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INTERGRATED CIRCUIT EMPLOYABLE 
WITH A POWER CONVERTER 

TECHNICAL FIELD 

The present invention is directed, in general, to integrated 
circuits and, more specifically, to an integrated circuit incor­
porating higher voltage devices and low voltage devices 
therein. 

BACKGROUND 

The design of early integrated circuits focused on imple­
menting an increasing number of small semiconductor 
devices on a semiconductor substrate to achieve substantial 
improvements in manufacturing efficiency and cost, product 
size, and performance. The continuing improvements in the 
design of integrated circuits over the past few decades has 
been so dramatic and so pervasive in numerous products that 
the effects can be measured in changes in industries. 

The design and construction of integrated circuits has 
continued to evolve in a number of different areas. One area 
of innovation is a continuing reduction of feature sizes of 
semiconductor devices such as control and signal processing 
devices formed on a semiconductor substrate. Another area 
of innovation is the advent of construction techniques to 
incorporate higher voltage semiconductor devices (also 
referred to as "higher voltage devices") having higher volt­
age handling capability such as switches of a power train of 
a power converter into the integrated circuits. 

An objective of incorporating control and signal process­
ing devices on a semiconductor substrate with the higher 
voltage devices often encounters conflicting design require­
ments. More specifically, lower voltages (e.g., 2.5 volts) are 
employed with the control and signal processing devices 
(hence, also referred to as "low voltage devices") to prevent 
flashover between the fine line structures thereof. A potential 
difference of only a few volts separated by a fraction of a 
micrometer can produce electric fields of sufficient magni­
tude to induce locally destructive ionization in the control 
and signal processing devices. 

When employing the higher voltage devices therewith, it 
is often necessary to sense and switch higher external circuit 
voltages ( e.g., ten volts or higher) on the integrated circuit. 
To accommodate the higher voltage devices on a semicon­
ductor substrate with the control and signal processing 
devices, a large number of processing steps are performed to 
produce the integrated circuit. Since the cost of an integrated 
circuit is roughly proportional to the number of processing 
steps to construct the same, there has been limited progress 
in the introduction of low cost integrated circuits that 
include both control and signal processing devices and 
higher voltage devices such as the switches of the power 
train of a power converter. 

The aforementioned constraints have been exacerbated by 
the need to employ a substantial area of the semiconductor 
substrate to incorporate more efficient and even higher 
voltage devices into an integrated circuit. Inasmuch as the 
cost of a die that incorporates the integrated circuit is 
roughly proportional to the area thereof, the presence of the 
higher voltage devices conflicts with the reduction in area 
achieved by incorporating the fine line features in the control 
and signal processing devices. 

With respect to the type of semiconductor devices readily 
available, complementary metal oxide semiconductor 
("CMOS") devices are commonly used in integrated cir­
cuits. The CMOS devices such P-type metal oxide semi-

2 
conductor ("PMOS") devices and N-type metal oxide semi­
conductor ("NMOS") devices are used as logic devices, 
memory devices, or other devices such as the control and 
signal processing devices. In addition to the CMOS devices, 

5 laterally diffused metal oxide semiconductor ("LDMOS") 
devices such as P-type laterally diffused metal oxide semi­
conductor ("P-LDMOS") devices and N-type laterally dif­
fused metal oxide semiconductor ("N-LDMOS") devices 
are also commonly used in integrated circuits. LDMOS 

10 devices are generally used for the higher voltage devices in 
the integrated circuit. In the context of CMOS technology, 
the higher voltage devices generally relate to devices that 
operate at voltages above a standard operating voltage for 
the selected CMOS devices (e.g., the low voltage devices). 

15 For instance, CMOS devices employing fine line structures 
having 0.25 micrometer line widths operate at or below 
about 2.5 volts. Thus, higher voltage devices generally 
include any devices operating above approximately 2.5 
volts. 

20 Integrating the CMOS and LDMOS devices on a semi-
conductor substrate has been a continuing goal in the field of 
microelectronics and has been the subject of many refer­
ences over the years. For instance, U.S. Pat. No. 6,541,819 
entitled "Semiconductor Device Having Non-Power 

25 Enhanced and Power Enhanced Metal Oxide Semiconductor 
Devices and a Method of Manufacture Therefor," to Lotfi, et 
al., issued Apr. 1, 2003, which is incorporated herein by 
reference, incorporates non-power enhanced metal oxide 
semiconductor devices (i.e., low voltage devices) with 

30 power enhanced metal oxide semiconductor devices (i.e., 
higher voltage devices) on a semiconductor substrate. While 
Lotfi, et al. provides a viable alternative to integrating low 
voltage devices and higher voltage devices on the semicon­
ductor substrate, further improvements are preferable in 

35 view of the higher voltage handling capability associated 
with the use of higher voltage devices such as with the 
LDMOS devices in the power train of a power converter. 

In the field of power microelectronics, the CMOS devices 
may be employed as the control and signal processing 

40 devices integral to the controller of a power converter. As an 
example, the control and signal processing devices are 
employed as low voltage switches and comparators that 
form portions of the controller of the power converter. The 
LDMOS devices, on the other hand, may be employed as the 

45 higher voltage devices integral to the power train of the 
power converter. The higher voltage devices perform the 
power switching functions to control the flow of power to, 
for instance, a microprocessor. The power switches include 
the main power switches, synchronous rectifiers, and other 

50 power switches germane to the power train of the power 
converter. The power switches can also be used for circuit 
protection functions such as a rapidly acting electronic 
version of an ordinary fuse or circuit breaker. Variations of 
power switches include metal oxide semiconductor field 

55 effect transistors ("MOSFETs") that exhibit low level gate­
to-source voltage limits (e.g. 2.5 volts) and otherwise are 
capable of handing the higher voltages germane to the power 
train of the power converter. 

To achieve the overall reduction in size, the integrated 
60 circuits as described herein should include control and signal 

processing devices with fine line structures having sub 
micron line widths (e.g., 0.25 micrometers) on a semicon­
ductor substrate that operate with lower voltages to prevent 
flashover within the integrated circuit. At the same time, the 

65 integrated circuit may incorporate higher voltage devices 
that can conduct amperes of current and withstand voltages 
of, for instance, ten volts. A benefit of incorporating the low 

11
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Accordingly, what is needed in the art is an integrated 
circuit and method of forming the same that incorporates 
higher voltage devices and low voltage devices on a semi­
conductor substrate that overcomes the deficiencies in the 

voltage devices and the higher voltage devices on the 
semiconductor substrate is that it is possible to accommo­
date higher switching frequencies in the design of the power 
processing circuit due to a reduction of parasitic capaci­
tances and inductances in the integrated circuit. 

While a design and implementation of low voltage 
devices such as logic devices that form portions of a 
microprocessor have been readily incorporated into inte­
grated circuits, the systems that power the logic devices have 

5 prior art. Additionally, there is a need in the art for a higher 
voltage device (e.g., a transistor such as a LDMOS device) 
that can accommodate higher voltages and is capable of 
being integrated with low voltage devices on a semiconduc­
tor substrate in an integrated circuit that may form a power 

10 converter or portions thereof. not to date been readily incorporated into integrated circuits. 
There has been pressure directed to the power electronics 
industry to make parallel improvements in the power con­
version technology and, in particular, with the power con­
verters that regulate the power to, for instance, the micro­
processors that employ a high level of integrated circuit 15 

technology in the design thereof. Thus, an evolutionary 
direction in the power electronics industry is to reduce the 
size and cost of the power converters which correspondingly 
induces greater levels of silicon integration in a design of the 
integrated circuits embodying the same. 

SUMMARY OF IBE INVENTION 

These and other problems are generally solved or circum­
vented, and technical advantages are generally achieved, by 
advantageous embodiments of the present invention which 
includes an integrated circuit formed on a semiconductor 
substrate and employable with a power converter. In one 
embodiment, the integrated circuit includes a transistor 

20 employable as a switch of a power train of the power 
converter including a gate located over a channel region 
recessed into a semiconductor substrate. The transistor also 
includes a source/drain including a lightly doped region 

Although power converters have shown dramatic 
improvements in size, cost, and efficiency over the past few 
decades, the design of the power converters have not kept 
pace with the improvements in integrated circuit technology 
directed to the logic devices and the like, which follow 25 

Moore's Law demonstrating a doubling of performance 
every 18 months as viewed by certain metrics of digital 
performance. As representative examples of improvements 
in the smaller and more compact power converters, see U.S. 
Pat. No. 5,469,334, entitled "Plastic Quad-packaged 30 

Switched-mode Integrated Circuit with Integrated Trans­
former Windings and Mouldings for Transformer Core 
Pieces," to Balakrishnan, issued on Nov. 21, 1995, and U.S. 
Pat. No. 5,285,369, entitled "Switched Mode Power Supply 
Integrated Circuit with Start-up Self-biasing," to Balakrish- 35 

nan, issued on Feb. 8, 1994, which are incorporated herein 
by reference. While Balakrishnan and other references have 
demonstrated noticeable improvements of incorporating 
power converters into an integrated circuit, an industry wide 
integration of higher voltage level devices ( again, such as 40 

the switches of the power train) into the design of integrated 
circuits, especially in power converters, has not yet gained 
industry wide adoption. 

Another issue in a design of the power converters is an 
increase of the switching frequency ( e.g., five megahertz) of 45 

the power train thereof. The energy stored in reactive circuit 
elements (e.g., inductors and capacitors) associated with the 
power converter is inversely proportional to the switching 
frequency, and the size of the reactive circuit elements is also 
correspondingly inversely proportional to the switching fre- 50 

quency. A power converter is generally designed to handle 
the highest switching frequency without significantly com­
promising power conversion efficiency. Otherwise, the 
switching frequency could be simply increased with a con­
sequent reduction in the size and cost of the power converter. 55 

Achieving a high switching frequency is dependent on 
reducing the parasitic circuit elements such as stray inter­
connection capacitance and inductance. As mentioned 
above, incorporating the low voltage devices and the higher 
voltage devices within an integrated circuit embodying the 60 

power converter can have a significant impact in reducing 
the interconnection paths and consequently the stray inter­
connection parasitic capacitance and inductance. Addition­
ally, reducing the inherent parasitic losses in the switches of 
the power converter such as energy stored in a gate of a 65 

MOSFET can also have a significant impact on the switch-
ing frequency of the power converter. 

located adjacent the channel region and a heavily doped 
region located adjacent the lightly doped region. The tran­
sistor further includes an oppositely doped well located 
under and within the channel region. The transistor still 
further includes a doped region, located between the heavily 
doped region and the oppositely doped well, having a doping 
concentration profile less than a doping concentration profile 
of the heavily doped region. The integrated circuit also 
includes a complementary metal oxide semiconductor 
device employable in a controller configured to provide a 
signal to control a duty cycle of the transistor and formed on 
the semiconductor substrate. The integrated circuit still 
further includes a driver switch of a driver configured to 
provide a drive signal to the transistor as a function of the 
signal from the controller and formed on the semiconductor 
substrate. 

The foregoing has outlined rather broadly the features and 
technical advantages of the present invention in order that 
the detailed description of the invention that follows may be 
better understood. Additional features and advantages of the 
invention will be described hereinafter which form the 
subject of the claims of the invention. It should be appre­
ciated by those skilled in the art that the conception and 
specific embodiment disclosed may be readily utilized as a 
basis for modifying or designing other structures or pro-
cesses for carrying out the same purposes of the present 
invention. It should also be realized by those skilled in the 
art that such equivalent constructions do not depart from the 
spirit and scope of the invention as set forth in the appended 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven­
tion, reference is now made to the following descriptions 
taken in conjunction with the accompanying drawings, in 
which: 

FIG. 1 illustrates a diagram of an embodiment of a power 
converter embodied in, or portions thereof, an integrated 
circuit constructed according to the principles of the present 
invention; 

FIG. 2 illustrates a schematic diagram of an embodiment 
of a controller in an environment of a power converter 

12
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embodied in, or portions thereof, an integrated circuit con­
structed according to the principles of the present invention; 

FIG. 3 illustrates a schematic diagram of an embodiment 
of a driver of a power converter embodied in, or portions 
thereof, an integrated circuit constructed according to the 
principles of the present invention; 

FIG. 4 illustrates a cross sectional view of an embodiment 
of a semiconductor device employable in an integrated 
circuit constructed according to the principles of the present 
invention; 

FIGS. SA to SH illustrate cross sectional views of an 
embodiment of constructing a micromagnetic device 
employable in an integrated circuit constructed according to 
the principles of the present invention; 

6 
gate-to-source voltage limit ( e.g., 2.5 volts) and, at the same 
time, can handle drain-to-source voltages above the gate­
to-source voltage limit thereof (e.g., ten volts). 

Referring initially to FIG. 1, illustrated is a diagram of an 
5 embodiment of a power converter including a semiconduc­

tor device constructed according to the principles of the 
present invention. The power converter includes a power 
train 110, a controller 120 and a driver 130, and provides 
power to a system such as a microprocessor. While in the 

10 illustrated embodiment, the power train 110 employs a buck 
converter topology, those skilled in the art should understand 
that other converter topologies such as a forward converter 
topology are well within the broad scope of the present 
invention. 

FIG. 6 illustrates an isometric view of an embodiment of 15 The power train 110 of the power converter receives an 
a micromagnetic device employable in an integrated circuit 
constructed according to the principles of the present inven­
tion; and 

FIG. 7 illustrates a cross sectional view of an embodiment 
of an output filter employable in an integrated circuit con­
structed according to the principles of the present invention. 

Corresponding numerals and symbols in the different 
figures generally refer to corresponding parts unless other­
wise indicated. The figures are drawn to clearly illustrate the 
relevant aspects of the preferred embodiments and are not 
necessarily drawn to scale. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

input voltage V from a source of electrical power (repre­
sented by a battery) at an input thereof and provides a 
regulated output voltage V out to power, for instance, a 
microprocessor at an output of the power converter. In 

20 keeping with the principles of a buck converter topology, the 
output voltage V out is generally less than the input voltage 
V such that a switching operation of the power converter 
c~i-i regulate the output voltage V our A main switch Qmn 

[e.g., a P-channel metal oxide semiconductor field effect 
25 transistor ("MOSFET") embodied in a P-type laterally dif­

fused metal oxide semiconductor ("P-LDMOS") device] is 
enabled to conduct for a primary interval (generally co­
existent with a primary duty cycle "D" of the main switch 
Qmn) and couples the input voltage Vin to an output filter 

30 inductor L
0

u,. During the primary interval, an inductor 
current !Lout flowing through the output filter inductor Lout 

increases as a current flows from the input to the output of 
the power train 110. An AC component of the inductor 

The making and using of the presently preferred embodi­
ments are discussed in detail below. It should be appreciated, 
however, that the present invention provides many appli­
cable inventive concepts that can be embodied in a wide 
variety of specific contexts. The specific embodiments dis- 35 

cussed are merely illustrative of specific ways to make and 

current !Lout is filtered by the output capacitor cout" 

During a complementary interval (generally co-existent 
with a complementary duty cycle "1-D" of the main switch 
Qmn), the main switch Qmn is transitioned to a non-conduct­
ing state and an auxiliary switch Qaux [e.g., a N-channel 
MOSFET embodied in a N-type laterally diffused metal 

use the invention, and do not limit the scope of the invention. 
The present invention will be described with respect to 

preferred embodiments in a specific context, namely, an 
integrated circuit including a transistor [ e.g., embodied in a 
laterally diffused metal oxide semiconductor ("LDMOS") 
device] and methods of forming the same. While the prin­
ciples of the present invention will be described in the 
environment of a power converter, any application that may 
benefit from a transistor that can accommodate higher 
voltages and is integrable with a low voltage device [ e.g., 
complementary metal oxide semiconductor ("CMOS") 
device] on a semiconductor substrate is well within the 
broad scope of the present invention. 

The advantages associated with incorporating the higher 
voltage LDMOS devices with the low voltage CMOS 
devices facilitate the ongoing incorporation of integrated 
circuits with higher levels of integration into more products 
such as power converters. For the purposes of the present 
invention, higher voltage devices refer to devices that can 
accommodate higher operating voltages than the standard 
operating voltages for a referenced low voltage device. As 
an example and in the context of CMOS technology, the 
higher voltage devices generally relate to devices that oper­
ate at voltages above a standard operating voltage for the 
selected CMOS devices (e.g., the low voltage devices). For 
instance, CMOS devices employing fine line structures 
having 0.25 micrometer line widths operate at or below 
about 2.5 volts. Thus, higher voltage devices generally 
include any devices operating above approximately 2.5 
volts. In yet another context, the higher voltage devices also 
generally include devices that may exhibit a low level 

40 oxide semiconductor ("N-LDMOS") device] is enabled to 
conduct. The auxiliary switch Qaux provides a path to 
maintain a continuity of the inductor current !Lout flowing 
through the output filter inductor L

0
u,. During the comple­

mentary interval, the inductor current !Lout through the 
45 output filter inductor Lout decreases. In general, the duty 

cycle of the main and auxiliary switches Qmm Qaux may be 
adjusted to maintain a regulation of the output voltage V out 

of the power converter. Those skilled in the art should 
understand, however, that the conduction periods for the 

50 main and auxiliary switches Qmm Qaux may be separated by 
a small time interval to avoid cross conduction therebetween 
and beneficially to reduce the switching losses associated 
with the power converter. 

The controller 120 of the power converter receives a 
55 desired characteristic such as a desired system voltage 

V from an internal or external source associated with the 
system 

microprocessor, and the output voltage V out of the power 
converter. The controller 120 is also coupled to the input 
voltage Vin of the power converter and a return lead of the 

60 source of electrical power (again, represented by a battery) 
to provide a ground connection therefor. While only a single 
ground connection is illustrated in the present embodiment, 
those skilled in the art should understand that multiple 
ground connections may be employed for use within the 

65 controller 120. A decoupling capacitor Caec is coupled to the 
path from the input voltage Vin to the controller 120. The 
decoupling capacitor Caec is configured to absorb high 
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frequency noise signals associated with the source of elec­
trical power to protect the controller 120. 

In accordance with the aforementioned characteristics, the 
controller 120 provides a signal (e.g., a pulse width modu­
lated signal SPwM) to control a duty cycle and a frequency 5 

of the main and auxiliary switches Qmm Qaux of the power 
train 110 to regulate the output voltage V out thereof. The 
controller 120 may also provide a complement of the signal 
( e.g., a complementary pulse width modulated signal 
S1_PwM) in accordance with the aforementioned character- 10 

istics. Any controller adapted to control at least one switch 
of the power converter is well within the broad scope of the 
present invention. As an example, a controller employing 
digital circuitry is disclosed in U.S. patent application Ser. 
No. 10/767,937, entitled "Controller for a Power Converter 15 

and a Method of Controlling a Switch Thereof," to Dwara­
kanath, et al. and U.S. patent application Ser. No. 10/766, 
983, entitled "Controller for a Power Converter and Method 

8 
thin gate oxide thereof. In other words, when the input 
voltage Vin to the power converter which is translated into 
the drive signal SDRvi, to the main switch Qmn under certain 
conditions as described above exceeds the gate voltage limit 
thereof, the main switch Qmn may be damaged and fail. 
Another layer of complexity arises when the plurality of 
driver switches of the driver 130 are referenced to a voltage 
level (e.g., a ground potential) and the main switch Qmn to 
be driven is referenced to another voltage ( e.g., the input 
voltage Vin to the power converter). Colloquially, the main 
switch Qmn of the power converter is referred to as a 
"floating" switch. A driver 130 for the power converter, 
therefore, should be capable of handling applications 
wherein the main switch Qmn to be driven exhibits a smaller 
control voltage limit ( e.g., gate voltage limit) from the 
control terminal to another terminal ( e.g., the gate terminal 
to the source terminal) thereof and is referenced to a voltage 
level different from the driver 130. 

Turning now FIG. 2, illustrated is a schematic diagram of of Controlling a Switch Thereof," to Dwarakanath, et al., 
which are incorporated herein by reference. 

The power converter also includes the driver 130 config­
ured to provide drive signals SDRvi, SDRV2 to the main and 
auxiliary switches Qmn' Qaux' respectively, based on the 
signals S PwM, S1_PwM provided by the controller 120. There 

20 an embodiment of a controller in an environment of a power 
converter embodied in, or portions thereof, an integrated 
circuit constructed according to the principles of the present 
invention. The power converter includes a controller 210, a 

are a number of viable alternatives to implement a driver 130 25 

that include techniques to provide sufficient signal delays to 
prevent crosscurrents when controlling multiple switches in 
the power converter. The driver 130 typically includes 
switching circuitry incorporating a plurality of driver 
switches that cooperate to provide the drive signals SDRvi, 30 

SDRV2 to the main and auxiliary switches Qmm Qaux· Of 
course, any driver 130 capable of providing the drive signals 
SDRvi, SDRV2 to control a switch is well within the broad 
scope of the present invention. 

According to the principles of the present invention, the 35 

main and auxiliary switches Qmm Qaux are power switches 
that can be incorporated into a semiconductor device in an 
integrated circuit proximate control or signal processing 
devices that perform many of the control functions of the 
controller 120 of the power converter. As mentioned above, 40 

the control and signal processing devices are typically 
CMOS devices such as P-type metal oxide semiconductor 
("PMOS") devices and N-type metal oxide semiconductor 
("NMOS") devices. The PMOS and NMOS devices may 
also be referred to as P-channel and N-channel MOSFETs, 45 

respectively. Lower voltages (e.g., 2.5 volts) are employed 
with the control and signal processing devices (hence, also 
referred to as "low voltage devices") to prevent flashover 
between the fine line structures thereof. 

driver 220 and a power train 230. The controller 210 
provides a signal (e.g., a pulse width modulated signal 
SPwM) to control a duty cycle and a frequency of main and 
auxiliary switches Qmm Qaux of the power train 230 to 
regulate an output characteristic ( e.g., an output voltage 
V out) thereof. The controller 210 may also provide a comple­
ment of the signal (e.g., a complementary pulse width 
modulated signal S1_PwM) via a level shift and crossover 
circuit 237. The level shift and crossover control circuit 237 
is also adapted to adjust a delay between the signals SPwM, 
S1_PwM that control the duty cycle of the main and auxiliary 
switches Qmn' Qaux to substantially prevent a cross conduc­
tion and enhance the switching transitions therebetween. 

The power train 230 employs a buck converter topology, 
which has been described above with respect to FIG. 1. The 
driver ( e.g., a level shifting gate driver) 220 provides gate 
drive signals SDRvi, SDRV2 for the main and auxiliary 
switches Qmm Qaux, and also for a sense switch (also referred 
to as a "switch in a controller 210 of the power converter," 
e.g., a P-channel MOSFET embodied in a P-LDMOS 
device, or also referred to as "another LDMOS device") Qs. 
The sense switch Qs is configured to measure an output 
characteristic ( e.g., an output current) of the power con-
verter. 

The low voltage and higher voltage devices of the power 
converter may be embodied in a semiconductor device as 

The main and auxiliary switches Qmm Qaux of the power 
train 110, ones of the plurality of driver switches of the 
driver 130 and selected switches or other devices within the 
controller 120 are typically formed by LDMOS devices that 
handle higher voltages (e.g., ten volts) and hence are 
referred to as higher voltage devices. Integrating the control 
and signal processing devices, power switches and other 
switches (e.g., the driver switches) on a semiconductor 
substrate provides opportunities for substantial reductions in 
cost and size of an integrated circuit employable with the 
power converter or other apparatus employing like devices. 

50 illustrated and described with respect to FIG. 4 to form 
portions of a power converter embodied in an integrated 
circuit. Additionally, ones of the devices of the power 
converter such as an output inductor Lout and output capaci­
tor Cout of the power train 230, and a soft-start capacitor C55 

Additionally, when providing a drive signals SDRvi, S 
to a switch (e.g., the main switch Qmn) such as a P-chan~;l 
MOSFET having a control voltage limit (i.e., a gate voltage 
limit) of 2.5 volts, and in the environment of a power 
converter having a nominal input voltage Vin of five volts, 
the extended voltage range present on the gate terminal of 
the main switch Qmn may break down the integrity of the 

55 and a select resistor Rselect (which selects a set point for the 
output voltage V out) associated with the controller 210 may 
be discrete devices incorporated into or with an integrated 
package with the semiconductor devices that embody other 
devices of the power converter and still remain within the 

60 broad scope of the present invention. The discrete devices 
are often employed with the power converter to provide 
application flexibility to allow for cost reductions and design 
options in constructing the power converter. 

The controller 210 is coupled to the input voltage Vin and 
65 the output voltage V out of the power converter and to first 

and second ground connections PGND, AGND. For a rep­
resentative power converter, the input voltage Vin is unregu-
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lated and falls within an operational range of 2.5 to 6.5 volts. 
The output voltage V out is well regulated ( e.g., within a three 
percent tolerance) and can be adjusted between, for instance, 
1.2 to 3.5 volts. The controller 210 of the power converter 
also receives a desired characteristic such as a desired 
system voltage Vsystem from an internal or external source 
associated with, for instance, a microprocessor powered by 
the power converter. 

A soft start operation of the power converter may be 
adjusted by a selection of a soft start capacitor Cs" and the 
output voltage Vout may be adjusted by the select resistor 
Rselecr A signal indicating a normal operation of the power 
converter is provided via a power good connection 
PWRGD. The active devices of the power converter are 
powered from the input voltage Vin or from an internal, 
regulated voltage source, configured as a linear regulator 
235 coupled to the input voltage Vin• The linear regulator 
235 can be implemented as a dissipative regulator as here­
inafter described. 

As is well understood by those skilled in the art, the first 
and second ground connections PGND, AGND are repre­
sentative of ground connections for the higher voltage 
devices handling higher currents and the low voltage devices 
handling low currents, respectively. The first ground con­
nection PGND is for currents flowing in the higher voltage 
devices that are less sensitive to system noise. The second 
ground connection AGND is for currents flowing in the low 
voltage devices that are more sensitive to system noise. The 
first and second ground connections PGND, AGND are 
typically coupled at a single point within the power con­
verter. 

As described herein and, more specifically, with respect to 
FIG. 4 below, the low voltage devices are generally embod­
ied in PMOS and NMOS devices which may be integrable 
with the higher voltage devices embodied in P-LDMOS and 
N-LDMOS devices in a semiconductor device. As a result, 
the power converter is more readily incorporated into an 
integrated circuit. Additionally, bias voltages V bias (which 
may be internally or externally generated) are resident 
throughout the controller 210. The higher voltage devices 
within the power converter operate from a higher voltage 
source such as the input voltage Vin' and the low voltage 
devices operate from a low voltage source which is usually 
well regulated such as the bias voltages V bias· The voltage 
source connections within the power converter are not 
intended to be exhaustive, but rather indicative of possible 
operational voltages for the particular devices of the power 
converter. 

An exemplary operation of the controller 210 will here­
inafter be described. A switching frequency of the power 
train 230 is generated by a sawtooth generator 240, which 
may be implemented using a current source to charge a 
capacitor coupled to a comparator (not shown). When the 
voltage of the capacitor exceeds a threshold value, the 
comparator enables a switch (not shown), quickly discharg­
ing the capacitor. The charge and discharge process regularly 
repeats, generating a sawtooth waveform for the voltage 
across the capacitor. To provide a consistent switching 
frequency, the sawtooth generator 240 is generally powered 
from an internal, regulated voltage source providing the bias 
voltage V bias· A trim resistor Rtrim may be included to adjust 
the switching frequency during the design and manufacture 
of the controller 210. For a better understanding of sawtooth 
generators, see "The Art of Electronics," by Horowitz, et al., 
Cambridge University Press, Second Edition, pp. 288-291, 
1989, the entire reference being incorporated herein by 
reference. 

10 
The output voltage Vout is coupled through a compensa­

tion network 245 to a non-inverting input of an error 
amplifier 250 of the controller 210. Alternatively, the voltage 
representing the output voltage Vout may be determined 

5 from a remote location in a distribution network and pro­
vided to the error amplifier 250. The error amplifier 250 is 
further compensated by a feedback network represented by 
a compensation capacitor Ccomp- More extensive compen­
sation networks can be provided as necessary for the error 

10 amplifier 250 as the application dictates. The compensation 
network 245 is coupled, via a select connection SEL, to the 
select resistor Rselec" which is coupled to the second ground 
connection AGND. The select resistor Rselect provides an 
option to select the set point for the output voltage V out for 

15 the power converter. 
The output of the error amplifier 250 is coupled to the 

non-inverting input of a comparator (e.g., a PWM compara­
tor) 255 that compares the output of the error amplifier 250 
with an output of the sawtooth generator 240. An output of 

20 the PWM comparator 255 is high during a primary interval 
when the main switch Qmn of the power train is configured 
to conduct. The output of the PWM comparator 255 is low 
during a complementary interval when the main switch Qmn 

of the power train is transitioned to a non-conducting state 
25 and the auxiliary switch Qaux is configured to conduct. A 

non-inverting input of the error amplifier 250 is coupled to 
a bandgap reference circuit 260 that supplies a well-regu­
lated voltage (e.g., 1.07 volts) and a reference voltage 
selector 265. The reference voltage selector 265 provides a 

30 reference voltage Vref to the non-inverting input of the error 
amplifier 250 to establish a reference comparison for regu­
lating the output voltage V out of the power converter. 

The bandgap reference circuit 260 preferably uses bipolar 
CMOS technology and includes a disable pin (not shown) to 

35 disable an output therefrom. For example, when the disable 
pin is pulled high, the output from the bandgap reference 
circuit 260 can be pulled close to a ground potential with a 
switch (not shown), thereby disabling an operation of the 
power converter. The compensation network 245, as indi-

40 cated above, is coupled to the select resistor Rselect to 
provide the set point for the output voltage V our The select 
resistor Rselect may be coupled and operative in parallel with 
a resistor in a voltage divider network 247 to control a 
fraction of the output voltage V out thereby further refining a 

45 set point for the output voltage V out for the power converter. 
The use of voltage dividers, in general, to alter set points is 
well understood in the art and will not herein be described. 

A soft start operation of the power converter is controlled, 
in part, by a soft start capacitor Css· During a start up period 

50 of the power converter, the output voltage V out of the power 
converter is substantially zero, whereas during normal 
operation, a control loop of the controller 210 controls the 
conduction periods of the main and auxiliary switches Qmn 

Qaux to provide a regulated output voltage V our When the 
55 main switch Qmn is initially enabled to conduct and the 

auxiliary switch Qaux is non-conducting, a substantial in­
rush current to the power converter may occur in accordance 
with the input voltage Vin to charge the output capacitor 
C

0
u,. This condition may produce a substantial overshoot of 

60 the output voltage V out as the output inductor Lout and output 
capacitor Cout resonantly ring in response to the in-rush 
current. 

Thus, a slowly increasing set point for the control loop 
during the start up period is preferable and can be achieved 

65 by increasing a voltage across the soft start capacitor Css at 
a controlled rate. During an initial operation of the power 
converter (and/or during a re-start operation), the soft start 
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capacitor Css is charged by a current source 270 (via a soft 
start connection SS), which is coupled to the reference 
voltage selector 265. The reference voltage selector 265 
compares a voltage across the soft start capacitor Css with a 
voltage provided by the bandgap reference circuit 260 and 
the system voltage Vsystem and selects the smaller value 
therefrom. The resulting reference voltage Vref from the 
reference voltage selector 265 is provided to the non­
inverting input of the error amplifier 250 to regulate the set 
point for the output voltage V out for the power converter. 

Thus, during the soft start operation and when the voltage 
across the soft start capacitor Css is smaller than the voltage 
of the bandgap reference circuit 260, the voltage across the 
soft start capacitor Css controls and slowly ramps up accord­
ing to the charging rate of the soft start capacitor Css· When 
the voltage across the soft start capacitor Css exceeds the 
voltage from the bandgap reference circuit 260, the voltage 
from the bandgap reference circuit 260 provides the con­
trolling signal for the reference voltage V ref to the error 
amplifier 250. As an example, the value of the soft start 
capacitor Css is 15 nanofarads and the current source 270 
provides about 10 microamperes of current. This combina­
tion results in a rate of increase of the voltage across the soft 
start capacitor of about 0.67 volts/millisecond. Inasmuch as 
an inverting input to a soft start comparator 275 is about, for 
instance, 0.8 volts, a time delay of about 1.2 milliseconds is 
sustained before a soft start AND gate 280 enables a 
switching operation of the power train 230 of the power 
converter. Of course, the period of delay can be altered by 
changing the value of the soft start capacitor Css or the value 
of the current source 270. 

The linear regulator 235 provides a well regulated, low 
voltage bias voltage Vbias (e.g., 2.5 volts) to supply power 
for the low voltage devices having voltage limitations as 
generally determined by fine line semiconductor structures 
thereof. The linear regulator 235 is powered from the input 
voltage Vin and is coupled to a bypass capacitor Cbp- The 
bypass capacitor Cbp can be formed from a semiconductor 
device as described herein or by other device techniques and 
structures. Additional bypass capacitors Cbp may be 
employed within the controller 210 and power converter, in 
general, to absorb system noise therein. 

12 
provided using a voltage reference (not shown) which is 
dependent, preferably linearly, on the temperature of the 
monitored portion of the power converter. An output of the 
voltage reference is compared, for instance, with the output 

5 of the bandgap reference circuit 260 using a comparator (not 
shown) and, when there is a sufficient voltage difference 
therebetween, the comparator switches and provides a signal 
to a protection circuit AND gate 284. 

The protection circuit AND gate 284 is also coupled to an 
10 under voltage lockout circuit 285 that compares the input 

voltage Vin to a limiting threshold voltage and, when the 
input voltage Vin is less than the threshold voltage, another 
signal is provided to the protection circuit AND gate 284. 
Thus, the output of the protection circuit AND gate 284 

15 provides an indication of either a high temperature condition 
or an unacceptably low input voltage Vin and disables the 
operation of the power converter accordingly. For further 
protection during a fault condition, when the main switch 
Q is transitioned to a non-conducting state, the auxiliary 

20 s~tch Qaux is enabled to conduct by the action of the level 
shifting gate driver 220, thereby discharging the output 
capacitor Cout and providing further protection for the output 
voltage V out of the power converter. As an example, the 
under voltage lockout circuit 285 disables the operation of 

25 the power converter when the input voltage Vin is less than 
2.5 volts. When the input voltage Vin is less than about 2.6 
volts, the linear regulator 235 saturates "full on" and may 
lose its regulation capability, causing a drop in the bias 
voltage V bias· A sufficient voltage compliance, however, can 

30 be designed into the various devices in the power converter 
to enable proper operation when the bias voltage V bias is 
slightly less than the desired regulated value. 

An output of the protection circuit AND gate 284 is also 
coupled to a soft start switch Qss through an inverter 287. 

35 The purpose of the soft start switch Qss is to discharge the 
soft start capacitor Qss whenever a temperature within the 
power converter exceeds a limit or the input voltage Vin is 
below a safe operating point for the power train 230. 
Discharging the soft start capacitor Css essentially sets the 

40 set point for the output voltage V out for the power train 230 
to zero. The soft start capacitor Css may also be discharged 
by a circuit external to the power converter, such as by an 
external switch, to disable an operation of the power con-The linear regulator 235 preferably includes a higher 

voltage device implemented with an N-LDMOS device 
acting as a series-pass, regulating switch (not shown). An 45 

operational amplifier (not shown) is included in the linear 
regulator 235 that senses the bias voltage V bias and a 
reference voltage such as provided by the bandgap reference 
circuit 260 to provide negative feedback to a control termi­

verter based on external system requirements. 
The protection circuit AND gate 284 provides an input to 

the soft start AND gate 280, which is also coupled to the soft 
start comparator 275. The soft start AND gate 280 monitors 
an output of the soft start comparator 275, which is coupled 
to the soft start capacitor Css· The soft start AND gate 280 

nal of the series-pass, regulating switch, thereby providing 
voltage regulation for the bias voltage V bias· The design of 
dissipative linear regulators 235 with a feedback control are 
well known in the art and will not herein be described. For 
a better understanding of the design of dissipative linear 
regulators, see chapter six of Horowitz, et al. 

A number of circuits such as protection circuits within the 
controller 210 disable an operation of the power converter 
during unusual or undesirable operating conditions. The 
output of the circuits are combined via AND logic gates with 

50 is coupled to a PWM AND gate 253 and configured to 
disable the power train 230 whenever a voltage across the 
soft start capacitor C55 is less than a threshold value. In the 
present embodiment, the threshold value, coupled to invert­
ing input of the soft start comparator 275, is preferably about 

55 0.8 volts. The threshold value may be derived from the 
bandgap reference circuit 260. Thus, a soft start circuit of the 
controller 210 includes, among other things, the soft start 
capacitor Cs" the soft start switch Qss and the soft start 
comparator 275. 

an output from the PWM comparator 255 to disable the 60 

operation of the power converter when necessary. A thermal 
shutdown circuit 282 monitors a temperature of the power 
converter (e.g., a temperature of the switch embodied in a 
semiconductor device located on a semiconductor substrate) 

The controller 210 also includes other protective circuits 
such as an over current protection circuit 290. A sense switch 
Qs is coupled in parallel with the main switch Qmn of the 
power train 230 and is controlled to conduct synchronously 
with the main switch Qmn· A sense resistor Rs is coupled in 

to protect, for example, against a possible low impedance 
circuit coupled inadvertently across an output of the power 
train 230. The temperature monitoring function can be 

65 series with the sense switch Qs. Thus, a current that flows 
through the sense resistor Rs is a fraction of the current 
flowing through the main switch Qmn when the main switch 
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Qmn conducts. A voltage proportional to the sensed current 
is amplified by an operational amplifier (not shown) in the 
over current protection circuit 290 and compared to a 
threshold value. If the threshold value of the current through 
the sense resistor Rs is exceeded, a disable signal is provided 
to the PWM AND gate 253. Thus, the over current protec­
tion circuit 290 can disable the operation of the power train 
230 whenever current through the main switch Qmm which 
also generally flows through the output inductor L

0
u,, 

exceeds a threshold value. 
A power good monitoring circuit 292 is coupled to the 

output of the soft start AND gate 280, and preferably 
provides a signal to the power good connection PWRGD of 
the power converter to provide an external indication that 
the power converter is operating normally. In addition, the 
power good monitoring circuit 292 is also coupled to the 
reference voltage V ref from the reference voltage selector 
265. When the output of the reference voltage selector 265 
is above a predetermined reference voltage level and the 
output of the soft start AND gate 280 is high, the output of 
the power good monitoring circuit 292 is high to indicate a 
normal operation of the power converter. It should be 
understood that circuits that monitor internal voltages and 
the outputs of logic gates are generally well known in the art. 
It should further be understood that circuits that monitor the 
operation of a power converter can be optionally coupled to 
various operating points within the controller 210 and the 
power train 230 of the power converter. 

Thus, a power converter embodied in, or portions thereof, 
an integrated circuit has been illustrated and described with 
respect to FIG. 2. As described above, the devices of the 
power converter may be constructed with low voltage 
devices and higher voltage devices integrable in a semicon­
ductor device using fine line processing. Thus, for reasons as 
stated below, not only can control and signal processing 
devices, but higher voltage devices such as the switches of 
the driver and power train, can be integrated into a semi­
conductor device thereby further facilitating the power con­
verter incorporated into an integrated circuit. 

Turning now to FIG. 3, illustrated is a schematic diagram 
of an embodiment of a driver of a power converter embodied 

14 
voltage Vbiasi, which may be internally or externally gen­
erated and may depend on an input voltage Vin of the power 
converter. For purposes of the discussion herein, it is 
assumed that the first, second, third, fourth, fifth, sixth, 

5 seventh and eighth driver switches QDRi, QDR2, QDR3, 
QDR4, QDRs, QDR6, QDR?, QDRs have a low gate voltage 
limit and a higher voltage drain. Thus, the first, second, third, 
fourth, fifth, sixth, seventh and eighth driver switches QDRi, 
QDR2, QDR3' QDR4' QDRs, QDR6' QDR7' QDRs may exhibit a 

10 low gate voltage limit (e.g. 2.5 volts) and at the same time 
handle drain-to-source voltages above the gate voltage limit 
thereof (e.g., ten volts). 

To simplify the discussion, it is also assumed that the first, 
second, third, fourth, fifth, sixth, seventh and eighth driver 

15 switches QDR1, QDR2, QDR3, QDR4, QDRS, QDR6, QDR7, QDR8 
exhibit a gate threshold voltage of about is 0.5 volts, which 
is consistent with a number of fine feature size, low voltage 
MOSFET designs. The gate threshold voltage provides a 
voltage level above or below which ( depending on the type) 

20 the first, second, third, fourth, fifth, sixth, seventh and eighth 
driver switches QDRi, QDR2, QDR3' QDR4' QDRs, QDR6' 
QDR?, QDRs are enabled to conduct. 

In the illustrated embodiment, the first, second, seventh 
and eighth driver switches QDRi, QDR2, QDR?, QDRs are 

25 N-channel MOSFETs and the third, fourth, fifth and sixth 
driver switches QDR3, QDR4, QDRs, QDR6 are P-channel 
MOSFETs. The drain terminals of the second, third and fifth 
driver switches QDR2, QDR3, QDRS are coupled together at a 
first node n1 . The drain terminals of the first, fourth and sixth 

30 driver switches QDRi, QDR4, QDR6 are coupled together at a 
second node n2 . While each of the first, second, seventh and 
eighth driver switches QDRi, QDR2, QDR?, QDRs are illus­
trated with gate, source and drain terminals, it is also 
common for each of the first, second, seventh and eighth 

35 driver switches QDRi, QDR2, QDR7, QDRs to include a body 
terminal. 

The gate driver is coupled between an input voltage Vin 
(e.g., an unregulated input voltage at a nominal five volts) of 
the power converter and ground, with a potential difference 

40 therebetween for the purposes of this discussion of five 
volts. The source terminal of the third and sixth driver 

in, or portions thereof, an integrated circuit constructed 
according to the principles of the present invention. The 
driver is adapted to provide a drive signal SDRv to control a 
switch having a control voltage limit. More specifically and 45 

in the illustrated embodiment, the driver is a gate driver that 
provides a gate drive signal SDRv to, for instance, a P-chan-

switches QDR3, QDR6 are coupled to the input voltage Vin• 
The first bias voltage V biasi, assumed for this discussion to 
be 2.5 volts with respect to the ground, is coupled to the gate 
terminal of the fourth and fifth driver switches QDR4, QDRs, 
and a return connection of the first bias voltage source is 
coupled to the ground. The first bias voltage source may or 
may not be derived from the source of electrical power that 
provides the input voltage Vin' depending on the application 
for the gate driver. 

As illustrated, the seventh and eighth driver switches 
QDR?, QDRs are parallel coupled to the fourth and fifth driver 
switches QDR4, QDRs, respectively. The seventh and eighth 
driver switches QDR7, QDRs include a higher voltage source 
and a higher voltage drain and typically exhibit a higher 
source-to-gate voltage handling capability (e.g., five volts) 
when the source is more positive than the gate and at the 
same time handle drain-to-source voltages above the low 
gate voltage limit thereof. The gate terminal of the seventh 

nel MOSFET that exhibits a gate voltage limit (i.e., a 
gate-to-source voltage limit) of 2.5 volts. The gate driver 
receives a signal (e.g., a pulse width modulated signal 50 

SPwM) from a controller (see, for instance, the controller 120 
illustrated and described with respect to FIG. 1) and a 
complement of the signal (e.g., a complementary pulse 
width modulated signal S 1_PwM) from the controller. Addi­
tionally, the gate driver may provide a first gate drive signal 55 

and a second gate drive signal to drive multiple switches 
such as the main and auxiliary switches Qmm Qaux of a 
power converter as described above. For purposes of the 
following discussion, however, the driver will be described 
and is adapted to provide a gate drive signal SDRv· 

The gate driver includes switching circuitry formed by a 
plurality of driver switches such as first, second, third, 
fourth, fifth, sixth, seventh and eighth driver switches QDRi, 
QDR2, QDR3, QDR4, QDRs, QDR6, QDR?, QDRs coupled to a 
source of electrical power for the power converter and the 65 

controller of the power converter. The gate driver is also 
coupled to a first bias voltage source that provides a first bias 

60 and eighth driver switches QDR?, QDRs are coupled together 
and to a second voltage bias source that provides a second 
bias voltage Vbias2, which may be internally or externally 
generated and may depend on an input voltage Vin of the 
power converter. 

The gate driver, in the illustrated embodiment, can operate 
in a couple of different modes of operation. For instance, 
when the input voltage Vin to the power converter is greater 

17



US 7,015,544 B2 
15 

than an upper gate voltage limit for a main switch Qmn such 
as a P-channel MOSFET (see, as an example, the power 
train of the power converter illustrated and described with 
respect to FIG. 1) driven by the gate driver, then voltage 
protective features of the gate driver are enabled. 

More specifically, when the pulse width modulated signal 
SPwM provided to the second driver switch QDR2 is high (i.e., 
when the pulse width modulated signal SPwM is more 
positive than the gate threshold voltage of 0.5 volts), the first 
node n1 that couples the drain terminals of the second and 
third driver switches QDR2, QDR3 is pulled low by the second 
driver switch QDR2. The drain terminal of the fifth driver 
switch QDRS is also coupled to the first node n1 and the gate 
terminal thereof is coupled to the first bias voltage source. 
Thus, the source of the fifth driver switch QDRS is pulled 
down to three volts (i.e., one gate threshold voltage value 
more positive than the first bias voltage V bias1). The gate 
drive signal SDRv is therefore pulled down two volts below 
the input voltage Vim which is a sufficient voltage to enable 
a switch such as the main switch Qmm a P-channel MOS­
FET, illustrated and described with respect to the power train 
of the power converter of FIG. 1 to conduct. 

When the complementary pulse width modulated signal 
S provided to the first driver switch QDRl is more 
p~;itive than the gate threshold voltage, the first driver 
switch QDRl is enabled to conduct and the second node n2 

is pulled down to substantially the ground voltage by an 
on-resistance of the first driver switch QDRl. The gate of the 
third driver switch QDR3 is pulled down to about three volts 
(i.e., one gate threshold voltage value more positive than the 
first bias voltage Vbias1). Thus, the third driver switch QDR3 
is enabled to conduct and the drain thereof, coupled to first 
node n1 , is pulled up substantially to the input voltage Vin• 
The fifth driver switch QDRS is now enabled to conduct 
because the gate voltage is more than one gate threshold 
voltage more negative than the drain thereof, and the source 
of the fifth driver switch QDRS is pulled up substantially to 
the input voltage Vin• Therefore, the gate drive signal SDRV 
from the gate driver is also pulled up to substantially the 
input voltage Vin' which is a sufficient voltage to transition 
a switch such as the main switch Qmm a P-channel MOS­
FET, illustrated and described with respect to the power train 
of the power converter of FIG. 1 to a non-conducting state. 

16 
protective voltage limiting function. Finally, the gate driver 
is symmetrical and as the pulse width modulated signal 
S and complementary pulse width modulated signal S 
aft~~nate, the conduction states and voltages within the g;t~ 

5 driver alternate accordingly. 
Additionally, in this mode of operation, the second bias 

voltage V bias2 provided to the gate terminals of the seventh 
and eighth driver switches QDR?, QDRs is at a ground 
potential. Since the source terminals of the seventh and 

10 eighth driver switches QDR?, QDRs are not coupled to a 
potential at or below the ground potential, the seventh and 
eighth driver switches QDR?, QDRs are not enabled to con­
duct as a consequence of the grounded gate terminals 
thereof. Thus, under the aforementioned circumstances, the 

15 seventh and eighth driver switches QDR?, QDRs have little 
effect on the operation of the gate driver. 

In another operating mode for the gate driver ( enabled by 
the seventh and eighth driver switches QDR?, QDRs), the 
input voltage Vin to the power converter is not greater than 

20 an upper gate voltage limit for a main switch Qmn such as a 
P-channel MOSFET (see, as an example, the power train of 
the power converter illustrated and described with respect to 
FIG. 1) driven by the gate driver, then voltage protective 
features of the gate driver are not necessary. In this mode of 

25 operation, the clamping operation of the fifth driver switch 
QDRS on the gate drive signal SDRv is inoperative. More 
specifically, the gate terminal of the seventh and eighth 
driver switches QDR7, QDRs are coupled to a suitably high 
potential such as the input voltage Vin• As a result, the 

30 seventh and eighth driver switches QDR7, QDRs are enabled 
to conduct. Thus, the gate drive signal SDRv is coupled to 
ground potential by an on resistance of the second and eighth 
driver switches QDR2, QDRB when the main switch Qmn' a 
P-channel MOSFET as discussed above, driven by the gate 

35 driver is enabled to conduct. The gate driver, therefore, 
selectively provides additional flexibility by altering a volt­
age applied to an input thereof, consequently accommodat­
ing an input voltage Vin above or below a gate voltage limit 
of a switch driven therefrom. Additionally, for a more 

40 detailed analysis of this embodiment of the driver, see U.S. 
patent application Ser. No. 10/767,540, entitled "Driver for 
a Power Converter and Method of Driving a Switch 
Thereof," to Dwarakanath, et al., which is incorporated 
herein by reference. 

Turning now to FIG. 4, illustrated is a cross sectional view 
of an embodiment of a semiconductor device employable in 
an integrated circuit constructed according to the principles 
of the present invention. A semiconductor substrate ( also 
referred to as a "substrate") 415 of the semiconductor device 

Accordingly, a type of level shifting gate driver has been 
introduced with an improved level-shifting capability that 45 

can controllably raise the gate voltage of an exemplary 
switch (e.g., a P-channel MOSFET) to substantially the 
input voltage Vin to transition the switch to a non-conducting 
state, and controllably reduce the gate voltage to a lower 
voltage to enable the switch to conduct. Inasmuch as the gate 
terminal of the fifth driver switch QDRS is coupled to the first 
bias voltage source, the fifth driver switch QDRS is transi­
tioned to a non-conducting state when a voltage present on 

50 is divided into four dielectrically separated areas to accom­
modate, in the illustrated embodiment, four transistors (e.g., 
MOSFETs) located thereon. More specifically, the substrate 
415 can accommodate a PMOS device and a NMOS device 

its source is less than the first bias voltage V biasl plus its gate 
threshold voltage (treating the gate threshold voltage of a 55 

P-channel MOSFET as a positive number). If the gate driver 
properly applies the first bias voltage V biasl ( e.g., if the first 
bias voltage V biasl is the input voltage Vin minus 2.5 volts 
and adjusted for the gate threshold voltage of the fifth driver 
switch QDRs), the gate drive signal SDRV will not decrease 60 

more than 2.5 volts below input voltage Vin thereby not 
exceeding the gate voltage limit of the switch to be driven. 
The first bias voltage V biasi, therefore, is preferably depen­
dent on the input voltage Vin• The gate terminal of the switch 
(again, a P-channel MOSFET) coupled to the gate driver 65 

will thus be protected by the gate driver and, in particular, by 
the fifth driver switch QDRs, which operatively provides a 

that operate as low voltage devices within, for instance, a 
controller of a power converter (i.e., the control and signal 
processing devices). Additionally, the substrate 415 can 
accommodate a P-LDMOS device and a N-LDMOS device 
that operate as higher voltage devices within, for instance, a 
power train and driver of a power converter (i.e., the power 
switches and driver switches). 

The semiconductor device also includes shallow trench 
isolation regions 410 formed within the substrate 415 to 
provide dielectric separation between the devices imple­
mented on the substrate 415. The shallow trench isolation 
regions 410 are formed by masking the substrate 415 and 
using a photoresist to define the respective regions therein. 
The shallow trench isolation regions 410 are then etched and 
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backfilled with a dielectric such as silicon dioxide, silicon 
nitride, a combination thereof, or any other suitable dielec­
tric material. Then, the substrate 415 and the shallow trench 
isolation regions 410 are planarized by a lapping process. 

18 

A buried layer (e.g., a N-type buried layer) 420 is recessed 5 

within the substrate 415 in the area that accommodates the 
P-LDMOS device and the N-LDMOS device. The N-type 
buried layer 420 is formed by a deep ion implantation 
process ( e.g., at a controlled voltage of about 200 kiloelec­
tronvolts) of an appropriate dopant specie such as arsenic or 10 

phosphorus and results in a doping concentration profile, 
preferably in a range of lxl018 to lxl020 atoms/cm3

. The 
N-type buried layer 420 is preferably located approximately 
one micrometer below a top surface of the substrate 415, and 

laterally defined by the photoresist mask. For instance, while 
the P-type well 430 above the N-type buried layer 420 
covers the entire area that accommodates the N-LDMOS 
device in the substrate 415 between the shallow trench 
isolation regions 410 thereof, it is well within the broad 
scope of the present invention to define the P-type well 430 
to cover a portion of the area that accommodates the 
N-LDMOS device in the substrate 415. 

The semiconductor device also includes gates 440 for the 
PMOS, NMOS, P-LDMOS and N-LDMOS devices located 
over a gate dielectric layer 435 and including gate sidewall 
spacers 455 about the gates 440 thereof. The dielectric 
material for the gate dielectric layer 435 is typically silicon 
dioxide with a thickness of about five nanometers for 
devices employing about 0.25 micrometer feature sizes and 
operating at low gate voltages ( e.g., 2.5 volts). Assuming the 
gate-to-source voltage limit of the P-LDMOS and N-LD­
MOS devices is limited to a lower voltage (e.g., 2.5 volts) 
and the PMOS and NMOS devices operate at the same 

is annealed ( e.g., at 600 to 1200 degrees Celsius) as neces- 15 

sary to provide the proper distribution of the implanted ion 
specie. 

The semiconductor device also includes wells ( e.g., 
N-type wells) 425 formed in the substrate 415 in the areas 
that accommodate the PMOS device and the P-LDMOS 
device, and under the shallow trench isolation regions 410 
above the N-type buried layer 420 (for the P-LDMOS 
device). The N-type wells 425 are formed to provide elec­
trical isolation for the PMOS device and the P-LDMOS 
device and operate cooperatively with the N-type buried 
layer 420 (in the case of the P-LDMOS device) and the 
shallow trench isolation regions 410 to provide the isolation. 
As illustrated, the N-type well 425 above the N-type buried 
layer 420 does not cover the entire area that accommodates 

20 voltage, then the gate dielectric layer 435 can be formed 
with dimensions as set forth above. Preferably, the gate 
dielectric layer 435 is constructed with a uniform thickness 
to provide a gate-to-source voltage rating for the devices of 
approximately 2.5 volts that completely or nearly com-

25 pletely saturates the forward conduction properties of the 
device. Of course, the aforementioned voltage range for the 
devices is provided for illustrative purposes only and other 
voltage ranges are within the broad scope of the present 

the P-LDMOS device in the substrate 415 between the 30 
invention. 

A polysilicon layer is deposited over a surface of the gate 
dielectric layer 435 and doped N-type or P-type, using an 
appropriate doping specie. The polysilicon layer is annealed 
at an elevated temperature to properly diffuse the dopant. A 

shallow trench isolation regions 410 thereof. A photoresist 
mask defines the lateral areas for ion implantation process to 
form the N-type wells 425. After the ion implantation 
process, the implanted specie is diffused by annealing the 
substrate 415 at elevated temperature. An appropriate dopant 
specie such as arsenic or phosphorus can be used to form the 
N-type wells 425, preferably, but without limitation, in a 
retrograde doping concentration profile with approximately 
lxl017 atoms/cm3 in the middle, and a higher doping con­
centration profile at the surface as well as at the bottom. The 
advantages of forming the N-type well 425 in the substrate 
415 within a portion of the area that accommodates the 
P-LDMOS device will become more apparent for the rea­
sons as set forth below. 

The semiconductor device includes additional wells (e.g., 
P-type wells) 430 formed in the substrate 415 between the 
shallow trench isolation regions 410 substantially in the 
areas that accommodate the NMOS device and N-LDMOS 
device. While the P-type well 430 above the N-type buried 
layer 420 covers the entire area that accommodates the 
N-LDMOS device in the substrate 415 between the shallow 
trench isolation regions 410 thereof, it is well within the 
broad scope of the present invention to define the P-type 
well 430 to cover a portion of the area that accommodates 
the N-LDMOS device in the substrate 415. 

A photoresist mask defines the lateral areas for the ion 
implantation process to form the P-type wells 430. After the 
ion implantation process, the implanted specie is diffused by 
an annealing the substrate 415 at an elevated temperature. 

35 
photoresist mask is employed with an etch to define the 
lateral dimensions to define the gates 440. The thickness of 
the gates 440 may range from about 100 to about 500 
nanometers, but may be even smaller or larger depending on 
the application. The gate sidewall spacers 455, which may 

40 
be formed from an oxide or other dielectric material, are 
generally formed by depositing a nitride followed by an 
etching process. 

The N-LDMOS device includes lightly doped regions 
(e.g., N-type lightly doped regions) 445 for the source and 

45 the drain thereof. The P-LDMOS device also includes 
lightly doped regions (e.g., P-type lightly doped regions) 
450 for the source and the drain thereof. In the present 
embodiment, the N-type and P-type lightly doped regions 
445, 450 provide higher voltage sources and drains for the 

50 N-LDMOS and P-LDMOS devices, respectively. As a 
result, not only can the N-LDMOS and P-LDMOS devices 
handle higher voltages from the drain-to-source thereof, but 
the devices can handle a higher voltage from a source-to­
gate thereof when the source is more positive than the gate 

55 440. It is recognized that the width of the N-type and P-type 
lightly doped regions 445, 450 may be individually varied to 
alter the breakdown voltage characteristics of the respective 
N-LDMOS and P-LDMOS devices without departing from 
the scope of the present invention. 

The N-type and P-type lightly doped drain regions 445, 
450 may be formed employing an ion implantation process 
in connection with a photoresist mask to define the lateral 
dimensions thereof. Additionally, an annealing process at 
elevated temperatures distributes the implanted ion specie. 

An appropriate dopant specie such as boron can be used to 60 

form the P-type wells 430, preferably resulting in a retro­
grade doping concentration profile with approximately 
lx10

17 

atoms/cm3 in the middle, and a higher doping con­
centration profile at the top surface as well as at the bottom. 
Analogous to the N-type wells 425, a width of the P-type 
wells 430 may vary depending on the particular devices and 
application and, as those skilled in the art know, may be 

65 The N-type and P-type lightly doped drain regions 445, 450 
are preferably doped, without limitation, to about lxl016 to 
lxl017 atoms/cm3

. 
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The semiconductor device also includes heavily doped 
regions (e.g., N-type heavily doped regions) 460 for the 
source and drain of the NMOS device that preferably have 

20 

a different doping concentration profile than heavily doped 
regions (e.g., N-type heavily doped regions) 462 for the 5 

source and drain of the N-LDMOS device. The N-type 
heavily doped regions 460 for the NMOS device are formed 
within the P-type well 430 thereof and form the source and 

P-type heavily doped region 467 for the source has a 
different doping concentration profile than the counterpart of 
the drain. The same principle applies to other like regions of 
the devices of the semiconductor device. 

In the illustrated embodiment, the P-type doped regions 
472, 474 happen to be embodied in the substrate 415 which 
has a doping concentration profile between lxl014 and 
lxl0

16 
atoms/cm3

. Employing the substrate 415 as the P-type 
doped regions 472, 474 provides an opportunity to omit a the drain for the NMOS device. Additionally, the N-type 

heavily doped regions 462 for the N-LDMOS device are 
formed within the P-type well 430 thereof and form a 
portion of the source and the drain for the N-LDMOS 
device. 

The N-type heavily doped regions 460, 462 may be 
advantageously formed with an ion implantation process 
using dopant specie such as arsenic or phosphorus. The 
doping process includes a photoresist mask to define lateral 
dimensions of the N-type heavily doped regions 460, 462 
and an annealing process at elevated temperature to properly 
distribute the implanted species. The N-type heavily doped 
region 460 for the source and drain of the NMOS device is 
doped, without limitation, to be greater than about lxl019 

atoms/cm3
. The N-type heavily doped region 462 for the 

source and drain of the N-LDMOS device is doped, without 
limitation, to be greater than about 5xl019 atoms/cm3

. 

10 masking and a processing step in the manufacture of the 
semiconductor device. In yet another alternative embodi­
ment, the P-type doped regions 472, 474 may be formed by 
an ion implantation process prior to implanting the P-type 
heavily doped regions 467 for the source and the drain of the 

15 P-LDMOS device. Of course, the P-type doped regions 472, 
474 may be formed with any doping concentration profile 
less than the P-type heavily doped regions 467. 

Incorporating the P-type doped regions 472, 474 into the 
P-LDMOS device further increases a breakdown voltage 

20 between the P-type heavily doped regions 467 and the 
N-type well 425 of the P-LDMOS device. The P-LDMOS 
device, therefore, exhibits a higher drain-to-source voltage 
handing capability due to the higher breakdown voltage 
thereof and provides a higher source-to-gate voltage han-

25 dling capability when the source is more positive than the 
gate 440. It should be understood that while the doped 
regions have been described with respect to the P-LDMOS 
device, the principles are equally applicable to the N-LD-

The semiconductor device also includes heavily doped 
regions (e.g., P-type heavily doped regions) 465 for the 
source and drain of the PMOS device that preferably have a 
different doping concentration profile than heavily doped 
regions (e.g., P-type heavily doped regions) 467 for the 30 

source and drain of the P-LDMOS device. The P-type 
heavily doped regions 465 for the PMOS device are formed 
within the N-type well 425 thereof and form the source and 

MOS device and, for that matter, other transistors of analo­
gous construction. 

Additionally, the P-LDMOS and N-LDMOS devices 
illustrated and described with respect to FIG. 4 are referred 
to as symmetrical devices. In other words, the symmetrical 
nature of the source and drain of the semiconductor device the drain for the PMOS device. Additionally, the P-type 

heavily doped regions 467 for the P-LDMOS device are 35 

formed within the N-type well 425 or in regions adjacent the 
N-type well 425 thereof and form a portion of the source and 

of FIG. 4 provide for a symmetrical device. Of course, those 
skilled in the art should understand that the dimensions of 
the source and drain (including the lightly and heavily dope 
regions thereof) may vary and still fall within the broad 
scope of the present invention. The semiconductor device 

the drain for the P-LDMOS device. 
The P-type heavily doped regions 465, 467 may be 

advantageously formed with an ion implantation process 40 

using dopant specie such as boron. The doping process 
includes a photoresist mask to define lateral dimensions of 

also includes metal contacts 485 defined by dielectric 
regions 480 formed over salicide layers (one of which is 
designated 475) for the gate, source and drain of the PMOS, 
NMOS, P-LDMOS and N-LDMOS devices. the P-type heavily doped regions 465, 467 and an annealing 

process at elevated temperature to properly distribute the 
implanted species. The P-type heavily doped region 465 for 45 

the source and drain of the PMOS device is doped, without 
limitation, to be greater than about lxl019 atoms/cm3

. The 
P-type heavily doped region 467 for the source and drain of 

The development of a semiconductor device as described 
herein retains the fine line structures and accommodates an 
operation at higher voltages and with higher switching 
frequencies (e.g., five megahertz). By introducing a doped 
region(s) between the heavily doped region and oppositely 
doped well, the LDMOS device exhibits a high voltage the P-LDMOS device is doped, without limitation, to be 

greater than about 5xl019 atoms/cm3
. 

In the illustrated embodiment, the N-type well 425 above 
the N-type buried layer 420 does not cover the entire area 
that accommodates the P-LDMOS device in the substrate 
415 between the shallow trench isolation regions 410 
thereof. In particular, the N-type well 425 is located under 
and within a channel region 470, and the N-type well 425 
and N-type buried layer 420 are oppositely doped in com­
parison to the P-type lightly and heavily doped regions 450, 
467. Thus, doped regions (e.g., a P-type doped regions; also 
generally referred to as a "doped region and another doped 
region") 472, 474 extend between the P-type heavily doped 
regions 467 and the N-type well 425 of the P-LDMOS 
device and have a doping concentration profile less than a 
doping concentration profile of the P-type heavily doped 
regions 467. While the P-type heavily doped regions 467 
preferably have the same doping concentration profiles, it is 
well within the broad scope of the present invention that the 

50 handling capability from the drain to the source thereof ( e.g., 
ten volts). At the same time, the higher voltage device is 
constructed employing a limited number of additional pro­
cessing steps. Moreover, the LDMOS device may exhibit a 
low level gate-to-source voltage limit (e.g., 2.5 volts) and at 

55 the same time handle drain-to-source voltages above the 
gate-to-source voltage limit thereof. Alternatively, the 
LDMOS device may exhibit a higher level source-to-gate 
voltage handling capability (e.g., five volts) when the source 
is more positive than the gate and at the same time handle 

60 drain-to-source voltages above the low level gate-to-source 
voltage limit thereof. In other words, the LDMOS device 
can switch the larger currents normally associated with a 
power train of a power converter by appropriately designing 
selected regions thereof as set forth above. For a better 

65 understanding of the semiconductor device illustrated and 
described with respect to FIG. 4, see U.S. patent application 
Ser. No. 10/767,684, entitled "Laterally Diffused Metal 
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Oxide Semiconductor Device and Method of Forming the 
Same," to Lotfi, et al., which is incorporated herein by 
reference. 

22 
cally deposited by sputtering or electron beam deposition. It 
is also possible to use a titanium/copper film as the first 
metallic seed layer 525. 

Turning now to FIG. SD, a patterned photoresist layer 530 Turning now to FIGS. SA to SH, illustrated are cross 
sectional views of an embodiment of constructing a micro­
magnetic device employable in an integrated circuit con­
structed according to the principles of the present invention. 
According to one embodiment, a planar inductor, optionally 
a double-spiral planar inductor, is formed as an example of 
a micromagnetic device. As illustrated in FIG. SA, a semi­
conductor substrate ( also referred to as a "substrate") 500 is 
provided with a passivation or substrate insulation layer 505 
formed thereon, typically an oxide having a thickness of 
about two micrometers. Additionally, a semiconductor 
device 510 (such as the semiconductor device illustrated and 
described with respect to FIG. 4) is formed within the 
substrate 500. Additionally, a plurality of vias ( one of which 

s is formed and patterned for subsequent formation of the 
lower magnetic core. The thickness of the patterned photo­
resist layer 530 is based on the desired thickness of the 
magnetic core, i.e., the magnetic material is generally elec­
troplated up to the top surface of the patterned photoresist 

10 layer 530. 
Turning now to FIG. SE, after formation of the patterned 

photoresist layer 530, a lower magnetic core 535 is formed 
by electroplating on to the first metallic seed layer 525, and 
the patterned photoresist layer 530 is then removed. The 

is designated 515) are formed within the substrate insulation 
layer 505 to provide electrical connectivity between the 
semiconductor device 510 and the micromagnetic device, 

15 lower magnetic core 535 is formed from any suitable 
magnetic material, typically a soft magnetic material for an 
inductor and transformer applications ( e.g., Permalloy). 
Advantageously, the lower magnetic core 535 is formed 
from a iron alloy. The properties of a desirable magnetic core 

20 material include relatively low coercivity, relatively high 
electrical resistivity, and relatively high saturation magne-

and to provide a ground connection for the magnetic cores 
thereof. Of course, in keeping with the spirit of the present 
invention, the integrated circuit employing the micromag­
netic device may include a controller, driver and power train 25 

embodied in, or portions thereof, the integrated circuit. 

Turning now to FIG. SB, an insulation and planarization 
layer is embodied in a first photoresist layer 520 formed over 
the substrate insulation layer 505 and the substrate 500. 

30 
Typically, the first photoresist layer 520 is patterned to 
maintain the integrity of the vias 515. Advantageously, the 
first photoresist layer 520 is a Novolac-type positive pho­
toresist layer sensitive to ultraviolet light such as a AZ-4000 
series sold by AZ Electronic Materials, a division of Clariant 

35 
Corporation of Charlotte, N.C. The first photoresist layer 
520 is substantially inert to aggressive chemical environ­
ments such as electroplating solutions. Good adhesion to a 
variety of metals is also desirable, since metal seed layers for 
electroplating are often formed on the first photoresist layer 

40 
520. 

tization. 
Turning now to FIG. SF, a second photoresist layer 540 is 

formed as another insulation and planarization layer and is 
patterned to retain the integrity of the vias 515. Thereafter, 
a second metallic seed layer 545, typically of the same 
material and properties as described above, is formed on the 
second photoresist layer 540. In particular, the second metal­
lic seed layer 545 is patterned in a manner that avoids 
creation of a short circuit between spirals of the to-be­
formed conductive coil or winding. Alternatively, portions 
of the first and second metallic seed layers 525, 545 that may 
create such short circuits may be removed during a later 
step. 

Turning now to FIG. 5G, a third photoresist layer 550 is 
formed to provide a mold for formation of a conductive coil 
560, which is typically a copper coil. The conductive coil 
560 is formed by electroplating on to the second metallic 
seed layer 545. A thickness of the conductive coil 560 and 
the third photoresist layer 550 is typically about 30 
micrometers. The third photoresist layer 550 is not removed, 
but instead remains to act as an electrical insulator and a 
planar, mechanical support layer within the micromagnetic 
device. 

Turning now to FIG. SH, a fourth photoresist layer 570 is 
formed to provide an another insulation and planarization 
layer. It should be understood that it is possible to cure both 
the third and fourth photoresist layers 550, 570 at the same 
time. A third metallic seed layer 580 is formed for electro-

In addition, when it is desirable to incorporate the first 
photoresist layer 520 as an insulation and planarization 
layer, the first photoresist layer 520 advantageously exhibits 
desirable mechanical and electrical properties. More spe- 45 
cifically, in multilayer components, the first photoresist layer 
520 advantageously has the ability to provide a planar 
surface for subsequent lithography and layer formation. 
Also, the desirable electrical properties include an accept­
able dielectric constant when cured. Depending on the 
desired thickness of the first photoresist layer 520, it is 
possible that the first photoresist layer 520 constitutes sev­
eral thin layers. Patterning of the first photoresist layer 520 

so plating and formed from materials analogous to the first 
metallic seed layer 525 described above. Another patterned 
photoresist layer (not shown) is then formed to provide a 
mold for the subsequent electroplating of an upper magnetic 
core 590 and having a thickness selected to provide the is performed according to conventional techniques. Curing 

is used to render the first photoresist layer 520 substantially 
inert to subsequent environments such as electroplating 
solutions. 

Turning now to FIG. SC, after the first photoresist layer 
520 is patterned, a first metallic seed layer 525 is formed to 
act as a seed layer for subsequent electroplating of a lower 
magnetic core of the micromagnetic device. An exemplary 
material for the first metallic seed layer 525 is a two layer 
titanium/gold film, e.g., about 125 to 300 angstroms of 
titanium followed by 500 to 3000 angstroms of gold. The 
gold exhibits desirable resistivity and chemical properties, 
and the titanium enhances adhesion of the gold to the cured 
first photoresist layer 520. The gold and titanium are typi-

ss upper magnetic core 590 of substantially the same thickness. 
Finally, the upper magnetic core 590 is electroplated with a 
material and technique as described above with respect to 
the lower magnetic core 535. The another photoresist layer 
is then removed. Optionally, an additional insulation layer 

60 may be formed over the upper magnetic core 590 for 
protection purposes. 

Turning now to FIG. 6, illustrated is an isometric view of 
an embodiment of a micromagnetic device employable in an 
integrated circuit constructed according to the principles of 

65 the present invention. The micromagnetic device is formed 
on a semiconductor substrate ( also referred to as a "sub­
strate") 610 with lower and upper magnetic cores 620, 630, 
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a spiral conductive coil 640 (a single spiral is shown), along 
with intermediate cured photoresist layers 650, 660, 670. In 
one embodiment, the lower and upper magnetic cores 620, 
630 are formed from an iron-cobalt-phosphorus alloy, and 
are about five micrometers thick. The spiral conductive coil 5 

or winding 640 is formed from copper in a thickness of 
about 30 micrometers and the photoresist layers 650, 660, 
670 are formed from one or more AZP-4000 series photo­
resist layers as mentioned above. 

Numerous variations of this particular embodiment are 10 

possible including performance of the steps above in differ-
ent order and with additional or alternative layers, and 
should be apparent to those skilled in the art. Additionally, 
for a more detailed analysis of the micromagnetic device as 
described herein, see U.S. Pat. No. 6,495,019 entitled 15 

"Device Comprising Micromagnetic Components for Power 
Applications and Process for Forming Device," to Filas, et 
al., issued Dec. 17, 2002 and "Issues and Advances in 
High-Frequency Magnetics for Switching Power Supplies," 
by Lotfi, et al., Proceedings of the IEEE, Vol. 89, No. 6, pp. 20 

833-845, June 2001, both of which are incorporated herein 
by reference. 

Turning now to FIG. 7, illustrated is a cross sectional view 
of an embodiment of an output filter employable in an 
integrated circuit constructed according to the principles of 25 

the present invention. In the illustrated embodiment, the 
output filter includes a capacitor coupled to an inductor 
embodied in a micromagnetic device. The output filter is 
constructed on a semiconductor substrate (also referred to as 
a "substrate," and composed of, for instance, silicon, glass, 30 

ceramic or the like) 710 having a passivation layer (e.g., 
silicon dioxide) 720 formed thereon using conventional 
formation processes such as a thermal growing process. 

The micromagnetic device includes a first and second 
conductive winding layer (composed of, for instance, alu- 35 

minum or any other conductive material) 740, 760 sur­
rounded by first, second and third insulative layers or 
insulators 730, 750, 770. The micromagnetic device also 
includes a metallic layer 780 that provides an adequate bond 
between a ferromagnetic core 790 and the insulators 730, 40 

750, 770 coupled to the substrate 710 to facilitate the 
fabrication of the thereof. The micromagnetic device still 
further includes a plurality of inner-layer vias that provide 
multiple paths between layers of the micromagnetic device 

24 
that the previously described embodiments of the integrated 
circuit including the power converter and portions thereof 
embodied in the integrated circuit and related methods of 
constructing the same are submitted for illustrative purposes 
only. In addition, other embodiments capable of producing 
an integrated circuit employable with higher voltage devices 
and low voltage devices integrable within a semiconductor 
device are well within the broad scope of the present 
invention. While the integrated circuit has been described in 
the environment of a power converter, the integrated circuit 
may also apply to other systems such as a power amplifier, 
motor controller, and a system to control an actuator in 
accordance with a stepper motor or other electromechanical 
device. 

For a better understanding of integrated circuits, semi­
conductor devices and methods of manufacture therefor see 
"Semiconductor Device Fundamentals," by R. F. Pierret, 
Addison-Wesley (1996); "Handbook of Sputter Deposition 
Technology," by K. Wasa and S. Hayakawa, Noyes Publi­
cations (1992); "Thin Film Technology," by R. W. Berry, P. 
M. Hall and M. T. Harris, Van Nostrand (1968); "Thin Film 
Processes," by J. Vossen and W. Kern,Academic (1978); and 
"Handbook of Thin Film Technology," by L. Maissel and R. 
Glang, McGraw Hill (1970). For a better understanding of 
power converters, see "Modern DC-to-DC Switchmode 
Power Converter Circuits," by Rudolph P. Severns and 
Gordon Bloom, Van Nostrand Reinhold Company, New 
York, N.Y. (1985) and "Principles of Power Electronics," by 
J. G. Kassakian, M. F. Schlecht and G. C. Verghese, Addi­
son-Wesley (1991). The aforementioned references are 
incorporated herein by reference in their entirety. 

Also, although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, substitutions and alterations can be made 
herein without departing from the spirit and scope of the 
invention as defined by the appended claims. For example, 
many of the processes discussed above can be implemented 
in different methodologies and replaced by other processes, 
or a combination thereof. 

Moreover, the scope of the present application is not 
intended to be limited to the particular embodiments of the 
process, machine, manufacture, composition of matter, 
means, methods and steps described in the specification. As 
one of ordinary skill in the art will readily appreciate from 

and a terminal 796 for connection to another device. 
The capacitor includes first and second capacitor plates 

745, 755 and a dielectric layer 735 located between the first 
and second capacitor plates 745, 755. The capacitor and 
micromagnetic device are electrically coupled as illustrated 
by the conductive layers running therebetween. The capaci­
tor also includes a plurality of inner-layer vias that provide 
multiple paths between the first and second plates 745, 755 

45 the disclosure of the present invention, processes, machines, 
manufacture, compositions of matter, means, methods, or 
steps, presently existing or later to be developed, that 
perform substantially the same function or achieve substan­
tially the same result as the corresponding embodiments 

50 described herein may be utilized according to the present 
invention. Accordingly, the appended claims are intended to 
include within their scope such processes, machines, manu­
facture, compositions of matter, means, methods, or steps. of the capacitor and a terminal 797 for connection to another 

device. An embodiment of a micromagnetic device is dis­
closed in U.S. Pat. No. 6,118,351 entitled "Micromagnetic 55 

Device for Power Processing Applications and Method of 
Manufacture Therefor," to Kossives, et al., issued Sep. 12, 
2000, and several embodiments of filter circuits are dis­
closed in U.S. Pat. No. 6,255,714 entitled "Integrated Circuit 
Having a Micromagnetic Device Including a Ferromagnetic 60 

Core and Method of Manufacture Therefor," to Kossives, et 
al., issued Jul. 3, 2001, both of which are incorporated by 
reference. 

Thus, a power converter embodied, or portions thereof, in 
an integrated circuit and related methods of constructing the 65 

same with readily attainable and quantifiable advantages has 
been introduced. Those skilled in the art should understand 

What is claimed is: 
1. An integrated circuit employable with a power con­

verter, comprising: 
a transistor employable as a switch of a power train of said 

power converter, including: 
a gate located over a channel region recessed into a 

semiconductor substrate, 
a source/drain including a lightly doped region located 

adjacent said channel region and a heavily doped 
region located adjacent said lightly doped region, 

an oppositely doped well located under and within said 
channel region, and 

a doped region, located between said heavily doped 
region and said oppositely doped well, having a 
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doping concentration profile less than a doping con­
centration profile of said heavily doped region; and 

26 
13. The integrated circuit as recited in claim 1 further 

comprising a linear regulator within a controller of said 
power converter. a driver switch of a driver configured to provide a drive 

signal to said transistor and formed on said semicon­
ductor substrate. 

14. The integrated circuit as recited in claim 1 further 
5 comprising a soft start circuit within a controller of said 

2. The integrated circuit as recited in claim 1 wherein said 
driver switch is a transistor, including: 

a gate located over a channel region recessed into said 
semiconductor substrate, 

a source/drain including a lightly doped region located 10 

adjacent said channel region and a heavily doped 
region located adjacent said lightly doped region, and 

an oppositely doped well located under and within said 
channel region. 

3. The integrated circuit as recited in claim 2 wherein said 15 

transistor employable as said driver switch further includes 
a doped region, located between said heavily doped region 
and said oppositely doped well, having a doping concentra­
tion profile less than a doping concentration profile of said 
heavily doped region thereof. 20 

4. The integrated circuit as recited in claim 1 wherein said 
transistor, further includes: 

another source/drain including a lightly doped region 
located adjacent said channel region and a heavily 
doped region located adjacent said lightly doped 25 

region, and 
another doped region, located between said heavily doped 

region of said another source/drain and said oppositely 
doped well, having a doping concentration profile less 
than a doping concentration profile of said heavily 30 

doped region of said another source/drain. 
5. The integrated circuit as recited in claim 1 wherein said 

transistor further includes a gate dielectric layer underlying 
said gate and gate sidewall spacers about said gate, said 
transistor further including metal contacts formed over a 35 

salicide layer on said gate and said source/drain. 
6. The integrated circuit as recited in claim 1 wherein an 

oppositely doped buried layer is located under said doped 
region. 

7. The integrated circuit as recited in claim 1 further 40 

comprising a complementary metal oxide semiconductor 
device, formed on said semiconductor substrate, that 
includes a source/drain having a heavily doped region with 
a doping concentration profile different from said doping 
concentration profile of said heavily doped region of said 45 

source/drain of said transistor. 
8. The integrated circuit as recited in claim 1 further 

comprising a complementary metal oxide semiconductor 
device employable in a controller of said power converter. 

9. The integrated circuit as recited in claim 1 further 50 

comprising a switch in a controller of said power converter 
formed by a transistor, including: 

a gate located over a channel region recessed into said 
semiconductor substrate, 

a source/drain including a lightly doped region located 55 

adjacent said channel region and a heavily doped 
region located adjacent said lightly doped region, and 

an oppositely doped well located under and within said 
channel region. 

10. The integrated circuit as recited in claim 1 further 60 

comprising a micromagnetic device. 
11. The integrated circuit as recited in claim 1 further 

comprising an output filter at an output of said power 
converter. 

12. The integrated circuit as recited in claim 1 further 65 

comprising a capacitor associated with a controller of said 
power converter. 

power converter. 
15. The integrated circuit as recited in claim 1 further 

comprising protection circuits within a controller of said 
power converter. 

16. An integrated circuit employable with a power con­
verter, comprising: 

a laterally diffused metal oxide semiconductor device 
employable as a switch of a power train of said power 
converter, including: 
a gate located over a channel region recessed into a 

semiconductor substrate, 
a source/drain including a lightly doped region located 

adjacent said channel region and a heavily doped 
region located adjacent said lightly doped region, 

an oppositely doped well located under and within said 
channel region, and 

a doped region, located between said heavily doped 
region and said oppositely doped well, having a 
doping concentration profile less than a doping con­
centration profile of said heavily doped region; 

a complementary metal oxide semiconductor device 
employable in a controller configured to provide a 
signal to control a duty cycle of said laterally diffused 
metal oxide semiconductor device and formed on said 
semiconductor substrate; and 

a driver switch of a driver configured to provide a drive 
signal to said laterally diffused metal oxide semicon­
ductor device as a function of said signal from said 
controller and formed on said semiconductor substrate. 

17. The integrated circuit as recited in claim 16 wherein 
said laterally diffused metal oxide semiconductor device is 
referenced to a voltage level different from said driver 
switch and said driver switch is a transistor, including: 

a gate located over a channel region recessed into said 
semiconductor substrate, 

a source/drain including a lightly doped region located 
adjacent said channel region and a heavily doped 
region located adjacent said lightly doped region, and 

an oppositely doped well located under and within said 
channel region. 

18. The integrated circuit as recited in claim 17 wherein 
said transistor employable as said driver switch further 
includes a doped region, located between said heavily doped 
region and said oppositely doped well, having a doping 
concentration profile less than a doping concentration profile 
of said heavily doped region thereof. 

19. The integrated circuit as recited in claim 16 wherein 
said laterally diffused metal oxide semiconductor device, 
further includes: 

another source/drain including a lightly doped region 
located adjacent said channel region and a heavily 
doped region located adjacent said lightly doped 
region, and 

another doped region, located between said heavily doped 
region of said another source/drain and said oppositely 
doped well, having a doping concentration profile less 
than a doping concentration profile of said heavily 
doped region of said another source/drain. 

20. The integrated circuit as recited in claim 16 wherein 
said laterally diffused metal oxide semiconductor device 
further includes a gate dielectric layer underlying said gate 
and gate sidewall spacers about said gate, said laterally 

23



US 7,015,544 B2 
27 

diffused metal oxide semiconductor device further including 
metal contacts formed over a salicide layer on said gate and 
said source/drain. 

21. The integrated circuit as recited in claim 16 wherein 
an oppositely doped buried layer is located under said doped s 
region. 

28 
24. The integrated circuit as recited in claim 16 further 

comprising a micromagnetic device. 

25. The integrated circuit as recited in claim 16 further 
comprising a shallow trench isolation region formed within 
said semiconductor substrate and proximate said doped 
region. 

26. The integrated circuit as recited in claim 16 further 
comprising an output filter at an output of said power 

22. The integrated circuit as recited in claim 16 wherein 
said complementary metal oxide semiconductor device 
includes a source/drain having a heavily doped region with 
a doping concentration profile different from said doping 
concentration profile of said heavily doped region of said 
source/drain of said laterally diffused metal oxide semicon­
ductor device. 

10 converter. 

23. The integrated circuit as recited in claim 16 wherein 
said controller further includes a laterally diffused metal 15 

oxide semiconductor device, including: 
a gate located over a channel region recessed into said 

semiconductor substrate, 
a source/drain including a lightly doped region located 

adjacent said channel region and a heavily doped 20 

region located adjacent said lightly doped region, and 
an oppositely doped well located under and within said 

channel region. 

27. The integrated circuit as recited in claim 16 further 
comprising a capacitor associated with said controller of 
said power converter. 

28. The integrated circuit as recited in claim 16 wherein 
said controller further includes a linear regulator. 

29. The integrated circuit as recited in claim 16 wherein 
said controller further includes a soft start circuit. 

30. The integrated circuit as recited in claim 16 wherein 
said controller further includes protection circuits. 

* * * * * 
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