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LATERAL DOUBLE DIFFUSED MOSFETS FOR ANALOGUE CIRCUIT 

SIMULATION 

by Nele D'Halleweyn 

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 iV-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 
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 s teps 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 tha t 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 ICs 

(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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F i g u r e 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 JV+ source, and the difference in the 

lateral diffusion between the P-base and the 7V+ 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 /im). 

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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F i g u r e 1.2: (a) LDMOS; (b) VDMOS; (c) VMOS. 

of a high electric field at the bot tom 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 be t ter 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 at tract ive than the VDMOS 

[12]. 

The LDMOS devices have significant advantages compared to their bipolar and GaAs 

counterparts for all applications in the IGHz 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 C O M F E T (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: 

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



• wafer bonding, lapping and etch-back. 

• 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 ICs 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/SiOg 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 SOI. 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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F i g u r e 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 

(= 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 t hem 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 th is thesis are fabricated. 

1.4 .1 T h e Fabr ica t ion P r o c e s s 

Shallow P 

Shallow N 

Poly Silicon 

P well 

ID (Isolation definition) 

OD (Oxide definition) 

CO (Contact Opening) 

IN (Interconnect) 

F i g u r e 1.4: The different masks of the LDMOS layout. 

The base wafer is a BESOI wafer (see Section 1.2), with a 1.5 ^m thick silicon film, on 

top of a 3 nm thick buried oxide, with an substrate underneath. The N~ doping 

concentration of the silicon film is of the order of 10̂ ® /cvo?. 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 //m 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 fim) is grown on top of the drift region 

(between the gate and the drain), to reduce the fringing fields a t 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 fim wide, of which typically 2 /xm are on top of 

the LOCOS oxide. Next a lightly doped f- implantat ion 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 /xm under the gate and forms the MOS channel 

region of the LDMOS. The resulting P-well doping concentration is of the order of 10^^ 

/cm^. Now the source and drain 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 fxm. Finally the P + area for the body contact is 

implanted, masked by the shallow P mask. 

1.2 (drift region) 1.5 tim p(body) 

N+ (substrate) 

(nm) 

I I LPCVD oxide 

I I 
Poly Silicon 

F i g u r e 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 /im thick. The 



N a m e Description value 
Na P doping concentration under thin front gate oxide 10̂ ^ /cm^ 
ATn N" doping concentration in the drift region 10̂ ^ /cm^ 

-^shdr Sheet resistance of the drift region under the LOCOS oxide 4 kfi/square 

Table 1.1: The process parameters 

N a m e Description value 

-^dr Length of the drift region under LOCOS 3 /Lim 

•̂ eff Length of the MOS channel under thin front gate oxide 1.2 iim 

-̂ drov Length of the drift region under thin front gate oxide 1.5 fim 

ôf Front gate oxide thickness 60 nm 

ôb Back gate (buried) oxide thickness 3 /im 

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 T h e L D M O S C h a r a c t e r i s t i c s 

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: 

For the bias arrangement where all the terminals are at ground potential (FDB = 

VsB = Vg£b = VobB = 0 V), the situation illustrated in Fig. 1.6(a) is obtained. The 

width of the depletion layer Xgd under the source can be approximated (assuming 

an abrupt junction) by 

^ad = 
9 

- % s ) 

For Fsb = 0 V this width is equal to 0.1 //m. 

The width of the depletion layer Xddb at the F-side of the P-N'' junction can be 



N a m e Description value 
<̂ p Fermi-potential for P-type Si, 0.408 V 

<^dr Fermi-potential for A^-type Si, OjWV 
Platband voltage, AT-type poly Si on P-type Si 

- a 5 6 y - ^ F 
-0.996 V 

Platband voltage, AT-type poly Si on A^-type Si 
— 0.56 V + ^pdr 

-0.212 V 

Platband voltage, A/'+ substrate, P-type Si 
—0.45 V — (pp 

-0.858 V 

Platband voltage, N'^ substrate, # - type Si 
—0.45 V -f- ^Fdr 

-0.11 T/ 

70 Front gate body factor in P-well, 3.2 VV 

Back gate body factor in P-well, 159.6 VV 
jfdv Front gate body factor in N-well, 1.01 \ /V 
/ybdr Back gate body factor in A^-well, 50.48 \ /V 

^hO Front gate threshold voltage in P-well 
+ 2<f>p + 7o\/20F 

2.73 V 

Back gate threshold voltage in P-well 
^FB "1" + J^^/2(pp 

144 T/ 

Front gate threshold voltage in A^-well 

^FB •" 2^Fdr — V^4'FdT 

-1.75 V 

Back gate threshold voltage in N-well 

V^B-a^Fdr --/"kV^ytpdr 

-42.99 V 

^bis Build-in potential for S-B diode, ) 0.8%) V 

^ i d Build-in potential for D-B diode, ) 0.756 V 

Cof Front gate oxide capacitance per unit area, Cof = ^ 0.575 

Cob Back gate oxide capacitance per unit area. Cob = 0.0115 

Table 1.3: The derived parameters 

expressed by 

-^ddb — -(^bid + t t )B ) (1.2) 
qNx{N\ + N-o) 

This width is negligible for Fdb = 0 V (0.03 /^m) since Na is an order of magnitude 

larger than Â D- The width of the depletion layer Xjdd a t the A^-side of the P-N" 

junction can be expressed by 

-^ddd — 
2 Csi ÂA 

q A^d(-^a + A^n) 
(<^bid + T/bs) (1.3) 

This gives a value of 0.3 /im for FDB = 0 V. 

Because Vcm = 0 V > Fpg, we have a depletion layer in the P-body under the front 

gate oxide (region 1 in Fig. 1.6(a)). And since Vcfs = 0 V < I4hO) the Si-SiOg surface 

9 
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F i g u r e 1.6: (a) Depletion layers and accumulation in the LDMOS when VDB — = 
VofB = ^GbB = 0 V; (b) current flow and depletion, accumulation and inversion layer 
when Vdb = 0.1 V — > 6 V, VofB = 5 V, VSB = 0 V, VcbB = 0 V. 

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

approximated before inversion by 

-^gfb — 
Cpf 

(VcfB - t p s ) (1.4) 

For VofB = 0 V this value is very small (0.035 /iva). A similar reasoning is valid for the 

depletion layer at the buried oxide interface in the P - b o d y (region 2 in Fig. 1.6(a)), 

but this value will be even smaller because Cob, the buried oxide capacitance per 

unit area, is 50 times smaller than Cof. 

Let us now take a closer look at the conditions under the gate oxide in the drift 

10 



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 t h e nMOS case; -Vofo = 0 V 

< — VpB̂ , and hence electrons will be accumulated at t h e 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 V ĥo) will 

invert the f -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 VcfS = 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 %g 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 dr i f t region: 

4 . , = (15) 

= ^ //s Cof - (VbfS - ^ho) for very small, (1.6) 
-beg 

r ( I t - V i ) a n 
Ĵ drov ^ 

^ ( v ^ - l ^ ) for Vos very smaU, (1.8) 
-^drov 

-^shdr -^dr 

linv is simply the expression of the MOSFET current in the linear region and Vi 

is the potential at the end of the inversion layer (of length Leff) with respect to 

the source (see Fig. 1.6(b)). I^cc represents the current in an accumulation layer 

(of length Ldrov), which is the current of a depletion type MOSFET. In this case 

V2 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 tha t 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 Eqs. 1.5, 1.7 and 1.9 

the surface layer mobility for electrons is given by /ig- -̂ dr is the current through a 

resistor with sheet resistance i^shdr and length L^r-

The above equations for the current are simplified, excluding high field and other 

second order efl'ects, because the aim of this section is t o gain an intuitive approxima-

tion to the LDMOS behaviour, rather than finding the exact solution for the current 

flow and charge distribution. Since /jnv = Ia.cc = -̂ dr = we have three equations 

in three unknowns, which we can solve for Vi, V2 and I. With the parameters from 

Tables 1.1, 1.2, and 1.3, we obtain Vi = 0.4 • VDB and V2 — 0.6 • Vhs-

11 



Increasing % s raises the current until the saturation region is reached. In the case 

of a low VcfB (in our example 5 V), saturation is caused by pinch-off of the inversion 

channel, which happens at Vi = Fofs - Kho = 2.3 V; t h e saturation current is given 

by 

== (1 10) 

and for VcfS = 5 V the current will be approximately 0.1 mA//j,m. This means that 

V2 = % s - (Z,DR - R s h d r ) ' 0.1 mA//%m = Fds - 1.2 V. For Vi = Fofs - Kho = 2.3 V, 

Eqs. 1.5 and 1.7 yield Vg = 3.7 V. This is lower than VofS — and hence an 

accumulation layer is still present over the whole length of Ldrov 

When (FDS - 1.2 V) is larger than (Vofe - 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 FDB = 7 V, V2 is approximately 5.8 V and the depth of the depletion 

layer at this place becomes equal to 

; C g f d r == 4 - V z = (128 A t m (1.11) 

As is obvious from Eq. 1.3, further increasing FDS widens the depletion layer at the 

P-N~' junction, Xddd- For % g = 7 V we have V2 = 5.8 V and = 0.9 /jm. 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: 

-^gbdr = — ^ ( —^bB + + ^B"") (1-12) 

where ^ is the potential at position y in the drift region. The quantity ^ is at a 

maximum at the drain (= FDIB); and consequently t h e thickness of the depletion 

layer is also a maximum at this point. For Fdb = 40 V, which is approximately 

the maximum drain voltage for a device with our selected dimensions, we have 

-^gbdr — 0.3 jJiXH, 

• Now we consider the case of a high positive gate bias, i.e. Vcm = 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 Vi became higher than VofS — 

T4ho = 13.27 V, then the current would have to equal the saturation current of 

3.2 mA/fj,m for VofB = 16 V. This would mean that, for the maximum allowed drain 
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depletion boundary for V d b = 7 V 

depletion boundary for V d b = 7 . 5 V 

depletion boundary for Vdb= 3 0V 

VDB — 7 V , 

7 . 5 V , 3 0 V 

Poly Sil icon 

VsB= 0 V 

X d d d 

VcbB— 0 V 

F i g u r e 1 .7: Depletion layers and current flow in the LDMOS when VDB = 7 V, 7.5 V, 
30 V, VcfB = 5 V, VsB = 0 V, VobB = 0 V. 

bias — 40 V , = 40 V —3.2 • 4 • 3 V = 2 V, which is lower than Vi, and hence 

impossible. The accumulation layer will not disappear either; for V2 > 16 V — 

Eqs. 1.5 and 1.7 do not provide a valid solution for Vi, and hence V2 has to be lower 

than 16 V —Vp^. 

For this situation, the current will be limited by velocity saturation in the drift 

region when the drain bias is increased. 

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 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 Vobs 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/Si02 surface at the buried oxide 

becomes inverted. The threshold for inversion at a certain point in the channel 

depends on the local channel potential ip, and is given by 

v S = V, b 
F B 2(F>F - 7 V2(/>F + V' (1.13) 

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

creasing the back gate bias below only increases t h e inversion layer charge, but 
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VsB= 0 V V D B = L O V 

m w r s i o n 

V G B B = 0 , - 5 0 V , - 1 6 6 V , - 2 0 0 V 

F i g u r e 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 + ijj). At the drain end, 

for = 10 V, this depletion layer width is 1.2 /xm. 

These different operation modes show the complexity of t h e 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 I n t r o d u c t i o n 

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 M o d e l I m p l e m e n t a t i o n 

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

distinguished; 

• 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. 

• 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. 

• 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. 

• 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]. 

• 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 tha t 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 t o 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 P a r a m e t e r E x t r a c t i o n 

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: 

• technological parameters, in general available from the device manufacturer, 

• physical parameters determined by the semiconductor physics, 

• electrical parameters which can usually be extracted f rom electrical measurements, 

• thermal parameters, and 

• fitting parameters to improve the fit of the model to t h e 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 E x i s t i n g L D M O S M o d e l s 

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 JFETs 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 iV-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 t he channel, and the overlap 

of the gate over the lightly doped drift region, are studied a n d 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 sub circuit 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 H V SOI DMOS technology. 
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1.7 Structure of Thesis 

Modelling of a transistor demands a full comprehension of t he 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 diff'erent 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 M O S F E T 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 H V 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 wi th 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 Sees. 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. A n 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 D e v i c e S t r u c t u r e 

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, wi th 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 vyith 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 ( f ront gate) 

B(body) S(sourc4l 
poly SI 

(drain) 

LefffrLdrov 

N- (dr if t region) P ( b o d y ) 

buried oxid 

Ws 

F i g u r e 2 .1: Simplified cross section 
of the LV LDMOS. 

I I S h i l l o w P 

I I S h . l l o » N 
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I I 
WD I 1 

j I ID (Isolation definition) 

OD (Oxide deRnilion) 

C O (Contact Opening) 

Figure 2 .2: Layout of the LV LD-
MOS. 

The N~ doping concentration of the drift region is equal t o the doping density of the 

epitaxial layer of the SOI film, which was chosen to be quite low (typically 1-10^® /cm^) 

to obtain high breakdown values. The front gate extends all t h e 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 f-implementation, followed by thermal 

annealing (see Sees. 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 fim. under the front gate. The 

P-body doping concentration decreases moving from the source {x = 0, see Fig. 2.1) to 

the drain (x = and the profile is determined by various implantation and annealing 

processes. 

The electrical channel length (Leff) 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 Ws is defined by the width of the Shallow N mask, plus 

two times the length of the lateral diffusion of the iV+ source implant (see Fig. 2.1). This 

width is smaller than the width at the drain side, WB, 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 t h a n one [1]. Hence the oxide 

has the tendency to take up impurities. If the source junct ion 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 T h e Current F l o w 

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), iob = 3 yum (buried oxide thickness), = 1 5 (silicon film 

thickness), and N^s = 10^^ /cm^ (this is the maximum of a Gaussian doping profile 

used to describe the under-diffused P-well). The total gate length is 3 fim. The lateral 

diffusions of the source junction and the P-well are 0.3 //m and 1.25 /xm respectively. 

The lateral grid spacing of the mesh is chosen to be very fine at the front oxide - silicon 

interface (0.005 /im), and expands towards the bottom (0.5 /im) and the top (0.02 /im). 

The horizontal grid spacing is uniform and equal to 0.1 /im. 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. 

26 



gate; 
source 

CONTACTS 
JUNCTION BOUNDARIES 
DEPLETION BOUNDARIES 

Tota l Cu r r en t Dens i ty (A/cm2) 

F i g u r e 2.3: The current density in the LV SOI LDMOS for Vbs = 1 V and Vofs = 4 V. 
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F i g u r e 2.4: The current density in the LV SOI LDMOS for = 4 V and Vofs = 4 V. 
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F i g u r e 2.5: The current density in the LV SOI LDMOS for Vbs = 6 V and VGFS = 4 V. 
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F i g u r e 2.6: The current density in the LV SOI LDMOS for % g = 15 V and Vofs = 4 V. 
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F i g u r e 2.7: The potential in the LV SOI LDMOS for %s = 1 V and Vbfs = 4 V. 
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F i g u r e 2.10: The potential in the LV SOI LDMOS for Vbs = 15 V and Vbfs == 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: 

• Low FDS (< Vofs — : the Si-Si02 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 Vbs = 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). 

• High Pds (> ^Gfs — ^ r a ) : a depletion layer is growing at the drain end of the drift 

region at the top Si-Si02 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 

% s Vcfs — 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 Vbg, 

all larger than Vofs — ^FB -̂ 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.l to A.6 of App. A show the distribution of the current density and the potential 

for a high gate voltage (Vcfs = 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 % g = 15 V. For VofS = 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 Latera l D o p i n g grad ient in t h e P - b o d y u n d e r t h e T h i n G a t e O x i d e 

The double diffused NMOS has a non-uniformly doped channel region defined by the 

compensations of the f - implan t and the '^-source lateral diffusions. Thus, the doping 

concentration along the channel, NA{X) has a maximum near the source {NA{0) = NAS) 

and decreases sharply towards the drain (A^A(-^eff) = A^Ad)-

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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F i g u r e 2 . 1 1 : Comparison of the error-type with the exponential ana linear aistriDution 
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], 

exp(- (2.1) 

where x is the distance along the channel, L the channel length, NAS the doping concen-

tration at the source side and A:NA the lateral body doping gradient coefficient. In Fig. 

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

X 
^Aerf (^) — ^As Grfc( ) 

with Ldiff the diffusion length. We have also added a linear distribution 

.^Alin(a;) = + (.^Ad - .^Aa) 
X 

L 

(2.2) 

(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 (A^^ = 1) and for an extremely high value 

(̂ Na = 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 Based on Threshold Vol tage 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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F i g u r e 2 .12: (a) The drain current versus the gate voltage for Fds = 0.1 V, 2.1 V, 
4.1 V, 6.1 V, 8.1 V; (b) the source current versus the gate voltage for VSD = 0.1 V, 2.1 V, 
4.1 V, 6.1 V, 8.1 V (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 %g = 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 VSD- 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 (Vtho) and the 

doping concentration at the pinch-off point of the channel (see * in Fig. 2.13) determines 
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F i g u r e 2 . 1 3 : Illustration 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, VthL-

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 VSD is increased. This could be explained 

by the fact that as VSD is increased, the depletion layer under the source grows (for 

^SD =8 V, it is of the order of 0.4 yum), 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 Vtho and Vj;hL, the corresponding doping concentrations, N^a and Â Ad can be 

calculated. In our example Vtho = 2.6 V and Vi,hL = 1-5 V. The corresponding doping 

concentrations are: N^s = 0.93 • 10^^ /cm^ and = 0.37 • 10*^ /cm^. Knowing the 

doping concentrations, the lateral body doping gradient coefficient which describes the 

exponential doping profile can be calculated and this yields A:NA = 1-

Influence of A;NA on the Charge Distribution in the C h a n n e l 

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 w^ith 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 (Vtho) 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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F i g u r e 2 . 1 4 : The electron density in the inversion channel of the LV LDMOS for 
^GfB = 1 V and Vdb = = 0 V. 

for Vofs = 1 V. The Si-Si02 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 VofB 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 
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F i g u r e 2 . 1 5 : The electron density along the channel for Vofe = 0.5 V till Vofs = 2.5 V, 
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profile in the channel of the LDMOS causes the gate-channel capacitance to increase more 

gradually starting at Vcfs = Vthh and reaching its maximum value at Fofs = Kho-

2 .2 .4 I m p a c t l o n i s a t i o n a n d A v a l a n c h e Current 

. C . 

"c g 
3 < . G 
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t 
CD . . 

^ buroj 
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' ' ' ' 

Hp-2—__ 

Gate bias [V] 

F i g u r e 2.16: The avalanche current in function of the gate voltage for different drain 
voltages for an LV LDMOS with Wg = 20 /xm. 

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 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 

^GfS = 8 V. The total impact generation is considerably smaller than in Fig. 2.17, where 

yGK==4T/. 

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). T h e 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 t he 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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F i g u r e 2.17: The impact generation rate in the LV LDMOS for Fofs = 4 V and 
%s = 15 V. 
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F i g u r e 2.18: The impact generation rate in the LV LDMOS for VofS = 8 V and 
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device width. 

For very high currents (hence very high Vcfs) 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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F i g u r e 2.19: Emission micro-
graphs of the LDMOS for the 
following biases: Vbfs = 4 V and 
Vbs = 10 V. 

F i g u r e 2 .20 : Emission micro-
graphs of the LDMOS for the 
following biases: Vofs = 10 V and 
VDS = 10 V. 
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F i g u r e 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 (Vcfs = 4 V 

and VofB = 10 V). A high drain voltage (FDS = 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 (M/g), and not over the whole width defined by the OD mask {W^, 

see Sec. 2.2.1), as expected for low Vcfs-

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 Vcfs-

This second maximum can of course not be simulated, because the study was limited to 2 

dimensional simulations. 

2.3 T h e M e d i u m Voltage L D M O S 

2.3.1 Device Structure 

B(body) S(Sour<;e) 

Gf(Gate) 

(Dram) 

P-body N (dr i f t 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 (Leff) 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 (I/dr) depends on the desired breakdown voltage, b u t this structure is not very 

efficient for very high (> 100 V) drain voltages, because in tha t 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 Deplet ion regions and the current flow l ines 

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: tof = 60 nm (thin gate 

oxide thickness), toh = 3 /im (buried oxide thickness), (y = 1.5 iJ,m (silicon film thickness), 

tbdr — 1.0 nm (silicon film thickness under the field oxide), and NAS = 10^^ /cm^ (this 

is the maximum of a Gaussian doping profile used to describe the under-diffused f-well). 

The total gate length is 3 /im. The lateral diffusions of the source junction and the P-well 

are respectively 0.3 fxm and 1.25 /im. 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 /^m), and is then expanded towards the bottom (0.5 /um) and the top 

(0.05 /im). The horizontal grid spacing reduces from 0.1 /im at the source end to 0.05 //m 

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: 

• Low %g: 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. 

• High %g: the Si-SiOg 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 VBS = 1 V and Vcfs 
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Figure 2.24: The potential in the MV SOI LDMOS for Vbs = 1 V and Vcfs = 4 V. 
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F i g u r e 2.26: The potential in the MV SOI LDMOS for FDS — 20 V and Vcfs = 4 V. 
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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 VofS = 4 V the drain current is 

too low to cause considerable impact ionisation. For a higher gate bias (Vbfs = 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, t he 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 
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2.4 T h e High Voltage L D M O S 

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 

Source^^^^ Drain 

p+ 
n-epi taxy 

p - s u b s t r a t e 

P+ 

Soun 

depleted area 

n + s u b s t r a t e 

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 f-Adjunction 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 
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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 t h e 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 P'^-N diode is again present, but 

the vertical diode is replaced by a buried oxide and iV+ 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 efi'ect. 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]: 

== % (2-4) 
9 ^ddd ^ &bdr 

where V is the total potential drop along the depletion region, Xddd the length of the 

surface depletion width, tbdr the thickness of the silicon film in the drift region and t = 

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 (%) for a RESURF device is given by [15]: 

where is the length of the drift region, A = 7.03 10^ cm""^, and B = 1.47 10® V-cm~^. 

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 sa tu ra t ion regions for t h e L D M O S 

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: 

• ^gfs Vds: MOS part in linear region and JFET-like drift region in linear region 

• Vtis Vcfs and Vbs < ^aat, the pinch-off voltage of the drift region: MOS in 

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

• Vbs Vofs and VDS > ^Psat: MOS in saturation region and JFET-like drift region 

in saturation region. 

• ^GfS ^ VthL > y(Z/eE) and %g > Vpsatj with VthL being the threshold voltage of the 

drain end of the MOS part, and F(Leff) 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 T h e r m a l behaviour of t h e L D M O S 

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 

/4o(T) = A/o(TLmb) - * (2 6) 
ST 

with T being the absolute temperature and Tamb the ambient temperature in degrees 

Kelvin. The values of //o(^mb) and k depend strongly on the doping concentration of the 

silicon At low doping concentrations (jVc < 10̂ ® /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]: 

/.On(T) = 1360 cm2/(V - s) - (2-7) 

and for holes [23]: 

m p ( r ) = 495 cm^/(V . a) - ( ^ ) ' (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 

Hdr = 1450 cm^/(V-s), the mobility of the drift region. 

^For the interested reader, the electron and hole mobility are plot ted 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 fur ther 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: 

(2.9) 

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 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 1.1 for the inversion layer mobility ( / i s ( 3 0 0 ) = 

7 5 0 cm^/(V-s)), and 2 . 0 for the accumulation layer mobility ( / J a c c ( 3 0 0 ) = 7 5 0 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 lO^cm/s 
1 4-118 -

2.6.2 Threshold voltage 

The threshold voltage for an LDMOS transistor is (just as for CMOS) given by 

l/ud) == 4-2<AF 4-To \/2<^p - (2-11) 
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where both the flat band voltage, Vpg and the Fermi potential, ^ are dependent on the 

temperature. For the LDMOS, we use Â AS; the maximum doping concentration in the 

channel near the source, to calculate 4>-p, Vpg, and 70. 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]: 

K h o M = Vtho(3kmb) + % A r (2.12) 

where % is a temperature coefficient which can be easily extracted from threshold voltage 

measurements at different temperatures. A value of-3.3 10"^ V /K was found for %, which 

is a quite high value compared with a normal SOI NMOS, where % varies between -

1-10"^ and -3-10"^ V/K [28]. This is expected because 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 - VBS> and hence the main doping dependent term in 

is 
d(j)Y 1 /Q 1 n\ 

dT dT y 2 ( ^ - l/BS ' 

with 70 = 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 70 factor contains the factor in the denominator via Cof • 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 %. 

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 t h e 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] 

= + (2.14) 
V T AD T 

where the first term is the diffusion current and the second te rm the generation current. D 

is the diffusion constant and r 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 jV(drift)-f (substrate) 
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junction. It can be shown [26] that the generation term increases as exp(—^g/2H) with 

temperature, and the diffusion term with exp(—E'g/fef). 

2.7 Switching behaviour 

Considering high-speed applications at more than 1 MHz, LDMOS transistors on SOI 

substrates are more attractive than the SOI-IGBTs 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 dr if t 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 Ldr and tydr have to be as small as possible and toh 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 

tob + d 

with Xddd 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 L D M O S T 

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 VcbB is made increasingly negative, the depletion layer at the buried oxide in the 

drift region grows, and at a certain voltage, the surface a t 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 VcbB = —30 V, t h e hole concentration at the 

buried oxide interface is negligible. For VcbB = —100 V (Fig. 2.33) the surface is partly 

inverted and for VcbB = —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 •0ch, and is given by 

vf FB 2 \ /20f + V'ch (2.16) 

At the drain end of the channel, = —166 V for FDB = 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 t h a t 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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2.8.2 Influence of High Side Behaviour on SOI C M O S 
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F i g u r e 2 . 3 5 : Simplified cross section of the PMOS used under high side conditions. 
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F i g u r e 2 .36: Simulated leakage current in terms of tb for a PMOS with TVy = 1-5 • 
10̂ ® /cm^, Vam = 0 V and VobB = —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 s tudy these effects the leakage 

current of the SOI PMOS (see Fig. 2.35) was simulated with t h e 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 (A^b) 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 pa th 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 (y minus the 

junction depth tj, and the bottom doping concentration N^j. Above a critical value for the 
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Figure 2.37: Simulated leakage current in terms of Â b for a PMOS with ib = 1.35 /im, 
VcfB = 0 V and VobB = —500 V. 

drain bias the leakage becomes significant. This critical bias depends on 

• the distance between the junction and the buried oxide: this is illustrated in Fig. 2.36; 

for jVy = 1.5 • /cm^ the minimum silicon thickness required to avoid leakage is 

1.35 /im; and 

the bottom doping concentration: this is illustrated in Fig. 2.37; for % 

JVb has to be higher than JVy = 1.4 • 10̂ ® /cm^. 

1.35 /um, 

In Fig. 2.38 the leakage current is plotted in terms of the drain voltage for different values 

of and <b' 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 Â b and fy, 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 f-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 S u m m a r y 

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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F i g u r e 2 .38; Simulated leakage current in terms of Vdb for a PMOS with Vcm — 0 V 
and VobB = -500 V; (a) % = 1.5 • 10̂ ® /cm^, tb = 1.0 /im; (b) = 1.5 • 10̂ ® /cm^, 
tb = 1.3 /im; (c) TVb = 1.3 • 10̂ ® /cm®, tb = 1.35 /itn; (d) Nb = 1.0 • 10̂ ® /cm®, 
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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 In t roduc t ion 

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 PS TAR [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 T h e LV N - L D M O S Mode l 

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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F i g u r e 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 

MOSS.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 

gur/ace 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 f - reg ion under the front 

gate, and this is where MM9.02 is used. As explained in the previous chapter, the doping 

in the f-region of an LDMOS decreases &om 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 J U N C A P 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 M O S F E T for the Dr i f t Region Modelling 

(M30.02) 

accumulation"̂ ™ accumulation 

depiction 

- F D 

F i g u r e 3 . 2 : Representation of (a) M30.02. (b) M30.02 used t o 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 iof- 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 (Fp). 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 \ 

^This 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: VsaT; the 

critical drain-source voltage for hot carriers, i?sAT) the space charge resistance at zero bias 

and PsAT; 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: 

• In the normal M30.02, the on-resistance for zero gate and body bias (-RqN; App. B), 

is given by 

^ O N , M 3 0 . 0 2 = 7 — "Y ( 3 - 1 ) 
W //dr 9 -^D ' = 0) j 

with -Ldrov the length of the drift region under the thin gate oxide, W the width of 

the drift region, the mobility, Â d the doping concentration in the drift region, 

tb the silicon thickness and <i(FGfB = ^SB = = VobB = 0) the thickness of the 

non-depleted channel under zero bias conditions. 

For the LDMOS, we have used the expression: 

n -^drov + ^ R O N /n 
% N . L V L D M O S = , „ o t 

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 

/%.ON b̂ is added to the length of the drift region. The factor /cRON < 1 needs to 

be determined by extraction. The thickness of the non-depleted channel t is much 

smaller than and rather difficult to estimate as it is not a constant for the current 

path: t is very small at the source side and equal to % at the drain side. Therefore 

an elective value needs to be determined by extraction. 

• 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 Sees. 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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# The critical drain source voltage for velocity saturation, V s a T j for the normal struc-

ture of Fig. 3.2(b), is given by 

l ^ A T , M 3 0 . 0 2 = & ^ d r (3.3) 

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

to 

l ^ A T , L V L D M O S = & ' ( ^ d r o v + ^ S A T ^ b ) ( 3 4 ) 

with (idrov + ^VSAT ib) the length of the current path and A;vsat a factor to account 

for the vertical current flow. 

3.2.4 Modelling of the Capacitances 

MM9.02 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 

Source Dram 

PM0S1 

N-

PMOS2 

Back Gate 

F i g u r e 3 .3: Structure of a PMOS device in the H V SOI process, and their corresponding 
subcircuit model. 

Applying a gate voltage lower than the negative threshold voltage of the N~~ drift 

region (V̂ "̂̂ ) 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 AT" region. 

The threshold voltage of the drift region is given by: 

T/fdr _ T / fd r ' ( \ / % B + 2^Pdr - \/2{^pdr) (3.5) 

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

of a PMOS with the same AT" 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 

= - C o f l y î drov l n ( l + (3 g) 

with Ldrov 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 (Vom)- Hence we write 

^ i ^drov for — 3> — 

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 Ci{Gf,B) 

depends on Fdb- The threshold voltage of the drift region at the buried oxide is given by: 

(3.8) 

where and 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 

= Cob M b̂ob 2,bob l^bB M d̂ob ^dob ^ (3-9) 

with Wbob and -Lbob the width and the length of the P-body region at the buried oxide, 

and Wdob and Ldob the width and the length of the drift region at the buried oxide 

interface. The 6rst term represents the capacitance between the f-region and the back 

gate. Because v c b b < 0 in normal bias conditions, the surface in the f-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 eind the buried oxide surface in the AT" region. 

Hence 

^ / ^ 7 r j \ / ^ o b ' (M^bob -^bob + l ^ d o b -^dob) &ir — % b B ^ ~ ^ t h /q -i 

fa- - F o . b « - F r ' ' 

The extra back gate-drain charge is given by 

Q3(G6,D) = Cob ^^dob ^dob VbbD+Cob ^^dob ^dob l n ( l - k e x p ( - ^ ^ ° ' ^ h ' ' 3 ) (3-11) 

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

Because under normal bias conditions VcbD 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 region becomes 

inverted. The corresponding capacitance is given by 

0 for - T^bD » 

Gob ^ o b ^dob for - VobD < < 
(3.12) C3(G'6,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 

RT CT 

Tamh 

F i g u r e 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 

we take the thermal resistance of the buried oxide, thus; 

ôb 
^ox ' (^dob 4" -i'bob) 

(3.13) 

with Kqx the thermal conductivity of SiOg. 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 i?T- The thermal resistance of the buried oxide is put in series with 

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

ôb t̂hc 

with rthc a 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 wi th the width. The thermal 

capacity was not extracted for the sub circuit 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 sub circuit schematic as 

shown in Fig. 3.1 is described. 

The process model can be subdivided into four parts: 

• 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. 

• 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. 

• part 3: M30.02 parameters. 

• part 4: JUNCAP parameters and other capacitor parameters (for Ci, Cg and C3). 

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-; 

MNEl(Dint,Gf,S,B,Gb) -parameters-; c: MM9.02; 

MNl(DX,Gf,Dint,B,Gb) -parameters-; c: M30.02; 

JUNCAP1(S,B) -parameters-; c: source-body diode; 

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

Cl(Gf,B) Q = Ql; c: extra capacitance; 

C2(Gf,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, 

c: This is a trick to obtain the current, which is needed to 

c: calculate the self-heating; 

DTA=i?t*i(Sl)*v(D,S); c: A T 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 M o d e l 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 (Kho) and 

the gain factor (3 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 chciracteristics 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 VOFS and medium F d s 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 M M 9 . 0 2 M30.02 

ItfS just above liho,%s=0.1V /), KhO -

-̂ D-VcfS )̂ DS =0-1V 70, 2̂ -

IV, high Vcfs - Fp 

ei -

^D-T^fS,medium Vcfg, Vbs=^6nax/2,VGfmax % -

-TD-VcfStkigk Vcfs, ybs=^Anax/2,VGfinax - vsat 

9DS-Vds, %s=ov, vgfs=kho+0-lV,..,V|;ho+3.1 -

^DS-^S, %S=OV', l/Gfs = l/^h0+0.1V,..,t^h04-3.1 ^1, ^3 -

^DS-%S, low yos, ^fS=^6nax-3V,..,VGfmax - AoN 

l^fs=^ho-0.5V,...,l/tho+0-5V, 

Vbs=0.1V,VGfmax/2,VGfmax, T^S=OV Too, ^0 ; Cl 

^D-T43fs, l^fs=Kho-0.5V,...,V[ho+0-5V, 

lt)S=0.1V,VG6nax/2,VG{max, l%S=0rl,-2V 

yDS=%max-2V,...,Vt)max, -/ll, ^2, ^ 3 -

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. 

L/s, = 0 V 

2 0.2 
o 

6 8 10 

Gate bias (V) 

Figure 3.5: Measured (markers) 
and simulated (full line) IB{VG{S) for 
V b s = 0, -1, -2 V and Vbs = 0.25 V; 
W = 20 /jm. 
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Figure 3.6: Measured (markers) 
and simulated (full line) ID(VG{S) for 
VDg=7V, 14V; W = 20 fim. 

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 3.7: Measured (markers) 
and simulated (full line) / d ( T ^ s ) for 
%s = 0 V and VGfS=^ho + 0.1 V, 
^ho + 1-1 V, T4ho+2-l V, ytho+3-1 V; 
W = 20 iim. 
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Figure 3.8: Measured (markers) 
and simulated (full line) /D(^bs) for 
%s = 0 V and Vbfs = 5, 8, 11, 14 V; 
W = 20 ^m. 
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Figure 3.9: Measured (markers) 
and simulated (full line) Ir^iVcfs) for 
%s = - 2 V and Fcfs = Kh + 0.1 V, 
Vth + 1 1 V, Vjh + 2.1 V, Vth + 3.1 V; 
W = 20 fim. 

l/as = 0 V / 
Ves— -IV VBS = -2 V 

2,5 3,5 4 4,5 

Dra in bias (V) 
5,5 

Figure 3 .10: Measured (markers) 
and simulated (full line) I n (%fs ) 
(around the threshold voltage) for 

= 0, -1, -2 V and %s = 1, 7.5, 
14 V; VF = 20 yum. 

The Enal veriBcation consists of the comparison between the measurements and the 

simulations from the subcircuit model; the Sgures above show the measured (marks) and 

simulated (full line) characteristics for an LV LDMOS with a width of 20 /im and a separate 

back gate. 

Fig. 3.5 shows the linear characteristic for diEerent body voltages. We notice the 

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

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 Fds = 14 V lies 

beneath the curve for %g = 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 

N^9.02 Mî O.OZ 

jun(papl 

B 

D 

C=0 

M40 

n(KobB) 

' y c l (Gb^) 

Gb 

F i g u r e 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 Deplet ion Type MOSFET (M40) 

accumulation deptetiou 

— Vi) 

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,soi and the pinch-off volt-

Vp. i?oN SOI can be calculated from 

(3.15) 

with Ldr the length of the drift region under the field oxide, ibdr the thickness of the 

silicon film under the field oxide, and i?shdr 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 + Chdv 

l^,SOI = g ^bdr 
Cob Cbdi" 

where 

Cob = ôx 

ôb 

Cbdr = 
%bdr 

(3.16) 

(3.17) 

(3.18) 

with tob the thickness of the buried oxide. 
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Figure 3.13: Simulated (full line) and measured output characteristic for VcfS = 10 V 
and VbbS = 0 V, -50, -100, -200 V; = 20/im. 

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 

^bmaxi kere we are using a Etted value of Vcbmax = -110 V. The expression 

( ^GbBi ^^bmax) (3.19) 

is used to describe this limitation of the back gate biaa in a smooth way. The function 

xnirismix, y, 4>t) takes the smooth minimum of x and y via a "In" function and can be 

found in App. C.6. We optimised Vp and Vcbmax (-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 VcbB = —50 V. The overestimated 

current for VobB = — 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 VcbB because a partly 

inverted surface at the buried oxide is not modelled by our simple model; for —VobB 

below — Vcbmax, but above the threshold voltage at the source end of the drift region 

( — = 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 Fcfs 
-100, -200, -250 V; TV = 20/im. 

10 V and Fobs = 0 V, -50, 

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 Fds = 25 V for a gate voltage of 

10 V and VcbS < —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 M o d e l I m p l e m e n t a t i o n 

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 sub circuit model definition is formulated using PS TAR 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,Gf,S,B;Gb) -parameters-; 

MNEl(Dl,Gf,S,B,Gb) -parameters-; c: MM9.02; 

MNl(D2,Gf,Dl,B,Gb) -parameters-; c; M30.02; 

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

JUNCAP1(S,B) -parameters-; c: source-body diode; 

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

Cl(Gf,B) Q = Ql; c: extra capacitance; 

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

Sl(D,DX); c: current source to measure the drain-source current, 

c: This is a trick to obtain the current, which is needed to 

c: calculate the self-heating; 

DTA=i?T*i(Sl)*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 

3.3.3 Extraction Strategy with ICCAP and M o d e l Validation 

0.2 

< 0.15 
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3 U 
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6 8 10 

Gate bias (V) 
12 14 

F i g u r e 3 . 1 5 : Measured (markers) and simulated (full line) IniVcfs) for Fbs = 0, -1, 
-2 V and % g = 0.25 V; VF = lOyum. 

The measurement set-up is identical to the set-up used for t he LV LDMOS. We have to 

extract two main extra parameters: VgAT.SOl, the critical drain-source voltage for velocity 

saturation in the second part of the drift region, and i?oN,SOij the on-resistance of the 
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Figure 3.16: Measured (markers) 
and simulated (full line) I d ( ^ d s ) for 
%s = 0 V and VGfS=Kho + 0.1, 
T4ho + 1.1, Vtho + 2.1, Vtho + 3.1 V; 
W = lOyum. 
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Figure 3.17: Measured (markers) 
and simulated (full line) / d ( T ^ d s ) for 
%s = 0 V and %fs=5, 8, 11, 14 V; 
W = 10//m. 

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 reined by optimizing the values of l^AT,soi and AoN,soi- As explained in Sec. 3.3.1 

the parameter Vp^soi 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 Et 

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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F i g u r e 3 . 1 8 : Measured (markers) 
and simulated (full line) /D(VGfs) for 
%s = —2 V and VofS = + 0.1 V, 
Vth + 1 1 V, Vth + 2.1 V, Vth + 3.1 V; 
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F i g u r e 3 . 1 9 : Measured (markers) 
and simulated (full line) IniVafs) 
(around the threshold voltage) for 
%s = 0, -1, -2 V and %)s = 1, 7.5, 
14 V; IF = lOyum. 

3.4 Limi ta t ions of t h e Models and Conclus ion 

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 f-region under the gate has 

a big inEuence 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 approadi 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 drawbax:k 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 In t roduc t ion 

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 

Gf 
poly Si 

3 " 

Conlroi circuit, 

with low and 

ncd ium voltage 

l d m o s f e - r 

7j50V 

source follower HV LDMOS 

Di: internal node 

Field oxid 

/ / / / / 
buried oxide 

F i g u r e 4 .1: Illustration 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 (JcH) see Sec. 4.2) describes the LV LDMOS part, including the drift 

region under the thin gate oxide. The second expression {IBR, see Sec. 4.3) models the drift 

region under the field oxide and includes high-side behaviour. Fig. 4.1 illustrates where 

JcH and /dr 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 C u r r e n t unde r Th in Ga te Oxide 

/ G f , 
Leff . Ldrov 

buried oxide 

Figure 4.2: Illustration of the symbols used for the calculation of / C H -
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To explain our model strategy, let us consider the following three operating regions ; 

• Under strong inversion conditions the potential at the P-N^ junction cannot be 

calculated immediately from Vsb, %iB and VcfB- However, the inversion channel 

current (Ichi) and the drift current under the front gate (/drg) can be expressed 

as functions of the surface potentials •0so, V'sL (= ^siL, where the subscript "si" is 

used to refer to the strong inversion case) and 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 Ighi and /drg are developed in Sees. 4.2.1 

and 4.2.2 respectively. 

The surface potentials at the source (•0so) and at the internal drain ('i/'sdi) can be 

calculated immediately from the node voltages. An analytical solution for the surface 

potential at the P-N~ junction -̂ sL can be obtained by equating the two current 

expressions idrg and Teh; (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 {iPSL) is given by the subthreshold surface potential in the channel 

(•̂ sL = V'sso), which is only a function of VG{B 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 'i/'sLsat can be found 

IV'»L=V'»L8&t — 0. 

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

surface potentials: 

^80 

/ 
In 

In 

1 + 
exp 

exp 
1 + V'aL = 

V'sdi = %iB + ^bid 
V 

1 + exp ^ 

1 + exp ^ ^ 

(4.1) 

(4.2) 

(4.3) 

where the expression for 'i/'sLsatf is developed in Sec. 4.2.4. It is shown that -̂ sLsatf = V'ssO 

in the subthreshold region and VsLsatf = V'sLsat in the saturation regime. The natural 

logarithmic function provides a smooth minimum between V'sLsatf and ipsiL and describes 

well the transition from subthreshold into inversion. The surface potentials -̂ gio and V'ssO 

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 V'sL and V'sO are then used in /chi, and hence provide an analytical 

expression for the current under the front gate ( /CH)J which is only a function of ipso and 
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V'sdi-

4.2.1 The Inversion Channel Current 

Using standard assumptions for MOSFETs [1], the inversion channel current can be ex-

pressed using the classic charge sheet model [2], 

/chi(%) = 9cinv(%) 4- f*'*) 

In Eq. 4.4, gcinv(y) is the channel charge density, ijjs the surface potential at position y, (pt = 

^ the thermal voltage, and fisiu) is the surface mobility. Using the electron continuity 

equation [3] and neglecting recombination and generation currents means = 0 for all 

3/, yielding 

W ( fVtL ML \ 
^chi — "7 (~ / Ms(y) Qc'mviy) ' dl/j^ + ' ^^cinv ) • (4'5) 

Here Lgs 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 7V+ source well (L^S = L — L-Q). The charge 

densities are denoted by % and at y = 0 and y = Leff 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 /ch-

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 

gcinv(^8,!/) = -Cof - % V'a - 7(3/) \ / ^ ) (4 6) 

with Vg = VcfB — VpB, the body factor 7(y) = ^ , and a factor % which accounts 

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

by 

% = 1 + ^ (4.7) 

with Ditf 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]: 

gt, == (?of "r (4-8) 

(Tof'y- (yV'sto + # ' (V%--i/%to)) (4-9) 
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with 6 = 
2-̂ /14-̂ 8 

and 

Ato = In 1 + 
1 + exp ^V'sio-Vsso^ 

(4.10) 

Note that we are using •̂ gto and not tpso, as defined at the beginning of the section, because 

at this point in the development the saturation surface potent ia l is still unknown. 

The lateral doping gradient in the channel (A;na) is brought in by means of 7(y), which 

is a function of Nxiy) and thus of the position y along the channel. In order to perform 

the integration of Eq. 4.5, gcinv is needed in terms of only, or in other words, we have 

to transform -y{y) to jlips)- This can only be done under certain assumptions, which are 

set out below. 

> I 

I 
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1 4 
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•'Vr»s = 8V 
= 6 V 

/om = 4 V 

VoiS — 2 V 

P-A/junction 

0 0.4 0.8 1.2 1.6 

Position y under the front gate (|xm) 

F i g u r e 4.3: ATLAS simulation of the depletion layers and the surface potential under 
the front gate (Fofs = 4 V). 

The doping profile is assumed to be exponential {NA = NAS exp ( — ^ N a ; ^ ) ) [6,7] and 

I I I—'—I—r 
2.0 2.4 2.8 

hence 

7(y) = 70 exp = 70 • (̂ 1 
2 LeS 

(4.11) 

with 7o = approximation is valid (see Sec. 2.2.3) for typical values of the 

doping gradient (= 1). To transform 7(y) into V's is assumed to be a linear 

function of y, i.e. 

% \ (4 1^1 Ips — V'sto + 7 ^ (V'sL — V'sto) • 

•̂ eff 
This yields 

l i A ) = 7 0 - 1 {'4's "^sto) (4.13) 
2 (V'sL V'sto) 

In a standard MOSFET with a constant doping in the channel, the linearity of ips 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 VoiS is very high. 

Using Eqs. 4.13 and 4.9, the inversion channel density becomes 

9cl.vW.) = - C „ , • { f , - ,4, - 70 ( l - • 

+ (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: 

with 

ĉhi — (g ' (V'sL " V'ao) + / ' (V'sL - V'so)) (4-15) 

/3 = - — Us Cof (4 16) 

9 ^ fb -H-yo a . ANA -- (4 17) 

/ = / 1 + / 2 BLIS) 

A ^ ^ - 70 \ / ^ ^1 - ^ 

A = + 70 ^ ^ 70 AJNA (4 20) 

Note that /3 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 (A :na ) 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 Vj,ho • 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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/chi vs. Vos for \/Gfs= 14 V /chi vs. Vcfsfor \/ds= 0.1 V 
— -

,= 0 to 1. 5 in ).5s kw ,= 0 to 1. 5 in ).5s tep 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
1/ds (V) 

Figure 4.4: Influence of A:na on 
Jchi vs. Vbs; Vofs = 14 V and 
LfXrov — L'dr ~ 0. 
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Figure 4.5: Influence of ^ N a on 
/chi vs. Vbfs: Vds = 0.1 V and 
- / ' d r o v — - / ' d r — 0 . 

4.2.2 The Accumulat ion/Drif t Current under T h i n 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 d r i f t region will be accounted 

for in an analytical way without introducing an extra node. 

Because the overlap length of the front gate over the drif t region (Ldrov) 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 s tar ts 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 % i s exceeds 

Vcfg — (where is the flat band voltage in the drift region with respect to the 

front gate), instead remaining fixed at V'sLsati 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 %ig reaches Vofs — ̂ b ^ -

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

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

Idrg — I (Mdr Qh Macc Qcacc ) ' dips • (4 .2^ 
-^drov JipsL 

The free bulk charge density in the N~ region, and the accumulat ion charge density. 
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9 ^ = 

Qc&cc = ((tGOB- t p s j - V ' s ) , (4^8) 

where /̂ dr is the low field mobility factor in the drift region, and /v 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 -Ldrov) especially when -Ldrov is of the 

same order as the silicon film thickness (y. When Ldrov is considerably larger than t\, this 

factor should approach one. 

The surface potentials ipsL, V'sdi and tps all use the body potential as a reference. So in 

theory Vsdi is given by VbiB + ^bid- However, when Vbis = 0, the current also has to be 

zero. For VoiS = 0, when the channel is in strong inversion, tpsh = ipsih = V'siO — 2i^F + VsB, 

and V'sdi has to be equal to ipso as well to ensure zero current. Therefore Vois+ipsio is used 

instead of VbiB + 4>hid as the expression for V'sdi- The difference between ^bid = + # d r 

and 2^f is usually negligible (<0.1 V), because, considered on a logarithmical scale, the 

doping concentrations of the P-body and the drift region hardly differ. 

After integration of Eq. 4.21 we obtain 

^drg = ' (^DiS + V'siO - ^AsL) + ' ( (^DiS + V'aio)^ — (4-24) 

with 

/v 
AoN 

+ Pacc • (VcfB — + (V'siO — ^Sb)) (4.25) 

^2 = — 2 Phcc (4-26) 

/̂ acc = y Macc (/of (4.27) 
Ĵ drov 

jRoN = . (4 j#) 
\ -̂ drov / 

This expression completely describes the drift current under the thin gate oxide with a 

second order equation in the surface potentials tpsL and Vsdi- Note that i?oN can be 

recognized as the ON-resistance of the drift region under the thin gate oxide under zero 

bias conditions, and /3acc 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 (/chi) and the drift 

current under the thin gate oxide (fdrg), an analytical expression for the surface potential 

at the P-N junction (ipsh) can be derived. To find tpsL when the channel is in strong 

inversion (^go = ipsio, ipsL = V 'sIl)' Bq- 4.15 is equated to Eq. 4.24. To get a more accurate 

solution for simple expressions for the vertical field effects for the inversion and 
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accumulation layer mobility are included by substituting /3 a n d /3acc with respectively 

A - , + 

with 6 and 6s.cc 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 /(-hi and Jdrg- 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, V'sL is given by ^sLsat, as developed in the next 

section. Putting /^rg = Ichi now results in 

+ /)acce ' + ^ b i d ) ^ ' (V'sdi - = 

/)e ( g - - V'aio) + / ' (V'liL " V'aio)) - ( 4 3 1 ) 

This yields •̂ gjL as a function of the known surface potentials -̂ gio and tpsd\ '• 

(4.32) 
B 
2 

with 

G = (4.3^ 
2#e 

F 
/ V , / ? < 

-RoN ^ ( ^ f B - W s + (TAsio - (4-34) 

A = g + G (4.35) 

B = y + f " (4.36) 

C = - ( g V'sio + / V'aio) - ^ ' ( % i S + ^s io) - G - (V^ iS + V'sio)^ - (4-37) 

Only the solution given by Eq. 4.32 is correct for •̂ gjL, the second solution of Eq. 4.31 

being physically invalid. 

4.2.4 Inclusion of High Field EflPects 

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 t h e 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 t h e mobility in the channel 

depends on the bias conditions. The mobility decreases with increasing effective transverse 

electric field Cxeffj which is defined as the field averaged over the electron distribution. The 

transverse electric field is given by [12] 

& = — ( % + C 9cinv) ( 4 . 3 8 ) 
ŝi 

where ( is an empirical parameter, taking on the value | for electrons and | for holes. 

Assuming classical diffuse scattering at the Si-Si02 surface, t h e effective mobility due to 

the presence of a vertical electrical field can be modelled as 

' 1 + 

with the scattering coefficient ag. Using the linearised expression for the body and the 

channel charge densities (Eqs. 4.9 and 4.14), Eq. 4.38 becomes 

& = — — V'B — 7 m ' ^ j ^ - ("^8 — V'so)) j , ( 4 . 4 0 ) 

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

been defined as 

7 „ = ^ . ( 4 . 4 1 ) 

Averaging over the length of the device results in 

Cxeff = ^ • l ^g — 7m • ^ j ^ V'ao) 

- ( " + ^ « . ( i - l ) ) ^ ^ ^ } . (4.42) 

For an N-type device the effective mobility becomes 

Â xeff = 7 —— ———r (4.43) 

with 

ŝi 

Although physical values exist for the parameters in Eq. 4.44, it is usual to treat 0 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 

/ig. 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 Ugat- The critical field for which this 

happens is given by The effect of velocity saturation is modelled just as in the 

original version of STAG [1]: 

jUyeR -- ' (4-45) 
ŝat -̂ eff 

Combined Mobility Model 

The two high field efi'ects give rise to the following expression for the high field elective 

mobility [1]: 

If /is in Eq. 4.15 is simply replaced by /ieff and we use VsL = min(^g80, V'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 tha t the new mobility model 

reduces the current for V's < V'ssO, where VssO is used as the saturation voltage, while in 

fact it is necessary to introduce a saturation surface potential VsLsa t -

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] (/cHsat = W Ugat Qdnviy = 0)). To find the saturation surface 

potential at y = Leff) we search for the value of-i/igL for which the channel current becomes 

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

aichi 

If we consider only the drift part of the channel current we find 

== 0 . ( 4 .47 ) 

V'sL=V'aLsat 



(2 g '̂ sLsat + / l ) 0 — 
'i/'sLsat + "(AstO 

+7m ' ^ V % 0 + ^ (V'sLsat " V'sto)^ + 

^ -^mob {g • (V'sLsat ~ V'sto) / l ' (V'sLsat ~ V'ato)̂  (4.48) 

with 

Replacing '̂ aLsat by 

Mmoh — —% + J J- + ^ 7m ~ • (4.49) 
^ -̂ efF sc ^ 

lj) 

V'sLsat — V'stO "I" g (4.50) 

with S as a new variable and ip = -ipsto - we find a quadratic equation: 
q2 Q V" -^mob (^K^\ 

2 1 + g . ( ^ - ^ , t o ) + ^ 7 m \ A ^ " ( ' ) 

with the solution 

C _ 1 I 1 /i _| 2 1p -Mmob , . 
" ^ - 2 + 2 + + ^ ^ 

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 ip-. 

ip = —V'sto — (4.53) 
^ 9 

Vg - rjs Ipsto - 70 V%o ( l 

= (4^^) 
2 g 

In the strong inversion case the term 70 ^/ipsto can be neglected compared to ^ . On 

the other hand, in the subthreshold case % is zero, and neglecting the above mentioned 

term means ^ = 0. So, under subthreshold conditions we find V'sLsat = V'atO = V'ssO, which 

is what we want. Rewriting Eq. 4.50 and omitting the described term in ip gives the final 

expression for the saturation surface potential at y = L^s 

= A , . + . (4.56) 

Note that •i/'gLsatf is slightly smaller than •̂ sLsat) 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 Ca lcu la t ion of t h e Saturat ion V o l t a g e 

In the previous section the saturation surface potential at y = L^s (V'sLsatf) was calculated. 

This saturation effect happens for a certain value of the drain voltage, referred to as the 

drain saturation voltage Kkat- To calculate we look for V^is = Klaat for which 

-^chi (''/'sLsatf ) — Alrg (V'sLsatf, % ) i S ) , i-6-

9 ' ^V'aLaatf ^ V'sto) / ' (V'sLsatf V'sto) = 

-P" ' 4- ^8tO — lAaLsatf) + G - + V'sto)^ — V'sLaatf) - (4-57) 

Kisat — g y + — V'sto (4.58) 

This results in 

with 

- (^gLsatf - V'sto) + y ' (^sLsatf - V'sto) + V'sLsatf ' (G V'sLaatf + f")) -

(4.59) 

In subthreshold âLaatf — V'sto, and hence Vdgat as calculated from Eq. 4.58 is close to zero. 

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

that Vdsat 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 FoiS to Vdsat [14]: 

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 T h e Tota l Current Express ion 

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: 

^ ^ 

{ 9 • ("(AsL - V'so) + / • (V'sL — V ' so ) ) ( 4 6 1 ) 
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with 

exp 

b | l + ^ 1 (163) 

The expression for -i/'giL is identical to VsiL (Eq. 4.32), with the difference that PbiS is 

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

*,L = + (4.64) 

with A and B defined by Eqs. 4.35 and 4.36, and C given by Eq. 4.37, where Fois is 

replaced by %isn: 

c = — (g V'siO + / V'sio) ^ P • (%iSn + V'sio) — G • (Vbign + V'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: 

ĈHO, sub-threshold — (^'(V'aL-V'so)) (4.66) 
l^s 

. ^ exp ( ^ ) - exp 

-lAsaO - exp ^ 4- exp j (4.67) 

" ^ ^ - ( 2 ^ ) ( l - exp ( _ % . ) ) } ,4.68, 

In Eq. 4.68 we recognise the same exponential functions as for the standard MOSFET 

[11]. In the sub-threshold regime tpsL is the minimum of V'siL and ipsso'i this value is slightly 

larger than '̂ go if %;sn > 0. 

Let us now come back to the comment made in Sec, 4.2.5. Setting Vdsat = 0 would 

result in VbiSn = 0 and -̂ siL = V'sio, which would give a zero current instead of the 

subthreshold current. Thus we require a small off-set value for Vdsat) usually selected of 

the order of For this very reason the value of 0.1 V was added to Vdsat 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 

use [1] 

) ( ' ~ i t ) • '4 69) 

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

== P̂B - 7oo yews , (4.70) 

where 700 = Two models are included for the channel length modulation (CLM) 

effect. In the saturation region, an increase in Vbis causes the pinch-off point of the 

channel to move towards the source. The reduction in channel length, referred to as 

can be described by a simple model [1]: 

Zd = Ar • (Fois - %iSn) • (4-71) 

The second short-channel model [1] is given by 

id = k In A + . (4.72) 

The simple model is the default. The only way the short-channel model can be invoked, is 

by specifying a non-zero Vp and a non-zero and not specifying A .̂ With channel length 

modulation we obtain 

= /cHO (4.73) 

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 t h e CLM effects into account 

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

4.3 Dr i f t Cur ren t unde r t h e 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 

i f ) . 
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Drain 

depl. boundar} 

inversion 

dr 

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 writ ten as the current in a 

depletion-type MOSFET with the back gate acting as the gate terminal [11] 

-̂ DRO = J— Mdr <1 ND / ( i bd r - <^(V')) ' 
-'-'dr •'V'Di 

(4.74) 

where d{ij)) is the depletion layer thickness extending from the buried oxide into the silicon, 

and ibdr the silicon thickness under the field oxide. The channel potentials and -i/̂ D are 

shown in Fig. 4.6. In this section all potentials are referenced with respect to the neutral 

bulk potential minus <̂ bid-

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

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

ep 

Cob 
q N-D 

( - K b + i>) , (4.75) 

with Fgb = VcbB — and Cob 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 dinv and can be expressed as 

(̂ inv — 
'2 Csi (2 ^Fdr 4" '^) 

q N-o 
(4.76) 

where we have used the depletion layer approximation from [4], and where the inver-
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sion surface potential is approximated as + ip. 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^^].: 

with 5(ir = 

(4.77) 

2-y/i+2(t> Fig- 4.7 the linearised and ideal depletion layer thicknesses 

• ideal depletion layer thickness 

linearised depletion layer thickness 

— 1 00 V 

Figure 4.7: Comparison of the linearised (dotted line) and ideal (full line) formulation 
of the depletion layer thickness; d(^) vs. tp for PcbB = —50 V and -100 V. 

djep and dinv are compared for typical parameters (see Table 1.3 in Chapter 1). Very 

good agreement is obtained for low values of ip and VobB • For higher values the deviation 

increases, but remains below 5%. 

Using the linearised formulations for d(^) the integral in Eq. 4.74 can be rewritten as: 

ipT> fi>\ ri'D 
(tbdr - d ( ' ^ ) ) - # = fbdr ' (V'D - V^i) - / dinv(V') ' # - / ddep(V') ' # , ( 4 -78 ) 

where ipi is the potential at the end of the inversion layer as denoted in Fig. 4.6. This 

potential can be calculated from dmv(V'i) = (^dep(V'i), 

tpi gb 
1 - "ybdr 

(4.79) 
d r 

with 7'̂ '̂ '' = being the back gate body factor in the dr if t region. The potentials at 

the internal drain node and at the drain can be expressed in terms of the nodal voltages 

using ipDi = FoiB and Vd = VDB- Substituting Eqs. 4.75, 4.77 and 4.79 into Eq. 4.78 
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results in 

D̂RO = -^3^ j^DB - %iB - ( 7 ^ ^ ^ I t + B^2t) j , (4.80) 

with 

I t a * = ^ (4 .8% 

H i t = ^ ( % B f O ^ ^Dib) \ / 2 <^Fdr + (^DBfO ^ ^ D i s ) ^ (4.83) 

^2t = 2 ( ( " ^ b + %B)^ - ( - l ^ b + ybsm)^) (4.84) 

and Vbsm = iiiiiihyp(yDB,niaxhyp(yDiB,V'i))- The "minhyp" a n d "maxhyp" functions de-

scribe a smooth and continuous minimum and maximum respectively, and can be found in 

App. C. Note that Rq^ can be recognized as the ON-resistance of the drift region under 

zero bias conditions. Vpdep is the pinch-off voltage when the back surface is not inverted 

and Fgb = 0. 

4.3.2 Saturation by Pinch-ofF 

The maximum value for the depletion layer thickness is tbdr- T h e channel voltage at which 

this happens is called the pinch-off voltage. Let us assume in the following reasoning that 

^DB > VbiB! otherwise Fdb and F d i B only need to be swapped in the current equation. 

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

• VbiB > ipi • no inversion at the buried oxide 

The pinch-off voltage l^atdep can be found by equating d^ep to tydr: 

^atdep — + ^ d e p • (4.85) 

• "ipi > V d i b : inversion at the buried oxide 

The pinch-off voltage T^atinv can be found by equating dinv to fbdr: 

v . . , , . . = 

Both VbiB and VQB are limited smoothly to the maximum of Fgatinv and Vgatdep- It 

can be proven that when VbiB > V'i, this maximum corresponds to l^atdep, and when 

%iB < ipi, it corresponds to Fgatinv (see App. D). In conclusion, we obtain the pinch-off 

voltage 

%'sat — niaXhyp(V^atdep) ^ a t i n v ) • (4 .87) 
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To include saturation by pinch-off in the drift current expression, VbiB and Vdb have to 

be replaced by 

ybiBB — (4.88) 

Vbsst = niinami(%B,^8at) - (4.89) 

The smoothing functions "maxhyp" and "rningmi" 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 //dr with [15] 

" 1 + 93d,(l'DB - VDIB) 

with #3dr = „ _ The quantity Ugatdr is the saturation value for the drift velocity, 
"8)#drĴ dr 

which in theory is 10^ cm/s for silicon [15]. 

Both Pdb and VbiB have to be limited due to velocity saturat ion effects. To calculate 

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

• Vdb > VbiB > tpi '• no inversion at the buried oxide, a n d hence VbBfo = VbiB 

To find the velocity saturation potential Fgati we solve 

QIBRO 

aVoB 

and get 

= 0 (4.&U 

Vdb > tpi > VbiB : the surface at the buried oxide is partly inverted, and hence 

VbBfo = V'i- To find the saturation potential V ât2 we solve 

Ol/DRO 

avbB 

and obtain 

= 0 0L93) 

(4^4) 

ipi > Vdb > VbiB : inversion along the whole length of the buried oxide, and hence 
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V p B f o = V D B - T O find the saturation potential F g a t s w e evaluate 

OIGKO 

dV^B 
= 0 ( 4 . 9 5 ) 

VDB = Vsat3 

which yields 

v . . , 3 = V d i b . + 2 ^ + a " - " " " 
^3dr V 3̂i 3dr #3dr #3dr 

(4.96) 

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

saturation potential: 

Kat = % lBs - 7i A + , / r - 2 ^ + 2 ^ + ( * - (1 - t " ' «<ir) , (4.97) 
^3dr y ^3dr "sdr "Sdr 

with 

^DiB = maxhyp l^minhyp (FdIBs, V'i) ,V'i - ^ C^̂ Pinv - V'i) j • 

Limiting FoBst to results in the final expression for V dbs : 

^DBs = VbiBs + nainsat(^DBst — % i B s , — ^ i B s ) • 

BL98) 

(4^9) 

The final expression for the drift current, including pinch-off and velocity saturation 

IT Q 

+ + -

!J 
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:t1J 

J i T T 

j u r . j . 
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, •rtT' 
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VGbB= 0 -> -150 V in -50 V steps I t 
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+ !-
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Figure 4.8: Drift current vs. Vboi for different back gate biases. 
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effects is given by 

Hi = (VoBf - ^DiBs) \ /2 ^Pdr + (^DBf ~ ^ iBs ) (4.101) 

^2 = ^ ( ( - l ^ b + %Bs) ' - ( -V^b + %Bf)'') (4.102) 

and %Bf = niiiihyp(%B8,maxhyp(l6iB8,V'i))- The expressions for l^;g, ItiBs and %,Bf 

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. Foci 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 Model l ing Hea t ing 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 t h a n in its bulk counterpart, 

especially for high voltage devices where the buried oxide layer can be up to 3 /im 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. 

A T (transistor 1) 
AT 

Externally accessible thermal node 

Thermal network embedded 
within SOI LDMOS model 

Inter onnection netwoft 
for t h k m i a l coup l i ng 

A T (transistor 2) 

(C) 

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 {RT) 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 

f = ^ + (4.103) 

The dissipated power in the SOI LDMOS is given by 

P = 7cH%iS + -^DR^DDi (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, Fdib, VcfB, %bB, and Vgg, 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 Opt imised Parameter 
just above '(4ho,yDS=0.1V Ms J Macc) ^hO 

/D-%fS,%S=0.1V âcc 
-̂ D-VGfS)'̂ DS=0.1V, high FofS JVD 

e 
/n-VcfS,medium-high Vcfg, yDS=l^fmax/2,VGfmax ŝat 
ffDS-Vos, VBS=OV, VGfs=Vtho+0.1V,..,Vtho+3.1 ((Zx and or Ar), a 
-^ds-Vds, %s=OV, VGfs=Kho+0.1V,..,14ho+3.1 G-i %at 
/DS-%S, low-medium %s, %atdr, A'dr 
-̂ D- Vbfs! ^Gfs=Vi;ho-0.5V,..., Ftho+0.5V, 
%S=0.1V,VGfmax/2,VGfmax, l^S=OV a 
-̂ D-VcfS; V G f s = V i h - 0 . 5 V , . . . , V t h + 0 . 5 V , 

%S=0.1V,VGfmax/2,VGfmax, %S=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 (T^om) to the ambient temperature (TEMP = Tamb) is performed 

in a parameter preprocessing stage of the simulation (see Sec. C.5.2 in App. C). Tnom 

is the measurement temperature, and TEMP = Tamb 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 A T 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 (T^rov = 1-2 

and -Ldrov = 3.2 jim) and MV LDMOS devices with three different drift lengths (Ldr = 

3.7 /im, Ldr = 5.7 /^m and Ldrov = 7.7 jim) 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 Sees. 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 

I4hO and A:na 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 Opt imised 

^hO 2.75 V 
NA 0.95 10^^/ cm^ 0.75 10^7/ cm^ 

1 1.4 

Ms 750 cm^/(V.s) 700 cm'^/(V.s) 
e 0.03 V-^ 0.045 V-^ 

1-^a.cc 750 cm^/(V.s) 750 cni^/(V.s) 
^acc 0.03 V - i 0.04 V-^ 

•fsat 1 10^ cm/s 2.2 10^ cm/s 
a 0 0 

Nj) 1 lÔ G /cm^ 1.3 lÔ *̂  /cm^ 

/̂ dr 1450 cm^/(V.s) 1250 cm^/(V.s) 

"̂ satdr 1 10^ cm/s 1.4 10^ cm/s 

/v 1 0.3 
Ar 5 10-!^ m/V 5 10-=^ m/V 

L 1.5 fj.m 1.45 fxm 
L-o 0.3 nm not optimised 
tof 60 nm not optimised 

ôb 3 jj,m not optimised 

th 1.5 / i m not optimised 

^bdr 0.9 fim not optimised 
m 2 not optimised 

XFB -3 10"^ (extracted) not optimised 
k 1.7 (extracted) not optimised 

ka.cc 2 (extracted) not optimised 

kdr 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 

Wsat and Wsatdrj 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 ( % (LV) = 57 O for = 50 and 

(MV) = 30 n for = 50 yUm). 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 Ldr and -Ldrov 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 

3:1 = 3.7 (J.m, 1.7 p-m 
4: i = 5.7 um, L = 1.7 um 

drov 
-5: L^= 7.7 urn, L 

dr drov 

5 10 
Gate bias [V] 

Figure 4.10: Measured (markers) and simulated (full line) drain current in the linear 
region for different geometries and % g = 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 idrovi and curves 

3, 4 and 5 show the current decrease with increasing Xdr- 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 A;na = 1.4 is used. 

. = 1.2 |im 

J. 0.5 

2 0.2 

5 10 
Gate bias [V] 

Figure 4.11; Measured (markers) and simulated (full line) current in the linear region 
for V b s = 0.1 V and V b s = 0 V, —1 V 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 = Because of the assumption 

that 7 is a linear function of -̂ g, the inversion charge in the intergral of Eq. 4.5 will be 

over-estimated just above the threshold for values between -^so and ^sL, explaining the 

slightly over-estimated current. 

4.5.2 Output Characteristics 

a 
l . 

O 

L = 0Lim,Z,^„,= 3.2um 

5 10 

D r a i n b i a s |V] 

F i g u r e 4 .12 : LV LDMOS with 
idrov = 3.2/im; measured (markers) 
and simulated (full line) current vs. 
Vbs for Vofs = 3.5 V, 4.5 V, 5 V, 
5.5 V, 8 V, 11 V and 14 V 

15 

< 

~ 10 

1 
3 W 

I ' 
Q 

0 

-

^ [= = 7 . 1 

- 14.1 V 

0 2 4 6 8 

G a t e b i a s [V | 

F i g u r e 4 . 1 3 : LV LDMOS with 
idrov = 3.2 /im; measured (mark-
ers) and simulated (full line) current 
vs. Vofs for %)s = 7.1 V and % g = 
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 drif t 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 
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\ / D S = 14.1 V 

0 5 10 

D r a i n bias |V] 

Figure 4 .14 : MV LDMOS with 
Z/drov = 1.7 /im and L^v = 5.8 //m; 
measured (markers) and simulated 
(full line) current vs. VDS for Vofs = 
3.5 V, 4.5 V, 5 V, 5.5 V, 8 V, 11 V 
and 14 V. 

0 5 10 

G a t e b ias [V] 

Figure 4 .15: MV LDMOS with 
Z/drov = 1.7 /um and Ldr = 5.8 /im; 
measured (markers) and simulated 
(full line) current vs. VofS for % s = 
7.1 V and Vbs = 14.1 V. 

the lower drain bias. 

4.5.3 High-Side Behaviour 

3.5 

3 
< 
a 2.5 

e g 2 
u 
S u 1.5 
B 
2 1 
Q 

0.5 

0 

VGb8=0 V (1) 

- \ /Qb8=-50V(2) 

- V G b s = - 1 0 0 V ( 3 ) 

- \ / ob«=-150V(4) 

10 
Drain bias [V] 

15 20 

Figure 4.16: Measured (markers) and simulated (full line) current for Vofs 
and FcbS = 0 V, - 5 0 V, -100 V and -150 V. 

10 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 
-C'drov = 1 . 7 / x m a n d L d r = 5 . 8 / i t n ; 

measured (markers) and simulated 
(full line) current vs. Vofs for Fds = 
0.1 V and Vbbs = 0 V, -50 V, 
- 1 0 0 

12 

5.7 (im, L, = 1.7 um 

-350 -300 -250 -200 -150 -100 -50 0 

Back Gate bias [V| 

Figure 4.18: MV LDMOS with 
Ldvov = 1.7 jum and Ldr = 5.8 /zm; 
measured (markers) and simulated 
(full line) current vs. Vcbs; ^Gfs = 
10 V; Vbs = 2 V and % s = 10 V. 

region, so that the current decreases with increasing Fds due to self-heating. It is probable 

that 2-D effects in the drift region change the field distribution when Pds 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 at which point the current stays constant. 

4.6 S u m m a r y 

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 t h e 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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C h a p t e r 5 

Compact Charge Model 

5.1 In t roduc t ion 

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 eEects have to be taJten 

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 t h e Charges in t he LV L D M O S 

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 t h e O F F - s t a t e 

Figs. 5.1 (a), (c) and (e) show the charge distribution when the device is in the subthreshold 

regime < VcfB < Kho); 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 (T^ho) is higher than at the 

the drain end (VthL)- The ATLAS simulation results from Sec. 2.2.3 showed that, for a 

gate voltage higher than T4hL, an inversion layer is present, growing from the P-N junction 

towards the source as VofB is increased (case (a)). We define Xmin 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: V'si(y) = i'ssiv)-

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 (I/min^ until 

the inversion layer disappears completely (case (c)). But as long aa VcfDi > the 

accumulation layer in the drift region stays present. 

When the gate-internal drain voltage (VcfDi) 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 biaa is decreased below Hat 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 causes surface inversion in the drift 

region (case (h)). 
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Figure 5.1: Intrinsic charges in the SOI LDMOS for different bias conditions: 
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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 (Vg® > Kho)- 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 (ipsh) 

until the inversion layer pinches y = (case (d)). 

When the drain voltage exceeds VcfB — 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 

( f ) ) . 

5.2.3 Charges at the Back Oxide Interface 

Let us consider the bias situation where VobB = 0 V and is positive. Since VobB > 

, a depletion layer is present at the back oxide interface in the f-region. Assuming a 

substrate, — VobDi = 0 V is smaller than the flat band voltage between the drift region 

and the back gate (—Ip^), 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 < I/eff) 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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Figure 5.2: Fluid dynamical analogue for illustration of the storage and motion of the 
channel charge in the SOI LDMOS. 
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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 Noda l Charges Originat ing f rom t h e Channe l Charge 

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

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

( f^eS fLtot \ 

/ Qcinv ' dy + I Qca.cc ' dy I ( 5 . 1 ) 

where gcinv and gcacc represent respectively the inversion charge density and the accumu-

lation charge density in the channel and Ltot = êfF + -̂ drov (cf. Fig. 5.1 (a)). To perform 

this integration expressions for gcinv and %acc as a function of position y are needed; they 

will be derived in Sec. 5.3.4. An expression for imin 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 

^ (5.2) 

oKdhoi , /r n\ 

where i d i ( i ) and is{t) are respectively the drain and source "charging" currents. Q d i and 

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

0CH = Qoi + 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 Button partitioning scheme [12], which is rigorously 

shown to be correct for a simple MOSFET with a constant channel doping concentration. 

However, for the LBMOS, 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 Button scheme is repeated and we will explain where the 

derivation is not correct for the LBMOS. In Sec. 5.3.2 we present a modified partitioning 

scheme for the LBMOS. 

5.3.1 The Ward and B u t t o n Partitioning Scheme 

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

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

Qow = (f!/ (5.5) 
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0̂ %%" = 9c-db (&6) 

where the subscript "wd" indicates that the Ward and But ton partitioning scheme is 

used, and the superscript "MOS" refers to a standard MOSFET. Using this scheme in the 

LDMOS gives: 

fLtot ij 
(9DiT^ =: t r / ^ ^ - r - - 9 c (5 7) 

J Lmin -^tot -t̂ min 

Q!S,RD = TR ( L - - ; GC DY (5X3) 
J Lmin \ -LJtot -Limm J 

where qc is the charge density in the channel, which for the LDMOS is the inversion 

charge density (gcinv) for y < Lgff and the accumulation charge density (%acc) for Leff < 

y ^ -̂ eff 4" -^drov 

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 t^ib + ^fb^- This cannot be 

correct since, below the threshold voltage, there is no conducting path between the source 

and the inversion channel charge and hence Qs should be zero as we explained in the 

previous section. So why is the Ward and Button 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 

-/̂ (Z/, <) = 9 ?%(!/, <) (^'^) 

with jj. the mobility in the channel, n(y, t) the mobile carrier density and ips{y^ t) the surface 

potential at the silicon surface in terms of position y and time t. Neglecting recombination, 

the current continuity equation is given by 

9)1(3/, t) ^ 1 9/(3/, () 

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

(5.10) 

' ^ [ T * ' = " " t o . ' ) + /«).<)• (5.11) 

Integrating again jErom source to drain and rearranging terms results in 

In the case of a MOSFET with a constant doping concentration along the channel, 

we can write n{y,t) = n{ips{y,t),VGmit)) = "•(V's) ̂ GfB)- 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 

7(0, f) = g — / / — . di/ % + g ^ ' # 3 - (513) 
L Jo JO (Jt L JipQ{t) 

The second term is recognized as the steady-state current, which will be referred to as Jq, 
jQMOS 

and the first term can be identified with — B y developing a little further the first 

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

== 9 IT / / (&14) 
L Jo Jo 

= g ; y ^ ^ ( l - ^ ) » ( ; / , < ) . c f 2 / . (5.15) 

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

done, because 

/ m(2/, V'B,<) ^ / M('̂ s, V^fg) - - (5-16) 

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 

r Hv.t) = • dy (5.17) 
Vo vo 0^ 

is not the steady-state current. Imagine a small decrease in V d i b at t = to; this causes an 

instant decrease in ips{Ltot), 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 Lmin, 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 = to we 

have which has a non-zero value in the accumulation-inversion channel and drain 

current will flow until an equilibrium is reached. So at f = to, we have 

)̂ - / /(!/, t) < 0 . (5.18) 

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, 

%((/, () = M(^s(3/, (), Vom (^)) = M(^s, Vbm) (5.19) 

is a good approximation (cf. the approximation of the body factor in terms of ips in 
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Sec. 4.2.1) and the Ward and Dutton partitioning scheme is expected to give valid results 

for Qni and Qs-

5.3.2 The Modified Ward and Dut ton Parti t ioning Scheme for LDMOST 

(a) VFB < Vera < VthO \/DiB — VsB = 0 V 

soumB JmW fiuid 

V G f B - V F B 

(b) VafB > VthO = 0 V 

Vom - VM 

sourm MuM dmiM Wuid 

Q s w d - Q s w d l i m 

Q D w d 

Q Swd l im 

F i g u r e 5 . 3 : Fluid dynamical analogy of the partitioning of the channel charge: 
(a) VofB < VthO, (b) VofB > Kho-

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 Qoi = QCB and Qs = 0, while t h e 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 VofB < Kho, to the drain charge predicted by Ward 

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

Qm + Qs = 0 C H -

Following the reasoning above, the equations for the internal drain and the source 

charge become 

Qni = 0Diwd + Qswd(VGfBlim) 

Qs — Qswd Qswd(^^fBlim) • (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 VcfBiim : 

Qswdlim = Qswd(^fBlim) = i ^ 
L QswdlKhoj for VcfB > ^ho 

In Sec. 5.3.5 it will be explained how VofBUm 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 (Qswdlim) is now a very small 

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

gives a good approximation for Qs and Qoi-

5.3 .3 Ca lcu la t ion of L m m 

If VofB < Vtho then we have to calculate the value of imin, 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 Ccise for Alternatively, when Vgs inversion will start at the source 

end when the source threshold voltage (Kho) is reached. 

Let us now consider the first situation and calculate i>minL, the position for which the 

channel becomes inverted under the assumption that inversion starts at the drain end. For 

y = -̂ minL) the expression for the subthreshold surface potential has to equal the value of 

the inversion surface potential: 

V ' s s ( - ^ m m L ) = V'si ( - ^ m i n L ) (5.23) 

+ y «p ( - ) j (524) 

(5.25) 

2 

with '̂ siLinv the inversion surface potential at r = where is used to indicate the left 

side of the P - N ^ junction. In the ON-state V ' s i L i n v is equal to V'sLaco the surface potential 

at z = but, in the OFF-state, these quantities are different (see next section). To 

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

V^ = 2 ^ t l n ( l + e x p ( ^ ) ) , (5.26) 

and limits the quantity Vg to positive values. In the expression for the subthreshold surface 

potential at 1/ = Z,minL (Eq. 5.24), the approximation consists of using 

where Fpg is the Hatband voltage at y = 0. The fiatband voltage at y = LminL is in fact 
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fej^A<^t higher than at y = 0, but this value is of the order of 0t and can be neglected. 

The quantity '^si(^minL) is in theory higher than •i/'siLinv, but again this 

value is of the order of ^ and can be neglected. 

Solving Eq. 5.23 for LminL leads to 

r ^ -̂ eff t / To 'x/V'siLinv ^ (5.27) 

The denominator Vgy — ipsiUnv has to be limited in between ToVV'siLinv and t l V V ^ s E ^ -

This ensures that iminL stays in between 0 and Lgff, reaching the lower bound when the 

source threshold voltage is reached, and the upper bound when the drain end is no longer 

in inversion. 

Vcfe/ 

y — /-minL 

depletion edge 

electrons 

junction 

(a) Movement of LmmL when Vdib = VSB 

VcfS ^ VthO 
LminO = Leff 

ebon edge 
VcfS > \/t thO 

LminO — 0 

P / / N. 

(b) Movennent of Lmino when VDB » VSB 

Figure 5.4: Movement of Lmin with increasing gate bias: (a) VDIB 

%iB >>> VSB 
(b) 

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 I/minL = -̂ eff for a high enough drain voltage, independent 

of the gate-source voltage. This is not correct, since once the gate-source voltage reaches 

FthO) an inversion layer is present over the whole length of t h e channel, and I/min should 

then be 0 (see the "Vofs > Vtho" case in Fig. 5.4 (b)). 
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Let us now consider the case when VDIB VsB, and inversion starts at the source end 

of the channel. This is not the same gradual process as is t he case when inversion starts 

at the drain end and gradually moves towards the source as Vcfs is increased; now, on the 

contrary, when T4ho 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 Leff around the threshold can be achieved in a smooth way using: 

20 , J O 
^minO = — ln( ^ % ) Vp ey V ' s i O 

(6.28) 

where the inversion surface potential at the source, V'sio, is used instead oi ipsiLmin- Vgy -

V'sio has to be limited in between 'yoVV'aiO and 70 exp to keep LminO between 0 

and 

<3 

F i g u r e 5.5: Lmin vs. FofB for Vbis =0 V, 0.2 V, 0.5 V, 5V and Fsb =0 V, 

The choice of this empirical function for î mino waa made by analogy to î minL; the 

denominator — ŝiLinv in Eq. 5.27 can vary from (when the drain end is on 

the edge of inversion, Z/minL = ^efr) to I'oW'siLinv (when the inversion layer has extended 

all the way to the source, -LminL = 0). The ratio of these two quatities is a measure for 

the slope of .LminL when plotted against iii the transition region. This ratio only 

depends on the doping gradient, and is given by exp(A:NA/2)- Similarly can 

vary from joVi^sio (when the whole channel is on the edge of inversion, LminO = -^eff) to 

70 exp (A:n^/20)x/V^ (when the inversion layer is established, LminO = 0). The ratio of 

the two quanteties being exp (/sna/20). This ratio was chosen to be ten times smaller on 

a log scale than for î minL to ensure the fast transition required, and, at the same time, 
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provide a smooth conversion from iminL to _LmmO, when taking the minimum of the two 

(see next paragraph). 

The final expression for -Lmin is given by the smooth minimum of -LminL and -LminO, 

and is illustrated in Fig. 5.5. For very low F d i b we have L^in = -CminL (see curves (1) and 

(2) in Fig. 5.5). For very high PoiB, is given by jLminO (see curve (4) in Fig. 5.5). For 

intermediate values of Fdib, -̂ min converts from -LminL to LminO as VofB 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 

MOSFBT 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 

' (5.29) 

This is integrated from to and from to Z,tot: 

^CH = 7 ; / Qcii^s) • dips (5.30) 
-t̂ efF -̂ min •/i/'sLmin 

/cH = — / gc(V'8) # 8 - (5.31) 
^drov '/V'sLacc 

Changing variables, and assuming that the body factor in the expression for % (see Eq. 

4.6) is constant and given by 2o±7l^ leads to the following result 

^CH = ^ j j 2^ r / Qc • (5.32) 
^of • [J-'eS -^min) J 

W ( \ 
/cH = 7̂  r f / % dgc j (5 33) 

l̂ of " l-^drovj \jq-L&cc ) 

where a = 9Lmin î  channel charge at ?/ = % the channel charge density 

in the inversion layer just before the P-N junction, gLacc the channel charge density in the 

accumulation layer just after the P-N junction, and gdi the channel charge density at the 

internal drain (the end of the drift region under the thin front gate). They are given by 

L̂niin ~ C'of • "• % V'sLmin ~ 7Lmin V 'V ' sLmin^ (5.34) 

% = Q f - % V'sL - I t (5.35) 
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fLacc — (/of ' — V'sLacc " 

9di = Coi • — V'sdi — ^FB^) • 

(5.36) 

(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 ĝ niin ^ by definition zero below the threshold, and becomes go 

once the threshold voltage is reached. But below threshold % is zero as well, so qL în can 

be replaced with 

90 Cof' - %V'80 - (5.38) 

and in that way, the calculation of •̂ sLmin is avoided. The surface potentials V'sO and ^sdi 

are straightforward to calculate: 

7 0 K gy 
% 2 % ' ^ 4 77̂  

V'sO ~ millsm2('0siO; "̂ ssO; 2 ^t) 

^sdi = %iB 

(5.39) 

(5.40) 

(5.41) 

where V'sO 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 and V'sL to the body potential, while 'i/'sLacc and V'sdi use the 

body potential plus ^bid as a reference. This explains why Eqs. 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 i/ = (V'si) and (TAsLacc) is less 

evident. In the ON-state ^gLacc should be equal to V'sL (they actually differ by 4'h\Â  because 

of the difference in reference potential). However, when no inversion layer is present, the 

main part of the drain voltage drops over the jP-.ZV" junction and ŝLacc diSers from ĝL-

For the DC current, only '̂ gL was of interest, because this value was suGcient to determine 

the DC current in the SOI LDMOS. 

To find the value of ^sLacc, we rewrite the expression for the DC current (7cH = d̂rg) 

and solve this equation for -̂ gLacc- This is the same expression as Bq. 4.24 derived in 

Chapter 4 with the difference that we use the body potential + ^bid as a reference, and 

that yi)iB is replaced by F' = min(V '̂̂ , %iB) 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 IcH has already saturated 
{i>sh = i/'sLsat) when the accumulation layer s ta r t s to disappear at the d r a i n end. 
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end of the accumulation layer is given by = VcfB - We have 

Id rg " V'sLacc) — 2 + V'sLacc)^ + (V' - '^sLacc) (5.42) 

with [3'. /3a 
kcc -- i+eac..(v^r_v^,g). Solving; for lAsLacc EPTfes : 

/ v 
lAsLacc 

B J%oN 
( v f - - VmB..) + 

/ v 

1 + 
2 / C H 

/)&:c ' (P08(ig^'' - VoiBn) + 
(5.43) 

with I^iBn defined as 

VbiBn — 
niin(l/DiB, tgir) if ItifB :> t lh 

yoiB otherwise. 
(5.44) 

where VbiBn is used instead of V to ensure that, when Vcfg < (i.e. the device is in 

sub-threshold), ^sLacc equals VbiB iu 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 -̂ siLinv at y = L~g can now be calculated in 

exactly the same way as -^aio, the strong inversion surface potential at y = 0: Fsb is 

replaced by •̂ /'sLaco 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 ^siLinv is given in Sec. C.9 (block IB) in App. C. ^sL is 

then obtained by taking the smooth minimum of the subthreshold surface potential (V'SSL) 

and ipsiL'mv' 

V ' s s L 

V'sL 

2 % 

min gYnZ ("^siLinv; V'ssL; 2 < t̂) 

(5.45) 

(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 Ẑ min to some point y in the channel, or from jCeg to some 

point y in the channel: 

.̂ CH 
W 

9c - dgc j for < !/ < Z'eg: 

I I for < 2/ < ^tot: 

(5.47) 

Knowing that ICH 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 < Lgff and y > -Leff- This 

then provides us with the charge distributions: 

gdnv = 1 /90+ (9L-9&) ^^nin (&48) 

g«Kc == (9a -9Lw=) (&49) 

5.3.5 Final Expression for the Nodal Charges Originating from the Chan-

nel Charge 

Substituting Eqs. 5.48 and 5.49 into Eqs. 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: 

(2cH = --jl -- Z^nin) 90 ^ Z/drov SLacc ^ | (5 50) 

where 

jr == (5.51) 
% 
9Lacc == . (5.52) 

The charge associated with the drain as predicted by the Ward and Button partitioning 

scheme, results in: 

Q o i w d — 0 D i n v "I" Q o a c c ( 5 . 5 3 ) 

where 

/ r^eff y \ 

0 D i n v — VV I / — - 9cinv ' dy 1 
X-'Lmin -"tot " -t^min J 

/ f L t o t y \ 

Q o a c c = W I / — - Qcacc " dy 1 

\JLefi -L^tot ~ -^min J 

2 + 6 j^2:c+4Facc + 2 
15 (fLcc + ^ f 

I ^ W ( ^ e f f ^ - t ' m i n ) - ^ d r o v -^acc -^acc + 1 / r c r \ 
-^77 yy ; 9Lacc ; ; . 1 0 . b b ; 

<J -t^tot — -L'min ^acc "T i 

Let US now have a look at the extra charge Q s w d l i m , w h i c h has to be added to the 

drain charge to account for the doping profile along the channel. The subscript "lim" is 

added to the diEerent charge densities to indicate that VofB is replaced by Vcfsiim where 

appropriate, resulting in g u i m , g L a c c i i m , 9d i i im and goi im- N o t e that by deSnition goHm = 0 . 
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Substituting these into the equations for the charge density as a function of y (Eqs. 5.4 

and 5.49) yields 

^cinvlim — l / j- ^ -^min < 2/ < -^efF (5.56) 
V -^min 

^cacclim — y ^Lacclim + (^dil im ^Lacclim) f o r < %/ < ^ t o t - ( 5 . 5 7 ) 

We refer to App. E for the derivation of the expression for gLlim, Qdilim and gLacciim- The 

extra charge can now be found from 

Q s w d l i m — f ( l r ^ 9cinvl im ' d y 
JLinin \ -^tot ~ -L/min / 

+ t f ( l - - ; gcazclim (4/ 
JL„ff \ ^ t o t — ^ m i n / "'//eff \ ^tot -^min/ 

Qsinv l im 4" Qsacc l im (5.58) 

where 

/O _ w ^ I (-^eff ^ m i n ) 2 (Z/efF - ^min ) -^d rov \ r r cQ\ 
VSinvl im — ^ O'Llim " I i r r r Q r r I ( O - O y j 

\ J-O -^tot — ^mln j Mot — -^min / 

(Zawdim == ^ + 6 facclim + S l ^ 
15 Z,tot - -^min \ ( f accUm + 1) / 

with 

F„dto = (5.61) 
QLacclim 

Using Eqs. 5.50, 5.53 and 5.58 the total charges associated wi th the source and the drain 

can be written as 

0Di ~ Qoiwd ~l~ Qswdlim (5.62) 

Qs = QcH — Qni - (5.63) 

5.4 Noda l Charge Originat ing f rom Dep le t ion unde r the 

Front G a t e in t h e P - B o d y 

The total body depletion charge in the f - b o d y under the thin gate oxide is found by 

integrating the body depletion charge density &om 0 to Z,eg: 

Qsdep = ty / g(,(i/) - (fi/ (5.64) 
vo 

where qh{y) is the body charge density at position y. Using t h e 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, % can be expressed as [9] 

9b(!/) ^ -Cof 7(2/) - (5.65) 

In order to perform the integration, •̂ g is needed as a function of y. For this we proceed 

as follows: from the relation gdnv = -(^of — %V'8 - ?(!/) V % ) , V'a c&ii be expressed aa 

a function of qcmviv), which yields 

where qdnviy) is given by Eq. 5.48. Substituting Eq. 5.66 in Eq. 5.64 results in 

r^min f^efE 
QBdep = PF / gb(^, gc = 0) di/ + / %(!/) ' (̂ 2/ 

*/0 ^m!n 

+ : ^ + - ^2/ I . (5.67) 

The first two terms of Eq. 5.67 can be calculated analytically when an exponential profile 

is used for the body factor (7(2/) = 70 exp (-feN^y/(2Leff)))- The third term cannot be 

integrated analytically. A good approximation is found by splitting the integral in two, 

using two mean values for j{y), i.e. 

with 

(5.69) 

7=. = ^ r 7 f a ) - r f g = ' ' ^ f ( 5 . 7 0 ) 

= I (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 deplet ion charge, evaluated by 

numerical integration, is compared with the approximated solution, where two effective 

values for the body factor (Eqs. 5.70 and 5.71) are used. In th is comparison a large value 

for the doping gradient = 1.5) was chosen, because the discrepancy increases with 
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Exact solution (numerical) 
Approximated solution 

k'cn.m 
F i g u r e 5 . 6 : Comparison of the ex-
act and approximated body depletion 
charge vs. FcfB for Vdb = = 0 V 

-̂2.4'lo" 

3.8'10 

Exact solution (numerical) 
Approximated solution 

F i g u r e 5 . 7 : Comparison of the ex-
act and approximated body depletion 
charge vs. Fdb for VofB = 8 V and 
VsB = 0 V 

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. 

F i g u r e 5 .8 : Comparison of the ex-
act and approximated body deple-
tion (trans)capacitances vs. PofB for 
Vbb = VsB = 0 V 

Exact solution (numerical) 
Approximated solution 

Exact solution (numerical) 
Approximated solution 

F i g u r e 5 . 9 : Comparison of the ex-
act and approximated body deple-
tion (trans)capacitances vs. Vbs for 
VofB = 8 V and Vsb = 0 V 
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5.5 Nodal Charges Originat ing f rom Accumula t ion under 

t he Front G a t e in the P - B o d y 

Consider the case where a gate-body voltage decreases below the flat band voltage Fpg. 

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 

Qsacc = C/of ' ^2 (5.72) 

The conversion from weak into deep accumulation is made continuous with a logarithmic 

smoothing function which limits —Fg to positive values. 

5.6 Capaci tances for a M O S F E T wi th La t e r a l Doping Gra-

dient in t h e Channe l 
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F i g u r e 5 .10: Cgfgf, Cgfd, Cgk, 
Cgfb vs. VofB for ybs = = 0 V; 
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F i g u r e 5 . 1 1 : C'gfgf, ^gfd» ^gfs> 
Cgfb vs. for Vbs = = 0 V; 
^NA = 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 -Ldrov = -Ldr = 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 deSned as: 

Cij — 
for % — J 

for i ^ j '8K 
(5.73) 

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 Kircholf'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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F i g u r e 5 .13: Cbgf, Cbd, ^bs, Cbb 
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F igu re 5 .15: Cdgf, C ^ , Cds, Cdb 
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= 0 

Let us now have a look at these capacitances as a f u n c t i o n of VcfB- Fig- 5.10 the 

partial derivative of the gate charge wi th respect to the diSerent biaa voltages is shown. 

In region (1) the gate bias is negative and the surface is accumulated (cf. Sec. 5.5), leaving 

only Cgfb and C^gf non-zero. In region (2), the accumulat ion layer has disappeared and 

a depletion layer is growing. When the threshold voltage at t h e drain side of the channel 

is reached, Cgfd starts to rise (see region (3)). In region (4) the source threshold voltage 

(Vtho) 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 Cgfd. These transitions are also illustrated in the 

other capacitances (see Figs. 5.12 and 5.14). The little bump in the curve for Cbgf (and 
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Figure 5.16: Cgfgf, Cgfd, Cgfs vs. 
for VofB = 8 V and Vsb = 0 V; 
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ybB for VofB = 8 V and VgB = 0 V; 
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Figure 5.18; Cbgf, CM, Cbs vs. 
VDB for Vam = 8 V and F s b = 0 V; 
^Na = 1-5 

Figure 5.19: Cbgf, Cbd, Cbs vs. 
VuB for VofB = 8 V and Fsb = 0 V; 

= 0 

Cbb) in Fig. 5.12 is due to the use of Lmin, 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 = 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. Cgfg = Cgfd, etc.). 

It is also interesting to have a look at the same capacitances as a fmict ion of % s , 

when the channel is in deep inversion (Vers = 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 = 1.5, which is logical since the saturation 

voltage is roughly given by Vcm — and VthL is lower w h e n the doping is decreasing 

towards the drain. The (trans)capacitances coupled to the drain charge follow quite a 
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Figure 5.21: Cdgf, Cdd, Qs vs. 
Vdb for VcfB = 8 V and Vsb = 0 V 

different course for the high doping gradient case at low drain biases (Fig. 5.20), compared 

with the constant doping case (Fig. 5.21). T h e slight increase of Cdgf before decreasing 

when the saturation voltage is reached is due to the use of the modified Ward and Button 

scheme, but even though the trend of the curve is correct, measurements predict a more 

gradual increase of Cjgf wi th l /og . 

5.7 Noda l Charges Originat ing f rom t h e Deplet ion under 

t h e Front G a t e in t he Dr i f t Region 

When VbiGf exceeds the flat band voltage in the drift region ( V ^ ) , 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 

& = (5.74) 

where is the body factor in the drift region given by = v2^si5d_ 

T h e calculation of the surface potential can be easily unders tood if the JV" region 

under the thin gate oxide is considered to be the b o d y of a P M O S ; 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 potent ia l can be wri t ten as [13] 

dr 
ss 

7 
fdr 

2 % 

^ Kg 
Vs 

(5.75) 
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$ 0 O 

'source' PMOS 

% 
'body' PMOS 

F i g u r e 5 . 2 2 : Recognition of PMOS like device in the SOI LDMOS, to explain the 
formulation of the surface potential in the region under t h e thin gate oxide 

with the short-hand notation 

= po8(-vbfB + + y w ) (5.76) 

where V(y) is the potential in the bulk of the drift region w i t h respect to the body. The 

inversion surface potential is given by [13] 

''pfi — ^dr + <Pt I ^ydr)2 (^gxdr - Vs Air)^ — ^dr + (5-77) 

with 

^dr = 2 ^Fdr + Viv) (5.78) 

^xdr = POSsni(^(y) " ĝ̂ "" " (% ^dr — ~ 1) + V^dr) , 5 • (5.79) 

Joining Eqs. 5.75 and 5.77 together gives the expression for t h e surface potential: 

- (5 80) 

The functions poSg^, and mingmS can be found in App. C. T h e surface potential at the 
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two extremes of the channel is given by: 

= V'sLacc) for 

I f o r y , = 

Using these two expressions provides the depletion charge densities ĝ epL g^epdi for 

respectively y = and y = Ltot- 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 
^dr / \ _ _dr /ydepdiXij == g%pL - (5 82) 

^depL 

Integrating gives the total charge : 

(^Dd^ == ^ - d r (5 83) 

== Mf Cof -Lckov diSpL - (5.84) 

QDT 
with Fdep = - 4 ^ - The justification for this empirical distribution is as follows: 

• Obviously in the OFF-state of the device, when •i/'Lacc = V'di = % i i B , the distribution 

has to be constant over the whole length of the drift region; we want gdep(a:) = 

9depdi 9depL' 

• In the ON-state of the device, the distribution function has to increase continuously 

from to Let us now consider the case where is zero and Qjepdi > 

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, gcacc(!/) is given 

by Eq. 5.49, and as long aa QcaccL > 0, gcacc(!/) only becomes zero right at the 

drain end. Hence, as long as gcaccL > 0, the total capacitance between the gate 

and the accumulation channel is given by (Cof Vy Z^drov), so 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: 

9dep(^) = 0 for 0 < r < -Ldrov, as long as = 0 (or as long as QcaccL > 0)-

It can be seen that the requirements mentioned in the two paragraphs above are fulfilled 

by the chosen distribution function. 

133 



5.8 Noda l Charges Originat ing f rom Invers ion under t he 

Front G a t e in t he Dr i f t Region 

When VbiGf, the internal drain-gate voltage, exceeds the negative drain dependent thresh-

old voltage in the drift region (= - 2^dr - %iB - + l̂ DiB), 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 

can be written as 

6 = C o f . - 7 " " ( 5 . 8 5 ) 

where 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 VbiB- This means tha t in Eq. 5.85 is constant 

and given by 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, 

(ZBinv == tr.Ldrov - (5-86) 

5.9 Total of all Nodal Charges in t he in t r ins ic pa r t of t he 

S O I i j i [ ) ] \ / [ ( : ) s 

Adding the nodal charges calculated in the previous sections to the corresponding nodes 

gives: 

QB ~ Qsdep ~l~ QBCLCC 0Binv (5.87) 

QDI ~ Qoinv ~l~ Qoacc Qodep (5.88) 

QG{ ~ —(QcHinv ~1~ QcHacc Qsdep ~l~ Qsacc ~t~ Qodep ~1~ QBinv) (5.89) 

0 s = —(Qcf + Q n + % ] + % ) - (5.90) 

5.10 T h e Extr ins ic P a r t 

We have added the standard constant overlap capacitances between the front gate and the 

drain (Cgfdo), the gate and the source (Cgfso) and the gate a n d the body (Cgfbo)-

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: 

• A very high positive back gate bias causes inversion at the buried oxide interface in 

the P-body, and accumulation in the drift region. This electron sheet creates a 

capacitance between the back gate and the drain, which is to a good approximation 

given by AboxC'obj where ^box 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 ga te terminal. 

» A very high negative back gate bias causes accumulation a t the buried oxide interface 

in the P-body, and inversion in the drift region. This hole sheet creates a 

capacitance between the back gate and the body, given by AboxC'ob- 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 t h e output capacitance, and 

needs to be taken into account. In our model we have added constant capacitances between 

the back gate and the drain (Cgbd), the back gate and the b o d y (Cgbb) the back gate 

and the source (Cgbs)- The latter is only necessary if the source junction reaches the 

buried oxide, which is usually not the case in LDMOS devices, but Cgbs 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 T h e Large and Small Signal iVlodel 

In our model the transient cmrrents are modelled as the t i m e derivatives of the nodal 

charges. Three current sources and account for the t ime 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. It is only for consistency with 

Southampton's P D 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 capacitajices. 

In a SPICE transient analysis the time domain derivatives are numerically integrated 

using either the trapezoidal or Gear method, according to an opt ion which can be speciSed 

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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DE 'Qbb 
3JTsb 

Cjbdi C DC 

^ - D 

F i g u r e 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 wi th respect to the 

operating point equilibrium temperature. 

136 



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 exited by a small signal potential uj, while all other 

terminals are short-circuited is given by: 

%ij = = (Q j + (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 (Yii, Yiz, 

and Y22) can be calculated from the S-parameters [20]. So, for example, in the common 

source connection, Cdgf, Cdd, C'gfd Emd Cgfgf are derived from the imagineiry pajrt 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-

Egurations, providing access to the following capacitances: Cjgf, Cdd, Cgfd, Ggfgf, Cs*gf, 

Cg's' and Cgfa*, 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 veriEcation of these corrections, the corrected Cgfgf was compared with the sum of Cdgf 

(obtained from the common source structure) and Cg»gf (obtained from the common drain 

structure). Cgfgf is mainly aEected by the open correction, whi le Cdgf and Cg-gf are hardly 

influenced by the open correction, but undergo a significant change when the gate resis-

tance is accounted for. Good agreement between Cgfgf and the sum of Cdgf and Cĝ gf 

conSrmed the reliability of our correction method. 

5.12.2 Results 

An LV LDMOS device with Ltot = 5 yum and idrov = 3.2 /im and an MV LDMOS device 

with Ltot = 3 jirsx and Ldr = 5.7 yum were selected for detailed study. 
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fV= 50 ̂ m, Z,„,= 5 |im, Z* = 0 p,m, body tied device 
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F i g u r e 5 . 2 4 : LV LDMOS idrov = 3.2 ^m; simulated (full line) and measured Cgfd, 
Cgfgf and Cgfs» vs. FofB for Fdb = Vsb = 0 V 

Figs. 5.24 and 5.25 show Cgfd, Cgfgf and Cgf3« in terms of Vcfg for % s = 0 V. The 

transition from subthreshold into inversion is well modelled for Vds = 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 WLtotCof. In region (2), the hole inversion 

layer has disappeared leaving the surface depleted, but the hole accumulation layer is still 

present. Around VcfB = 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 = L^ff, 

leading to an extra increase in Cgfd. 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 and ^ ^ / l O O 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 /jna 

value causes a lower threshold voltage at the drain end, and h e n c e Z,min shifts from to 

0 over a longer voltage interval (VthL — So the smaller is, the faster L̂min goes 

to 0, and the smaller the smoothing factors have to be. This is why the smooth ing fax:tors 

in the calculation of i^min were chosen to be dependent on . 

The higher the resistance of the drift region, the more the gate-drain transcapacitance 

drops with VcfB, 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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F i g u r e 5 .25: MV LDMOS device Ldr = 5.7 /um; simulated (full line) and measured 
C g f d . Cgfgf and Cgfs« vs. VofB for Vbs = %B = 0 V 

Figs. 5.26 and 5.27 show Cdd and Cg.g. 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 Caa a difference of up to 50% 

is observed, just above the threshold. T h e reason is that Qswdiim (see Eq. 5.58), which 

is added to Q c , changes from Q s w d ( ^ f B ) to Qswd(li:ho) a r o u n d 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. 

= 50 nm, = 5 |xm, Lj^ = 0 |im, b o d y tied device 

300 1 

c 150 

N 100 

10 12 14 

Gate Voltage (V) 

F i g u r e 5 . 2 6 : LV LDMOS Ldrov = 3.2 yum; simulated (full line) and measured Cdd and 
Q.a . VS. for %)B = VgB = 0 V 
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W= 50 nm, = 3 Iim, Z.̂ , = S.7 pm, b o d y tied device 
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F i g u r e 5 . 2 7 : MV LDMOS device idr = 5.7 ^m; simulated (full line) and measured 
Cdd and Cs«s* vs. VofB for Vbs = ^sb = 0 V 
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F i g u r e 5 . 2 8 : LV LDMOS idrov = 3.2 ^m; simulated (full line) and measured Cgfd, 
Cgfgf and Cdgf vs. Vcm for = 1 V, Vgs = 0 V 

Figs. 5.28 and 5.29 show the transition from subthreshold to inversion for Vps = 1 V. 

The gate-drain transcapacitance is well modelled for the two different structures. The 

drain-gate transcapacitance shows the correct trends, increasing above Cgfd 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%. Th i s increase in Cjgf 

in the saturation region when VcfD > is typical for LDMOS transistors. It can be 

explained by the strong dependence of V'sLacc on the gate voltage, leading to a strong 

dependance of the accumulation channel charge on the gate voltage, and hence causing 

an increased Cjgf. In Fig. 5.28 we note that the decrease of the s imulated Cjgf is too 

steep. This can again be explained by the too abrupt conversion of Qswdiim around VthO 

(see previous paragraph). 
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f K " 50 3 ^un, 2* . = 5.7 body tied device 
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F i g u r e 5 . 2 9 : MV LDMOS device i d r = 5.7 /xm; simulated (full line) and measured 

^gfdI ^gfgf 3nd C'dgf vs. VQfg for — 1 V, Vsb — 0 V 

Figs. 5.30 and 5.31 show Cdd and Cgg under the same bias conditions (Fdb = 1 V). It 

can be observed that the simulated curves follow the trends of the measured curves, but 

just as for the VBB = 0 V case, the deviation can become considerable. Again this is due 

t o Qswdlim-

IV =50 (iin, i „ , = 5 n m , - 0 p m , b o d y tied device 

a 150 

S 50 -

CPOOW 

10 12 14 

Gate Voltage (V) 

F i g u r e 5 . 3 0 : LV LDMOS Ldrov = 3.2 yum; simulated (full line) and measured Cdd and 

Cg.g. VS. VcfB for Vbs = 1 V, = 0 V 
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W = 50 fim, i „ , = 3 |im, Lj , = 5.7 pm, b o d y tied device 
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F i g u r e 5 . 3 1 : MV LDMOS device L^r = 5.7 /xm; simulated (full line) and measured 
Cdd and Cs's' vs. VAM for VDB = 1 V, F s b = 0 V 
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F i g u r e 5 . 3 2 : LV LDMOS Ldrov = 
3.2 /im; simulated (full line) and mea-
sured Cgfd and Cgfe* vs. Vbs for 
VbfB = 9 V, VgB = 0 V 

F i g u r e 5 . 3 3 : MV LDMOS device 
Ldr = 5.7 )um; simulated (full line) 
and measured Cgm and Cgfs* vs. Fdb 
for Voffl = 9 V, VsB = 0 V 

Figs. 5.32 and 5.33 illustrate Cgfg,, Cgfgf and Cgfd as a funct ion of the drain bias. For the 

LV LDMOS good agreement is found for Cgfs* and Cgfd, although the simulated curves 

both decrease too quickly compared with the measured values at high Vdb- In theory 

one would expect this decrease, because as V c g exceeds Vbg, t h e accumulated electrons 

should be driven away from the surface at the drain end. A possible explanation for the 

high measured values for Cgfgf at high could be the inject ion of electrons extending 

the accumulation layer in the drift region depletion layer for Vdb > Vom- For the MV 

LDMOS very good agreement was found up to 20 V. For high Vdb the simulated Cgfs-

mainly depends on the DC current dependence on FofB: and so the deviation between 

the measured and simulated Cgfg* for high Vdb is mostly due to imperfections in the 

conductance model. 
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}V= 50 nm, 5 fini, = 0 fini, body tied device 50 3 ̂ m, Lj, = 5.7 pm, body tied device 
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F i g u r e 5 .34: LV LDMOS idrov = 
3.2 //m; simulated (full line) and mea-
sured Cdgf and Cs«gf vs. VDB for 
VbfB = 9 V, VsB = 0 V 
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F i g u r e 5 . 3 5 : MV LDMOS device 
idr = 5-7 yum; simulated (full line) 
and measured Cdgf and Cg.gf vs. 
for VofB = 9 V, VsB = 0 V 

In Figs. 5.34 and 5.35, Cg»gf and Cdgf are plotted as a funct ion of the drain biaa. 

Fig. 5.34 shows the partitioning of Cgfgf between Cg.gf and C^gf- It can be seen that the 

charge associated with the drain as predicted by the modified Ward and Button 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 

Cdgf, just as for the measured curve, but this increase is too abrup t 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 VDB and Fsb, and the deviations can be mostly attributed 

to imperfections in the conductance model. 
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F i g u r e 5.36: LV LDMOS I/drov — 
3.2 ^m; simulated (full line) and mea-
sured Cdd and Cs*s* vs. VOB for 
VcfB — 9 V, VsB = 0 V 
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F i g u r e 5 . 3 7 : MV LDMOS device 
Ldr = 5.7 /im; simulated (full line) 
and measured Cdd and Cs«s* vs. Vbs 
for VcfB = 9 V, VsB = 0 V 
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Figs. 5.36 and 5.37 show Cs*s* and Cdd as functions of the drain bias. Just as was the 

case for Cdgf, Cdd 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 % g = 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 S u m m a r y 

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 (Cgfd, Cgfgf 

and Cgfg.) from subthreshold into the ON-state. However, the simulated transitions for 

the drain and source charge dependence (Cdgf, Cdd, Cg-gf and Cs*s*) 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 Mode l in 

SpiceS 

6.1 In t roduc t ion 

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 Smooth ing funct ions 

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 

Coo functions. 

1.1 order derivative 

^ &6. 

x" 

6 = 0.2 

X for X > 0 

- 1 - 0 , 8 - 0 , 6 - 0 , 4 - 0 , 2 0 0 , 2 0 , 4 0 , 6 0 , 8 I 

F i g u r e 6 . 1 : "In"-type smoothing 
function to limit x positive, compared 
with y = a; for X > 0. 

e 
If 
& 
i § 

1,, order denvative/ 

0 , 6 - 0 , 4 - 0 , 2 0 0 , 2 0 ,4 0 . 6 0 , 8 I 

F i g u r e 6 . 2 : "root"-type to limit x 
positive, compared with y = x for x > 
0. 

Let us now first look at two smoothing functions to limit a value x within a positive 

range. The "In"-type function often used in STAG [6] is given by 

po8in(a:,ci,62) 
61 In ^1 -I- exp + C2 if a; < (ei - Mexp) 

z + fz otherwise 
(6.1) 

where clipping is performed to avoid overflow (see next section) and Mexp is the maximum 

argument allowable in an exponential function. The quantities ei and eg represent two 

small values, eg being added to avoid overflow due to division by zero when posj^ is used 

in the denominator of an expression. This function is illustrated in Fig. 6.1. Another way 
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to limit X within a positive range is as follows (see Fig. 6.2): 

POSroot(^>^) = 0.5 a; + 0.5 Vx'^ + 4e2 . (6.2) 

Prom the figures it can be seen that for a certain deviation at a; = 0, the "In"-type function 

returns faster to 0 for a; < 0 or to x for a; > 0 compared wi th 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 posj^ has been implemented using the C function "loglp", which 

calculates ln(l + x) 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 10~®. 

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 posj^ was preferred to the pos^oot 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). 

o 

x" 

c 
E 

o 

5 
s 
c 
E 

0.5 

-0.5, 

1 1 1 1 

offset = 8 ln(2) y 

l i l t ^ 1 

/ 1 1 1 1 

1,t order partial' derivative to x 

0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
X 

F i g u r e 6 . 3 : Comparison between minini and mining to model the smooth minimum 
of X and y = 1 [e = 0.1). 

Another smoothing function which is frequently needed when modelling transistor 

behaviour is the minimum of two values x and y. Again an "In"-type function can be 

used: 

minini(a;,y,e) = 

e• In 1 + 

a; — e • In 

y 

exp (1) 
l + e x p ( ^ ) 

H - e x p ( ^ ) 

if a; - y < (e • Afgxp) and x < {e • Mexp) 

if X - y < {e • Mexp) and a: > (e • Meipf ^ 

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 

148 



X = 0 and y 3> e: minimi — e ln(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 e, the following "In"-type 

function can be used instead; 

minin2(a:,?/,e) = < 
^ ^ if T - %/ < (6 - Mexp) 

y - e • In (1 + exp (—I)) otherwise. 
(6.4) 

The two functions minimi and minin2 are compared in Fig. 6.3 for y = 1. It can be observed 

that minin2(0,1, 0.1) = 0, while minini(0,1,0.1) is roughly e ln(2). 

CM 
o 

1 
0.5-

c 
E 0 -

C\J 
o 
T- -0.5-

i -1 ^ 
c 
E 

1.5 , 
-1 

fst ord6r pa r t i ^ 
\derivative to x 

3.5 

F i g u r e 6 . 4 : Comparison between minrooti and minroot2 to model the smooth minimum 
of X and y = 1 [e = 0.2). 

Let us now consider some "root"-type functions to calculate the smooth minimum of 

two values x and y. Two possible functions are given by [7] 

mirirooti {x, y, e) = x- 0.5 • - y) + 

minroot2{x,y,e) = 0.5 $ - 0.5 - ( + . 

(6.5) 

(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 t he transition point. One also 

has to take into account the slightly underestimated (minrooti) or overestimated (mmroota) 

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]: 

minpower(a3, y ,m) = ( 6 / n 
(2;2m _{_ y2m)l/2rn 

where m is an integer fitting parameter and y a positive value. With this function x is 

149 



I 
c 
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1.5 2 

F i g u r e 6 . 5 : Illustration of the function minpower and to model the smooth minimum 
of X and y = 1 for different values of m. 

limited to y for a; > 0, and —x is limited to —y for % < 0. The big advantage of this 

function is that it is perfectly symmetrical and that the derivative with respect to 2 is 1 

when X = Q. This function was to be found ideal for the limiting of % g to Vosat 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 

Cgfgf = dQcf /dVcm when in the transition regime from depletion into accumulation in 

the drift region, with Vdb = VsB = 0 V. Under these conditions, the expression for the 

depletion charge is given by 

Qodep — Cof idrov T 
fdr (6.8) 

with 

V's" = minin* ( ) (6.9) 

where 

V'si " 2 i^Fdr (6.10) 
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VcfB 

F i g u r e 6 . 6 : Cgfgf in terms of VbfB during the transition from depletion into accumu-
lation in the drift region using minini. 

vfdr 
gy-

K y - — POSin( —VcfB + ^FB) • dr 

The expression for the accumulation charge is 

where 

QcHacc — C'of -̂ drov ^ y + 

Fgy+ = POSin(VGfB - 0t) 

And the total gate charge is given by 

Qoi — -(Qodep + QcHacc) • 

(6.11) 

(6.12) 

( 6 . 1 3 ) 

(6.14) 

(6.15) 

In Figs. 6.6 and 6.7 the quantity Cgfgf is plotted in terms of the gate voltage using two 

different smoothing functions in Eq. 6.9. 

In the first figure minini is used in Eq. 6.9. This clearly results in a non-physical dip 

in the Cgfgf curve. This is due to the fact that the quantity V ' s i s not exactly when 

Vgy_ goes to 0 (and hence goes to 0), but is approximately ^Jn{2) too big, and hence 

the derivative of Qodep lowers too quickly. 

In the second figure mining is used in Eq. 6.9. Now the decrease in —dQ^dep/d-VGrn 

happens at exactly the right gate voltage and the non-physical dip has disappeared. This 
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F i g u r e 6 . 7 : Cgfgf in terms of VofB during the transition from depletion into accumu-
lation in the drift region using mining -

shows how important it is to chose the right smoothing function for certain transitions. 

6.3 Underf low, Overflow and Accuracy P r o b l e m s 

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 -10^°®, so the maximum 

allowable argument of the exponential function is = ln{1.7 • 10 °̂®) = 709. It is 

advisable to check the argument of any exponential, and to use the limit of the expression 

when Mexp is exceeded. This explains why the clipping done in Eqs. 6.1, 6.3 and 6.4 was 

necessary. This is especially important for high voltage applications where exp (x/^t) 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 Coo 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 

l/x when x goes to 0 due to underflow. The quantity l/x now becomes inflnite leading 

to a "NaN" (Not a Number) error message. Another example is the quantity In (x) when 

X underflows, and In (x) 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 eg in Eq. 6.1. If z is a voltage, the value of ICT^^ is 

chosen for €2 because this is well below any measurable potential. Note as well the term 

4e^ in the root expressions of Eqs. 6.2, 6.5 and 6.6. Firstly, th i s 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 e 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 b e 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: 

0 = 4 - 1 (6.16) 

where A and X 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 Eqs. 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: 

1 
( t T F ) • M 'G 'S ' 

( ^ ) ' ( f ) 

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 

if B' is very big. Eq. 6.17 is definitely the best choice for a numerically exact result. 

6.4 Voltage Limit ing 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 A T excursions, limiting of A T 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 %is and Vboi 

each iteration. A simple algorithm, which is commonly used for the limiting of Fds in 

a standard MOSFET model, was introduced for this purpose. The value saved from the 

previous iteration is referred to as VQ, V is defined as the value predicted during the 

Newton Raphson iteration and is the limited value, which is going to be used in the 

next iteration. For a positive value from the previous iteration (Vq > 0) the following 

algorithm is executed at every iteration: 

3Vo + 2 V ^ 3Vo + 2 and VQ > 3.5 

2 2 > y and % > 3.5 

-1 .10 -^^ y < -1 .10 -^^ and Vo < 3.5 

4 y > 4 and < 3.5 

y otherwise. 

If VQ is negative (% < 0) the algorithm is executed with — VQ. This algorithm is performed 

Erst on yoiS- Then the value of yoDi is recalculated as — yQig, and the same algorithm 

is then performed on the new The only difi'erence f rom 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 %is 

can only jump from a positive value to a very small negative value (—1 • 10"^^), or vice 

versa for a negative value of %iS- 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 S u m m a r y 

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 In t roduc t ion 

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 Qual i ta t ive Tests 

7.2 .1 I n t r o d u c t i o n 

The SEMATBCH 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 

Eeld oxide (Z,dr = 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, wi th 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 Ldi Parameter Set 
1 0 1 
2 4 /̂ m 1 
3 0 2 
4 1 fim 2 

Table 7.1: Overview of devices evaluated by the SEMATECH tests. 

7.2 .2 D C t e s t s 

The Output Characteristics 

Sematech Test 2a Sematech Test 2a 

0.0025 

1 1 1 1 1 1 1 

VG,s=10V-

0.002 y 
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0.0015 - / y " ^ -

0.001 - / / ^Gfs = 6 V -

5-10"̂  
7 

' 1 1 1 1 1 1 1 

0.0025 

0.002 

3.0015 

D̂S 

5.10 

1 1 1 1 1 1 

~ v s , s = 8 v 

^ g f s = 6 v 

/ 
' \ 1 1 I 1 1 1 

0 2 10 12 14 16 0 5 10 15 20 25 30 35 40 

' d s 
V DS 

F i g u r e 7 .1 : Test 2a: fine resolution 
plot of ID vs. Vds (Device 1). 

F i g u r e 7 . 2 : Test 2a: fine resolution 
plot of 7d vs. Vbs (Device 2). 

In Test 2a the output characteristics are plotted using a fine grid for Vbg (Figs. 7.1 and 

7.2). Test 2b considers the output conductance, obtained as the derivative of Tn vs. yog 

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 %s, leading to a negative value for 
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Sematech Test 2b 
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F i g u r e 7 . 3 : Test 2b: fine resolution 
plot of §0 vs. Vds (Device 1). 

Sematech Test 2b 

M 13 M 25 % 35 W 
D̂S 

F i g u r e 7 . 4 : Test 2b: fine resolution 
plot of Qo vs. Fds (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 Fds drops over the drift region, which is saturated by pinch-off at high Vbs 

and Vcfs-

The Subthreshold Characteristics 

Sematech Test 4a Sematech Test 8b 

IDS 

001 

0-̂  
0-̂  
0-5 
0"® 
0-̂  
o-« 

- 1 0 

- 1 1 

- 1 2 

-13 

= 0.1 V 

F i g u r e 7 . 5 : Test 4a: fine resolution 
plot (step is 0.04 V) of ID vs. Vcfs 
for Vbs = 0.1 V and 3 V. 

'DS 

1<W 
m o ' 

140 

F i g u r e 7 . 6 : Test 8b: very fine res-
olution plot of I d vs. VCFS for F d s = 
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 

F i g u r e 7 . 7 : Test 9a: very fine res-
olution plot (step is O.OIV) of gm/lD 

vs. l%fs for Vbs = 14 V. 

M O ' ^ M O ^ MO"® M O ^ MO"^ MO ^ 0,01 

' d s 

F i g u r e 7 . 8 : Test 9b: very fine res-
olution plot of gm/lD vs. /d for 
%s = 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 Vcfs for two different 

values of Vds- Test 8b (Fig. 7.6) repeats this plot for Vds = VDD, 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 gm over /d , which is a scaling independent measure of the 

device gain. Test 9a (Fig. 7.7) plots gm/^D vs. Vofs, and Test 9b (Fig. 7.8) vs. Id- Again 

the curves are smooth and continuous. 

Geometry Tests 

Tests 6 and 7 check the geometry dependence of respectively /d and Pbs for a diode 

connected transistor. For MOSFET devices this means plott ing ID and % s in terms of 

and pm/^D and lt)S terms of v W . For the LDMOS an extra test veri^ing the 

dependence on .Ldr 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 = 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 Ldr- Here an inverse effect can be 

observed. For high drain voltages the drift length influences the current quite strongly, 

while for low Vbs values the dependence on is almost nil. Again the results are smooth 

159 



Sematech Test 6c 
0.002 

OWK 

1 1 1 1 1 1 1 
- 11 V 

Vcs = 9 V 

- _ y g g = ^ 

i i 1— Yofs - 3 V 

4.10"̂  6-10"̂  8 10"̂  ].lo"̂ l.̂ lO'̂ ].4-10"̂ .6']oAS']0'̂ 2':0'̂  

F i g u r e 7.9: Test 6c: lu vs. L for 
diode connected LDMOS (Device 2). 

0.004 r 

0.003 -

y„,,= i i V 

DS 0.002 

V.,. = 7V 
0.001 

V,;m = 5V 
Vrsiq - 3 V 

Sematech Test 6a 

I'lO^ 2']0̂  3'I0̂  I'lO"̂  5']o' 
d̂r 

F i g u r e 7 . 1 0 : Test 6a: ID vs. Ldr 
for diode connected LDMOS (Device 
2). 

and continuous. Note that in practice L and Ldr 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 G u m m e l Tests 

Sematech Test 18a Sematech Test 18b 
2-10 

MO 

D̂S 

-1-10 

- 2 10 
0.6 -0.4 -0.2 0.2 0.4 

4-10 

3.5-10 

3-10 

Z5-10 

2-10 

1.5-10 
-0.4 -0.2 0.2 0.4 

' D S 

F i g u r e 7.11: Test 18a: Jd vs. Fds 
around Vbs = 0 (Device 2). 

F i g u r e 7 . 1 2 : Test 18b: go vs. Vbs 
around Vbs = 0 (Device 2). 

The continuity test is an adapted version of the Gummel symmetry test, which verifies 

the symmetry of the drain current around Fds = 0, with the body connected to the source 

for Fds > 0 and to the drain for Vbs < 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 Vbs = 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 % s = 0. 

Sematech Test 19 Sematech Test 20 
125 

F i g u r e 7 . 1 3 : Test 19: Gummel 
slope ratio test for device 1. 

F i g u r e 7 . 1 4 : Test 20: Gummel 
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 Fdb variation. The slope ratio (SR) is 

liefuieds^ 

"-msm 
with Vi and V2 being two small values for F d B j A and I2 the corresponding drain currents 

and Fsb = 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 Vi and Vg. This is shown in Fig. 7.13 for the values 

Vi = 0.011 V, V2 = 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 Vbs, as described in Sec. 4.2.5, hag 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 VcfS 

variation. The quantity gm/^D is plotted against for different values of (Fig- 7 14) 

and moves smoothly from subthreshold into strong inversion, as required. 

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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Sematech Test 11 Sematech Test 12b 
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W 15 « 25 * 35 W 

V DS 

F i g u r e 7 . 1 5 : Test 11: influence of 
static self-heating on the output char-
acteristics (Device 2). 

1.5-10 

5 10 

-5.10 

10, 15, 20 V 

F i g u r e 7 . 1 6 : Test 12b: influence 
of dynamic self-heating. Output con-
ductance vs. frequency for Vofs = 
8 V (Device 2). 

the device temperature can no longer follovy 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 (= l/(i?TC'T))- For high %)g values, the output conductance moves from a 

negative value for low frequencies to a positive value when the self-heating is filtered out. 

B o d y 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 -Rbody; 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 eSective 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 i?T = 5 k K / 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 Selds 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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V DS 
F i g u r e 7 . 1 7 : Test 13: influence 
of the body resistance on the output 
characteristics. R r = 5 k K / W (De-
vice 2). 

W 15 M B M 35 W 

IDG 4̂ 0 

Sematech Test 13b 

g,. in K/W: 2k. 4k. 6k. 8k. 10k 

M 15 # 25 M 35 W 

D̂S 
F i g u r e 7 . 1 8 : Test 12b: influence 
of the thermal resistance on the par-
asitic bipolar effect. i?body = 100 f l 
(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 (i?body = 100 O). 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 Trans ient t e s t s 

Push-Pul l Inverter 

Figs. 7.19 (Device 1) and 7.20 (Device 2) show the transfer characteristics for a simple 

push-pull inverter consisting of an W-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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Sematech Test 14 

' oirr 

Sematech Test 14 

F i g u r e 7 . 1 9 : Test 14: inverter 
transfer characteristic (Device 1). 

VoUT 10 

F i g u r e 7 . 2 0 : Test 14: inverter 
transfer characteristic (Device 2). 

Sematech Test 15 Sematech Test 15 

VoDT ( 
Vnf 

2 

\ / 

F i g u r e 7 . 2 1 : Test 15: inverter 
charge/discharge characteristic (De-
vice 1). 

OUT 6 

F i g u r e 7 . 2 2 : Test 15: inverter 
charge/discharge characteristic (De-
vice 2). 

Inverter wi th Resist ive 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 inverter with resistive load and a 

very high resistance connected to the gate. This gate resistance is added deliberately to 

show the gate-drain capacitance e&cts. 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 dr if t region becomes more and 

more accumulated. During the charging time of the large gate-drain capacitance, the gate 

voltage stays almost constant while Vbs goGS to zero. After that, Vcfg can rise further 

until it reaches ViN- This eEect 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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Sematech Test 16 
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Vom 20 -

load -

140- 1.5.10 240- 2.540' 3-10 " 3.540 440 

F i g u r e 7 . 2 3 : Test 16: resistive load inverter charge/discharge characteristic. i?ioad 
i?G = 100 kO (Device 2). 

which is much larger than for standard MOSFETs. From t h e 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. 

Sematech Test 16 
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' nsr 
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1 1 1 1 

^DB j 

1 1 

-

f 
V,N_ : 

-

L_ J V . , 

F i g u r e 7 . 2 4 : Test 16: resistive load inverter charge/discharge characteristic. i?ioad 
7%G = 100 kn (Device 1). 

7 .2 .4 C a p a c i t a n c e Tes t s 

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 Circui t Simulat ion Pe r fo rmance 

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 S w i t c h i n g P o w e r Circu i t 

hv 
2500 

o o D2z^Y3 

1/./40V 

hv 
200QL 

hv/lv : high or low voltage device 
number; width of device 

F i g u r e 7 . 2 5 : Circuit schematic for a switching power block. 

This particular switching power circuit waa 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 simphfied 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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F i g u r e 7 . 2 6 : Charge and discharge characteristics for the LV driver circuit. 

3.00E-06 1.00E-06 1.50E-06 2.00E-06 

Time (s) 

2.50E-06 

F i g u r e 7 . 2 7 : 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 ou tpu t transistors Y3 and Y12 

have to charge and discharge the capacitive load. Y12 and Y l l are directly switched on 

by Mn, 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 Vjn switches to zero, Y12 and Y l l are turned off 

and the gate of Y2 is pulled down, but limited by the zener diode (D3) for the MV and 

HV 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. T h e 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 Al) which are partly responsible for the delay. 

1.01E-05 9.90E-06 9.95E-06 1.00E-05 1.01E-05 

Time (s) 

F i g u r e 7 . 2 8 : 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 O, and for the LV circuit when R = 73.3 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 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 

168 



> 20 
o O) 
(0 
^ 15 0 > 
3 

5-
3 

1 
a 
c 

10 

^out 

measured simulated 

y.. 

1.95E-05 2.00E-05 2.05E-05 2.10E-05 2.15E-05 2.20E-05 

Time (s) 

F i g u r e 7 . 2 9 : Simulated (full line) and measured (markers) output voltage with a re-
sistive load (R = 73 f l ) 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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1.95E-05 2.00E-05 2.05E-05 2.10E-05 2.15E-05 2.20E-05 

Time (s) 

F i g u r e 7 . 3 0 : Simulated (full line) and measured (markers) output voltage with a re-
sistive load (R = 120 fi) 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 fonnd in Figs. 7.34 and 
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7.3.2 Operational Amplifier Circuit 

Off chip 
current bias 

3.88Meg 

h ! 

Lv/hv: LV/HV device 
number: device width 

F i g u r e 7 . 3 6 : 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 (Rl) to obtain a bias current of 50 yuA. Transistors Y9 and YIO, together with 

the current source (Y7/Y2), form the differential input stage. Transistors P I and P4 in 

the current mirror configuration convert the output differential signal to a single-ended 

signal. Transistor PIO along with biasing transistors Y4 and Y8 form the second stage. 

Y l l 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 Fds on the LV P-type LDMOS PIO. 

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 CI. 

The threshold voltages of the LV and HV jV-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 PIO. The parameter sets for the N and P-type HV 

LDMOS and for the LV PDMOS can be found in App. G. T h e parameter set for the LV 

LDMOS was derived in Chapters 4 and 5. 
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F i g u r e 7 .37: The simulated open loop opamp gain with a load capacitance of 20 pF. 

50 

100 V 

60 3 
O 10 

100 V 

120 kn 

210 

1.0E+00 1.0E+02 1.0E+04 1.0E+06 

freq (s) 

F i g u r e 7 .38: The measured (markers) and simulated (full line) opamp gain in a non-
invertor arrangement with = 1 kf2 and i?2 = 120 kf i , 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 Ay (0) (the maximum gain) less than the anticipated 

dominant pole of the opamp. This would mean that RC has to be more than 10^, which 

is not very practical. 

100 V 
-10 V 

100 V 

-5.0E 4.0E- -3.0E-

06 06 

O.OE+0 1.0E-06 

0 

- I . O E 

Time (s) 

F i g u r e 7 . 3 9 : 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 -

44 mV/1 kO), instead of the theoretical value of 0 V when using the resistor divider of 

Fig. 7.38 in the negative feedback path. 

The conffguration 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 Cioad — 22 pF, 

Qoad = 184 pF and Qoad = 1 nF respectively with jRioad = 0 0 . 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 Bioad = 1 5 and Bioad = 800 krZ respectively with Qoad = 22 pF. 

174 



Cload =i80pF 

O) 15 

-6.00E-06 -4.00E-06 -2 .002-06 O.OOE+00 2.00E-06 

Time 

F i g u r e 7 . 4 0 : The measured (mark-
ers) and simulated (full line) output 
voltage of the opamp with a load ca-
pacitance of 184 pF. 
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F i g u r e 7 . 4 1 : The measured (mark-
ers) and simulated (full line) output 
voltage of the opamp with a load ca-
pacitance of 1000 pF. 

= 1.5 k f i 

-7.0E-06 -5.0E-06 -3.0E-06 -1.0E-06 1.0E-06 

Time (9) 

3.0E-06 

F i g u r e 7 . 4 2 : The measured (mark-
ers) and simulated (full line) output 
voltage of the opamp with Cioad = 
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F i g u r e 7 . 4 3 : The measured (mark-
ers) and simulated (full line) output 
voltage of the opamp with a load 
capacitance of Cioad = 22 pF and 
^load = 800 n. 

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 S u m m a r y 

This chapter has evaluated the SOI LDMOS model thoroughly using a set of simulation 

scripts, based on the SEMATECH tests. It has been shown t h a t 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 sub circuit 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 sub circuit 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 efi'ect 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 A^-type LDMOS this leads to an increased on-resistance, 

and for a FMOS this can result in inversion of the back interface, with consequent leakage 

and unaccounted charges. These unique eSects 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 Fu tu re 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 drif t 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 efi'ect 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 J F E T 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 difi'erent 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 L D M O S 

T#*#* Cwrent Density (A/, 

^ 5 Se+04 
4 .39e*04 
3.788+04 
3.16e+04 
2.558+04 
1.948+04 
1.328+04 
7.128+03 
18+03 

F i g u r e A . l : The current density in 
the LV LDMOS for Vbs = 1 V and 
Vofs = 8 V 

PotanUal (V) 

1.34 

0.834 
^ 5 0.583 

0.333 
0.0823 
- 0 . 1 6 6 
-0.419 

F i g u r e A . 2 : The potential in the 
LV LDMOS for % s = 1 V and 
^Gfs = 8 V 

TotiJ CMmtMl Density <A/i 

28+05 28+05 
1.768+05 
1.528+05 
1.298+05 
1.058+05 
8.128+04 
5.75e+04 
3.388+04 
18+04 

F i g u r e A . 3 : The current density in 
the LV LDMOS for %s = 8 V and 
Vbfs = 8 V 

Potential (V) 

0.707 
0.413 

F i g u r e A . 4 : The potential in the 
LV LDMOS for % s = 8 V and 
^Gfs = 8 V 
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Talal Cunrwil DsnsUy (A/ 

Ze+OS 
1.768+05 

[ 1.52e+0S 
i 1.29e+05 

1.0Se+0S 
8.128+04 
S.7Se+04 
3.38e+04 
18+04 

Potential (V) 

0.419 

F i g u r e A . 5 : Current density (LV 
LDMOS); Fds = 15 V, Vbfs = 8 V 

F i g u r e A . 6 : The potential (LV LD-
MOS); Vvs = 15 V, Vcfs = 8 V 

Potential (vi 

Materials Matenals 

N02 
Silicon 

Air 

Conductor 

Silicon 

Conductor 

0.75e«O3 

62S»*Q3 
3.756+03 
ZjWO 
1258+03 
1«-08 

F i g u r e A . 7 : Current density (MV 
LDMOS); Vds = 8 V, Vbfs = 8 V 

F i g u r e A . 8 : The potential (MV 
LDMOS); Fds = 8 V, VofS = 8 V 

WW Cwwt DMNII 

8.758403 

t2Se«fl3 1«-09 

2 — 

Materials 
-

S K * _ 

Silicon -

Air -

Conductor 4 

Potent ia l (V) 

0.198 0.424 

Materials 

mm 

SKK 

Silicon 

Air 

Conductor 

F i g u r e A . 9 : Current density (MV 
LDMOS); FDS = 20 V, FofS = 8 V 

F i g u r e A . 10 : The potential (MV 
LDMOS); VDS = 20 V, VcfS = 8 V 
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Appendix B 

PHILIPS model parameters for 

MM902, M30 and M40 

Table B.l 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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N a m e Symbol Parameter Units 

VTO I4h0 

KO 

K 

70 

7h 

VSBX VsBX 

BET 0 

THEl 

THE2 02 

THE3 % 

GAMl 71 

ALP a 

VP V5:. 

GAMOO 7oo 

MO mo 

ZETl & 

VSBT VsBT 

Threshold voltage at zero back-bias for the ac-

tual transistor at the actual temperature 

Low-back-bias body factor for the actual tran-

sistor at the actual temperature 

High-back-bias body factor for the actual tran-

sistor at the actual temperature 

Transition voltage for the dual-k-factor model 

for the actual transistor 

Gain factor for the actual transistor at the ac-

tual temperature 

Coefficient of mobility reduction due to the 

gate-induced field for the actual transistor at 

the actual temperature 

Coefficient of mobility reduction due to the 

back-bias for the actual transistor a t the ac-

tual temperature 

Coefficient of mobility reduction due to the 

lateral field for the actual transistor a t the ac-

tual temperature 

Coefficient for the drain induced threshold 

shift for large gate drive for the actual tran-

sistor 

Factor of the channel-length modulation for 

the actual transistor 

Characteristic voltage for channel-length mod-

ulation for the actual transistor 

Coefficient for the drain induced threshold 

shift at zero gate drive for the actual transistor 

Factor of the subthreshold slope for t he actual 

transistor at the actual temperature 

Weak inversion correction factor for t he actual 

transistor 

Limiting voltage for the Vsb dependence of 

GAMO and MO for the actual transistor 

V 

1 / v i 

1 / v i 

V 

AV"^ 

1/V 

1 / v i 

1/V 

V 

V 

Table B . l : JVames, and umfa /or eZeĉ rzcoZ parome^erg o/ 
Confmwecf on foge . . . 
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N a m e Symbol Parameter Units 

ETADS riDs 

BTAGAM % 

ETAM r]m 

A1 

A2 

A3 

COX 

CGDO 

CGSO 

NT 

NF 

Ai 

^2 

^3 

Cox 

CCDO 

Gcso 

A/r 

A/p 

BTABET 77̂  

STVTO 5^ 
thO 

Exponent of the Fds dependence of GAMl for 

the actual transistor 

Exponent of the back-bias dependence of 

GAMO for the actual transistor 

Exponent of the back-bias dependence of M 

for the actual transistor 

Factor of weak avalanche current for the actual 

transistor at the actual temperature 

Exponent of weak avalanche current for the 

actual transistor 

Factor of the drain-source voltage above which 

weak avalanche occurs for the actual transistor 

Gate-to-channel capacitance for the actual 

transistor 

Gate-drain overlap capacitance for the actual 

transistor 

Gate-source overlap capacitance for the actual 

transistor 

Coefficient of the thermal noise for the actual 

transistor 

Coefficient of the flicker noise for the actual 

transistor 

Exponent of the temperature dependence of 

BET for the actual transistor 

Temperature dependence of VTO for the ac-

tual transistor 

V 

V2 
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N a m e Parameter Units 

LEVEL 

RON 

RSAT 

VSAT 

PSAT 

VP 

TOX 

ASAT 

^AT 

-f̂ AT 
Fp 

ôf 

DCH ATc 

DSUB AfA 

VSUB 

VGAP 

CGATE 

CSUB 

TAUSC 

ACH 

KF 

AF 

TREF 

DTA 

^ A P 

C'cATE 

CsUB 

T'SC 

i^F 

v4p 

^ef 
AT 

MULT nir 

Model level, must be set to 30 

Ohmic resistance at zero bias 

Space charge resistance at zero bias 

Critical drain-source voltage for hot carriers 

Velocity saturation coefficient 

Pinch off voltage for zero gate bias and sub-

strate voltages ; VP < = 0 no depletion and/or 

accumulation in the channel 

Gate oxide thickness 

TOX > 0 MOSFET device 

TOX < = 0 No depletion at the surface 

Doping level channel 

Doping level substrate ; DSUB < = 0 no de-

pletion from the substrate 

Substrate diffusion voltage 

Band gap voltage 

Gate capacitance at zero bias 

Substrate capacitance at zero biaa 

Space charge transit time in the channel 

Temperature coefficient in the channel 

Flicker noise coefficient 

Flicker noise exponent 

Reference temperature; default = 25 °C 

Difference of the device temperature to the 

ambient temperature (T = TLny + 

Multiplication factor 

V 

V 

cm 

cm 

cm - 3 

V 

F 

F 

s 

°C 

"C 

Table B.2: Names, descriptions and units for all parameters of M30.02. 
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N a m e Parameter Units 

LEVEL 

RON 

RSAT 

VSAT 

PSAT 

VP 

TOX 

DCH 

TBOX 

-RON 

-RSAT 

yp 

toi 

TVi) 

ôb 

CGATE 

CBOX Csox 

TAUSC 

ACH ^cH 

TREF 

DTA AT 

MULT rriv 

Model level, must be set to 40 

Ohmic resistance at zero bias 

Space charge resistance at zero bias 

Critical drain-source voltage for hot carriers 

Velocity saturation coefficient 

Pinch off voltage for zero gate bias and sub-

strate voltages ; VP < = 0 no depletion and/or 

accumulation in the channel 

Gate oxide thickness 

TOX > 0 MOSFET device 

TOX < = 0 No depletion at the surface 

Doping level channel 

Box oxide thickness 

TBOX < = 0 No depletion and/or accumula-

tion at the box 

Gate capacitance at zero bias 

Handle wafer capacitance at zero bias 

Space charge transit time in the channel 

Temperature coefficient in the channel 

Reference temperature; default = 25 °C 

Difference of the device temperature to the 

ambient temperature (T = Tamb + AT) 

Multiplication factor 

n 

a 

V 

V 

cm 

cm 

cm 

F 

F 

s 

°C 

°C 

- 3 

Table B.3: Names, descriptions and units for all parameters of M4O. 
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M M 9 0 2 Value M3002 Value 

VTO 

KO 

K 

(2.98 + 2.75 1 0 - 6 / ^ * ) V 

(2.97 4- 2.89 10"^/^*) V ' i 

3.0 V - i 

RON 

RSAT 

VSAT 

1 i,o 
0.18+245001V 

1.05 o 
VK+3.85 10-G 

3.45 V 

VSBX 100 T/ PSAT 2 

BET VP 4.0 V 

THEl (156.8 10-^ + 1.6 lO-G/^*) V - i TOX 610"® cm 

THE2 10 1 0 - 3 V - i DCH 1.1 10̂ ^ cm-3 

THB3 (53.5 10-^ - 0.49 10-G/^*) V-^ DSUB 1.0 10̂ '̂  cm-3 

GAMl (9.62 10-^ + 190 10-G/^*) VSUB 0^7 V 

ALP 21^10-3 VGAP 1.206 

VP 0.3 V CGATB 23 10-^° F 

GAMOO 2̂ 7 10-3 CSUB 3.7 10-^° F 

MO 2J^ TAUSC 0 8 

ZETl 1.4 ACH 1.6 

VSBT 0.5 V KF 0 

ETADS 0.6 AF 1 

ETAGAM 1 TREF 25 °C 

ETAM 1 MULT 1 

A1 0.5 

A2 6.25 10-G V 

AS 0.65 

COX 4 10-^^ F 

CGDO 0 F 

CGSO 1.73 10-^° F 

NT 0 J 

NF 0 

ETABET 1.4 

STVTO -3.3 10-3 

Table B.4: Optimised parameter set for the LV LDMOS. 

VF + 3.85 10-6 (20 + 3.85) lO'S 
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M M 9 0 2 Value M3002 Value 

VTO 

KO 

(2.98 + 0.63 10-G/^*) V 

2.4 V - i 

RON 

RSAT 

0.027 n 
TV+SW-G*' 

50 kn 

K 0 V"i VSAT 2.07 V 

VSBX I M V PSAT 1.1 

BET 

THEl 

43(o.93V«)/^A.V-2 

0.22 V-^ 

VP 

TOX 

6.5 

6 10~® cm 

THE2 0.01 V - i DCH 1.1 10̂ ^ cm-3 

THE3 0.01 v - ^ DSUB 1.0 10̂ ^ cm-3 

GAMl (0.01 - 0.011 10-G/^*) vi-%Ds VSUB O j ^ V 

ALP 0UW5 VGAP 1.206 

VP 1.5 V CGATB 11.5 10-1° PK F 

GAMOO 0.003 CSUB 3/f 10-10 F 

MO 2.7 TAUSC 0 s 

ZBTl 0.8 ACH 1.7 

VSBT 0 J 5 V KF 0 

ETADS 0.6 AF 1 

BTAGAM 2 TREE 25 °C 

ETAM 1 MULT 1 

A1 0.5 M40 Value 

A2 

A3 

35 V 

0.65 

RON 

RSAT 

1 r> A2 

A3 

35 V 

0.65 

RON 

RSAT 
49.5W:+1.28 10-̂  

100 kn 

COX 4 10-^° PK F VSAT 2.9 V 

CGDO 0 F PSAT 2 
CGSO 1.73 10-1° F VP 180 T/ 

NT 0 J TOX 0 cm 

NF 0 DCH 1.1 IQiG cm-^ 

ETABET 1.4 TBOX 0.3 10-G cm 

STVTO -3.3 10-^ °C-i CGATE 

CBOX 

TAUSC 

ACH 

TREF 

MULT 

0 F 

1.8 10-1" IV F 

0 s 

1.7 

25 °C 

1 

Table B.5: Optimised parameter set for the MV LDMOS. 

** 
1 1 

t r 20 10-6 
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Appendix C 

Model Description 

C . l Model Card 

A model card specifying the SOI LDMOS parameters in the Simetrix implementation of 

SPICES has the following general format: 

.MODEL MNAME [NDSOI/PDSOI] <LEVEL=VAL> ...mo(feZpamme(ers . . . 

After the model name MNAME, the parameter NDSOI or PDSOI must be specified to 

indicate that the model is used for either an TV-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.l on the following page gives the names, descriptions, symbols and default values 

for all parameters of the SOI LDMOS model. 
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N a m e Symbol Parameter Units Default 

LEVEL model index 6 

SWITCH - 0 for geometrical parameter set - 0 

TNOM ^nom parameter measurement temperature °C 27 

TOP ôf front oxide thickness m required 

TOB ôb back oxide thickness m required 

TB th silicon film thickness m required 

TBDR ^bdr 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 LD lateral diffusion m 0 

LDROV -̂ drov overlap of the front gate over the drift re- m 0 

gion 

NQFF A/qpF front fixed charge density _0 
cm 0 

NQFB A^QFB back fixed charge density _9 
cm 0 

NSSF ^itf front fast surface state density c m ^ ^ e V ^ 0 

NSSB -^itb back fast surface state density cm"^eV"^ 0 

NSUB ;vAs silicon film doping concentration cm~^ required 

DOPGRAD doping gradient coeGcient (set to 0 if < - 0 

10-^) 

PHIB 9̂ nom surface potential (= 2^nom) V derived ^ 

GAMMAO 70 body factor v i derived t 

GAMMAS body factor at the back gate v i derived t 

VTO ^hOnom zero bias threshold voltage (front) V derived t 

DBLTAL Ai; threshold roll-off with channel length m 0 

DBLTAW threshold roll-up with channel width m 0 

SIGMA a drain induced barrier lowering factor m 0 

VFBF T/f 
FBnom fiatband voltage (front) V derived ^ 

CHIFB XFB flatband voltage temperature dependence V/K 0 

VTOB yb 
thOnom 

zero bias threshold voltage (back) V derived ^ 

VFBB T /b 
*̂ PBnom fiatband voltage (back) V derived t 

Table C . l : onj cfe/ouZf foZueg /or aZZ parameters o/ (Ae 
6'C)7 i^DMO.9 mojeJ. Confmi^ej on neit page . . . 
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N a m e Symbol Parameter Units Default 

UO 

THBTA 

VSAT 

MEXP 

K 

UACC 

THETAACC 

KACC 

KP 

LAMBDAR 

VP 

LX 

ALPHAO 

BETAO 

CHIBETA 

ETA 

LM 

LMl 

LM2 

LAMBDADR 

NDR 

PHIDR 

GAMMAFDR 

GAMMABDR 

VFBFDR 

VTODR 

VFBBDR 

VTBDR 

MOBDR 

FAC 

KDR 

VSATDR 

/̂ snom 

"^satnom 

m 

k 

/^accnom 

Fn 

A 

V 

I ml 

lm2 

Adr 

JVo 

d̂rnom 
ydr 

yfdr 
"FBnom 
yfdr 

thOnom 
T/bdr 
T/-bdr 

thOnom 

/^drnom 

/ v 

d̂r 

%atdrnom 

zero field inversion surface mobility 

vertical field inversion mobility degrada-

tion factor 

carrier saturation velocity 

smoothing factor 

inversion mobility temperature exponent 

zero field accumulation surface mobility 

vertical field accumulation mobility 

degradation factor 

accumulation mobility temperature expo-

nent 

transconductance parameter 

channel length modulation factor 

fitting parameter (second CLM model) 

effective pinch-off region length (second 

CLM model) 

first impact ionisation constant 

second impact ionisation constant 

temperature coefficient of BETAO 

effective field factor 

effective ionisation length 

LM variation with gate voltage 

LM variation with gate voltage squared 

fitting factor for capacitance in saturation 

drift region doping concentration 

surface potential (2(̂ Fdriiom) 

drift body factor (front) 

drift body factor (back) 

drift Hatband voltage (front) 

zero bias drift threshold voltage (front) 

drift Satband voltage (back) 

zero bias drift threshold voltage (back) 

mobility in the drift region 

fitting factor for 2-D current flow under 

the gate 

drift region mobility temperature expo-

nent 

carrier saturation velocity in the drift re-

gion 

cm /Vs 
v - i 

cm/s 

cm^/Vs 
v - i 

A/V^ 

m / V 

V 

m 

1/cm 

V/cm 

V/cmK 

m 

m / V 

m/V^ 

cm~^ 

V 

v i 

v i 

V 

V 

V 

V 

cm^/Vs 

cm/s 

600 

0 

0 tt 

1 

1.5 

600 

0 

1.5 

derived 'I' 

0 

0 ttt 

0 ttt 

0 

1.92B6 

0 

1 

0 

0 

0 

0 

tttt 

derived ^ 

derived ^ 

derived ^ 

derived ^ 

derived ^ 

derived ^ 

derived ^ 

1000 

1 

1.5 

0 tt 

confmuecf on page . . . 
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N a m e Symbol Parameter Units Default 

JSS '^sSnom S-B junction saturation current density per A/m le-10 

metre width 

BTADS 7?DS S-B junction ideality coefficient - 1 

JSIS ^slSnom second S-B junction saturation current density A/m 0 

per metre width 

ETADIS 7?D1S second S-B junction ideality coefficient - 1 

ISS -^sSnom S-B junction saturation current A derived H 

ISIS -^slSnom second S-B junction saturation current A derived M 

CHIOS %DS temperature coefficient of ISS eV.K/J ^ g / t 

CHIDIS XDIS temperature coefficient of ISIS eV.K/J Eg/A 

CJS Cjs zero-bias S-B junction capacitance per square F/m 0 

metre of (sidewall) junction area 

CBS Cjos zero bias body-source junction capacitance F derived 

PBS f % n o m S-B junction potential V 0.8 

MJS Ms S-B junction grading coefficient - 0.5 

FCS f C s S-B junction forward bias coefficient - 0.5 

JSD •-^Dnom D-B junction saturation current density per A/m le-10 

metre width 

ETADD %)D D-B junction ideality coefficient - 1 

JSID "^slDnom second D-B junction saturation current den- A / m 0 

sity per metre width 

BTADID ?7D1D second D-B junction ideality coefficient — 1 

ISD -^sDnom D-B junction saturation current A derived M 

ISID -^slDnom second D-B junction saturation current A derived 

CHIDD XDD temperature coefficient of ISD eV.K/J Eg/A; 

CHIDID XDID temperature coefficient of ISID eV.K/J Eg/k 

DVT switch for temperature dependence (diodes - 1 

only) 

CJD CjD zero-bias D-B junction capacitance per square F/m 0 

metre of (sidewall) junction area 

CBD CjOD zero bias body-drain junction capacitance F derived 

PBD f ^ D n o m D-B junction potential V 0.8 

MJD Mn D-B junction grading coefficient - 0.5 

FCD FCc D-B junction forward bias coefficient - 0.5 

BETABJTR /%JTr parasitic bipolar current gain parameter m^ 0 

TAUF bipolar forward transit time s 0 

TAUR tr bipolar reverse transit time s 0 

confmuecf on nezf page 
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Name Symbol Parameter Units Default 

RSH 

NRS 

NRD 

RD 

RS 

NLBV 

-̂ sh 

Rd 

AF 

KF 

CGFSOR CgAor 

CGFDOR Cgfdor 

CGFBOR Cgfbor 

CGBSOR Cgbsor 

CGBDOR Cgbdor 

CGBBOR Cgbbor 

KOX 

TCF 
Kci 

drain and source diffusion sheet resistance 

source squares 

drain squares 

drain series resistance 

source series resistance 

1/f noise model level: 

0 l / / ( K F . 7 ^ ) / ( i ; \ C « / ) 

l / f noise exponent 

1/f noise coefficient 

front gate-source overlap capacitance per me-

tre channel width 

front gate-drain overlap capacitance per metre 

channel width (for LV LDMOS) 

front gate-bulk overlap capacitance per metre 

channel length 

back gate-source overlap capacitance per me-

tre channel width 

back gate-drain overlap capacitance per metre 

channel width 

back gate-bulk overlap capacitance per metre 

channel length 

oxide thermal conductivity factor 

thermal capacitance factor 

0 / s q 

n 
n 

see NLEV 

F / m 

F / m 

F / m 

F / m 

F / m 

F / m 

V.A/mK 

V.A.s/m^K 

0 

0 

0 

derived ^ 

derived ^ 

0 

1 

0 

0 

0 

0 

t 

tt 

ttt 

tttt 

When not given, an estimate is derived from other model parameters. 

A value of 0 is a switch to exclude velocity saturation effects. 

To select the second channel length modulation model, specify VP 

and LX and do not specify LAMBDA. 

if NDR is given this parameter is not used. RSHDR is used to calcu-

late NDR when NDR not given 

Calculated from the sheet resistance RSH, and NRS or NRD. 

Calculated from the current density JS or JSl , and the channel width. 

Calculated from the capacitance per unit area CJ, the channel width 

and the film thickness. 

195 



C.2 Element Card 

An element card specifying an SOI LDMOSFET modelled in Simetrix has the following 

format: 

Yxxxx ND MGf 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. SPICES allows the 

node names to be alphanumeric, so a useful convention may be to have thermal nodes 

called T l , 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 . M O D E L 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 T E M P value allows the user to specify the ambient temperature of the device 

and overrides the temperature specification in the .OPTION control line. 

C.3 Electr ical P a r a m e t e r 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 End the full parameter set, 

valid for a whole range of widths and lengths, it is convenient to extract Erst the electrical 

parameter set for every diff'erent transistor. Then the full parameter can be derived, which 

is valid for the whole range of geometries. 
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N a m e Symbol 

LEVEL 

SWITCH -

TNOM ^ n o m 

TPG -

VTO ^ h O n o m 

STVTO XFB 

KO 

DOPGRAD 

PHIB ^nom 

BET /5nom 

ETABET k 

BETACC /^accnom 

ETABETACC k 

THEl B 

THEIACC 0a.cc 

THB3 ^3nom 

MEXP m 

LAMBDA A 

V P 

ALP a 

GAMOO Voo 

KB 

VTOB •^thOnom 

RON -Ronnom 

FAC / v 

RONDR -Rondrnom 

ETARONDR ^dr 

PHIDR ^ d m o m 

KODR /yfdr 

KBDR /ybdr 

VTODR ^ f d r 
thOnom 

VTOBDR T/bdr 
thOnom 

Units Default 

model index 

1 for electrical parameter set 

parameter measurement temperature 

type of gate material: 1: N type, 2: P 

type, 0: Alum 

zero bias threshold voltage (front) 

temperature dependence of T4ho 

body factor 

doping gradient coefficient (set to 0 if < 

10-2) 

surface potential (= 2^nom) 

inversion layer gain factor 

temperature exponent of /3nom 

accumulation layer gain factor 

temperature exponent of /̂ accnom 

vertical field inversion layer gain degrada-

tion factor 

vertical field accumulation layer gain 

degradation factor 

horizontal field mobility degradation fac-

tor 

smoothing factor 

channel length modulation factor 

fitting parameter (second CLM model) 

pinch-o5 factor (second CLM model) 

drain induced barrier lowering factor 

body factor at the badt gate 

zero bias threshold voltage (back) 

drift region on-resistance under gate oxide 

fitting factor for 2-D current flow under 

the gate 

drift region on-resistance under Beld oxide 

temperature exponent 

surface potential (2<̂ pdmom) 

drift body factor (front) 

drift body factor (back) 

zero bias drift threshold voltage (front) 

zero bias drift threshold voltage (back) 

'C 

V 

V/K 

V2 

V 

A/V^ 

cm^/Vs 

v - i 

v - i 

V - i 

1/V 

V 

V 

n 

n 

V 

vl 
v& 
V 

V 

6 

0 

27 

1 

3 

0 

3 

0 

0.8 

1.5 

0 

1.5 

0 

1 

0 

ottt 

0 
0 

0 

1 

0 

1.5 

on page . . . 
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N a m e Symbol Parameter Units Default 

VPDEP ypdep pinch-off voltage without inversion at box V 

THB3DR ^Sdrnom horizontal field mobility degradation in the 0 

drift region 

LAMBDADR -̂ dr fitting factor for capacitance in saturation - 0 

ALPHAO tto first impact ionisation constant 1/cm 0 

BETAO A second impact ionisation constant V/cm 1.92E6 

CHIBBTA temperature coefficient of BETAO V/cmK 0 

ETA V effective field factor - 1 

LM effective ionisation length m 0 

LMl ^ml LM variation with gate voltage m/V 0 

LM2 ^m2 LM variation with gate voltage squared m/V^ 0 

DVT switch for temperature dependence (diodes - 1 

only) 

BTADS % S S-B junction ideality coefficient - 1 

BTADIS % 1 S second S-B junction ideality coefficient - 1 

ISS -^sSnom S-B junction saturation current A 0 

ISIS -^slSnom second S-B junction saturation current A 0 

CHIOS %DS temperature coefficient of ISS eV.K/J 

CHIDIS %D1S temperature coefficient of ISIS eV.K/J Eg/k 

CBS C j o s zero bias body-source junction capacitance F 0 

PBS -f-®Snom S-B junction potential V 0.8 

MJS Ms S-B junction grading coefficient - 0.5 

FCS S-B junction forward bias coefficient 0 . 5 

ETADD % D D-B junction ideality coefficient - 1 

ETADID %)1D second D-B junction ideality coefficient - 1 

ISD -^sDnom D-B junction saturation current A 0 

ISID -^slDnom second D-B junction saturation current A 0 

CHIDD XDD temperature coefficient of ISD eV.K/J Eg/A: 

CHIDID X D I D temperature coefficient of ISID eV.K/J E g / t 

CBD CjOD zero bias body-drain junction capacitance F 0 

PBD f - B D n o m D-B junction potential V 0.8 

MJD D-B junction grading coefficient - 0.5 

FCD f ' C D D-B junction forward bias coefficient - 0.5 

on page . . . 
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N a m e Symbol Parameter Units Default 

BETABJT /%jT 

TAUF If 

TAUR 7% 

parasitic bipolar current gain parameter 

bipolar forward transit time 

bipolar reverse transit time 

0 

0 

0 

RD RB drain series resistance n 0 

RS Rs source series resistance Q 0 

NLEV 1/f noise model level: 

0 l / / ( K F . 7 ^ ) / ( i , 2 . C , / ) 

0 

AF - 1/f noise exponent - 1 

KF - 1/f noise coefficient see NLEV 0 

CGFSO Cgfso front gate-source overlap capacitance F 0 

CGFDO Cgfdo front gate-drain overlap capacitance (for LV 

LDMOS) 

F 0 

CGFBO C'gfbo front gate-bulk overlap capacitance F 0 

CGBSO Cgbso back gate-source overlap capacitance F 0 

CGBDO Cgbdo back gate-drain overlap capacitance F 0 

CGBBO Cgbbo back gate-bulk overlap capacitance F 0 

COXINV C'oxinv inversion gate oxide capacitance F 0 

COXACC C'oxacc accumulation gate oxide capacitance F 0 

To select the second channel length modulation model, specify VP 

and LX and do not specify LAMBDA. 

C.4 Conversion f rom Geometr ica l to Elec t r ica l P a r a m e t e r 

Set 

C.4.1 Calculation of Some Temperature Independent Parameters 

Cof 

Cob 

C'ssf 

Cssb 
% 

3.9 • eo 

tof 
3.9 • eo 

toh 

9 jDab 

1 + ^ 

(C.l) 

( ( ] .2 ) 

((3 3) 

(C.4) 

((3.5) 
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If 70 is not given; 70 = (C.6) 
Gof 

If 7^ is not given: 7^ = (C.7) 
Gob 

EVpd^knotgpven: = 9^^bdr 
C/Qb 

If ND is not given: ND = (C.9) 
Q ' ̂ shdr ' A'drnom ' ̂ bdr 

If 7^^''is not given: 7 '̂̂ '' = (C.IO) 
Gof 

If 7^'^'' is not given: 7'̂ '̂ '' = (C.l l) 
Gob 

I F C ' j o s / D I S not given: C j q s / d = ^ ' C ' J G / d ( C . 1 2 ) 

If the current densities per metre width are given: 

4s/D = M/" - JgS/Dnom (C.13) 

4lS/D = M/" - ̂ is/Dnom (C.14) 

LeS = L — Ld (C.15) 

7eg = (G16) 

Too = J (C-17) 

A = - ^ (C.18) 
-̂ eff 

a = —^ (C.19) 
-̂ efF 

/%JT = (C.20) 
-̂ eE 

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 "nom" was added to the subscript of these 

quantities. 

W 
Pnom — ~p A'snom Cof (C.21) 

/5accnom = T /^accnom C'of (C.22) 
-^drov 
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3̂nom 

-Ronnom 

-Rondrnom 

Ŝdrnom 

A'snom 

E, gnom 

t̂n 

%atnom -̂ eff 
-̂ drov 

q W /idrnom -̂ D 
idr 

q A'drnom -̂ D b̂dr 
Â drnom 

%atdrnom -̂ dr 
/ _ ^ 0 2 1 0 - . T i „ -

-kliog 
k • Tn, 

e y 

(C.23) 

(C.24) 

(C.25) 

(C.26) 

(C.27) 

(C.28) 

If ^ not given: ^Pnom 

If ^Bnom not given: t^gnom 

If VthOnom given: ^Bnom 

If T^nom not given: l^Snom 

If KhOnom given: V^nom 

If ^dr not given: ^dmom 

Ifl^2m,om Skfen: 

/ 1 / As N 
— "Ptnom lll( ) 

M'inom 

= - T P G - ^ - T P (^Pnom-
z g Cof 

ĥOnom 

— (14- TP) • (f)Fnom 

TP(%2î Fnom ~l~ To•\/2^Fnom) 
g 

Cob 

ĥOnom TP • (% 2^Fnom + 7 \/2^Fnom) 
jVn 

'̂ tnom ln( ) 
înom 

-TPG . ^ + TP . .̂ Pdmom -
z q Oof 

(C.29) 

(C.30) 

(C.31) 

(C.32) 

(C.33) 

(C.34) 

(C.35) 

— ^hOnom TP(%2^dmom T/drV^^^Fdrnoin) (C.36) 

= - ( l -TP) . ,APdr 
9 - ATppg 

Cob 
(C.37) 

t̂hOnom + TP • (% 2^Fdmom + V^^Fdrnon(P-38) 

C.5 P a r a m e t e r Preprocess ing f rom electr ical p a r a m e t e r set 

C.5.1 Calculation of the Temperature Dependent Electrical Parameters 

at the Nominal Temperature 

In this section the parameters are calculated at the nominal temperature, which is the 

parameter measurement temperature. The extension "nom" was added to the subscript of 

these quantities. 

^Bnom ~ ĥOnom ~ TP(%2(j6Fnom + TO \/2(^Fnom) 

— ĥOnom TP • (% 2^pnom + T \/2</'Fnom) 

— ĥOnom TP(%2(̂ Fdrnom + T \/2i^Fdrnom) 

T/b 
t̂ FBnom 
T/fdr 

P̂Bnom 
T/bdr 
^̂ FBnom ĥOnom + TP (% 2^drnom + \/2<^dmom) 

(C.39) 

(C.40) 

(C.41) 

(C.42) 
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C.5.2 Calculation of the Temperature Dependent Electrical Parameters 

at the Ambient Temperature 

Now an adjustment is performed from Tnom to TEMP(= the ambient temperature 

given in the instance hne of a device. This adjustment is done for all the temperature 

dependent instance parameters used in the model equations. 

(CXW) 

The Diodes and B J T Parameters 

If %DS/D is not given: Xcs/D = (C.45) 

E 
If XDis/D is not given: XDis/D = (C.46) 

4s/D(^mb) — 4 s / D n o m • exp(--—^ H (C.47) 
9 yt Q (ptrvom 

4lS/D(^^b) = 4lS/Dnom ' ) (C.48) 
9 yt 9 ytnom 

-P-Bg/D — (f-Bs/Dnom - "^tnom^-l 5 - l n ( - ^ ^ ) + (C.49) 
y -̂ amb -̂ nom -̂ amb / -̂ amb 

The Channel and Drift current Parameters 

= ;8nom (050) 

\ — tacc 
/ ) a c c ( W = ;8accnom h f S b (C.51) 

Lnom , 

AoN(Tamb) = Aonnom (C.52) 

A&'NKmb) = Aondmom (C.53) 
^Tnom J 

-k 

fsCTamb) - ' ( r Z l ) " l+O.Sexp^"" (C.54) 
600 

202 



»3dr(r.„b) - • l + 0 . 8 e x p S (C.55) 

(CJ%) 

VZB(TLnb) == V^Bnom-tTTG- - (dfamn-dtO (&57) 
z q 

^ — ^ n o m + ( 1 + TP) - (<̂ Pnom " <̂ F) (C.58) 

== ^Fdnmm;pr^^ (C.59) 
n̂om 

Vpe" = T^Bnom + TPG • — - - — TP • (̂ pdrnom " 9̂ Fdr) (C.60) 
z q 

= t^Bnom + (1 TP) ' (l̂ Fdmom — ^Fdr) (C.61) 

C.5.3 Inclusion of Self and Coupled Heating for t h e Major Temperature 

Dependent Model Parameters 

The local self- and coupled heating induced temperature rise A T 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 

== /3(31.nb) - 4- I (C.62) 
\ ^amb/ 

/ AT \ 
Acc = /3acc(3amb) ' ( 1 + Tf, I (C.63) 

\ Jamb/ 

/ / \ T \ 
fZoi, = J%or,(31.nb) - 14- (€ 64) 

\ J^unb/ 

JR()N = j%0]v(]lunb) ' f 1 H — I ((].65) 
\ ^amb/ 

I/PB =: t1^B(]lunb) 4-;cFB -JS/T ((3.68) 
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The Diode and B J T Parameters 

4s /d = - r . s / D ( T . „ b ) ' = x p ( ^ ^ . ^ r - ^ ^ ) (C.69) 

4 i s / d = 4 is /D ( r .mb) • e x p ( j ^ ^ • (C.70) 

+ X^AT) ( c j i ) 

/?M — /?o + X/3 • (C.72) 
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C.6 Smooth ing Funct ions 

The constant Mexp used in this section represents the maximum argument allowable in 

the exponential function when floating point variables are used. 

ei In 1 + exp(^) + 6 2 i f a; < ( 6 1 M e x p ) 

otherwise 

(C.73) 

eln 1 + 
exp ( i ) 

a; — eln 

y 

l+exp(^) 

l + e x p ( ^ ) 

if a; - 3/ < (e Mexp) and z < (e Mexp) 

if a; - 1/ < (e Mexp) and a; > (e Mexp) 

otherwise 

(C.74) 

minamap(a;,i/,e) = < 

cln 14-

a; — eln 

y 

expt, 
l+exp(^^ 

1 + exp(^^) 

0.68e if a; — 2/ < (c Mgxp) and a; < (e Mexp) 

if a; - ?/ < (e Mexp) and a; > (e 

otherwise 

mingmi(a;,!/,e) = 
z — e In 

y 

l + exp(E^) if a; - ?/ < (e Mexp) 

otherwise 

(C.76) 

miiism2(r,i/,e) 

z + e In 

3/ - e In 

e x p ( — ^ ) + l 

e x p I 

1 + exp(-

if a; - 1/ < (e Mexp) 

otherwise 

(C.77) 

maxhyp(a:, 2/, c) = a: - 0.5 ^(a; - i/) - ^(a; - ;/)^ + 46^^ 

minhyp(a;, (/, e) = a; - 0.5 ^(a; - (/) + ^(a; - i/)^ + 46^^ 

minsat(a;,2/,m) = a;%/ 

(C.78) 

(C.79) 

(C.80) 
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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 %is > 0. If %is < 0, l̂ biB and Vgs have to be swapped. 

C .7 .1 B l o c k l A 

7L 

7m 

/ \ 'yegexp( 

7L +7eg 

— " 7oo %iS 

(C.81) 

(C.82) 

(C.83) 

— l^fB - ^BeS 

Vgy = poSgj^(V^, (pt, IE — 25) 

(j) = MIN(2(^F, — 0.1 

^by = POSsm(^B + ; 0) 

(C.84) 

(C.85) 

(C.86) 

(C.87) 

C .7 .2 B l o c k I B 

V'ssO 

A 

7ea + 

K gconst 

2% y 

2^p + T̂ by 

% 

1) + 7egVC4 

Vgx — POSĝ (V^ T ĉonst, 5<̂ t, 0) + Vgconst 

T, 
1 

— -A + 
7eg 

V'siO — 
^ In̂ TiogO^ if %gO > 1 

A otherwise 

note: build-in protection in code for Tjogo < = 1 

(this can only happen due to numerical problems) 

V'stO = ttLillsmsp(V'siO) V'ssO; 

(C.88) 

(C.89) 

(C.90) 

(C.91) 

(C.92) 

(C.93) 

(C.94) 

C.7.3 Block IC 

= 

fi = 

2 \ / l + V'sto 
1 1 1 

- g % +7efr (g - g) 

^ — 7efr \ / V w ( l ^ ) + (1 - g %yi)7eE V'sto 

(C.95) 

(C.96) 

(C.97) 
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/ i n — Teff \ / V ' s t O + ( 1 g ^N^)'yefF ^ V'stO ( C . 9 8 ) 

jtz == (/% H-'yegd-- ((3.99) 

M m o h = ~ 2 + G ^ + ( ^ l m 2 ( C . l O O ) 

, = - A . - ^ + 0 . 0 . 5 ^ + ( C . 1 0 1 ) 

s,ac = P0%„(14-1 g f t l ' T e 7 „ v & ' 

•S" = 2 + 2 y 'S'fac ( C . 1 0 3 ) 

V'sLsat = V'stO + ^ (C.104) 

C . 7 . 4 B l o c k I D 

^dry = p 0 8 g ^ ( V b f B - ; ^ ^ , . ^ t * l ^ - 6 , l E - 2 5 ) (C.105) 

/g = l + ^ ( ^ - V s t o ) (C.106) 

/ v 

1 + — V'sto) 

(C.107) 

- l + O a c c l l ' g y - f e . . . ) 

/ t e e = ^ (O.IOS) 

-p" = /e//3 + /gacc//3acc(^ + V'aiO " ^by) (C.llO) 

= — - /@acc / ,9acc ( C . l l l ) 

-% = P08gn i^ -^+G^g(^gLga t -V '^o) (C.112) 

+ ( / l + /2) (V'sLsat — V'sto) + V'sLsat((jV'BLsat + -P')), — 25 j 

^ __ f g(—Y + \ / % ) — V'sto + * 0.015 if/3acc > 0 (C 113) 

I V'sLsat - V'ato + * 0.015 otherwise 

%iSn = minBat(%iS,Klsat,7n) (C.114) 

%iBn = %iSn + Kby (C.115) 

C . 7 . 5 B l o c k I E 

V'sO — miHgrn(V ' s iO; V 'sLsa t ; ) ( C . 1 1 6 ) 
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C.7 .6 B l o c k I F 

A 

B 

C 

R&cc 

V'sL 

g + G (C.117) 

(/ i + / 2 ) + f ^ (C.118) 

— (g V'̂ O + ( / l + /z) V'aio) — -P'(%iSn + V'sio) — G(VbiSn + Âsio)̂  (C.119) 

(C.120) 
,52 

PO®sm(^— -^^1 * 1-E' — 6, IE — 25) 

# + V ^ 
A 

lllillsm(V'siLj V'sLsat; 4't) 

(C.121) 

(C.122) 

/eg 
1 + ^ _|_ 'ym(\/%0 + §(̂ "81 — V'so)) 

-{C.123) 
+ %(V'sL - V'so) 

•̂CHO — /? /eff [9 (V'sL ^ V'so) + (/l + /2) (V'sL — V'so)] (C.124) 

/id 
A (%is - yoiSn) if A given. 

a In otherwise 

/CH - -̂ CHO (1 + /id) 

(C.125) 

(C.126) 
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C.8 T h e Dr i f t Region Cur r en t Unde r t h e Field Oxide 

(5dr — 

^atinv = 
-

^gby = 

V'i = 

2 \/l + 2 ̂ Fdr 

^Pdep - \/2^Fdr 

^ b B -

^PO®sm(^^b) 4'tAE — 25) 

7 b d r ^ / 2 ^ + V ^ b y 

1 -

(C.127) 

(C.128) 

(C.129) 

(C.130) 

(C.131) 

^atdep — ^by "l~ ^dep 

^sa t — Hl&Xhyp (T^atinv, %atdep, 1-^ 25) 

%iBs = mingml ( %iB, ^ sa t , ) 

%)Bst — '̂Psat) ^t) 

(C.132) 

(C.133) 

(C.134) 

(C.135) 

4̂nin — 

^ i B 

V-i - Y ^ * (pOSâ (V âtmv - - 50)) 

inaxhyp(miniiyp(VDIBS) V'i; 25), ; 1-B' 50) 

(C.136) 

(C.137) 

A = 

Kat 

yODis 

%Din 

^DBs 

%iBl 

%Bf 

/ d r e f F 

Hi 

H2 

I-DK = 

2 ^ # ^ + 2 ^ + (^i -
%dr %dr 

ybBst - yOiBs 

(%)Dis, ^at) 6) 

^DiBs + yODin 

m & X h y p ( % i B s , V'i, - 5 0 ) 

™inhyp(%Bs, yoiBl, 1-B7 — 50) 
1 

1 + % d r ( y D B B - % i B s ) 

^dr , 
— ((%Bf — yDiBs)\/2^pdr + " ^ iBs)) 

— n ( ( " ^ b y + %Bs)^ " ("^^by + %Bf)^) 
2 

/ d r e f f 
% %Bs - %iBs - 76dr 

, ^ 2 \ 
F t 

+ 
P d e p ^dep j 

(C.138) 

(C.139) 

(C.140) 

(C.141) 

(C.142) 

(C.143) 

(C.144) 

(C.145) 

(C.146) 

(C.147) 

(C.148) 
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C.9 T h e Charge Equat ions 

C.9 .1 T h e B o d y C h a n n e l Charge 

USE REAL VALUE for Icn- positive when %g is positive, and negative otherwise. DO 

NOT SWAP the drain and the source, if %g is negative! 

Block 0 

T/DiBs = minsatCl^DiB, V'gdry + 0 . 0 1 , 2 ) ( C . 1 4 9 ) 

(C.150) 

^by = POSgn](VsB + 0) — ^ ( C . 1 5 1 ) 

+ T P ( 2 ( ^ F + ^ b y + 7 e f f - ^ 2 ^ F + K b y ) ( C . 1 5 2 ) 

= po8g^(Vbm-%, 0.005, (C.153) 

= P0Ssm(-^fB + ^h, 0.005,10-^^) (C.154) 

^DiBn = < I D]B| (C.155) 
I 0 Otherwise, BUT DERIVATIVES NOT 0! 

= I % i B . - h ( & ) A d , % N 7 c H iflVbiBi > 1 0 - " (C,156) 

[ %iBn otherwise 

Vgc = Tf'-Vdibc (C.157) 

= pos ,^( :^ ,10^t , 1 ^ - 2 5 ) (C.158) 

/cHy = -ininhyp(-7cH,^CHlim, 1 - 5 - 5 0 ) (C.161) 

V'sLacc — + hi — (Vg'^g + hi)\/h2 ( C . 1 6 3 ) 

Block l A 

7L = 7 e g e x p ( - ^ ) (C.164) 

(C.165) 

= pos,^(Vg,2<^t, 1 ^ - 1 2 ) (C.166) 

= VcfB - T^B - (C.167) 

Vgyh = poSg j„ (FgL , l-E" — 12) ( C . 1 6 8 ) 

= MIN(2^F,2,^pdr)-0.1 (C.169) 
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T îby = POSgin(%iB + 0) — (C.170) 

Block I B 

Block IC 

Block I D 

Block 3A 

V ' s L a c c y l 

Al 

^constL 

l̂ogL 

— P08gm(V'sLacc + (^ — ~ {(f) — 2^t%A) 

= 2(^f + V'sLaccyl ~ 2^^ 

= %vlL - ^t(% - 1) + ILV^L 

— PO®sm(^L ~ ^constL; 5^t, 0) + V^constL 

L7L 
-ji^gxL — ? ? s ^ l ) ^ — ^ 

' t 

V'siLinv — bl(^logL) 

(C.171) 

(C.172) 

(C.173) 

(C.174) 

(C.175) 

(C.176) 

^0 

^constO 

^ 0 

— 2^p 4" ^by 

= VsAq — (ptiVs — 1) + 7eS\/3o 

~ P®®sm(^ ^ ^constOj 0) + T ĉonstO 

2 ^ - ( ^ x O — VbA-o)^ — ^0 + 
7e5 

V'sio — ^ 0 4" 4>t l n . ( ^ i o g o ) 

(C.177) 

(C.178) 

(C.179) 

(C.180) 

(C.181) 

V ' s L a c c y 2 

-̂ LO 

^constLO 

^ L O 

l̂ogLO 

= POSgm (V'sLacc + 9̂ , ^ , 0) -

= 2(̂ F + 1̂ sLaccy2 

= %^L0 - - 1) + 7eg\/^L0 

= POSĝ (V^ — V ĉonstLOj 5^t; 0) + V ĉonstLO 
1 r 1 

= -J- —^(^LO — %^Lo)^ — ^LO + A 

V ' s iLO = -̂ LO + ln(7iogLo) 

(C.182) 

(C.183) 

(C.184) 

(C.185) 

(C.186) 

(C.187) 

(̂ t — IIlillsm(^y •̂ siLinv) (1 gy %iLinv, H 

maxgrnW, (1 + 

) Teff \/V'siLinv; 10 

100 siLinv; 100 

(C.188) 

(C.189) 
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-̂ minL 

ato 

Go 

-̂ minO 

2 -^eff 2^^ Teff V'V's iLinv ^ 

Illillsm(^y ~ V'siO, (1 

niaxgjji(ojo, (1 + 
1000 

'&N, 

^ )7eg\/V'8iO, 1 ^ ) 
100 

20 ^eS ^^^7egexp(-^) .y%j^ 

Go 

m i n s m ( % ^ , % ^ , Y 2 ) i f A N ^ > 0 

0 otherwise 

(C.190) 

'8io,&-) (C.191) 
10 

(C.192) 

(C.193) 

(C.194) 

Block 3B 

TLmln = 

a oxinvp 

C'oxto t 

/capl 

/ c a p 2 

C 'oxinv ( 1 / i m i n ) 

C 'ox invp + C 'oxacc 

^/(Coxtot > 0 
oxmvp 

— i/(Coxtot > 0, 

Block 4 

C'ox to t 

Q 

a oxto t 

V(Coxmv > 0 , l , % / ( C a 

,^/(Coxinv > 0 , 0 , 1 ) ) 

(C.195) 

(C.196) 

(C.197) 

>0 ,0 ,1 ) ) ) (C.198) 

(C.199) 

V'ssO 

^saL 

V'sO 

V'sLO 

V'sL 

. [M + 

2% V 4772 
7 L + 

% 

/jif: 
47?̂  2% V 477̂  % 

niiDsm2 (V'ssO V'siO; , 2^t) 

millsm2 (•0SSO; V'siLO, 2^t) 

n i i l l s m 2 (V'ssL) V's iLinv) 2 ^ t ) 

(C.200) 

(C.201) 

(C.202) 

(C.203) 

(C.204) 

Block 5 

v; qo 

Q l 

qoL 

( ^ y Vs'^sO Teff \/V'sO^ 

- 7 L \ / ^ ) 

- Z/sV'sLO — lefrVV'sLo) 

(C.205) 

(C.206) 

(C.207) 
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Block 6 

^Llim — ^OL (C.208) 

Block 7 

a = I J C - I O ((1209) 

== ((1210) 
^qo 

— I n • V ;f T/ ^ _ 
3 l̂ oxmvp K qo J7^i H >'qo ^ 

QcHinv = ^ -§Goxinvp^L i f % i o < a a n d T / ^ ^ > ( T (C.211) 

QcHinvn = -CoxinvpP08=m(-§^^ , 1 ^ - 8 , 0 ) (C.212) 

^oxinvp 
2 _ ^ . f T / 3 F ^ + 6 f ^ + 4 f + 2 ; f T / ^ _ 

15"-̂ oxmvp/capl I'qo {F+lY Qo 

0Dinv = ^ ^fC'oxinvp/caplKjL if < £7 and Fq^ > cr (C.213) 

0 if < (7 and < <7 
Qg. _ f C'oxmvp(-^/capl^Llim if ^ 0 > cr or 

[ 0 otherwise 
(Qoinv 4" Qsinvlim) 

Goinvn — C'oxinvpP08g^( ,1E 8,0) (C.215) 
^oxinvp 

C.9 .2 T h e B o d y Charge (Block 8) 

o = (C.216) 
V T'eff 

6 = + (C.217) 
'̂ Lmm 

— - In , , 
a + 1 6 + 1 a —1 a + 1 6 — 1 6 + 1 

/ab = + + (C.218) 

7L. = 7 . f f e x p ( - : ^ S d S _ t i i 2 H l ) (0.219) 

7el 

7e2 = 

if (^N,. > 0 and A^in < ! - ( ; ) A iLra'ui) 

I t if (A:N,t > 0 and > 1 - ô ) (C.220) 

'Yeg otherwise 

if > 0 and < 1 - a) 

-XL if (A:Nyi > 0 and > 1 - cr) (C.221) 

"Xeg otherwise 
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= (C.222) 

Se2 = (C.223) 

= or >10" ' ° . \ /VJ .+0 .5 (1« ^F,2) ,0) (C.224) 

fh = 'S'e2 - (C.225) 

/ l i p = Se2 — ^ L i (C.226) 

/ l l = & ! — (C.227) 

/ o = ^el - Kio (C.228) 

/el = /Zi" -
5 

f 1 . 5 f 1 . 5 

g * .gel (C.229) 

/e2 = 
5 

f l . 5 _ f 1 . 5 
L J L i p r? 

3 
(C.230) 

4 ( 7 e l / e l + 7 e 2 / e 2 ) ; f | | T / 2 %%W>10-6 

v; Qbl 
7el\/7o+7e2\/fL 

and > 1 0 ° or > 10 °) 

otherwise 

= i / ( & N 4 > o , % - : ^ + ^ A b , % ) 

ep 

2ANj 

C'oxinv(( l / i m i n ) * K jb i "t" IQyg) 

NOTE: pay attention to the derivatives in the else case of 

C.9.3 T h e B o d y A c c u m u l a t i o n Charge (B lock 9) 

(C.231) 

(C.232) 

(C.233) 

Vgncc — POSgjn( Vg,2(f)i,0) 

Qbilcc ~ C'oxinv^acc 

C.9.4 T h e D r a i n G a t e D e p l e t i o n C h a r g e (B lock 10 ) 

(C.234) 

(C.235) 

d̂gy 

fgconat 

gxdr 

10 - 1 2 

POSsm(%iB - l^ ' ' ,20(6t ,c ) 

fdr 

2% \ 

Adr = 

4% % 

2^^dr ~l~ %liby 

%-/̂ dr — — 1) + 

P08sm(%iB - 5(At, 0) + VgLst 

(C.236) 

(C.237) 

(C.238) 

(C.239) 

(C.240) 

(C.241) 
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t; dr 
log 

_i_ 

7 
( ^ d r — %-^dr)^ — Air + (C.242) 

^dr otherwise 

14 Qdepdi 7 
,fdr 

P08sm(V'8Lacc " ^ ^ 20^t, c) 

fdr ^,fdr 2 7 

% 
7 + % 

% 

== mmsm2(V'^,V'w\9)t) 

F, QdepL 

fdr 

7 
14 

fdr 

Qdepdi 
14 

Qna 

(IdepL 

Cnxarr ̂  Ik: oxacc ''QdepL l̂n(Fd &) if 04 Qdepdi & % QdepL > C 

ep 

and (fjr < 1 — c or > 1 

0.5 Coxacc(14;depL + ^depdi) ^ (̂ depdi ^ ^depL ^ (') 

4- c) 

0 

and 1 — c < -Pdr < 1 + c 

otherwise 

C.9.5 T h e Dr i f t A c c u m u l a t i o n charge (Block 11) 

14 QLa 

Kldi = 

14 QLacclim 

^̂ dilin 

POSgm - V'sLacc, 20< t̂, 

P 0 8 8 m ( ^ - %iB, 209!̂ :, c j 

POSgm - V'sLacc - ( l ^ - ^V'sLO " 7 6 ^ ^ / ^ ) , 20 <;6t, c) 

POSgm - %iB - ( l ^ - ^V'sLO - 7 e g \ / ^ ) , 20 (6t, c) 

Fi 

F2 

14 Qdi 
14 QLacc 
14 qdilii 

14 

QcHacc — * 

QLacclim 

_ 2 ^ y 
at^oxaccKqiKcl I 

^ gC'oxaccl^di 

if > c 

if 14,. QLacc 
otherwise 

< c and 14id; > c 

(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) 
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y / 3^3+6^2+4^-1+2 \ 
" 15 ' ^ o x a c c 7 c a p 2 ^qLacc 1 ( F i + l ) ^ I 

2(~< . f Y ( 
3'̂ oxinvpycap2 v'qLacc I Fi+1 I 

(gC'oxacc 4" 3 Coxinvp)fcap2 

if ^La.c > C 
(C.258) 

if ^ a c c < c and Kidi > c 

otherwise 

Qsacdim — * 

2 ^ f nV / 2F|+4F|+6-F2+3 I -ry > 1 ^ — 8 
15l̂ oxaccVcap2yqLKcliinl (fb+l):' y ""^qLacclEm-^^-^ (C259) 

. ^^C'oxacc/cap2^ai!im otherwise 

0Dacc + Qsacclim (C.260) 

C.9.6 The Drift Inversion charge 

Qsi: 
Coxacc(% 

0 otherwise 

. > c 
(C.261) 

C.9.7 The Nodal Charges 

The nodal charges are given by: 

QB — Qsdep "I" QB&CC 4" Qbirv 

Qdi — 0Dinvn 4" QDaccn "l~ Qodep 

Qcf = -(QcHinvn + QcHacc + QBdep + 

QD = 0 

Qs = - (Qc f + QD + QDi + Qs) 

3acc ~t~ Q o d e p ~t~ Q s i n v ) 

(C.262) 

(C.263) 

(C.264) 

(C.265) 

(C.266) 

216 



C.IO T h e Extr ins ic Mode l (copied f rom t h e STAG model) 

C . l O . l Series R e s i s t a n c e 

The series resistance of the source and drain regions are included as separate resistor 

elements with fixed values Rs and Rd . This approach gives rise to two additional internal 

nodes in the SOI LDMOS model. If Rs and Rb are not given but Rgh is given, the series 

resistance values are calculated from the source and drain areas as: 

As = Ash - NRS 

i?D = Rsh • NRD 

C.10 .2 I m p a c t l o n i s a t i o n M o d e l 

The impact ionisation current is modelled as: 

= (M - l)7cH 

with 

M - 1 = j^(yDS - 7? - ^ t ) exp j 
(%S - 77 - ̂ Bat) 

— I'mO + ^ml ' ^eff) 4" m̂2 ' (^'DS ^eff) 

(C.267) 

(C.268) 

(C.269) 

C.IO.3 D i o d e s and Paras i t i c B i p o l a r 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: 

ms/D DIS/D + ^D2S/D 

h DIS/D = L sS/D 

D2S/D = L s l S / D exp ( _ 1 
\%)1S/D^ / 

The parasitic bipolar current injected at the opposite junction is calculated as: 
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r _ / 3 B J T J 

The junction capacitance models and parameters are identical to the standard SPICE 

MOSFET models: 

CjOS/D 
(X if < JPCs/i) - fJ3s/D 

^ . -P-̂ S/D ''S/D 
Wep — < / \ 

[ ( l -FCs /o74 ;„ + l) ( ' - + Ms/d) + i fVDB>=J 'Cs/D--PBs/D 

(C.270) 

The charge storage due to the mobile carriers in the diodes are modelled via Cde and Cdc, 

the diffusion capacitances associated with the P — N junctions. The charges associated 

with these capacitances are given as 

0DE = TpaBJT^DlS (C.271) 

Qnc = "rACKBJT̂ DiD (C.272) 

(C.273) 

The parameters rp and t r 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: 

f t = ^CH%iS + + -^DR%Di + -^DR^D 

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 / / noise model used is determined by the switch MLEV; 

NLEV = 0 (default) _ 
^ _ KF . 1 

NLEV 

NLEV = 2 

A / [̂2 ^ y 

2̂  _ 

A / / 

F _ K F 1 
A / / 
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Appendix D 

Proof for Vpsat used in 

In this appendix we will prove that 

^atdep ^ V'i Or V âtinv > V'i ^ ^atdep ^ ^atinv 

^ niax(^atdep) ^atinv) — ^atdep (D-1) 

^atdep ^ V'i V âtinv ^ V'i ^atdep ^atinv 

O max(T^atdep) ^atinv) ~ ^atinv (D-2) 

Let US first consider the case of Fsatdep > V'i • We write 

T^atdep > V"! + ^Pdep > 

7^'' '>3^r<0.5 ^ _ ^bdr ^ 

4^ > Vgatinv ~~ T^dep (D-5) 

^atdep ^ ^atinv • (D-6) 

Let us now look at the second case where V̂ atinv > V"!- We write 

:^atinv>V'i ^ > 1 - -ybdr (D-n 

7'"''>MEdr<0.5 . . — y 2 9!,Fdr + V^dep /y. 
( ^ b + ^i^dep) > ^bdr 

^ %atdep ^ ^atinv • (D.9) 

Similarly we write 

^atdep < V"! + ^dep < ^ (D.IO) 

7""^>^dr<0.5 ^ 
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and 

fybdr 1 __,ybck 

^atdep ^atinv • (D.13) 

Note that the conditions used in the derived statements are ensured by parameter clipping: 

is chpped above 3, and ^pdr is clipped below 0.5. 
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Appendix E 

Deriva t ion of ^Llim? ^Lacclim QdHim 

The charge densities to be used in the calculation of the compensated source charge have 

to fulfill the following requirements; 

gilim = gL(%fB]im) = ^ ^ ^ (E l) 
for 

/T7- \ J yijacc for VQfg <C Vth /-rn 
9 L a c c l i m — 9 L a c c ( ^ G f B l i m ) ~ 1 „ r ir r z 

for Vbm » 

9 d i l i m — 9 d i ( ^ G f B l i m ) " " l „ r T r r r 

for 

Or in words, this means that below the threshold voltage the charge attributed to the 

source by the Ward and Button 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 Button is valid with good approximation, and the compensation charge Qswdlim 

has to go to zero. This is implemented in a continuous way as follows: 

9Llim = — Cpf ( ^ y ~ %l/'sLO ~ Teff\/'^sLo) + QL (^-4) 

r = 0 if Vbm < T4h 

1 — —gL if 

where V'sLO is calculated in exactly the same way as tpsO, but the internal drain potential 

(V'sLacc) is used in the expression of Y'sio 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 jV^d = -^As- This term will is defined as goL- Note that goL 

goes to 0 for Vcm < Vth, and to — i f VcfD 3> Vth- The same approach is followed for 

Q ' Lacc l im a n d ^ d i l i m -

^ L a c c l i m = ~ P O S g j j j ( C o f ( — % " ^ s L O T e f f \ / V ' s O ) ~ 9 L a c c ; 2 0 0 ) ( ^ . 6 ) 

9dilim ~ ~'P®Ssm(~^of ( ^ y ~ Vs'^sLO ~ Teff x/V'so) "" 9di; 20 0) 
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Exactly the same smoothing functions as for ^Lacc and gji 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 . l P a r a m e t e r Sets of t h e Evalua ted Devices 

The tests are performed on four different devices, two with field oxide and two without 

field oxide (idr = 0). This set of devices is illustrated in Table F.l . Parameter set 1 

consists of the values extracted in Chapter 4 for the MY 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 -̂ dr Parameter Set 
LDMOS 1 0 1 
LDMOS 2 4 1 
LDMOS 3 0 2 
LDMOS 4 1 iim 2 

Table F . l : Overview of devices evaluated by the SEMATECH tests. 

Parameter Parameter Set 1 Parameter Set 2 

L 1.45 1.0 fim 

Id 0.3 fim 0.3 /im 

Ldiov 1.2 /im 0.5 yUm 

ôf 60 nm 20 nm 
ioh 3 /̂ m 1 /im 
th 1.5 //m 1 /ym 

thdr 0.9 iim 0.8 /̂ m 

Table F.2: Parameter Set 1 and 2; to be continued on the next page. 

223 



Parameter Parameter Set 1 Parameter Set 2 

^ t h O 2 J 5 V 1 V 

NA 0J5 1 0 ^ / c n ^ 0.5 10^^/ cm^ 
1.4 0.5 

A ŝ 700 cm^/(V-s) 700 cm^/CV-s) 

e (X045 0.045 V-^ 

/^acc 750 cm^/(V-s) 750 cin^/(V s) 

^acc 0.04 V-^ 0.04 V - i 

% a t 2.2 10^ cm/s 1 10^ cm/s 

cr 0 0 
1.3 10̂ *̂  /cm^ 1.3 lÔ "̂ /cm-^ 

A'dr 1250 cm^/(V-s) 1250 ciii^/(V s) 

f^satdr 1.4 10^ cm/s 1.5 10^ cm/s 

f v 0.3 0.3 

Ar 5 10"® m/V 510"® m/V 

2 2 

%FB -3 10-3 -3 10-j 

k 1.7 1.7 

^ a c c 2 2 

^ d r 2.2 2.2 

"^slSnom 9.596 10-^ A/m 9.596 10-^ A/m 

77D1S 1.65 1.65 

"-^Snom 6.818 10-^^ A/m 6.818 10-^^ A/m 

%)S 1.23 L23 

Cjs 0.2 10-^" F/m 0.2 10-^^ F/m 

t^sDnom 6.818 10-^^ A/m 6.818 10-^^ A/m 

% D IJG L23 

"-^slDnom 9.596 10-^ A/m 9.596 10-^ A/m 
1.65 1.65 

CjD 0.3 10-^" F/m 0.3 10-^" F/m 

CKo 5 lO^/cm 5.5 10^/cm 

Po &5 10GV/on 1.5 10® V/cm 

9000 V/cmK 9000 V/cmK 

V 1 1 

L2 1 0 - ' m L2 10-7 in 

^ml 1 10"^^ m/V 1 10"^^ m/V 

lm2 110-^^n/V% 1 10-1^ m/V^ 

i?D 57 0 57 n 

Rs 0 0 O 

C g f s o r 0 F/m 0 F / m 

C'gfdor 0 F/m 0 F / m 

C g f b o r 0 F /m 0 F / m 

C'gbsor 0 F/m 0 F / m 

C'gbdor 0 F/m 0 F / m 

C'gbbor 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.l , are plotted below. 
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No. Description 
1 Statement of desired model capabilities together with actual model capabilities. 

2a Output characteristics. Fine resolution plot of Id vs. Vbs-
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 go vs. %,g (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 Id vs. Vcfs-
Step of 0.04 V; I/os = 0.1 V, 3 V. 

3b Threshold characteristics. Fine resolution plot of (?m vs. Fofs-
Step of 0.04 V; yos = 0.1 V, 3 V. 

4a Subthreshold characteristics. Fine resolution plot of /d vs. VofS (log-lin scale). 
Step of 0.04 V; Fds = 0.1 V, 3 V. 

4b Subthreshold characteristics. Fine resolution plot of gm/Zo vs. Vofs (lin-log scale). 
Step of 0.04 V; Fds = 0.1 V, 3 V. 

5a Diode connected LDMOS. Plot of/osat vs. ambient temperature. 
Device 1 and 2: Fcfs = 3, 5, 7 , 9 , 1 1 V. 
Device 3 and 4: VofS = 2, 3.5, 5, 6.5, 8 V. 

5b Diode connected LDMOS. Plot of Vosat vs. ambient temperature. 
Device 1 and 2: IQ = 1000, 200, 40, 8, 1.6 /iA. 
Device 3 and 4: IQ = 2000, 400, 80, 16, 3.2 /iA. 

6a Diode connected LDMOS. Plot of i d s a t vs. Ldr-
Device 1 : Vofs = 3, 5, 7 , 9 ,11 V. 
Device 3 : Vofs = 2, 3.5, 5, 6.5, 8 V. 

6b Diode connected LDMOS. Plot of Fosat vs. L^y. 
Device 1 : Ic = 1000, 200, 40, 8, 1.6 /̂ A. 
Device 3 : f c - 2000, 400, 80, 16, 3.2 //A. 

6c Diode connected LDMOS. Plot of/csat vs. L. 
Device 1 and 2: Vcfs = 3, 5, 7, 9, 11 V. 
Device 3 and 4: VcfS = 2, 3.5, 5, 6.5, 8 V. 

6d Diode connected LDMOS. Plot of Fosat vs. L. 
Device 1 and 2: IQ = 1000, 200, 40, 8, 1.6 /iA. 
Device 3 and 4: IQ = 2000, 400, 80, 16, 3.2 /iA. 

7a Diode connected LDMOS. Plot of g m / v ^ vs. ^/W. 
Device 1 and 2: Fcfs = 3, 5, 7, 9, 11 V. 
Device 3 and 4: = 2, 3.5, 5, 6.5, 8 V. 

7b Diode connected LDMOS. Plot of Fog vs. \/W. 
Device 1 and 2: i c = 1000, 200, 40, 8, 1.6 //A. 
Device 3 and 4: IQ = 2000, 400, 80, 16, 3.2 //A. 

8a Weak/moderate inversion test (Tsividius #1) . 
Very Ene resolution plot (step = 0.01 V) of i o vs. VcfS for Fog = %D-
Device 1: %s = 14 V, 2: Fos = 40 V, 3: Fbs = 10 V, 4: %s = 20 V;. 

8b Weak/moderate inversion test (Tsividius #1) . 
Very Ene resolution plot (step = 0.01 V) of /g vs. F^fg (log-lin scale). 
Device 1: %g = 14 V, 2: Fos = 40 V, 3: = 10 V, 4: Fog = 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 Pm/A) vs. Vofs (Tsividius #2). 

Device 1: Vbs = 14 V, 2: = 40 V, 3: Vbs = 10 V, 4: %g = 20 V;. 
9b Very fine resolution plot (step = 0.01 V) of gm/^D vs. Vofs (log-lin scale). 

Device 1: % s = 14 V, 2: Vbs = 40 V, 3: Vbs = 10 V, 4; Vbs = 20 V;. 
10 Very fine resolution plot of In (go) vs. /n(/Ds) 

diode configuration: Ids 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 ; Vofs = 3, 5, 7, 9, 11 V. 
Device 3, 4 : Vofs = 2, 3.5, 5, 6.5, 8 V. 

12a Test for self-heating capability. 
Influence of self-heating on vs. Vbs for different frequencies. 

12b Test for self-heating capability. 
Influence of self-heating on go vs. frequency for different Vbs-

13 Body resistance test: variation of the output characteristics with body resistance. 
Vofs = 5 V, -Rbody = 1, 100, 10k, IM, lOOMO. 

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 Vbs = 0. 

Vbfs = 4, 6, 8, 10 V. 
18b Continuity test for the output conductance around Vbs = 0. 

Vbfs = 4, 6, 8, 10 V. 
19 Gummel slope ratio test. 

q p _ {Ii+h){Vi-V2) 

with Vi and Vg two small values for Vds (Vi = 0.011 V and Vg = 0.01 V). 
20 Gummel tree-top test. 

gm/^DS VS. V^fs for VsB = 0, 2, 4, 6 V. 
21a Capacitance vs. drain bias (V^fg = 8 V). Derivatives of gate charge 
21b Capacitance vs. drain bias (VcfS = 8 V). Derivatives of drain charge 
21c Capacitance vs. drain bias (Vgfs = 8 V). Derivatives of source charge 
21d Capacitance vs. drain bias (V^fg = 8 V). Derivatives of body charge 

22a.a Capacitance vs. front gate bias (Vbs = 0 V). Derivatives of gate charge 
22a.b Capacitance vs. front gate bias (Vbs = 0 V). Derivatives of drain charge 
22a^ Capacitance vs. front gate bias (Vb)S = 0 V). Derivatives of source charge 
22a.d Capacitance vs. front gate bias (Vbs = 0 V). Derivatives of body charge 
22b.a Capacitance vs. front gate biaa (Vbs = 1 V). Derivatives of gate charge 
22b.b Capacitance vs. front gate bias (Vbs — IV) . Derivatives of drain charge 
22b.c Capacitance vs. front gate bias (Vbs = 1 V). Derivatives of source charge 
22b.d Capacitance vs. front gate bias (Vbs = 1 V). Derivatives of body charge 
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Device 1 Device 2 

Sematech Test 2a Sematech Test 2a 

IDS 0.0015 

0.002 

0.0015 

D̂S 

5-10 

10 15 20 25 30 35 40 

0.001 

Sematech Test 2b Sematech Test 2b 

SD6 1-10 

MO 
0 2 4 

SDS 

1/W M » 20 # a 35 W 

Sematech Test 3a Sematech Test 3a 

00M5 

0.0015 

'DS 

5<m 

8/W 

IDS 
4/W 

2 10 
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Device 1 Device 2 

Sematech Test 3b Sematech Test 3b 

15-10 

240 

8ni 1.5'10 

Sematech Test 4a Sematech Test 4a 

D̂S 

140 
MO' 

140 
140 

Sematech Test 4b Sematech Test 4b 
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Device 1 Device 2 

Sematech Test 5a Sematech Test 5a 

0.004 

D̂S 0.002 

20 0 20 40 « 80 WW 

OWK-

OWl 

540 

^ 0 # W ]W 

Sematech Test 5b Sematech Test 5b 

D̂S 4 

Sematech Test 6a 
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Device 1 Device 2 

Sematech Test 8b 

D̂S 4 

4'm'̂  

Sematech Test 6c Sematech Test 6c 

'CS 0.004 

0.002 

0W% 

I n s O M H -

540 

4'10"̂  6.]0'̂  S'lO"̂  :.]0'̂ ].2-l0'̂ ],4.10'̂ 1.6'10'̂ 1.8.10'̂ 2']0'̂  4-11)"' ('10"'' 8-10''' 1.IO'^].2.]0'^I.4.10A6.]0'^.8.]0'^2-I0"' 

D̂S 

Sematech Test 6d 

4 10' 6 10" S'lO 1-10 12-10 14-10 6-10 1.8-10 "2-10 

^DS 4 

Sematech Test 6d 

-I 1 1 r 

2-10"''4-10"'' 6-10'^ 8-10"'' ,.10"^Y.m"1.4-10"1.6-10"1.8-10'^-10"' 
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Device 1 Device 2 

Sematech Test 7a Sematech Test 7a 

a -0.04 

&0M OOM 
Vw 

0,014 

a -0,04 

0 0 0 4 0CO8 
Vw 

0.014 

SemafecA 7es( 7b SemafecA Tesf 7b 

D̂S 

0.002 0.004 0.006 O.OOB 0.01 0.012 0.014 

Vw 
0.002 0.004 

Sematech Test 8a SemafecA Tesf 8a 

0 0025 

IDS 0.0015 

&W%5 

0.0015 

IDS 
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Device 1 Device 2 

Sematech Test 8b Sematech Test 8b 

0.01 

MO" 

140 
MO' 

DS 1-10 

I-IO' 
140 
l-io' 
M O ' 

MO" 

0 . 0 1 

'DS 

140 
MO' 

140 
S 10 

Sematech Test 9a Sematech Test 9a 

Sematech Test 9b Sematech Test 9b 

MO ^'l40 ' ° M 0 ^ 140 ^ 1 10 ^ MO ^ 140 ^ 140"^ 140 ^ OOl Inq 
0.01 
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rXevice 1 Device 2 

Sematech Test 10 Sematech Test 10 

•a 
s 

U 

O u < 

73 
S 

U 

t o 
u < 

1-10 

D̂S D̂S 

0.004 

0.003 

D̂S 
0.002 

D̂SA 

0.001 

Sematech Test 11 

iso-thermal 
' 

self-heating 

. 

1 1 1 

20 

0.0025 

0.002 

D̂SA 0.001 

5-10 

Sematech Test 11 

' D S 

ISO-thermal 
self-heatin 

35 40 

Sematech Test 12a Sematech Test 12a 

6-10 

4-10 

2 - 1 0 

-2-10 

Frequency in MHz: 0 . 1 , 0 . 5 , 1 , 5 

10 12 14 16 18 20 

D̂S 

4-10 

2 - 1 0 

-2-10 

Frequency in MHz: 0.1, 0.3, 1, 3 

10 15 20 25 30 35 40 

D̂S 

234 



Device 1 Device 2 

Sematech Test 12b Sematech Test 12b 

25̂ 0 

2-10 

1.5-10 

8o 

5 4 0 

- 5 4 0 

KVcm V: 2.5, 5, 7.5, 10 

0̂̂  IvW* 
freq 

1-10 

1.5-10 

So 5^ 

-5-10 

: 5 . 1 0 . 1 5 . 2 0 

1-10 IvW l̂W 
freq 

MO' 

Sematech Test 13 Sematech Test 13 

6/m 

D̂S 4-10 
Body Resis tance in O h m : 1, 1 0 0 , 1 0 k , I M , lOOM 

8 4 0 

6-10 

lOG 440 

240 

'DS 

Body R e s i s t a n c e in O h m : 1, 100, 10k, I M , lOOM 

5 m 15 # 25 M 35 W 

Sematech Test 14 Sematech Test 14 

'ODT 
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Device 1 Device 2 

Sematech Test 15 Sematech Test 15 

'OUT 6 6r 

Sematech Test 16 Sematech Test 16 

" 15̂ 0 240 2 340 340 3 540 440 

50 

40 

140 L540 240 2340 340 3340 " 440 

Sematech Test 18a Sematech Test 18a 
6 4 0 

440 

2 4 0 

'DS 

- 2 4 0 

^40 

^40 

2 4 0 

D̂S 0 

- 1 4 0 

- 2 4 0 
^6 -W ^2 0 2 04 &6 

'DS 
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Device 1 Device 2 

Sematech Test 18b 

ClOO] 

4 - 1 0 

2/W 

4 10 

3.5'10 

3-10 

2.5-10 

2-10 

1,5-10 

Sematech Test 18b 

'DS 

0 2 CM 0.6 

Sematech Test 19 Sematech Test 19 

1 25 

115 

SR 

105 

Sematech Test 20 Sematech Test 20 
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Device 1 Device 2 

Sematech Test 21 

2 1 0 - " 

1,5-10"" -

, . : o - " - -

3-10"'^ -

0 - — 

-5-10"'^ -5-10"'^ 
2 4 6 8 

V D S 

10 12 1 

Sematech Test 21 

Sematech Test 21 

0 

—~z 

— -5-10"̂ ^ 

- — — — - — — 

1 1 1 1 . . v43 

Sematech Test 21 

0 2 4 6 M W 14 0 5 10 ^ 20 M 30 % 40 

Sematech Test 21 Sematech Test 21 

m 12 M 5 10 ^ a W 30 M 40 
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Device 1 Device 2 

Sematech Test 21 

240 

Sematech Test 21 

1 1 1 1 1 1 1 

- — 

-

- - S c . -

f 1 1 1 1 1 1 W ]2 14 0 5 W 15 M a M 35 W 

SemafecA Test 22a Sematech Test 22a 

544 

SemafecA Tlesf 27 

1 5 4 0 

SemafecA 7es( 22a 

5 4 0 
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Device 1 Device 2 

Sematech Test 22a Sematech Test 22a 

340 ,-15 

c... 

/ —̂— 
Quf _ 

1 1 1 1 

'DS 

Sematech Test 22a Sematech Test 22a 

Cb IW Cb IW 

Sematech Test 22b Sematech Test 22b 

1 1 1 1 
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Device 1 Device 2 

Sematech Test 22b Sematech Test 22b 

Sematech Test 22b Sematech Test 22b 

c„ 

-

\ 

1 1 1 1 

c„ 

-

-

\ 
-5 0 5 10 

Vns 

Sematech Test 22b 

1.5 10 

:b 1̂ 0 
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Device 3 Device 4 

0 008 

0XW6 
'DS 

0.004 

0.002 

Sematech Test 2a 

W 12 H % 

0,006 I 1 r 

0.004 

IDS 

0002 

0 5 10 M B # 35 W 

VDS 

Semafec/? Tlest 26 Sema^A 7esf 26 
001 

Î W' 

8DS 

1 4 0 ' 
0 2 4 M 12 M 16 20 25 35 W 

Semafec/? Test 3a Sematech Test 3a 

0.008 

Oi(W6 

D̂S O.MW 

0 002 

0.005 
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Device 3 Device 4 

Semafec/? Test 36 Semafec/? Tesf 36 
0.001 0.001 

8̂W 

640 

444 

240 

Sematech Test 4a Semafec/? Tlesf 

Sematech Test 4b Sematech Test 4b 

iDSl'̂ DS: 
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Device 3 Device 4 

Sematech Test 5a Sematech Test 5a 

I n s 0.004 

W 40 

lyv: 0.004 

^ 0 # 40 60 WO IM 

Sematech Test 5b Sem^cf?7es(5b 

/DS 

80 100 

'DS 

M W W 
T 

1W 

D̂S 0.004 

0.002 -

SemafecATjesfga 

140̂  240* 340* 440* 540* 
I'* 
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Device 3 Device 4 

'DS 

Sematech Test 6b 

Sematech Test 6c Sematech Test 6c 

Ins o.ixK 'DS 0.003 

4-10"̂  6']0"̂  S'lO"̂  ],2.]0"̂ ].4.]0'̂ 1.6'10'̂ ].8.10'̂  2-10'̂  

Sematech Test 6d Sematech Test 6d 

DS 3 2 

4-10"̂  6-10"̂  S IO'̂  1'10̂ ].2'10'̂ 14'10̂ I.6 ]0̂ ]8 ]0"2 ]0' 
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Device 3 Device 4 

Sematech Test 7a Sematech Test la 

0.002 0.004 0.006 O.OOB 

Vw 
001 0 012 OOH 

-4 05 

-415 
&W2 aOM 0.006 0.008 

Vw 

0.01 a M 2 OOM 

Sematech Test 7b Sematech Test 7b 

' D S 

O.OM 0.002 0.004 0.006 O.OOB 0.01 0.012 O.OM 

Vw 

Sematech Test 8a Sematech Test 8a 

0006 

0.004 

IDS 

0002 
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Device 3 Device 4 

Sematech Test 8b Sematech Test 8b 

'DS 

MO 

l̂ O' 

Sematech Test 9a Sematech Test 9a 

' GfS 

Sematech Test 9b Sematech Test 9b 

-m ' t o ^ ] 10 ^ ]-io ^ ]-]o ^ 1-10 ^ I'lo ^ 0.01 
D̂S 

-10 1-10 ^ I-IO ^ ]-10 ^ 1 10 ^ ] lO'̂  1-10 ^ oot 
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Device 3 Device 4 

Sematech Test 10 Sematech Test 10 

D̂S 

s o 
o < MO 

1.10 
1'10"H']0"̂ ')-]0'̂ I-10'̂ ]'10"̂ 1-10"̂ 1'10''̂ 1-10"̂ I lo"̂  0.01 

IDS 

Sematech Test 11 Sematech Test 11 
o.oo: 

0.006 

'DS 
O.OM 

0002 

ISO-thermal 
self-heating 

Ko-Aermal 
self-heating 

D̂S 

Sematech Test 12a 

4-10 

2-10 

-2-10 

i-requency in MHz: 0.1, 0.5, 1, 5 

4-10 

go 2-10 

-2-10 

Sematech Test 12a 
T 1 1 1 T 

Frequency in MHz: 0.1, 0.5, 1, 5 

a 10 
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Device 3 Device 4 

Sematech Test 12b Sematech Test 12b 
0.0015 

0 .00 ] 

g , 5-10 

-5-10 

K n , m V : 1 .25 .2 .5 . 3 . 7 5 , 5 

1-10̂  MO® 
freq 

M O 

0.0015 

Bo 5.10 
K n , i n V : 1 . 2 5 . 2 . 5 . 3 . 7 5 . 5 

Sematech Test 13 Sematech Test 13 

0.003 

0.002 

'DS 

0.001 

0.0025 

Body R e s i s t a n c e in Ohm: 1, 100, 10k, I M , lOOM-Body Res is tance in Ohm: 1, 100, I Ok, i M , lOOIVT 

D̂S 0 0015 

Sematech Test 14 Sematech Test 14 

'OUT ' onr 
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Device 3 Device 4 

Sematech Test 15 Sematech Test 15 

ODT 6 
' I N 

Sematech Test 16 Sematech Test 16 

3.3 10 1.5-10 .3- 0 25 10 2-10 2.5-10 3-10 3.5-10 

Sematech Test 18a Sematech Test 18a 

-0.002 

-<̂.003 

0.0C15 

-0.00]5 
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Device 3 Device 4 

Sematech Test 18b Sematech Test 18b 
0.0035 

0.003 

0,0025 

OOM 

0.0015 

0.001 
-0.6 

Sematech Test 19 Sematech Test 19 

SR 1.15 SR 1.15 

05 1 15 

Sematech Test 20 ' Sematech Test 20' 
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Device 3 Device 4 

SemafecA Tlesf SemafecA Tlesf 

Cd 7 

2.10-W -

1.5.10-W 

Cg 1 - 1 0 ^ 4 

- -1.5.10-W 

Cg 1 - 1 0 ^ 4 
X 

5 -10" ' ^ - -

0 — 

- 5 . 1 0 - : ^ - 5 . 1 0 - : ^ 
) 2 4 6 8 

^ D S 

10 12 14 

SemafecA Tlesf 2f 

A-M 

— 

0 2 4 6 I 
^ D S 

10 12 1 

Sematech Test 21 

W 12 14 

SemafecA? Test 2f Semafec/? 7esf 2f 

! 1 1 1 f f 

10 # M 

-2.10 

Q6 __ 

-

r . 

, 1 1 1 1 1 
4 6 8 

D̂S 
W ^ 14 
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Device 3 Device 4 

Sematech Test 21 

3-10"̂^ 

' 

I-IO'" 
• 

1 t 1 ' 
W # 14 

n-15 

-MO ,-15 

Sematech Test 21 

^hd 

-

1 1 1 1 1 1 
10 12 M 

Sematech Test 22a SemafecA Tesf 22a 
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14̂  

54̂  

SemafecA Tesf 22a SemafecA Tesf 22a 
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/ 
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Q, 

5-10 

1 1 1 

^ A Ĉif, 
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Device 3 Device 4 

Sematech Test 22a Sematech Test 22a 

1 
Cw 

I 

-

1 1 1 

Cw 

1 

'DS 

Sematech Test 22a SemafecA Tesf 22a 

, I 

SemafecA Tesf 226 

,-15 

/ 
-

b 

/ Off 

1 1 1 1 

Semafec/? 7esf 226 

'DS 
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Device 3 Device 4 

Sematech Test 22b Sematech Test 22b 

= 4 

Sematech Test 22b Sematech Test 22b 

Sematech Test 22b Sematech Test 22b 
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Appendix G 

Parameter Set for the LV, M V 

and H V LDMOS 
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Parameter LV N - L D M O S M V N - L D M O S H V N - L D M O S H V P - L D M O S 

L 1.45 iim 1.45 jum 1.45 jim 1.3 yum 

I'D 0.3 yum 0.3 yum 0.3 yum 0 yum 

Ldrov 3.2 yum 1.7 fim 1.2 yum 2 yum 

^of 60 n m 60 n m 60 n m 60 nm 

iob 3 fim 3 /u,m 3 yum 3 / im 

th 1.5 yum 1.5 yUm 1.5 iim 1.5 / im 

^bdr 0.9 fj,m 0.9 fim 0.5 / i m 0.9 yum 

l^hO 2.75 V 2.75 V 2.75 V -3.7 V 
NA 0.75 10̂  Y 0.75 10^^/ cm^ 0.75 IQi^/ cm^ 0.75 IQi^ cm^ 

1.4 1.4 1.4 0.5 

Ms 700 cmY(V.s) 700 cm^/ (V-s) 600 cm2/(V.8) 150 cm^/(V-s) 

e 0.045 V-^ 0.045 V-^ 0.01 v - i 0.11 V - i 

Macc 750 cm^/(V-s) 750 cm^/(V-s) 650 cm^ / (V -s ) 200 cm^/(V.s) 

^acc 0.04 V-^ 0.04 V-^ 0.04 V - i 0.081 V - i 

%at 2.2 10^ cm/s 2.2 10^ cm/s 5 10^ cm/s 0.5 10̂  cm/s 
cr 0 0 0 0 

ATg 1.3 lÔ G /cm^ 1.3 lÔ G /cm^ 3 IQi^ /cm^ 0.7 lOiG /cm^ 

l^dr 1250 cm^/(V-s) 1250 cm^/(V-s) 1250 cm2/(V.s) 500 cm^/(V s) 

% a t d r 1.4 10^ cm/s 1.4 10^ cm/s 5 10^ cm/s 0.5 10^ cm/s 

/ v 0.5 0.3 1 0.1 

Ar 5 10-^ m/V 5 10-^ m/V 110-9 m/V 1 10-9 m/V 
2 2 2 2 

X F B -3 10-^ -3 10-^ -3 10-^ -4 10-^ 
k 1.7 1.7 1.7 1.6 

^acc 2 2 2 1.6 

kdr 2.2 2.2 2.2 2.4 

<^slSnom 9.6 lO-'^ A/m 9.6 lO-'^ A /m 0 A / m 0 A / m 

T/DIS 1.65 1.65 1.65 1.65 

«^sSnom 6.8 10-^^ A /m 6.8 10-11 0.32 lO-i:^ A /m 4 10-1^ A /m 

77DS 1.23 1.23 1.23 1.0 
C j S 0.2 10-^" F /m 0.2 10-1" F /m 0.2 10-1° F /m 1 10-1" F /m 

J s D n o m 9.6 10-^^ A /m 9.6 1 0 - 1 ^ A /m 0.32 10-1^ A /m 4 IQ-i^ A/m 

% ) D 1.23 1.23 1.23 1.0 

•^slDnom 6.8 1 0 - 1 ^ A /m 6.8 1 0 - 1 1 A /m 0 A / m 0 A/m 

% ) 1 D 1.65 1.65 1.65 1.65 
C j D 0.3 10-^" F /m 0.3 10-1" F /m 0.2 10-1" 1 10-1" 

Cgfsor 0.15 10-^ F /m 0.10 10-^ F /m 0.17 10-9 p y ^ 0.2 10-9 F /m 

Cgfdo r 0.24 lO-'^ F /m 0.18 10-^ F /m 0.8 10-9 F / m 0.2 10-9 F /m 

C g f b o r 0.05 10-^ F /m 0.05 10-9 F /m 0.05 10-9 F / m 0.0 10-9 F /m 

C'gbsor 0 F / m 0 F / m 0 F / m 0 F /m 

C g b d o r 0.15 10-=̂  F /m 0.15 10-=̂  F /m 0.3 10-9 0.3 10-9 F /m 

C g b b o r 0.1 10-^ F /m 0.1 10-9 F /m 0.1 10-9 0.1 10-9 F /m 
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