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SUMMARY.

One of tbe most important power semiconduetor devices is tbe Double-diffused or DMOS transistor.
This transistor is made by using a double-diffusion process similar to tbat in bipolar transistor
fabrication. In this way, tbe transistor combines tbe advantages of botb MOS and bipolar transistors,
and tbus it exhibits good high-frequency and high-voltage behaviour. Consequently DMOS devices
are often used in switehing applications, where tbe most important specifications are breakdown
voltage and on-resïstance.
A current development is tbe incorporation of DMOS devices in integrated circuits, such as BICMOS
technologies that combine bipolar, CMOS and DMOS devices on a single chip. In order to predict tbe
performance of a circuit, a circuit analysis simu1ation program, often based on SPICE, is used to model
tbe eleetrical behaviour of tbe different transistors. Altbough SPICE supplies models for tbe MOS
transistor and tbe bipolar junction transistor, a DMOS model is not available and had to be deve1oped.
Tbe primary constraint for this model is sufficient accuracy for a complexity tbat is not too high. Tbe
latter is important for tbe limitation of simu1ation time. Tbe model has to accurately describe DC, AC
and noise behaviour.
Since tbe DMOS model shou1d be compatible witb tbe SPICE simu1ation program, a subcircuit
representation is used, consisting of standard transistor modeis.

Tbe DC-behaviour can be modelIed by a sub-circuit consisting of an enhancement-type MOS
transistor, a depletion-type MOS transistor and a resistance in series. Tbe enhancement MOS transistor
models tbe non-uniformly doped channe1 in tbe channel region, caused by lateral diffusion. Tbe non
uniformity is taken into account by using an effective channel length and an effective bulk doping
concentration. Other effects incorporated in this transistor are tbe body effect and mobility reduction.
Tbe depletion MOS transistor models tbe accumu1ation layer that is formed at tbe surface of tbe drain
drift region. Since no depletion layer is formed beneatb the accumu1ation layer, no body effect occurs
and so simple MOS equations cao be used to describe tbe depletion transistor behaviour. Tbe series
resistance models tbe current spreading into tbe bu1k of tbe drain drift region.
Three different operation regions can be distinguished:
* Enhancement transistor control region: For gate voltages below a certain transition gate voltage,

tbe behaviour is exclusively determined by tbe enhancement transistor in saturation.
* Depletion transistor control region: In saturation for gate voltages above tbe transition gate voltage,

botb tbe depletion and tbe enhancement transistor determine the drain current.
* Linear region: Below saturation, tbe eurrent behaviour is influenced by the enhancement transistor,

tbe depletion transistor and tbe series resistance. For high gate voltages, tbe series resistance
becomes dominant.

The behaviour of tbe depletion and the enhancement transistor are described by tbeir SPICE
parametersets. An extraction procedure was set up to obtain tbe parameters from DC-characteristics.
The resu1ting parametersets are strueture independent and simu1ation values for botb analogue and
digital applications differ less tban 5% fiom measured values in most cases.
The dependence of tbe threshold voltage on temperature was found to be dominated by tbe highest
doping concentration in tbe channel region. For ratber high concentrations, the use of an effective
channel doping concentration causes tbe simu1ations to deviate fiom measurements. The temperature
dependence of threshold voltage was improved by implementing a linear dependence witb a
temperature coefficient based on experimental resu1ts.

For tbe AC-behaviour, tbe above-described subcircuit correctly describes tbe capacitances due to tbe
MOS-type surface strueture. Tbe bipolar-type bu1k structure introduces a pn-junction between tbe
channel region and tbe drain drift region, here a depletion region is formed. Tbe latter is basically a
drain-to-source capacitance tbat can be modelled by extending tbe DC-model witb a bipolar transistor
or areverse biased diode between tbe drain and tbe source. Tbe assumption tbat tbe junction is abrupt,
leads to an overestimation of tbe drain-to-source capacitance.



The noise in DMOS transistors can he described by separately appointing a noise source to the
enhancement transistor, the depletion transistor and the series resistance. In the saturation region the
noise is solely due to the noise contribution of the two transistors.
In the enhancement transistor control region. the noise is strietly determined by the enhancement
transistor. It was found that for p-type DMOS transistors. the liJ noise in this region is caused by
mobility fluetuations and is very low (aE = lxlQ-7). In the depletion transistor control region both
transistors influence the tota! noise, here the lIJ noise is dominated by the depletion transistor. The
flicker noise of the depletion transistor was found to be due to carrier number fluctuations. and as a
result is much higher than the flicker noise contributed by the enhancement transistor.
The series resistance only becomes important in the linear region at high gate voltages.







TABLE OF CONTENTS.

pp.

1. INIRODUCnON. 1

2. TIIEORY OF DMOS lRANSISTORS. .. .. . . .. . . . . .. . . .. .. .. . . . . .. 3

2.1. General information. 3

2.1.1. Electrical behaviour. 4

2.1.2. Breakdown voltage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6

2.1.3. On-resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8

2.2. Different types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8

2.3. DMOS transistors at alcate1 mietec. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10

2.3.1. DMOS transistors in a BICMOS-techno1ogy. 10

2.3.2. Applications. 15

2.4. Conclusions and References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16

3. DC-MODEL. 18

3.1. Derivation of the macro-model. , 18

3.1.1. The enhancement-dep1etion model. 19

3.1.2. The extensive enhancement-dep1etion model. 22

3.2. Parameter extraction procedure. 27

3.3. Extraction results. 30

3.3.1. Extraction results for the fndmos(r) transistor. . 30

3.3.2. Extraction results for the pdmos transistor. . . . . . . . . . . . . . . . . . . . . . . . . .. 35

3.3.3. Extraction results for the ndmos transistor. . . . . . . . . . . . . . . . . . . . . . . . . .. 38

3.4. Temperature dependency of the DC-model. 39

3.5. Conc1usions and References 42

4. AC-MODEL. 45

4.1. Derivation of the AC-model. 45



4.2. Implementation in spice of the AC-model. 49

4.2.1. Floating n-type DMOS transistor. 49

4.2.2. P-type DMOS transistor. 51

4.2.3. Non-floating n-type DMOS transistor. 52

4.3. Verifieation of the AC-model. 53

4.4. Conclusions and References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 59

5. NOISE MODEL 61

6. CONCLUSIONS. 75

APPENDICES. . " 77

Appendix I: MOS Transistor Model.

Appendix 11: MOS Transistor Model in SPICE.

Appendix lIl: Small-signal MOS Transistor Model.

Appendix IV: Small-signal Models in SPICE.

Appendix V: Noise in MOS Transistors.

Appendix VI: Noise models in SPICE.



1. INTRODUCTION.

The most important elements in power electronics systems are the power semiconductor devices,
which, until recently, were synonymous with bipolar devices, such as bipolar junetion transistors and
thyristors. MOS technology has been more or less reserved for low-voltage, low-current struetures and
has 10 some extent become synonymous with complex very large scale integrated circuits (VLSI). With
the introduetion of the Double-diffused MOS transistor or DMOS transistor in the early 1970's, a
MOS-type transistor was presented that is competitive at high currents and at high voltages with the
more traditional power devices [1].
The DMOS transistor is fabrieated by double diffusion through the same mask window similar to a
bipolar process to achieve a short channellength. The realization of this short channellength enables
us to achieve high gains at high frequencies. The integration of a lightly doped drift region between
the drain contact and the channel region helps to ensure a very high breakdown voltage. Owing to its
good high-frequency and high-voltage behaviour. the applications have centred around high-voltage
switching and high-speed logic. In these applications, the device is basically an on and off switch, and
its most important characteristics are breakdown voltage and on-resistance. Consequently much
research has been done on the maximization of breakdown voltage, the modelling of on-resistance and
the modelling of switehing or transient analysis.

The integration of DMOS devices in IC's has made possible the realization of complex systems on
a silicon chip along with output devices capable of controlling significant loads. The use of a
BICMOS-technology that combines bipolar, CMOS and DMOS devices on a single chip leads to a
high degree of integration in large scale integrated circuits. Such a technology can address a broad
range of applications like display drivers, motor control and telecommunications.
This report deals with DMOS transistors that are part of a BICMOS-technology. The Application
Specific Integrated Circuits (ASIC) that are fabricated in this technology may cover a lot of
applications; consequently the DMOS transistors are used in a wide variety of applications, that range
from high-voltage switches to operational amplifiers. The SOlJcture and the applications of the
transistors under consideration, will be discussed in Chapter 2.

In order to exploit the above-mentioned technology there must be a corresponding CAD tooI which
can predict the performance of a completed design and provide a method to verify that the design
meets its specification. Simulation programs have become the major CAD tooI used in this area. The
most commonly used circuit analysis simulation program for IC design is SPICE (Simulation Program
with Integrated Circuit Emphasis) or one of its derivatives. This type of simulator generates waveforms
and applies them to transistor level models of the circuit, unfonunately SPICE does not supply a
model for DMOS transistors in contrast with MOS transistors and bipolar junction transistors.
Therefore a DMOS model has to be developed.

For all its different applications, the electrical behaviour of DMOS devices has to be modelled
precisely. This need for accuracy is a primary constraint, however it had better not lead to a too
complex model, since limitation of the simulation time is a secondary constraint. The model has to
be integrated in the SPICE simulation environment, therefore it has to be compatible with the SPICE
transistor models.
One of the most important characteristics that should be simulated weil is the behaviour of the drain
current as function of applied terminal voltages and temperature, for the case that the voltages are
constant or slowly varying. This behaviour is often referred to as DC-behaviour, it is dealt with in
Chapter 3. For fast voltage variations charge storage effects come into play, the resulting behaviour
is referred to as AC-behaviour, and is treated in Chapter 4. For some applications, the random
fluctuations in voltage and current become important, in which case the noise has to be modelled
accurately. The noise in DMOS transistors is described in Chapter 5. References are included at the
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2. THEORY OF DMOS TRANSISTORS.

Until some years ago, MOS transistors were generally considered as inferior to bipolar junction
transistors in both high-frequency and high-voltage behaviour. It was known though that majority
carrier devices (like MOS transistors), due to the absence of minority carrier charge-storage problems,
should theoretically be faster than minority carrier devices (such as bipolar junction transistors).
Furthermore another advantage of MOS-type transistors is the negative temperature coefficient of the
carrier mobility, wbich decreases problems of thermal runaway and secondary breakdown. Nonetheless
it was not until the introduction of the DMOS transistor that the bigh-voltage and bigh-frequency
characteristics of a MOS-type transistor were comparabie to the charaeteristics of a bipolar junction
transistor [1] [2]. These characteristics will he discussed in this chapter.

Over the years, some different types of DMOS transistors were introduced, which will be briefly
described in this chapter. Next the DMOS transistors as they are used in Alcatel Mietec will he
discussed. These transistors are part of a BICMOS-technology, and therefore are often used in IC's.
This imposes different requirements on the DMOS characteristics.

2.1. GENERAL INFORMATION.

A double-diffused n-channel MOS structure is shown in fig. 2.1, a source contact region and a channel
region are sequentially diffused through the same oxide window in order to define a short active
channel length. The transistor structure is basically different from a conventional n-channel MOS
transistor in that it contains a lowly n-type doped region, which is called the drift region, between the
p-type channel region and the highly n-type doped drain contact region.

p-chanrel region 'I
I

INI :
I
I

0- DRIFT REGION

Fig. 2.1.: Cross-section of an n-channel DMOS transistor with plot of absolute value of net impurity
concentration as function of lateral distance x [3].

In fig. 2.2, a cross-sectional view at different steps of the fabrication is shown. The starting material
is a lightly doped n-type epitaxial layer on a lightly doped p-type substrate. A p-type isolation
diffusion is performed to define an isolation island, see fig. 2.2(a). A second p-type diffusion is
performed to provide contact to the channel region of the transistor, see fig. 2.2(b). A third p-type
diffusion defines the bulk channel region but this time no oxide is grown, see fig. 2.2(c). Next an n
type diffusion is performed through the same oxide window as the previous diffusion. In addition a
second oxide window is opened for the drain contact, see fig. 2.2(d). Finally a gate window is etched,
the gate oxide is regrown over the active channel region, the contact holes are etched and metallization
is defined, see fig. 2.2(e).
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Fig. 2.2.: N-channel DMOS transistor fabrication steps [4].

2.1.1. ELECTRICAL BEHAVIOUR.
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For positive gate voltages an inversion layer is formed under the gate oxide in the p-type channel
region. When this inversion layer dominates the electrical characteristics (dus is the case for low gate
voltages, as will be shown in Chapter 3), the transistor will behave in the same way as a conventional
MOS transistor. Therefore the channel length will be determined by the lateral diffusion between the
p-type channel region diffusion and the n-type source contact diffusion. From a teclmology point of
view, the control of this channel length L is comparabie to the control of base width in bipolar
junction transistors and can be made very small. A small channellength is advantageous for the speed
of the device, as both the gate capacitance and the transit time of the carriers decrease with decreasing
channel length.
The transconductance gm (= dlrJdVGs) per unit channel width for a single n-type MOS transistor in
saturation is given by (see Appendix I and Appendix 111), in the zero order approximation:

gm = I-1nCox(VGS-VT) (2.1)

W L
For small channellengths L. its value becomes very high. which implies that the DMOS device also
has a high current-carrying capability.

Due to the fact that the diffused part of the p-type channel region is non-uniformly doped. the
characteristics are not as straight forward as for a simple MOS transistor. A non-uniform doping
concentration along the channel region complicates the equations for current flow. The doping
variations are along the channel and perpendicular to the surface. Accurate results require two
dimensional numerical device simulation. however by neglecting the doping non-uniforntity
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(2.7)

diffusion proflle and is often determined empirically. It is smaller than the maximum concentration
Nmax in the bulk channel region.

Another effect of the non-unifonn impurity profile along the channel is the possible appearance of
diffusion current, even when the channel is in strong inversion. In (2.3) the drain current was deduced
neglecting the influence of a possible diffusion current, for the drain current ID , (2.3) can be extended
to (for a p-type channel region):

I D = I Drift + I DiffusiOTl (2.6)

1 - - WQ I dV(x)
Drift - IJ.Tl I ----a.x-

= D WdQ/
IDijfusion n dx

where Q/ denotes the mobile channel charge density (in C/m2
), given by:

Q/ = -COX(VGB - V:r<X) - V(X))

(2.8)

(2.9)

In [7], it was shown that the diffusion current becomes important in the operation region of the DMOS
transistor, where the diffused channel region is dominant. Of course this effect again is strongly
dependent on the channel impurity proftle.
It can be expected that, as the length L of the diffused channel deereases (especially for L < 211m), the
proftle related effects will become more pronounced.

Now DMOS transistors were mainly used in microwave applications. The introduction of submicron
technologies and the development of fast nI-V semiconductor devices, such as MESFET's and
HEMT's, more or less cancelled out the use of DMOS devices in microwave applications. As aresult
the interest in DMOS transistors shifted to its good high-voltage capability [4] [8], which is superior
to that of MOS transistors owing to the incorporation of a lightly-doped drift region between the
channel region and the drain contact region. Research on the high-voltage behaviour has mainly
concentrated on the breakdown voltage BV and the on-resistance RON'

2.1.2. BREAKDOWN VOLTAGE.

The DMOS device has the surface strueture of a MOS transistor and the bulk strueture of a bipolar
junction transistor, hence all breakdown mechanisms of both types of devices exist. The following
mechanisms are the most important:

* Dielectric breakdown in gate oxide:
If too high voltages are applied aeross the gate oxide, a dielectric breakdown will occur. This
breakdown may happen at high electric fields of 8 to 10 MVlcm, i.e. the fundamental dielectric
breakdown strength, or at lower electric fields depending on the quality of the Si02•

The incidence of breakdown at lower electric fields cao he reduced by:
reducing the gate area.
increasing the gate oxide thickness fox.

limiting the number of oxide defects.

* Punchthrough breakdown:
Punchthrough breakdown can occur whenever the depletion layer of one junction spreads until it
reaches the depletion region of another junction. Two types of punchthrough breakdown can be
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distinguished in the DMOS device:

Punchthrough Breakdown between source and drain:
One of the most important punchthrough mechanisms in high-voltage DMOS devices is that of
the channel diffusion under the gate. Although the depletion layer that is formed between the p
type channel region and the n-type epitaxial material (i.e. drift region), primarily spreads into the
more lightly doped drain drift region if drain-to-source voltage is increased. the shortness of the
channel region raises the possibility of punchthrough due to the small amount of spreading of the
depletion layer into the more heavily doped channel region. The value of the total punchthrough
voltage is dependent on:

Maximum impurity doping concentration in the channel region Nmax:
A device with a high NrJVU will have a high drain-to-source punchthrough voltage, but will also
have a high threshold voltage VT"

Doping concentration in the drain drift region Nd :

A device with a low epitaxial doping Nd will have a high drain-to-source punchthrough
voltage.
Channel region diffusion proflle, i.e. channel length L:
A device with a short channellength L will have a low drain-to-source punchthrough voltage.

In other words, the optimization of the high-voltage behaviour and of the high-frequency
behaviour can be contradictory.

Punchthrough Breakdown between source and substrate:
The source-to-substrate punchthrough is of importance in applications in which the source is
biased above the p- substrate. The punchthrough is aetually from the p+ bulk contact to substrate,
but in general the source is connected to the p+ bulk contact to prevent back-gate bias effects. This
punchthrough can occur when both source and drain are at a high positive potential with respect
to the substrate. As the potential difference is increased, the depletion layer of the substrate-to
epitaxy junction spreads upward into the epitaxial region and downward into the substrate. The
nearest junction is the p+ contact diffusion so that, when the depletion layer reaches this junction's
depletion layer, punchthrough occurs. The value of this punchthrough voltage is dependent on:

Doping concentration in the drain drift region Nd :

A device with a high epitaxial doping Nd will have a high source-to-substrate punchthrough
voltage, as distinct from the drain-to-source punchthrough voltage.
Doping concentration in the substrate NSUB :

A device with a low substrate doping NSUB will have a high source-to-substrate punchthrough
voltage.
Thickness of the epitaxiallayer fEPI :

A device with a large epitaxial layer thickness will have a high source-to-substrate
punchthrough voltage.

* Zener and Avalanche breakdown:
Two types of avalanche breakdown can be distinguished:

Zener breakdown:
This breakdown is a tunnelling phenomenon through very thin barriers between highly doped
regions. It results when the electric field strength reaches about 106 V/cm.

Avalanche multiplication:
This breakdown oceurs when the mobile carriers obtain sufficient energy from the electric field
across a depletion layer to create an electron-hole pair, which means ionization of atoms. The
critical electric field at which avalanche multiplication occurs increases with impurity
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concentration.

For lightly doped materials, avalanche multiplication breakdown will result at 10wer field values than
Zener breakdown.
Avalanche breakdown can occur at any of the pn junctions:

Junction between epitaxial1ayer and substrate.
Junction between channe1 region and epitaxial1ayer.
Junction between isolation diffusion and epitaxial1ayer.

In general the avalanche breakdown occurs at higher voltages than the punchthrough breakdown.
Nevertheless near the surface avalanche breakdown can appear at 10wer voltages due to surface effects.
It was shown in [8] that avalanche breakdown occurs under the gate field p1ate at the end of the drift
region at 10w voltages. when the gate po1y oxide overlaps the n+ drain contact region.

In present-day teehno10gies. it is possible to fabricate DMOS devices with a breakdown voltage up
to 1200 V. This is achieved at the expense of the high-frequency behaviour.

2.1.3. ON-RESISTANCE.

The on-resistance RON is mainly determined by the drift region [9], this implies that a 10w RON can be
obtained by:

increasing the epitaxial doping concentration Nd•

increasing the epitaxial1ayer thickness tEPI•

decreasing the 1ength of the drift region.

An important measure of device capability for high-voltage DMOS transistors is the ratio RON oW/EV.
which should be minimized. One can conclude from the above that the breakdown voltage, the on
resistance and the thresho1d voltage are strongly dependent on each other, and that minimizing RON

may exclude maximizing EV, and vice versa. Thus for high-voltage applications a trade-off has to be
found between the threshold voltage, the breakdown voltage and the on-resistance. This trade-off will
be strongly influenced by the specific demands of the application, in which the device will be used.
The trade-off determines the values of Nmax, Nd, NSUB' tEPI , tox and L.

2.2. DIFFERENT TYPES.

A lot of modifications have been made on the basic DMOS structure in order to improve its high
voltage capability. The two most important features of the structure were the use of doub1e-diffusion
techniques to obtain short active channe1s, and the use of a lightly doped drift region to increase
breakdown voltage considerab1y. Some different types of DMOS Power transistors have been
introduced. In fig. 2.3, cross sections of three of the most common structures are shown, the lateral
doub1e-diffused transistor (LDMOS), the vertical doub1e-diffused transistor (VDMOS) and the V
groove doub1e-diffused transistor (VMOS).

In all three devices an aetive channe1 is formed along the oxide surface in the p-type channe1 region,
nonetheless the current flow in the n-type drift region differs per device. In the LDMOS, the carriers
in the drift region mainly flow parallel to the surface. although a certain amount of spreading into the
bulk occurs. In the VDMOS, the current in the drift region primari1y flows perpendicular to the
surface. As is basically the case for the VMOS device, though here the current flow shows more
crowding.
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Fig. 2.3.: Cross-sections of three high-voltage DMOS devices [9]: (a) LDMOS. (b) VDMOS.
(c) VMOS.

These differences in current flow in the drift region indicate that the on-resistance for the LDMOS,
VDMOS and VMOS roay differ a lot. In reference [9] a comparison was made between the on
resistance of LDMOS, VDMOS and VMOS transistors. It was shown that for low-voltage
applications, the VDMOS and the LDMOS devices show 10wer on-resistance per unit device width
W than the VMOS device. For high-voltage applications, there is not much difference hetween the
on-resistance per unit device width of all three devices.

Coroparing the three DMOS structures, some other qualitative comments can be made:

*

*

*

*

Both the active channel in the LDMOS and in the VDMOS depend upon lateral diffusion profiles.
The VMOS device, on the other hand, derives its channel fiom the vertical diffusion profiles. The
channellength in the lateral devices will be smaller than the vertical channel length due to the
two-dimensionaI effects of lateral diffusion. Funhermore, the VMOS channel is formed along the
side of an anisotropically etched groove, which forms a 54.7° angle with the surface; this too
increases the VMOS channel length with regard to the lateral channellengths.

Both the VDMOS and the VMOS structures require only two of the electrodes on the top surface,
which is favourable for the packing density of these structures. As all three electrodes of the
LDMOS are on the top surface and thus available for interconnections te other devices (as is
desirabie in Integrated Circuits), the device has the advantage of simpier integration with other
components.

Both the LDMOS and the VDMOS may be fabricated on any silicon crystalline orientation. The
VMOS is constrained to have its channel along an etched <111> surface. The choice of <100>
material for the LDMOS and the VDMOS, which is common, provides an improvement in
interface trap density, electron inversion-layer mobility and in saturation velocity, this results in
lower channel resistance and higher device transconductance per unit width.

The fixed oxide charge density Qss is known to be approximately three times higher on the < 111>
plane than it is on the <100> plane. For a given device threshold voltage therefore, the peak
channel doping Nm= must be higher in the VMOS structure than it is in the LDMOS or VDMOS
devices. Since the electron mobility decreases with increasing doping concentration, this would
again imply higher mobility in LDMOS and VDMOS devices.

As mentioned above the channel length of a VMOS transistor will he larger than that of a LDMOS
or a VDMOS transistor, therefore high breakdown voltages can be more easily attained for VMOS
devices.

The choice of which structure to use, depends on the voltage, current, power and speed requirements
of a particular application and on the need for integration with other devices.
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2.3. DMOS TRANSISTORS AT ALCATEL MIETEC.

In this paragraph first a description of the BICMOS technology and its DMOS transistors will be
given. Next some applications for DMOS transistors in this technology will be briefly described, in
order to give an idea about the requirements and specifications of importance, that the model for these
DMOS transistors will have to meet.

2.3.1. DMOS TRANSISTORS IN A BICMOS-TECHNOLOGY.

The BICMOS-technology in Alcatel Mietec offers a wide variety of devices: precision resistors and
capacitors, CMOS transistors, bipolar npn and pnp transistors, and both n-type and p-type DMOS
transistors (IQ]. A cross-section of the devices and the process flow of the BICMOS technology is
shown in fig. 2.4.
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Fig. 2.4.: Process flow of the BICM:OS-teehnology and cross-sections of the bipolar transistors, the
DMOS transistors and the CMOS transistors: basic process (a), floating CMOS (b) [10].

The starting material for this technology is p-type and, in contrast to normal bipolar processes. a p-type
epitaxial layer is used. This allows for n-Weil CMOS processing, which results in electrical
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compatibility of the CMOS part with present standard CMOS processes.
A highly n-type doped buried layer BLN reduces the bipolar collector resistance and at the same time
assures a good latch-up immunity for the CMOS part. Two different n-type diffusions are
implemented: an n-Tub and an n-Well diffusion. This is done in order to optimize the p-MOS device
and the bipolar devices independently, and in this way combine the best features of both. The n-Well
bulk influences CMOS parameters like mobility and body factor. The bipolar devices need another
kind of substrate, where breakdown voltage and Early voltage are primary constraints. Therefore a
dedicated n-Tub diffusion is used which contaets the n-type buried layer BLN. The free epilayer
thickness is adjusted to ensure a breakdown voltage BVCEO of 40 V.

A moderately doped p-Base layer is used to form the base of the vertical npn and the collector and
the emitter of the lateral pnp. A less critical deep diffusion is the highly doped n-Plug, which is used
to optimize the on-resistance of the npn device.
The technology incorporates a 311m poly gate n-Well CMOS technology. The n+ junetion is both used
for the source and the drain of the n-MOS transistor and the emitter of the bipolar npn transistor.
The introduction of a p-Well makes the achievement of floating CMOS transistors possible: the bulk
of the p-MOS and the n-MOS devices are thus isolated fiom the p-type substrate, and the source, drain
and bulk terminals of these devices may be biased up to any voltage above the substrate voltage. The
n-Plug is insened between the p-Well and the n-Well in the floating CMOS to conduct all parasitic
currents direetly to the surface and thus to avoid latch-up by prohibiting the injection of large currents
in the n-Weil.
A double layer metal scheme with planarization is included and allows the use of standard cell concept
at a high level of integration.
This technology does not provide for a venical pnp transistor.

In this BICMOS-technology, the DMOS devices are realised without adding additional layers. The
resulting devices are lateral, non-self-aligned, junetion isolated struetures. In paragraph 2.2. it was
already mentioned that the LDMOS device has the advantage of simpier integration with other
components, which is highly recommendable in a BICMOS-technology.
The fact that the devices are non-self-aligned means that the source contact region and the channel
region are not diffused through the same oxide window, as is done in the basic DMOS strucnrre, see
fig. 2.2. Using a different oxide window for both the source contact diffusion and the channel region
diffusion implies that misalignments may occur. To account for possible misalignments. the channel
region window should overlap the source contact window by a cenain distance. this overlap distance
is specified in the layout rules of the technology. The channellength L is mainly determined by this
overlap distance, and can not be made as small as the channel length in self-aligned transistors.

The channel length L and the length of the drift region largely determine the on-resistance and the
breakdown voltage of the devices. A cenain breakdown voltage and on-resistance have to be
guaranteed. therefore the above-mentioned lengths have been optimized and may not be changed.
These distances are fixed by the layer-rules for aspecific technology. For designers using these
transistors, the only variabie at their disposal to influence the characteristics is the channel width W.

The gate-to-source voltage VGS for the devices is limited to 22 V. Higher voltages are not allowed in
order to avoid rapid oxide degradation, which would decrease the lifetime of these devices.

The technology offers three types of DMOS transistors. namely:
floating n-type DMOS transistor.
p-type DMOS transistor.
non-floating n-type DMOS transistor.

These transistors will be described one by one shortly.
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FLOATING N·TYPE DMOS TRANSISTOR.
A cross-section of the floating n-type DMOS transistor is shown in fig. 2.5.

gate

drain souree

poly-shield

Fig. 2.5.: Cross-sectiou of the floating u-type DMOS transistor (FNDMOS).

The terminals of this transistor are isolated from the p-type substrate, this makes it possible to use this
transistor on any positive voltage above the substrate potential up to about 80 V, hence the adjective
"floating".
The layout of the floating n-type DMOS transistor is deduced from a simple vertical npn transistor,
where the emitter corresponds to the source, the base corresponds to the channel region and the
collector corresponds to the drain. The channel region is formed by the p-Base, and the drain drift
region is formed by the n-Tub. The threshold voltage V7' the body factor y and the mobility Jln in the
channel region are thus determined by the doping concentration in the p-Base. As the p-Base impurity
concentration has been optimized for the electrical behaviour of the npn transistor, the maximum
doping concentration in the p-Base is high, and thus the threshold voltage Vr is high too, being
typically 7.1 V.
The n-Tub drift region is surrounded by a poly-n+ guardring to prevent the occurrence of a parasitic
p-MOS transistor between the substrate and the p-Base channel region.
The drain-to-source punchthrough voltage is approximately 80 V, this is equal to the BVCES of the
vertical npn transistor. The maximum VDs-voltage is therefore limited to 80 V.
In fig. 2.5, the source and the bulk channel region contact are drawn shortcircuited, it is however
possible to separate them, but it is not allowed to designers because of reliability reasons.

For the floating n-type DMOS transistor, two different layout structures exist: a rectangular transistor,
known as FNDMOS ("F" for floating), and a round transistor, known as FNDMOSR ("R" for round).
These two different layout structures can be seen in fig. 2.6, the FNDMOSR structure is not really
round, in fact it is octagonal. It is edgeless, which is very important for the reduction of parasitic
currents.
The channel width W of the FNDMOS transistor ean be changed continuously by stretching the
transistor.
For a single FNDMOSR transistor, the channe1 width W is not constant along the channel.
Notwithstanding for the sake of simplicity, the channel width is taken to be equal to the outer
perimeter of the n+ source contact region (taking into account the outdiffusion of the n+ source contact
region). As the length of the channel region L and the length of the drift region are fixed, the channel
width for the FNDMOSR is fixed too and equals 66pm. The channel width can only be changed by
using FNDMOSR transistors in parallel. which are placed in an array completely surrounded by a n+
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impurity concentration in the n-Well.
The drain drift region of the PDMOS is the embedded p-type epitaxiallayer. This epitaxial layer is
completely surrounded by the n-Tub diffusion to obtain an isolated drain drift region. In fact the n-Tub
diffusion length detennines the thickness of the epitaxiallayer tEP{' and as such sets a limit for the on
resistance RON and the breakdown voltage BV. The drain-to-source punchthrough voltage is
approximately -100 V. the maximum VsD-voltage therefore may not exceed 100 V.
The aetual PDMOS device is floating and thus isolated from the substrate. all terminals may be used
on any positive voltage above the substrate potential up to 80 V.
In fig. 2.7. the source and the bulk charmeI region contact are drawn shortcircuited. they may however
be separated. provided that the maximum voltage between source and bulk is limited to 18 V.

The PDMOS layout structure is reetangular. the channel width W can he changed continuously by
stretching the transistor layout.

NON-FLOATING N-TYPE DMOS TRANSISTOR.
The non-floating n-type DMOS transistor. also known as NDMOS. is shown in fig. 2.8.

P-EPI

P-substrate

drain

Fig. 2.8.: Cross-section of non-floating n-type DMOS transistor (NDMOS).

The NDMOS transistor is not really a DMOS transistor, in the sense that its channel region is not
double-diffused. Although in this case. one ean not really speak abaut a DMOS transistor in the
strietest sense of the word. the NDMOS structure still exhibits the basic characteristics of a DMOS
transistor: a non-uniformly doped channel region and a lightly doped drift region. The charmel region
of the NDMOS transistor is forrned by the p-type epitaxial layer. whereas the drain drift region is
formed by the n-Tub.
The threshold voltage VT• the body factor 'Y and the mobility lip in the channel region are thus
determined by the doping concentration in the epitaxial layer, as is the case for normal n-MOS
transistors in this technology.
The threshold voltage VT is typically 1.05 V. bath for the NDMOS and the n-MOS transistors.

In fig. 2.8. the source and the bulk channel region contact are drawn shortcireuited, they may however
be separated. provided that the maximum voltage between source and bulk is limited to 18 V.
The NDMOS device is not isolated from the substrate, its bulk is always at substrate potential.limiting
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the source potential to a maximum of 18 V.
The drain-to-source punchthrough voltage is approximately 80 V.

The NDMOS layout structure is rectangular, the channel width W can be changed continuously by
stretching the transistor layout.

2.3.2. APPLICATIONS.

In this paragraph, some applications will be discussed in order to illustrate the key parameters of the
DMOS devices. These key parameters will give insight in the specifications and the requirements, that
the model has to satisfy.
DMOS transistors are often used in [11]:

* High-voltage digital cells:
In this BICMOS-technology, logic circuitry with a supply voltage higher than 18 V cannot he
implemented with MOS transistors. DMOS devices, however, can operate at supply voltages up to
BOV, apart from the fact that the voltage difference between gate and source should be limited to 22V.
In the circuit of fig. 2.9, the digital input signa! with 15 V supply is shifted upwards to drive the
PDMOS output transistor M7 : 0 V at the input is shifted to VDD-VZEN+Vr<'M3)' whereas 15 V at the
input is shifted to VOD' which is equa! to 80 V.
Transistors MI and M2 are FNDMOS devices, the VDS of these devices can be close to 70 V, while Vas
is limited to 15 V. The PDMOS devices M3 and M4 set the low level of the output to approximately
11 V below VDD• For Ms and M6, PDMOS devices are chosen.
The threshold level of the digital cell is determined by the threshold voltage Vr and the gain constant
13 of transistors MI and M2 with regard to those of transistors Ms and M6• Furthermore, the switching
speed of this circuit is determined by the parasitic capacitances of the different transistors. All of these
parameters should be accurately modelled by the DMOS model in order to be able to simulate the
circuit behaviour correctly.

VZEN

Fig. 2.9.: High-voltage level shifter [ll].

M7

YDD

* High-voltage switch:
The PDMOS device M7 of fig. 2.9 acts as a high-voltage switch. The important specifications for this
application, apart fiom breakdown voltage, are Vr , 13, on-resistance and the required area.
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a short active channel,and the useof a lightly dopeddrift region to provide for a high breakdown
voltage.Thesetransistorshavea goodhigh-voltageandhigh-frequencybehaviour,which makesthem
very apt for switchingapplications.

The DMOS transistorsat Alcatel Mietec arepart of a BICMOS-tecOOology.The transistorsarenon
self-aligned,which implies that, to take careof possiblemisalignments,the channelregion window
hasto overlapthe sourcecontactwindow. The obtainedactive channellengthis not as small as for
self-alignedtransistors.
The lengthsof the channelregion andthe drain drift regionare fixed in orderto guaranteea certain
breakdownvoltageand on-resistance.This implies that only the channelwidth may be changed.
In order to properly simulate the various applications for these transistors,a model has to be
introduced that accurately models the DC-behaviourand its temperaturedependence,the AC
behaviour,the noise behaviourand the matchingproperties.
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