + k) Ve

—1F —-49

1+2

no= veﬁeXp(—%—‘-*—)

Vg = VGfB—foB

Vey = PO0Syy(Ve,2¢, 1E — 12)
Ve = Vam — Vip — dikn,
Ve = posgn (Ver, 2¢1, 1E — 12)
¢ = MIN(2¢r,2¢pq:) — 0.1
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V;iiby

Block 1B

= possm(VDiB + ¢, ¢t7 O) - ¢

PsLaccyl = POSgm(YsLace + (# — 2¢1kn, ), ¢¢,0) — (¢ — 2¢1kn )
AL = 2¢F + YsLacey1 — 201k,
Vconst, = 7sAL — ¢i(ns — 1) + VAL
Vex = DPO0Sey (Ver, — VgeonstL, 591, 0) + Viconstr.
Tiogl, = — |5 (Vs — mAL)? — AL + ¢4

& Ly

2
L

'wsiLinv = Ap+ ¢t ln(TlogL)

Block 1C

Ao
VgconstO
Vng

TlogO
"ﬁsio

Block 1D

wsLaccyQ
ALo

VgconstLO

VngO

TiogLO

Psizo

Block 3A

2¢F + Viby
nsAo — ¢i(ns — 1) + ’)’eﬁ\/A—O

possm(Vé - VgconstO: 5¢t7 O) + ‘/gconst()

171
o VT(VgXO — 1sAp)® — Ao + ¢t}
eff

Ap + ¢ In(Tiogo)

pOSsm(wsLacc + ¢7 d)ta O) - ¢
2¢F + 7/’5Laccy2
nsALo — (s — 1) + Yerr vV ALo

pOSsm(Vg - VgconstLOa 5¢¢,0) + VegconstLo

171
& ,YT(V;;XLO — nsAro)® — Aro + ¢
eff

Aro + ¢t In(Tiogro)

. kx ki
ay = mingy(Vey — YsiLinv, (1 - Sﬁé)%ff\/%imnv, —ﬁ)

a = maXgm(a, (1 +

k
)V UsiLiny —1%8-)

Ny
100
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2L T
Luint, = - eff In( ’yef‘f\/m)
Na a
. k: kx §
ayyg = mlnsm(V:g}’ - "/)si()a ( 1000 )’Yeff exp ( )\/@7 NA)
k
ag = maXgm(aw, ( 1000 Vet VVsio 11(\)18
20 L MAY: .
Lying = - off ln(’yeﬂc eXp( 20 )\/7/1&0)
Ny ag
1 ._IDJBQL i Lmin kn .
Lmin - mlnsm( Legg 7 Leg ? ﬁ) if kNA >0
0 otherwise

Block 3B

Yimin = Yeff €Xp(—

ko, fLmin)

2

Coxinvp = C'oxinv(l - fLmin)
Coxtot = Coxinvp + Coxacc

fcapl = Zf( oxtot > 0,

Jeapz = 1f(Coxtor >0

Block 4

¢SSO

q/JssL

Pso
’lﬁsLO
¢sL

Block 5

C Xinv
C? pvf( ox1nv>017ff( 0xacc>001)))
oxtot
Coxacc .
? C JZf(COXinV > 0) 07 ]-))
oxtot
2
2778 4775 7]3
2
o i, Ve
27 477s2 s

= minst (@bssoq/}siO: ; 2¢t)
= mingmy (?ﬁssO, wSiLOﬂ 2¢t)

= mingm2(Pss1,, YsiLinv, 261 )

= (V — Ns¥Pso — 'Yeﬂ"\/%)
( eyl — Ts¥sL — L \/’LE)
(ng = NsWsL0 — Yeff V TﬁsLo)
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Block 6

VQLlim VQL - VCIOL (0'208)
Block 7
c = 1E-10 (C.209)
F-tu (C.210)
VQO
—§CoxinvpV£10 lej—fl-}-l if qu >0
QC}III’IV = —§COXiHVD%L lf qu < g and VqL > ag (C211)
0 if Voo <ocand V, <o
QCHinvn = ‘Coxinvppossm(“%ﬂ, 1E -8, 0) (C.212)
oxinvp
_%Ooxinvpfcaplqu%‘2 if qu >0
Qpinv = —2Coxinvp feap1 Vay, if Vgo <o and V, >0 (C.213)
0 if Voo <ocand Vg <o
0 _ Coxinvp(_%fcapl%mim - %fcap?VQan) if Vg > 0 or Vg > UC 214
Sinvlim = i (C.214)
0 otherwise
Qbinn = —Cosinypp0yy (— 2R T @sinetim) )y g g (C.215)
C’oxinvp

C.9.2 The Body Charge (Block 8)

4

a = L+i? (C.216)
7eff
4V,

b = 4/1+ =2 (C.217)
’YLmin

a—1 b—1 1 1 1 1
=1 - — - C.218
Jab PUET M r 1 a-1 axl T bv—1tbr1 ( )

kx, (1 + frmin)

VL1 = Yef €XP (— 1 ) (C.219)
( ftpincill it (ky, > 0 and frmin < 1 - 0)

Te1 = YL if (kNA >0 and frmin > 1—0) (C.220)
L Yeff otherwise
( % if (kn, > 0 and frmin <1-0)

T2 = T if (kx, >0 and frmin > 1—0) (C.221)
L VYeff otherwise
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er

b1

b2

QBdep

NOTE: pay attention to the derivatives in the else case of V, ,!

C.9.3 The Body Accumulation Charge (Block 9)

C.9.4 The Drain Gate Depletion Charge (Block 10)

C -
dgy

dr
88

Adr =
dr _
Vgconst -

Vgxdr -

= if (Vg o1 Voo > 1072, /V2 + 0.5(V2 — V2),0)

= Sez =V
= Sez = Vi,
= Se1 — Vau
= Se1 — Vg

2.5 2.5
le —Jo

1.5 _ (}‘5
L1 * Sel

5

2.5 2.5
fL - lep _

3

7= 25
P * SeQ

5

. 4(’)’61 fel ’|")’e2fe2)
2 __VZ

Vir

3

q0

_ Zsl_\/m otherwise

2 A2 V.
= if(hn, > 0,200

%N, | kn,

Coxinv((l - fLmin) * qu + quz)

Vgacc
QBacc

10-12
pos,, (Vbis —~ Vi,
e, Joe
27 4773
2¢rar + Vaiby
nsAar — ¢1(ns — 1)

POSg, (Vbis — Vi

2
v
. fab: et

if [V2 - V2] >1076
and (Vg, > 1075 or V, > 1079)

5 )

= ”pOSsm(-Vg, 2¢4, O)

= —Coxinv Vgacc

20¢t7 C)
dr 2
+ Vdgy
s
+ 4 Age
- Vg%i)nstv 5¢x, 0) +

214

dr
Vgconst

(C.231)

(C.232)

(C.233)

(C.234)
(C.235)

(C.236)
(C.237)

(C.238)

(C.239)
(C.240)
(C.241)



dr
Tlog

dr
si

dr
s

VQdepdi
Vdr

@Ddep

C.9.5 The

V. =

QLacc

Voo =
V. . =

QLacclim

quilim

o=

F, =

QCHacc -

1 1

Zﬁ; [’der 5 (Vexdr — UsAdr)z — Agr + ¢4
Age + ¢ In(TE) i T > 1
Aqr otherwise

: d
MiNgm?2 ("pssra 51 ¢t)

’Y dr

POSgm (¢sLacc - ngra 2004, C)

_ﬂ + ,y——fdr ? + Vfgy
21 47752 Mls

: d
mMiNgm?2 (wsser si ) ¢t)

Y\ fud
v,

Qdepdi
VQdepL
p
Fag—1 s
Coxace V:ldepL (1n(Fdr)) if (VQdepdl

05 COX&CC(VCIdepL + ‘/;ldepdi) 1f ( Qdepdi

0 otherwise

\

Drift Accumulation charge (Block 11)

(
(

P08y (Vi = Wstace = (Viy = nsthoro = ¥erv/%s0 ) 20 s )
(Vdr — VpiB — (ng — NsYPsro — ’Yeﬁ\/%) ;20 ¢y, C)

%
QLacclim

9 F12+F1+1
- gCOXEiCC X/:Z}Lacc < 41 f VQLacc

’%Coxacc VCldi if VQL acc < c and chii >c

0 otherwise
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and (Fdr<1——coerr>1+c)

andl—c<Fdr<1+c

(C.242)

(C.243)

(C.244)
(C.245)

(C.246)

(C.247)
(C.248)

(C.249)

(C.250)

C.251
C.252
C.253
C.254

(C.255)

(C.256)

(C.257)



3 2
—%Coxacc fcap2 V:]Lacc (W)
F24F+1 .
e = |G Ve ( Lo ) Vs > ¢ (C.258)
acc .
_(%Coxacc '+' %Ooxinvp)fcapQqui lf VQL&CC <c and qui >c
| 0 otherwise
2F3+4F2+6F>+3 .
QSacclim = _%Ooxa’CCfcaPQVQLacclim ( ? (F2i‘1)2 : ) If ‘/:]Lacclim > 1E - 8(0259)
- %Coxaccfcapﬂ/zldmm otherwise
QDacen = @pace + @sacclim (0.260)
C.9.6 The Drift Inversion charge
C Vdr . ’g/)dr _ AAdr dr itV >
Quiny = { oecc\dey T s =) Vdapas = € (C.261)
0 otherwise
C.9.7 The Nodal Charges
The nodal charges are given by:
QB = QBdep + QBacc =+ QBinv (0'262)
QDi = QDinvn + QDaccn + QDdep (0263)
Qar = "(QCHinvn + QCHacc + QBdep + QBacc + QDdep + QBinv) (0-264)
Qp = 0 (C.265)
Qs = —(Qcr+ Qp+ Qpi+ Qp) (C.266)
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C.10 The Extrinsic Model (copied from the STAG model)

C.10.1 Series Resistance

The series resistance of the source and drain regions are included as separate resistor
elements with fixed values Rg and Rp. This approach gives rise to two additional internal
nodes in the SOI LDMOS model. If Rg and Rp are not given but Ry, is given, the series

resistance values are calculated from the source and drain areas as:
Rg = Ry, - NRS

Rp = Rg, - NRD

C.10.2 Impact Ionisation Model

The impact ionisation current is modelled as:

Iy = (M - 1)Icn

with
o _lmﬁM }
M—-1 = —(Vps —7n- Visat) €x {
ﬁM( DS — 7 dsat) P (VDS - V:isat)
(C.267)
(C.268)
Im = Imo+Im1- (Vbs — Veest) + lm2 - (VDs — Veett)?
Vet = Vg — Vs — 1s2¢r — 70/ 2¢F (C.269)

C.10.3 Diodes and Parasitic Bipolar Transistor

A modified Ebers-Moll model is used to represent the parasitic bipolar transistor. The

forward current through each body-drain or body-source junction is modelled as:

Ins/p = Ipis/p + Ipes/p

VBs/p
Ipis;p = Isp [exp (W) - 1}

VBs/D
Ipas;p = Iss/p {GXP (7}3 / ) - 1}
ND1S/DPT

The parasitic bipolar current injected at the opposite junction is calculated as:
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BriT
T = —T
BIT 1+ Beyr D1S/D

The junction capacitance models and parameters are identical to the standard SPICE
MOSFET models:

C‘ig?a/D M if Vpp < FCS/D - PBgp
(1—PBS/D )S/D
Cdep = c
JosS/D Vi . _

(C.270)
The charge storage due to the mobile carriers in the diodes are modelled via Cpg and Cp¢,
the diffusion capacitances associated with the P — N junctions. The charges associated

with these capacitances are given as

Qoe = 7rasiTiDIs (C.271)
@pc = 7TropiTIDID (C.272)
(C.273)

The parameters 7 and 7 denote the forward and reverse transit times respectively of the
Ebers-Moll model.
C.10.4 Self-Heating Model

The heat generated by the device in the self-heating model is given as:
P, = IcuVis + I&uRs + IprVbpi + I3r Bp

C.10.5 Noise Models

The channel charge is used for the thermal noise model and so is valid in all regions of
operation. The thermal noise associated with the source and drain series resistances is
also included. The 1/f noise model used is determined by the switch NLEV:

NLEV = 0(default)

@ KF-IF 1
_f_ - Lgffcof ?
NLEV = 1 _
2 kF-IAF
Af ~ WLeaCof f
NLEV = 2
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Appendix D

Proof for Vp.,; used in Ipgr

In this appendix we will prove that

Vsatdep > or  Viatiny > % & V:%atdep > Vsatinv

~ max(vsatdepa ‘/;atinv) = V'satdep (Dl)
Vsatdep < ;i or  Vatiny <% & Vsatdep < Vsatiny
< maX(Vsatdep’ V;atirw) = Vsatinv (D.2)

Let us first consider the case of Viataep > %i. We write

e /2 Frar + V
Vsatdep > i & Veb + Vedep > i 1_ qi)F(‘ir S & (D.3)

bdrs3, <0.5
TEPRIRIOS (Y b Videp) - (1= 7Y dar) < 7°¥ /2 Grar + Vip(D-4)

And ng > Viatinv — VPdep (D5)
A Vsatdep > Vsatinv . (D'G)

Let us now look at the second case where Vgatiny > 9. We write

4/2 Prar + VPdep > 7P /2 rar + Veb (D.7)

Vsatiny > i -~ ,der Sa T ,ybdr o
P43 64, <05 —*¥ /2 Prar + Vea
PAUANS (ng + Vpdep) > o 6r ep (D.8)
Y dr
< Vvsatdep > Vsatinv . (Dg)

Similarly we write

bdr /2 rar + Voo
Veatdep < i & Vb + Veaep < 77— 7bdrr 5, & (D.10)
r
Pdr3. ¢pa,<0.5
! >¢:qu Vsatdep < Vsatinv (D'll)

219



and

—7°Y /2 Gpar + Vpdep < YU /2 rar + Vb

,-),bdr 5dr 1- ,.),bdr 5dr

Vsatdep < Vaatiny - (D.13)

Vvsatinv < 'wi = (Dlz)

yPArs3 bray<0.5

Note that the conditions used in the derived statements are ensured by parameter clipping:

+Pdr g clipped above 3, and ¢rq, is clipped below 0.5.
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Appendix E

Derivation of gy, qracclim and gdilim

The charge densities to be used in the calculation of the compensated source charge have

to fulfill the following requirements:

1, for Vam <V,
quim = g1 (VatBiim) = { I th (E.1)

0 for Vam > Vi

qr, for Vams < Vi
QLacclim = QLacC(VGfBlim) = { ace th (E2)

0 for Vg > Vin

; for V¢ < Vi
qditim = 9di (VaBlim) { 9d G = T (E.3)

0 for Vam > Vin.

Or in words, this means that below the threshold voltage the charge attributed to the
source by the Ward and Dutton partitioning scheme, is compensated, and is attributed
to the drain instead. For gate voltages which are a lot higher than the threshold voltage
Ward and Dutton is valid with good approximation, and the compensation charge Qgwdiim

has to go to zero. This is implemented in a continuous way as follows:

quim = —Cot (Vay — Nstsr.0 — Yer V¥s10) + 41 (E.4)
=0 if Vi
? Vam < Vin (F.5)
= —q, if Vamp > Vi

where 1410 is calculated in exactly the same way as 15, but the internal drain potential
(1sLacc) 18 used in the expression of 9o instead of the source voltage (see Sec. C.9.1 in
App. C). The first term can be recognised as the expression for the inversion charge
density at the drain end with Nag = Nas. This term will is defined as ggr,. Note that gor,
goes to 0 for Vg < Vin, and to —qr, if Vo > Vin. The same approach is followed for

GLacclim and ¢dilim:

(Lacclim = "pOSsm(Cof (ng = NsPsLo — Yeff V ";[)SO) — qLacc> 20 ¢, O) (E())
Gaitim = —P0Sg(—Cor (Vay — Ns%sro — Vet V%s0) — 4ai> 20 ¢4, 0) (E.7)
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Exactly the same smoothing functions as for gracc and gqi are used here to limit these
quantities to positive values (see Sec. C.9.5 in App. C).
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Appendix F

SEMATECH Tests

F.1 Parameter Sets of the Evaluated Devices

The tests are performed on four different devices, two with field oxide and two without
field oxide (Lgy = 0). This set of devices is illustrated in Table F.1. Parameter set 1
consists of the values extracted in Chapter 4 for the MV LDMOS. Parameter set 2 is
not extracted, but describes a typical medium voltage process with thinner gate oxides
and higher drift region doping concentrations compared with Parameter set 1. These two

parameter sets are given in Table F.2.

Device L4 | Parameter Set
LDMOS 1 0 1
LDMOS 2 | 4 ym 1
LDMOS 3 0 2
LDMOS 4|1 pum 2

Table F.1: OQuverview of devices evaluated by the SEMATECH tests.

l Parameter ] Parameter Set 1 ] Parameter Set 2 f

L 1.45 pm 1.0 pm
la 0.3 pm 0.3 ym
Ldrov 1.2 pm 0.5 pm
tof 60 nm 20 nm
tob 3 pm 1 pm
128 1.5 pm 1 pm
thdr 0.9 um 0.8 pm

Table F.2: Parameter Set 1 and 2; to be continued on the next page.
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ﬁ)arameter [ Parameter Set 1 [ Parameter Set 2 [

Vino 275V 1V
Na 0.75 107/ cm?® 0.5 107/ cm?
En 1.4 0.5
s 700 cm?/(Vs) 700 cm?/(V-s)
9 0.045 V! 0.045 V1
Pracc 750 cm?/(V-s) 750 cm?/(V's)
Bacc 0.04 V1 0.04 V!
Vsat 2.2 107 cm/s 1107 cm/s
o 0 0
Np 1.3 10 /em?® 1.3 106 /cm?
Hdr 1250 cm?/(V-s) 1250 cm?/(V-s)
Vgatdr 1.4 107 cm/s 1.5 10" cm/s
fo 0.3 0.3
Ar 5107° m/V 51079 m/V
m 2 2
XFB -31073 -3 1073
k 1.7 1.7
kacc 2 2
kqr 2.2 2.2
Js1Snom 9.596 10~ A/m 9.596 10~° A/m
1ID1S 1.65 1.65
JsSnom 6.818 1071T A/m | 6.818 1071 A/m
DS 1.23 1.23
Cis 02107 F/m 021071 F/m
JsDnom 6.818 10" A/m | 6.818 10~ A/m
oD 1.23 1.23
Js1Dnom 9.596 1079 A/m 9.596 10~Y A/m
TDID 1.65 1.65
Cip 0.3 10719 F/m 0.3 107 F/m
@ 5 10°/cm 5.5 10°/cm
Bo 5.5 10% V/cm 1.5 10° V/cm
X3 9000 V/cmK 9000 V/cmK
7 1 1
Im 1.2107" m 12107 " m
Im1 1107 m/V 11071 m/V
Imo 11075 m/V? 110~ m/V?
Rp 57 Q 57 Q
Rs 0Q 0
Chfsor 0F/m 0 F/m
Cgfdor 0 F/l’l’l 0 F/m
Cytbor 0F/m 0 F/m
Cgbsor 0 F/m 0 F/m
Cgbdor 0 F/m 0 F/m
Cgbbor 0 F/m 0 F/m
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F.2 SEMATECH Tests

This section presents the results obtained with the adapted SEMATECH tests for the
compact SOI LDMOS model. These test are summarised in Table F.3. The evaluation
results for devices 1 to 4, as defined in Sec. F.1, are plotted below.
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Description

Statement of desired model capabilities together with actual model capabilities.

2a

Output characteristics. Fine resolution plot of Ip vs. Vpg.
Step of 0.01 V for devices 1 and 3, 0.04 V for devices 2 and 4.

2b

Output characteristics. Fine resolution plot of g, vs. Vpg (log-lin scale).
Step of 0.01 V for devices 1 and 3, 0.04 V for devices 2 and 4.

3a

Threshold characteristics. Fine resolution plot of Ip vs. V.
Step of 0.04 V; Vps =0.1 V,3 V.

3b

Threshold characteristics. Fine resolution plot of gm vs. Vs
Step of 0.04 V; Vpg =01V, 3 V.

4a,

Subthreshold characteristics. Fine resolution plot of I'p vs. Vg (log-lin scale).
Step of 0.04 V; Vpg =01V, 3 V.

4b

Subthreshold characteristics. Fine resolution plot of g, /Ip vs. Vs (lin-log scale).
Step of 0.04 V; Vpg = 0.1V, 3 V.

ba

Diode connected LDMOS. Plot of Ipsa; vs. ambient temperature.
Device 1 and 2: Vg =3,5,7,9, 11 V.
Device 3 and 4: Vs =2, 3.5, 5, 6.5, 8 V.

5b

Diode connected LDMOS. Plot of Vpgat vs. ambient temperature.
Device 1 and 2: I = 1000, 200, 40, 8, 1.6 uA.
Device 3 and 4: I = 2000, 400, 80, 16, 3.2 pA.

6a

Diode connected LDMOS. Plot of Ipgat vs. Lgy.
Device 1 : ngs = 3, 5, 7, 9, 11V.
Device 3 : Vgis = 2, 3.5, 5, 6.5, 8 V.

6b

Diode connected LDMOS. Plot of Vpgat vs. Lgy.
Device 1 : Ig = 1000, 200, 40, 8, 1.6 pA.
Device 3 : Ig = 2000, 400, 80, 16, 3.2 pA.

6¢

Diode connected LDMOS. Plot of Ipgat vs. L.
Device 1 and 2: Vg =3,5,7,9, 11 V.
Device 3 and 4: Vg =2, 3.5, 5, 6.5, 8 V.

6d

Diode connected LDMOS. Plot of Vpgat vs. L.
Device 1 and 2: I = 1000, 200, 40, 8, 1.6 pA.
Device 3 and 4: I = 2000, 400, 80, 16, 3.2 pA.

7a

Diode connected LDMOS. Plot of g /v/Ip vs. VW.
Device 1 and 2: Vg = 3, 5, 7, 9, 11 V.
Device 3 and 4: Vggs = 2, 3.5, 5, 6.5, 8 V.

7b

Diode connected LDMOS. Plot of Vpg vs. vW.
Device 1 and 2: Ig = 1000, 200, 40, 8, 1.6 pA.
Device 3 and 4: I = 2000, 400, 80, 16, 3.2 pA.

8a

Weak/moderate inversion test (Tsividius #1).
Very fine resolution plot (step = 0.01 V) of Ip vs. Vs for Vps = Vpp.
Device 1: Vg = 14 V, 2: Vg = 40 V, 3: Vg = 10 V, 4: Vg = 20 V.

8b

Weak /moderate inversion test (Tsividius #1).
Very fine resolution plot (step = 0.01 V) of Ip vs. Vs (log-lin scale).
Device 1: VDS =14 V, 2: VDS =40 V, 3: VDS = 10 V, 4: VDS =20 V;‘

Table F.3: Adapted SEMATECH Tests for SOI LDMOS; continued on next
page.
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No. || Description
9a || Very fine resolution plot (step = 0.01 V) of g /Ip vs. Vags (Tsividius #2).
Device 1: VDS =14 V, 2: VDS =40 V, 3: VDS =10 V, 4: VDS =20 V;.
9b || Very fine resolution plot (step = 0.01 V) of gnm/Ip vs. Vs (log-lin scale).
Device 1: Vpg =14V, 2: V\pg =40V, 3: Vps =10V, 4: Vps=20V;.
10 || Very fine resolution plot of In(g,) vs. In(Ips)
diode configuration: Ipg is stepped from 10 pA to 0.4 mA.
11 || Test for self-heating capability.
Influence of self-heating on the output characteristics.
Device 1,2 : Vgegs=3,5,7,9, 11 V.
Device 3, 4 : Vg =2, 3.5, 5, 6.5, 8§ V.
12a || Test for self-heating capability.
Influence of self-heating on g, vs. Vpg for different frequencies.
12b || Test for self-heating capability.
Influence of self-heating on g, vs. frequency for different Vpg.
13 || Body resistance test: variation of the output characteristics with body resistance.
Vars = 5V, Ryody = 1, 100, 10k, 1M, 100MS2.
14 || Inverter transfer characteristic.
15 || Inverter charge/discharge test. Input/output voltages for rising and falling pulse.
16 || Single transistor charge/discharge test. Gate/Drain voltages for a repetitive pulse
on the gate through a very high gate, with a very high load resistance at the drain.
18a || Continuity test for the drain current around Vpg = 0.
Vas = 4, 6, 8,10 V.
18b || Continuity test for the output conductance around Vpg = 0.
Vies =4, 6, 8,10 V.
19 || Gummel slope ratio test.
- et
with V; and V3 two small values for Vpg (V4 = 0.011 V and V5 = 0.01 V).
20 || Gummel tree-top test.
gm/st VS. ngs for VSB = O, 2, 4, 6 V.
21a || Capacitance vs. drain bias (Vggs = 8 V). Derivatives of gate charge
21b || Capacitance vs. drain bias (Vggs = 8 V). Derivatives of drain charge
21c || Capacitance vs. drain bias (Vgrs = 8 V). Derivatives of source charge
21d || Capacitance vs. drain bias (Vg = 8 V). Derivatives of body charge
22a.a || Capacitance vs. front gate bias (Vpg = 0 V). Derivatives of gate charge
22a.b || Capacitance vs. front gate bias (Vpg = 0 V). Derivatives of drain charge
22a.c || Capacitance vs. front gate bias (Vpg = 0 V). Derivatives of source charge
22a.d || Capacitance vs. front gate bias (Vpg = 0 V). Derivatives of body charge
22b.a || Capacitance vs. front gate bias (Vpg = 1 V). Derivatives of gate charge
22b.b || Capacitance vs. front gate bias (Vpg = 1 V). Derivatives of drain charge
22b.c || Capacitance vs. front gate bias (Vpg = 1 V). Derivatives of source charge
22b.d || Capacitance vs. front gate bias (Vpg = 1 V). Derivatives of body charge
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Appendix G

Parameter Set for the LV, MV
and HV LDMOS
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[ Parameter | LV N-LDMOS | MV N-LDMOS | HV N-LDMOS | HV P-LDMOS |

L 1.45 pym 1.45 pm 1.45 pym 1.3 pm
Lp 0.3 pm 0.3 pm 0.3 pm 0 pm
Lgroy 3.2 pm 1.7 pm 1.2 pm 2 pm
tof 60 nm 60 nm 60 nm 60 nm
tob 3 pm 3 pm 3 pm 3 pm
tp 1.5 pm 1.5 pm 1.5 pm 1.5 ym
bdr 0.9 pm 0.9 ym 0.5 pm 0.9 pm
Vino 2.75 V 2.75 V 2.75 V 3.7V
Na 0.75 10"/ cm3 | 0.75 1017/ cm® 0.75 1077/ cm® | 0.75 10'"/ cm®
EN A 1.4 1.4 1.4 0.5
s 700 cm?/(V-s) 700 cm?/(Vs) 600 cm?/(Vs) 150 cm?/(V-s)
0 0.045 V-1 0.045 V! 0.01 v~! 0.11 V!
Uace 750 cm?/(V-s) 750 cm?/(V-s) 650 cm?/(Vs) 200 cm?/(V-s)
Bacc 0.04 V-1 0.04 V1 0.04 V-1 0.081 V!
Usat 2.2 10" cm/s 2.2 107 cm/s 510" cm/s 0.5 10" cm/s
o 0 0 0 0
Np 1.3 10% /em?® 1.3 10'6 /em? 310'% /cm3 0.7 10*® /cm?
Jdr 1250 cm?/(V-s) | 1250 cm?/(V-s) | 1250 cm?/(V's) 500 cm?/(V-s)
Vsatdr 1.4 107 cm/s 1.4 107 cm/s 5107 cm/s 0.5 10" cm/s
fv 0.5 0.3 1 0.1
Ar 5107% m/V 5107 m/V 1107° m/V 1107° m/V
m 2 2 2 2
XFB -31073 -3 1073 -31073 41073
k 1.7 1.7 1.7 1.6
kace 2 2 2 1.6
Eqr 2.2 2.2 2.2 2.4
Js1Snom 9.6 107° A/m 9.6 1079 A/m 0A/m 0 A/m
nD1S 1.65 1.65 1.65 1.65
JsSnom 6.8 10711 A/m 6810~ A/m | 032 1071 A/m 4107 A/m
nDs 1.23 1.23 1.23 1.0
Cis 0.2 107 F/m 0.2 1071 F/m 0.2 1071 F/m 110719 F/m
JsDnom 9.6 10712 A/m 96107 A/m | 032107 A/m 4107 A/m
DD 1.23 1.23 1.23 1.0
Js1Dnom 6.81071 A/m | 6.81071 A/m 0 A/m 0A/m
DD 1.65 1.65 1.65 1.65
Cip 0.3107° F/m 0.3 107 F/m 0.2 1070 F/m 110719 F/m
Cafsor 0.1510°F/m | 0.10 107° F/m 0.17 1079 F/m 0.2 107° F/m
Catdor 024107 F/m | 0.18 107° F/m 0.8 107° F/m 0.2107° F/m
Cofbor 0.05 107° F/m 0.05 107° F/m 0.05 1079 F/m 0.0 107% F/m
Cebsor 0 F/m 0 F/m 0 F/m 0 F/m
Cabdor 0.15 1077 F/m 0.15 107Y F/m 0.3 107° F/m 0.3107% F/m
Cabbor 0.1 107% F/m 0.1 107Y F/m 0.1 1079 F/m 0.1107% F/m

Table G.1: Parameter Set for the LV SOI N-LDMOS, the MV SOI N-
LDMOS, the HV SOI N-LDMOS and the HV SOI P-LDMOS.
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