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(57) ABSTRACT 
Integrated circuitry for use With an ultrasound transducer of 
an ultrasound imaging system is disclosed. According to one 
embodiment of the invention, unique transducer circuitry 
comprises a loW-voltage circuit and a high-voltage circuit 
including at least one high-voltage FET to drive an ultra 
sound transducer element. The loW-voltage circuit and the 
high-voltage circuit are monolithically formed on a single 
substrate. The loW-voltage circuit may include high density 
digital logic circuitry to generate transmit signals to the 
transducer element, as Well as loW noise analog receive 
circuitry to process signals received from the transducer 
element. The high-voltage FET of the high-voltage circuit 
comprises a lightly-doped drain region to increase the break 
doWn voltage of the high-voltage FET. The loW and high 
voltage circuits may be fabricated together on a single 
substrate using conventional loW-voltage CMOS processing 
techniques. 
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INTEGRATED CIRCUITRY FOR USE WITH 
TRANSDUCER ELEMENTS IN AN IMAGING 

SYSTEM 

FIELD OF THE INVENTION 

[0001] This invention relates to ultrasound imaging for 
medical applications and, more particularly, to integrated 
circuitry including both loW and high-voltage components 
for use With ultrasound transducer elements. 

BACKGROUND OF THE INVENTION 

[0002] Ultrasound imaging systems for medical applica 
tions typically employ arrays of individual ultrasound trans 
ducer elements Which transmit and receive ultrasound 
energy. The transducer array transmits ultrasound energy 
into a region of interest in a patient, and receives re?ected 
ultrasound energy, or echos, from various structures and 
organs Within the patient’s body. The imaging system then 
processes electronic signals generated by the elements of the 
transducer array, based on the received ultrasound energy, to 
form an image of the region of interest. The quality or 
resolution of the image formed is a function of the number 
of transmit and receive transducer elements that constitute 
the transducer array. 

[0003] Accordingly, to achieve high image quality, a large 
number of transducer elements is desirable. For both tWo 
dimensional and three-dimensional imaging applications, a 
preferred number of transducer elements is typically deter 
mined by a desired image resolution. The transducer ele 
ments typically are located in a hand-held transducer “head” 
or “handle” Which is connected by a ?exible cable to an 
electronics unit that processes the transducer signals and 
generates ultrasound images, as described above. Some 
proposed transducer heads may also include circuitry to 
provide transmit signals to, and process receive signals 
from, the individual transducer elements. Practical consid 
erations of siZe, cost, and the complexity of this circuitry, as 
Well as practical limits on the siZe and ?exibility of the cable 
Which carries signal conductors connecting the transducer 
elements to the electronics unit, pose challenges to the 
design of a transducer head that incorporates a large number 
of transducer elements for high resolution imaging applica 
tions. 

[0004] In some proposed ultrasound imaging systems, the 
transmit circuitry that may be included in the transducer 
head includes high-voltage components to drive the indi 
vidual ultrasound transducer elements. In some cases, loW 
voltage high-density digital logic circuitry to provide trans 
mit signals to the high-voltage drivers may also be included 
in the transducer head. The high-voltage drivers are made 
from high-voltage components that are capable, for 
example, of operating voltages of up to approximately 100 
volts. The high-voltage drivers may be fabricated as discrete 
components or as integrated circuits including several driv 
ers. The loW-voltage logic circuitry is fabricated as a sepa 
rate integrated circuit having an operating voltage on the 
order of 5 volts. 

[0005] In addition to transmit circuitry including the high 
voltage drivers and loW-voltage logic circuitry, some pro 
posed transducer heads may include loW noise, loW-voltage 
analog receive circuitry. The loW-voltage receive circuitry, 
like the transmit logic circuitry, typically has an operating 
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voltage on the order of 5 volts, and may be a separate 
integrated circuit or may be fabricated With the loW-voltage 
transmit logic circuitry as a monolithic integrated circuit. 

[0006] As discussed above, in order to facilitate the use of 
a large number of transducer elements to achieve high 
quality ultrasound images, it is desirable to integrate as 
much circuitry as possible in as small a volume as possible 
to reduce the siZe and complexity of the circuitry, Whether 
the circuitry be located Within a transducer head or in an 
electronics unit separate from the transducer head. In par 
ticular, if the circuitry is included in the transducer head, it 
is desirable to reduce the number of interconnections 
betWeen any discrete integrated circuits and components 
Within the head, as Well as the number of signal conductors 
in the cable connecting the transducer head to the electronics 
unit. HoWever, notWithstanding a reduced number of inter 
connections or signal conductors, the discrete high-voltage 
components typically employed to drive the transducer 
elements take up valuable space Within the transducer head. 

[0007] In addition, some applications, for example very 
high-frequency ultrasound imaging, require that transmit 
circuitry be located as close as possible to the transducer 
elements to avoid signal loading by a long cable. Accord 
ingly, it Would be advantageous to integrate high-voltage 
drivers for ultrasound transducer elements With either or 
both of the loW-voltage transmit logic circuitry and the 
loW-voltage receive circuitry as a monolithic integrated 
circuit. 

[0008] HoWever, high-voltage devices do not readily lend 
themselves to fabrication using conventional processing 
techniques for loW-voltage integrated circuits. For example, 
high-voltage FETS are typically fabricated using relatively 
large geometry processes (10 microns) to achieve high 
breakdown voltages. In contrast, loW-voltage integrated 
circuits may be fabricated using submicron geometry pro 
cesses. The requirement of large junction areas for high 
breakdoWn-voltage components is difficult to achieve using 
the small-geometry, high-density processing techniques 
employed in the fabrication of loW-voltage integrated cir 
cuits. Additionally, high-voltage fabrication processes have 
the disadvantage that they often do not include the capability 
of fabricating bipolar junction transistors, Which are used in 
many loW-noise signal processing applications. 

[0009] One proposed application related to actuation of 
mechanical devices is reported in “High voltage devices and 
circuits fabricated using foundry CMOS for use With elec 
trostatic MEM actuators,” N. I. Maluf et al., Sensors and 
Actuators, vol. A52, pp. 187-192, 1996. In this proposal, 
high-voltage components and circuits for use With electro 
static micro-electromechanical (MEM) devices are fabri 
cated using conventional processing techniques for high 
density, loW-voltage integrated circuits. In one example of 
this application, MEM actuators requiring a high-voltage 
drive are monolithically integrated on a single substrate With 
high-voltage components, using loW-voltage processing 
techniques. 

[0010] For this application, high-voltage MOS transistors 
are fabricated using a 2.0 micron CMOS process that 
includes the formation of N-Well and P-base layers as lightly 
doped drains. High-voltage transistors fabricated in this 
manner are reported to have operating voltages of approxi 
mately 100 volts or less for NMOS structures, and approxi 
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mately —25 volts or less for PMOS structures. However, the 
use of loW-voltage integrated circuit processing techniques 
for the fabrication of high-voltage components is limited in 
this application to simple high-voltage differential ampli?ers 
for driving aluminum electrostatic MEM actuator structures. 

[0011] One possible approach to integrating high and 
loW-voltage circuitry is to design and develop a custom 
integrated circuit fabrication line dedicated to a hybrid 
process. Such a hybrid process Would require many masks 
for the various steps necessary to implement both the high 
and loW-voltage components, and Would present several 
optimiZation challenges. Moreover, designing and imple 
menting a dedicated integrated circuit fabrication line for a 
custom process Would be cost effective only if a large 
number of the custom integrated circuits are manufactured. 

[0012] Another proposed solution for optimiZing ultra 
sound imaging systems includes the design of a loW-voltage 
transducer element by using multi-layer ceramics. Such 
loW-voltage transducer elements eliminate the need for 
high-voltage transducer driver circuitry. HoWever, as in the 
case of a custom integrated circuit hybrid fabrication pro 
cess, the multi-layer ceramics used for loW-voltage ultra 
sound transducer elements are costly and dif?cult to pro 
duce. 

[0013] Accordingly, for ultrasound imaging systems and 
many other applications, it is desirable to integrate both high 
and loW-voltage circuitry in a monolithically fabricated 
integrated circuit using readily available and reasonably 
cost-effective processing techniques. In particular, the inte 
gration of high and loW-voltage circuitry Would provide 
advantages for ultrasound imaging systems by facilitating 
the packaging of higher density high and loW voltage 
circuitry, as Well as a large number of transducer elements, 
in the small volume of a transducer head. 

SUMMARY OF THE INVENTION 

[0014] In vieW of the foregoing, the present invention is 
directed to integrated circuitry including both high and 
loW-voltage components for use With transducer elements of 
an ultrasound imaging apparatus. According to one embodi 
ment of the invention, the integrated circuitry comprises a 
loW-voltage circuit and a high-voltage circuit including a 
high-voltage FET to drive an ultrasound transducer element. 
The loW-voltage circuit and the high-voltage circuit are 
monolithically formed on a single substrate. 

[0015] In one aspect of the invention, the loW-voltage 
circuit includes conventional loW-voltage CMOS circuitry 
having a CMOS breakdoWn voltage. The high-voltage FET 
of the high-voltage circuit includes a lightly doped drain 
region Which is doped such that a drain-substrate breakdown 
voltage of the high-voltage PET is greater than the CMOS 
breakdoWn voltage of the loW-voltage circuit. The lightly 
doped drain region of the high-voltage FET may be a lightly 
doped n-Well or n-base region for an NMOS device, or a 
lightly doped p-Well or p-base region for a PMOS device. 

[0016] According to another aspect of the invention, the 
loW-voltage circuit of the integrated circuitry includes high 
density digital logic circuitry electrically coupled to the 
high-voltage circuit. The high-density digital logic circuitry 
may include a digital sequencer. In yet another aspect, the 
loW-voltage circuit includes a loW-voltage transmit circuit 
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and a loW-voltage receive circuit. In this aspect, the loW 
voltage transmit circuit includes high-density digital logic 
circuitry electrically coupled to the high-voltage circuit, and 
the loW-voltage receive circuit includes loW noise analog 
receive circuitry to process a receive signal from the ultra 
sound transducer element. 

[0017] According to another aspect of the invention, the 
high-voltage circuit includes a pull-up circuit electrically 
coupled betWeen a high voltage and the high-voltage FET. 
The pull-up circuit may include one or more resistors, 
bipolar junction transistors, or FETs. Additionally, the pull 
up circuit may include a cascoded series con?guration of at 
least tWo pull-up transistors, electrically coupled to the high 
voltage and having a pull-up control gate, to output a drive 
current to the ultrasound transducer element based on a drive 
signal input to the pull-up control gate. The pull-up circuit 
may also include a gate drive transistor to receive an input 
signal from the loW-voltage circuit and output the drive 
signal to the pull-up control gate. 

[0018] In another eXample of a pull-up circuit according to 
one embodiment of the invention, the pull-up circuit 
includes a pull-up transistor circuit electrically coupled to 
the high-voltage, comprising at least one pull-up transistor 
having a pull-up control gate. If the pull-up transistor circuit 
includes more than one pull-up transistor, each pull-up 
transistor has a pull-up control gate and is connected in 
series With another pull-up transistor. The pull-up transistor 
circuit outputs a drive current to the ultrasound transducer 
element based on a drive signal input to the pull-up control 
gate of each pull-up transistor. The pull-up circuit also 
includes a gate drive transistor for each pull-up transistor, 
Wherein each gate drive transistor receives an input signal 
from the loW-voltage circuit and outputs the drive signal to 
the pull-up control gate of a respective pull-up transistor. 

[0019] In another embodiment, the invention includes 
integrated circuitry for use With ultrasound transducers, 
comprising a ?rst loW-voltage CMOS circuit including high 
density digital logic circuitry having a CMOS breakdoWn 
voltage and a high-voltage CMOS circuit to drive an ultra 
sound transducer element. The high-voltage CMOS circuit 
receives an input signal from the ?rst loW-voltage CMOS 
circuit and includes a high-voltage FET. The high-voltage 
FET includes a lightly doped drain region and has a break 
doWn voltage greater than the CMOS breakdoWn voltage. 
The ?rst loW-voltage CMOS circuit and the high-voltage 
CMOS circuit are monolithically formed on a single sub 
strate. 

[0020] The integrated circuitry according to this embodi 
ment of the invention may further include a second loW 
voltage CMOS circuit monolithically formed With the ?rst 
loW-voltage CMOS circuit and the high-voltage CMOS 
circuit on the single substrate. The second loW-voltage 
CMOS circuit may include loW noise analog receive cir 
cuitry to process a receive signal from the ultrasound 
transducer element. 

[0021] According to yet another embodiment, the inven 
tion is directed to an integrated high-voltage driver circuit 
for use With ultrasound transducers. The integrated high 
voltage driver circuit comprises a high-voltage FET driver to 
drive an ultrasound transducer element, and a pull-up circuit. 
The pull-up circuit includes a pull-up transistor circuit 
electrically coupled to a high voltage and having a driver 
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output electrically coupled to one of a source and a drain of 
the high-voltage FET driver. The pull-up transistor circuit 
comprises at least one pull-up transistor having a pull-up 
control gate, and if the pull-up transistor circuit includes 
more than one pull-up transistor, each pull-up transistor has 
a pull-up control gate and is connected in series With another 
pull-up transistor. The pull-up transistor circuit outputs a 
drive current to the ultrasound transducer element based on 
a drive signal input to the pull-up control gate of each 
pull-up transistor. The pull-up circuit also includes a gate 
drive transistor for each pull-up transistor, Wherein each gate 
drive transducer receives an input signal and outputs the 
drive signal to the pull-up control gate of a respective 
pull-up transistor. The high-voltage FET driver and the 
pull-up circuit are monolithically formed on a single sub 
strate. 

[0022] In one aspect, the integrated high-voltage driver 
circuit further includes an inverter to receive the input signal 
and output a transmit signal to a driver control gate of the 
high-voltage FET driver. In yet another aspect, the pull-up 
transistor and the gate drive transistor of the pull-up circuit 
are high-voltage FETs. 

[0023] According to yet another aspect of the integrated 
high-voltage driver circuit, the pull-up transistor of the 
pull-up circuit includes a plurality of pull-up transistors 
cascoded in series. The plurality of cascoded pull-up tran 
sistors is coupled betWeen the high voltage and either the 
source or the drain of the high-voltage FET driver. The gate 
drive transistor may also include a plurality of gate drive 
transistors, wherein each gate drive transistor outputs a drive 
signal to one of the plurality of pull-up transistors. 

[0024] Other advantages, novel features, and objects of the 
invention Will become apparent from the folloWing detailed 
description of the invention When considered in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The accompanying draWings, Which are incorpo 
rated herein by reference, are not intended to be draWn to 
scale. In the draWings, each identical or nearly identical 
component that is illustrated in various ?gures is represented 
by a like numeral. For purposes of clarity, not every com 
ponent may be labeled in every draWing, Wherein: 

[0026] FIG. 1A is a block diagram of integrated circuitry 
for use With ultrasound transducers according to one 
embodiment of the invention; 

[0027] FIG. 1B is a block diagram of a portion of an 
integrated circuit included in an ultrasound transducer head 
and including the integrated circuitry of FIG. 1A; 

[0028] FIG. 2A is a cross-sectional vieW of a portion of a 
P-type semiconductor substrate shoWing conventional loW 
voltage CMOS components; 

[0029] FIG. 2B is a cross-sectional vieW of a portion of an 
N-type semiconductor substrate shoWing conventional loW 
voltage CMOS components; 

[0030] FIG. 3A is a cross-sectional vieW of a portion of a 
P-type semiconductor substrate including a high-voltage 
NMOS FET according to one embodiment of the invention; 

[0031] FIG. 3B is a cross-sectional vieW of a portion of an 
N-type semiconductor substrate including a high-voltage 
NMOS FET according to one embodiment of the invention; 
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[0032] FIG. 4A is a cross-sectional vieW of a portion of a 
P-type semiconductor substrate including a high-voltage 
PMOS FET according to one embodiment of the invention; 

[0033] FIG. 4B is a cross-sectional vieW of a portion of an 
N-type semiconductor substrate including a high-voltage 
PMOS FET according to one embodiment of the invention; 

[0034] FIG. 5 is a schematic diagram of an eXample of a 
transmit-receive sWitch shoWn in FIG. 1A according to one 
embodiment of the invention; 

[0035] FIG. 6A is a block diagram shoWing input and 
output signals of a digital sequencer included in the loW 
voltage transmit circuit shoWn in FIG. 1A according to one 
embodiment of the invention; 

[0036] FIG. 6B is a relative timing diagram of the input 
and output signals associated With the digital sequencer of 
FIG. 6A; 

[0037] FIG. 6C is a more detailed schematic diagram of 
one eXample of the digital sequencer of FIG. 6A; 

[0038] FIG. 7A is a schematic diagram of one eXample of 
the loW-voltage receive circuitry shoWn in FIG. 1A accord 
ing to one embodiment of the invention; 

[0039] FIG. 7B is a schematic diagram of another 
eXample of the loW-voltage receive circuitry shoWn in FIG. 
1A; 

[0040] FIG. 8 is a block diagram of an eXample of the 
high-voltage circuit shoWn in FIG. 1A according to one 
embodiment of the invention; 

[0041] FIGS. 9-15 are schematic diagrams shoWing 
eXamples of the pull-up circuit of the high--voltage circuit 
shoWn in FIG. 7; 

[0042] FIG. 16 is a schematic diagram of the high-voltage 
circuit shoWn in FIG. 1A according to another embodiment 
of the invention; and 

[0043] FIG. 17 is a block diagram of integrated circuitry 
for ultrasound transducers according to another embodiment 
of the invention. 

DETAILED DESCRIPTION 

[0044] A simpli?ed block diagram of integrated circuitry 
for use With ultrasound transducers according to one 
embodiment of the present invention is shoWn in FIG. 1A. 
Unique transducer circuitry 10 includes at least one of a 
loW-voltage transmit circuit 12 and a loW-voltage receive 
circuit 18. Both the loW-voltage transmit circuit 12 and 
receive circuit 18 are shoWn in FIG. 1A connected betWeen 
a supply voltage VL, typically on the order of approximately 
5 volts, and ground. The loW-voltage transmit circuit 12 
receives one or more control signals, for eXample, from an 
electronic unit of an ultrasound imaging system or other 
circuitry (not shoWn) via line 25, and outputs one or more 
loW-voltage transmit signals via lines 26 and 28. The loW 
voltage receive circuit 18 processes signals, input via line 
19, that represent ultrasound energy received by transducer 
element 20, and outputs the processed signals, for eXample, 
to other circuitry or to the electronics unit of the ultrasound 
imaging system, via line 29. Lines 25 and 29 may each 
include one or more conductors carrying one or more signals 

to and from the unique transducer circuitry 10. 
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[0045] The unique transducer circuitry 10 of FIG. 1A also 
includes a high-voltage circuit 14, connected between a high 
supply voltage VH, typically in a range of approximately 
20-100 volts, and ground. The high-voltage circuit 14 
includes a high-voltage FET 24 to drive an ultrasound 
transducer element 20 via line 22, based on signals received 
from the low-voltage transmit circuit 12 via lines 26 and 28. 

[0046] FIG. 1A also shows that the unique transducer 
circuitry 10 may optionally include a transmit-receive 
switch 16 operated by a control signal received on line 27. 
Transmit-receive switch 16 allows the ultrasound imaging 
system to use one ultrasound transducer element 20 for both 
transmitting and receiving ultrasound energy, as shown in 
FIG. 1A. Alternatively, the ultrasound imaging system may 
employ transducer elements that are dedicated to either 
transmitting or receiving ultrasound energy. For example, 
high-voltage circuit 14 may be connected directly to one 
ultrasound transducer element via line 22, and another 
ultrasound transducer element (not shown in FIG. 1A) may 
be connected directly to low-voltage receive circuit 18 via 
line 19. 

[0047] According to a feature of the invention, at least one 
of the low-voltage circuits 12 and 18 and the high-voltage 
circuit 14 are monolithically fabricated on a single substrate, 
preferably using conventional low-voltage component fab 
rication processes, to form unique transducer circuitry 10. 

[0048] FIG. 1A shows that the unique transducer circuitry 
10 is associated with one ultrasound transducer element 20. 
As discussed above, the transducer head of an ultrasound 
imaging system preferably includes a large number of trans 
ducer elements. FIG. 1B shows an example of a portion of 
transducer head circuitry 5 that may be included in the 
transducer head of an ultrasound imaging system according 
to the invention. FIG. 1B illustrates that the transducer head 
circuitry 5 may include unique transducer circuitry 10 for 
each transducer element 20 of the imaging system. The 
transducer head circuitry 5 may also include one or more 
sections of common circuitry 8 that each provides signals to, 
and/or receives signals from, groups of unique transducer 
circuitry 10. Furthermore, the transducer head circuitry 5 
may be partitioned in any desired manner into one or more 
integrated circuits. These integrated circuits may include 
high-voltage and low-voltage circuitry comprising both the 
common circuitry 8 and the unique transducer circuitry 10 
for one or more transducer elements. 

[0049] From FIG. 1B, it is readily appreciated that a high 
degree of integration of circuitry is desirable to provide 
transducer head circuitry 5 which will accommodate a large 
number of transducer elements 20, while nonetheless having 
a reasonable siZe that facilitates incorporation of the cir 
cuitry 5 into the small volume of the transducer head. 
Unique transducer circuitry 10 provides an advantageous 
degree of miniaturiZation by comprising both high and 
low-voltage components, thereby eliminating the need for 
discrete high-voltage transducer drivers located externally 
of the transducer head circuitry 5, or dedicated high-voltage 
integrated circuits including only high-voltage drivers. It 
should be appreciated, however, that it is not necessary to 
incorporate unique transducer circuitry 10 into the trans 
ducer head, and that the foregoing discussion is for purposes 
of illustration only. 

[0050] FIG. 2A shows a cross-sectional view of a portion 
of a P-type semiconductor substrate 32 in which low-voltage 
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CMOS devices, such as NMOS transistor 23 (NFET) and 
PMOS transistor 33 (PFET), are fabricated, while FIG. 2B 
shows a cross-sectional view of a portion of an N-type 
semiconductor substrate 32‘ in which low-voltage CMOS 
devices, such as NMOS transistor 23‘ and PMOS transistor 
33‘, are fabricated. Either or both of the low-voltage transmit 
circuit 12 and the low-voltage receive circuit 18 of FIG. 1A 
may include low-voltage CMOS devices as shown in FIGS. 
2A and 2B. 

[0051] FIG. 2A illustrates that the NMOS transistor 23 
has an NMOS breakdown voltage 34 (VBDNMOS) at a 
junction between the drain of the NMOS transistor and the 
substrate 32. Likewise, the PMOS transistor 33 has a PMOS 
breakdown voltage 36 (VBDPMOS) at a junction between the 
drain of the PMOS transistor and n-well region 35 formed in 
the substrate 32. 

[0052] Similarly, FIG. 2B illustrates that the NMOS tran 
sistor 23‘ has an NMOS breakdown voltage 34‘ (VBDNMOS) 
at a junction between the drain of the NMOS transistor and 
a p-well region 135 formed in the substrate 32‘. Likewise, 
the PMOS transistor 33‘ has a PMOS breakdown voltage 36‘ 
(VBDPMOS) at a junction between the drain of the PMOS 
transistor and the substrate 32‘. The low-voltage CMOS 
devices illustrated in FIGS. 2A and 2B typically have 
operating voltages of about 5 volts and breakdown voltages 
in a range of approximately 7-10 volts. 

[0053] FIGS. 3A and 4A show cross-sectional views of 
other portions of P-type semiconductor substrate 32 in 
which high-voltage devices are fabricated, while FIGS. 3B 
and 4B show cross-sectional views of other portions of 
N-type semiconductor substrate 32‘ in which high-voltage 
devices are fabricated, according to one embodiment of the 
invention. FIGS. 3A and 3B illustrate the structure of 
high-voltage NFETs 37 and 37‘, respectively, and FIGS. 4A 
and 4B illustrate the structure of high-voltage PFETs 39 and 
39‘, respectively. The high-voltage FET 24 of the high 
voltage circuit 14 of FIG. 1A may be any one of NFETs 37 
and 37‘ or PFETs 39 and 39‘. 

[0054] As shown in FIGS. 3A and 4A, NFET 37 includes 
a lightly doped drain region 30 and PFET 39 includes a 
lightly doped drain region 31. The drain regions 30 and 31 
are doped such that breakdown voltages 38 (VBDHN) and 43 
(VBDHP) of the respective drain-substrate junctions 40 of the 
high-voltage FETs are greater than the breakdown voltage of 
the CMOS devices of FIG. 2A, for example, the NMOS 
breakdown voltage 34 and the PMOS breakdown voltage 
36. 

[0055] Similarly, as shown in FIGS. 3B and 4B, NFET 
37‘ includes a lightly doped drain region 30‘ and PFET 39‘ 
includes a lightly doped drain region 31‘. The drain regions 
30‘ and 31‘ are doped such that breakdown voltages 38‘ 
(VBDHN) and 43‘ (VBDHP) of the respective drain-substrate 
junctions 40‘ of the high-voltage FETs are greater than the 
breakdown voltage of the CMOS devices of FIG. 2B, for 
example, the NMOS breakdown voltage 34‘ and the PMOS 
breakdown voltage 36‘. 

[0056] Examples of appropriate doping concentrations for 
the various semiconductor regions of the devices shown in 
FIGS; 3A, 3B, 4A and 4B include, but are not limited to, 
4x10 cm-3 for the substrate regions 32 and 32‘, 1><1016 
cm'3 for the well regions 30, 41, 141 and 31‘, and 1><1018 












