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Abstract

A lateral structure for low-cost fabrication of COOLMOSTM on SOI wafers is proposed and the feasibility of the

fabrication steps is verified by simulation in GENESISe environment. The requirement of multiple epitaxy and

implantation steps for the growth of voltage-sustaining pillars in conventional vertical COOLMOSTM is automatically

eliminated in the proposed method through the use of the lateral structure fabricated on SOI wafer. DESSIS simu-

lations confirm the functionality of the proposed device, including the so-called quasi-saturation effect. In addition to

the successful transistor behaviour of the lateral COOLMOSTM, the proposed fabrication method has the advantage of

low-cost processing steps in comparison with the conventional vertical fabrication approach, and also offers compati-

bility for on-chip integration with CMOS control circuitry.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to function properly as a switch, power

MOSFETs should meet two important requirements:

having minimal resistance when the device is in the on-

state and sustaining high reverse voltage when the device

is off. The former needs high doping levels, while the

latter calls for lower doping concentrations. So, in

conventional power MOSFETs there should be a com-

promise between these two requirements. The drift pillar

is therefore chosen a lightly doped thick strip of silicon

to promote its voltage sustaining capability during the

off-state, only to the extent that it maintains a reason-

able conductance in the on-state operation regime. This

means that the on-state conductivity and the off-state
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voltage sustaining capability cannot be improved inde-

pendently. Recently, COOLMOSTM has been proposed

as a solution to this problem [1–3].

As a new generation of power MOSFETs, COOL-

MOSTM transistors have recently found an especial

scope in power electronics. After the conceptual devel-

opment of the relative voltage sustaining structure [4–6],

COOLMOSTM has been experimentally realized to

break the limit line of silicon in high voltage applica-

tions [7]. The main building block of these devices is a

combination of parallel n� and p� strips, called a su-

perjunction, as shown in Fig. 1(a), whereas the con-

ventional voltage-sustaining block is a low-doped drift

region given in Fig. 1(b). It is the unique capability of

the superjunction that guarantees efficient voltage sus-

taining, when the transistor is off. In this state, the

voltage applied to the drain contact appears as a reverse

bias between the p� and n� strips. Subsequently, the

drift pillar of the superjunction becomes fully depleted

for a comparatively small value of the applied voltage.
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Fig. 2. The electric field profile versus distance for (a) a con-

ventional voltage-sustaining structure, and (b) the superjunc-

tion structure.
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Fig. 1. (a) The superjunction and (b) conventional voltage

sustaining structure.
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As a result, the voltage sustaining behaviour of the n�

strip is almost equal to that of an intrinsic layer. This

privilege of the superjunction leads to an optimum

doping concentration for the drift pillar to optimally

satisfy the on and off-state requirements.

In order to clarify how the superjunction structure

sustains higher breakdown voltages in comparison with

the conventional voltage-sustaining block, for the same

values of doping concentration of the n� drift pillar,

consider the simplified structure of a superjunction and a

conventional sustaining voltage block shown in Fig. 1.

Simulations have been performed for the case that the

pþ and nþ contacts are heavily doped (NA ¼ ND ¼ 1020

cm�3), and the n� and p� strips and the n� layer of the

conventional voltage-sustaining block are lightly doped

(NA ¼ ND ¼ 1016 cm�3). The pþ contact is grounded and

a positive voltage is applied to the nþ contact. The su-

perjunction structure was found to break down at 300 V,

while the conventional structure could only sustain 80 V.

Variation of the electric field versus distance is plotted in

Fig. 2(a) for the conventional structure. For the super-

junction, the profile of the electric field is plotted along

the outer edge of the n� strip, as depicted in Fig. 2(b). It

is observed that the area under the electric field profile is
considerably higher for the superjunction structure for

high values of reverse bias. This area is the indication of

the breakdown voltage for the maximum applied reverse

bias for which the critical electric field occurs through-

out the depletion region. Thus, it is verified that super-

junction presents superior voltage sustaining capabilities

in comparison with the conventional structure.

Properties of the so-called superjunction as well as

modeling and optimization of the complete relevant

device structure has been pursued in previous works

[8,9]. In this contribution, we are concerned with the

fabrication process. As may be concluded from Fig.

1(a), formation of columnar n� and p� strips is an ex-

pensive process, since these regions should be formed by

multiple depositions of epitaxial layers and subsequent

implantation steps. For instance, the use of masked

boron and phosphorous implantations on undoped

epitaxy on a highly doped nþ substrate has been re-

ported [9]. A diffusion process is subsequently employed

to form vertically coherent n� and p� columns. It is

apparent that with columns as long as 20 lm, more than

10 steps of epitaxy and implantation might be needed,

which translates into an expensive fabrication process.
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2. Proposed structure

We hereby propose a lateral structure and a fabri-

cation approach in which only one epitaxy step is in-

volved. The only extra cost would be due to the initial

SOI substrates, which is negligible in comparison with

the cost reduction resulted by eliminating the frequent

epitaxy steps. The proposed structure is schematically

given in Fig. 3(a), where the conventional vertical

structure is also given for comparison in Fig. 3(b).

Fig. 4. The proposed lateral structure simulated by DIOS.

40
2.1. Process simulation

We have simulated the fabrication process of the

proposed structure with DIOS simulator in GENESISe

[10]. An n-type SOI wafer with a thickness of 2.5 lm and

a concentration of 1016 cm�3 is chosen as the initial

substrate. The n� upper layer of the SOI wafer serves as

the n� drift pillar. The 2.5 lm p� strip is formed by

epitaxial growth and with the same doping concentra-

tion in boron ambient. The p-well is formed by oxide-

masked multiple implantations of boron with maximum

energy of 250 keV and dose of 1013 cm�2, followed by a

300-min annealing for drive-in. The needed space for the

drain contact is grooved by RIE and filled with CVD-

deposited highly doped PSG via standard lithography

and CMP steps. The gate space is also grooved by RIE

and a 180-min thermal oxidation period at 1100 �C
forms the 250 nm-thick gate oxide. During this anneal-

ing period, the nþ drain contact is also formed by dif-

fusion of phosphorous from PSG into the Si region. The

nþ source region is formed by resist-masked implanta-

tion of arsenic, followed by annealing to activate the

dopants. After removing the PSG previously deposited

into the drain trench by RIE, CVD tungsten is deposited

to form the gate and the drain contacts. After patterning

the metal layer and CMP, source contact is deposited
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Fig. 3. (a) The proposed lateral and (b) conventional vertical

COOLMOSTM structure.
and patterned. Adjacent devices may be isolated by

removing the dashed regions shown in the figure, via an

arbitrary etching process, such as RIE. Fig. 4 demon-

strates the final device simulated with DIOS. In this

figure the p� and n� strips are lightly doped with the

concentration of NA ¼ ND ¼ 1016 cm�3 and doping

concentration of the drain and source regions is

ND ¼ 1020 cm�3.
2.2. Device simulation

Dessis simulations are employed to characterize the

COOLMOSTM structure created by DIOS. The ID–VGS

and ID–VDS curves are given in Figs. 5 and 6, respec-

tively. When the device is on, electrons flow from the

source toward the drain through the channel of the

MOS structure and the n� drift region. Thus, the tran-

sistor turns on at the threshold voltage of the intrinsic

MOSFET, i.e., when the channel is formed. As it is

evident in Fig. 5, increasing the gate voltage raises the
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Fig. 5. Transfer characteristics of the simulated lateral

COOLMOSTM. The drain current saturates when the resistance

of the drift region becomes comparable to the channel resis-

tance of the transistor.
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Fig. 6. The output characteristics of the simulated lateral de-

vice. The ‘‘quasi-saturation’’ effect is evident in this plot for gate

voltages higher than 10 V.

Fig. 7. Contours of the depletion region edge for different

values of the drain–source voltage. The metallurgical junction is

also shown with solid line.
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Fig. 8. The simulated electric field along y ¼ 3:5 lm for the

lateral device.
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drain current initially. However, the current starts to

saturate when the resistance of the drift region becomes

comparable to the channel resistance of the transistor.

In Fig. 6, the output characteristics of the device

show two distinguishable behavioural regimes for dif-

ferent applied gate voltages. For small values of the gate

voltage, the drain current is fixed on a constant value

after the intrinsic MOSFET is saturated. For higher

values of VG the current does not remain constant after

saturation, but it shows a slight increase as the drain

voltage is increased. This increase is more significant for

the gate voltages between 10 and 20 V. The mechanism

responsible for this phenomenon which is often referred

to as ‘‘quasi-saturation’’ has been elaborately investi-

gated in the previous works [8], where the mobility

degradation due to the velocity saturation has been

mentioned as the main mechanism accounting for this

phenomenon. In the lateral COOLMOSTM transistor,

the same mechanism results in the quasi-saturation

effect.

The edge of the depletion region during the on-state

operation of the proposed structure is depicted in Fig. 7,

for various values of the drain–source voltage. The

depletion region edge proceeds into the n� strip when

increasing the drain voltage, VD. Around VD ¼ 10 V, in

the vicinity of the p-well, the depletion region edge stops

moving ahead into the n� region. For higher values of

VD, about 20 V, this phenomenon takes place at other

parts, in the volume of the n� drift region. These phe-

nomena are similar to those investigated by Daniel et al.

[8]. In this work, it is probed that the neck is the first

place experiencing mobility degradation due to the

velocity saturation. This effect leads to large values of

differential sheet resistance for this region and the

additional voltage drop emanated from the increased VD
arises across this region. As VD becomes greater than

20 V, eventually the entire drift region undergoes the

velocity saturation.

The simulated values of the electric field across the

line y ¼ 3:5 lm is given in Fig. 8 for different drain–

source voltages. This figure corroborates the above

explanation contending that the additional voltage drop

would appear across the mobility degraded region. This

figure indicates that the incremental drain voltage causes

the electric field profile of the depletion portion of the

drift region only to move up with preserving its initial

shape.
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3. Summary and conclusions

In concise, we have described a simple process for

low-cost realization of COOLMOSTM with a lateral

structure. The feasibility of the fabrication process steps

was verified by simulation in GENESISe. The device

simulations confirm the functionality of the proposed

structure. Considering the fact that all of the steps in the

proposed process flow are compatible with standard

CMOS technology, this method puts forth the chance of

on-chip integration of the COOLMOSTM power devices

with CMOS control circuitry. The elimination of the

frequent epitaxy and implantation steps is the other

advantage of this structure, which reduces the total cost

of the fabrication process considerably.

References

[1] Kondekar PN, Patil MB, Parikh CD. Analysis and design

of superjunction power MOSFET: COOLMOSTM for

improved on resistance and breakdown voltage using

theory of novel voltage sustaining layer. In: Proceedings

of the 23rd International Conference on Microelectronics,

vol. 1, 2002. p. 210.
[2] Kondekar PN, Parikh CD, Patil MB. Analysis of break-

down voltage and on resistance of super-junction power

MOSFET COOLMOSTM using theory of novel voltage

sustaining layer. Power Electronics Specialists Conference,

2002. p. 1769–75.

[3] Chen X-B, Sin JKO. Optimization of the specific on-

resistance of the COOLMOSTM. IEEE Trans Electron Dev

2001;48(2):344–8.

[4] Coe DJ. High voltage semiconductor device. US Patent

4754 310, 1988.

[5] Chen XB. Semiconductor power devices with alternating

conductivity. US Patent 5216275, 1993.

[6] Tihanye J. Power MOSFET. US Patent 5438215,

1995.

[7] Deboy G, Marz N, Stengl JP, Strack H, Tihanyi J,

Weber H. A new generation of high voltage MOSFETs

breaks the limit line of silicon. IEDM Tech Dig 1998:

683–6.

[8] Daniel BJ, Parikh CD, Patil MB. Modelling of the

COOLMOSTM transistor––Part I: device physics. IEEE

Tran Electron Dev 2002;49(6):916–22.

[9] Lorenz L, Zverev I, Mittal A, Hancock J. COOLMOSTM––

a new approach towards system miniaturization and

energy saving. In: Industry Applications Conference,

2000. p. 2974–81.

[10] ISE TCAD Manual, release 7.0.


	A lateral structure for low-cost fabrication of COOLMOSTM
	Introduction
	Proposed structure
	Process simulation
	Device simulation

	Summary and conclusions
	References


