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VARIABLE CAPACITOR AND METHOD FOR FABRICATING THE SAME /
Background of the Invention

The present invention relates, in general, to
electronic devices and, more particularly, to variable
capacitors.

A tuner comprised of an inductor (L) and a variable
capacitor (C) is widely used to provide a variable resonant
frequency. Conventionally, a voltage controlled tuner
includes a varactor serving as the variable capacitor. A
varactor is a reverse biased diode. As the voltage applied
to the varactor varies, the depletion width of in the diode
changes, and so do the capacitance of the varactor and the
resonant frequency of the voltage contrélled tuner.

' However, the range of capacitance variation of a
varactor is quite'limited. For example; the capacitance of
a varactor usually varies approximatelyfby a factor of two
over a voltage range of approximately fqur volts. In low
voltage applications such as portable wireless
communication, a capacitance range greatér than
approximately by a factor of five over a voltage range of
approximately one volt is often desirabie. Further, the
diode in a varactor conducts when forward biased, which
presents a leakage problem for the varéétor.

Accordingly, it would be advantagé§hs to have a
voltage variable capacitor and a method_for fabricating the
capacitor. It is desirable for the capééitor to have a
high quality factor and a low leakage. . It is also
desirable for the capacitor to have a large capacitance
range over a small voltage range. It 1sjfurther desirable
for the capacitor to be fabrlcated w1t{;6ther integrated
circuit devices in a monollthlc semlconductor chip. It
would be of further advantage for the method to be

compatible with existing semiconductor 1ntegrated circuit
fabrication processes.
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Brief Description of the Drawings

%FIG. 1 is a schematic top view of a variable capacitor
in accordance with the present invention; and

EFIG. 2 is a schematic cross-sectional view of the
variable capacitor of FIG. 1 along a section-line 2-2.

Detailed Description of the Drawings

‘Generally, the present invention provides a voltage
varlable capacitor and a method for fabrlcatlng the voltage
varlable capacitor. The voltage variable capacitor is
Metal Oxide on Semiconductor (MOS) capac1tor fabricated on
a semlconductor substrate. A gate structure serves as a
top plate of the capacitor, and a well under the gate
structure serves as a bottom plate of the capacitor. When
the gate structure includes a polycrystalline silicon
layer, the voltage variable capacitor is referred to as a
s1ngly poly capac1tor. A heavily doped buried layer and a
heav1ly doped contact region of the same. conduct1v1ty type
as the well form a low resistance conductlon path from the
well : to the surface of the semiconductor substrate. To
further reduce the series resistance and increase the
quallty factor (Q) of the voltage varlable capacitor, a
mult1 -finger layout is preferably used to construct the
voltage variable capacitor. 1In operatlon, when a voltage
applled across the top and bottom plates changes, the width
of depletlon region in the well changes, and the
capacitance of the voltage variable capac1tor varies
accordlngly. Preferably, the wvoltage varlable capacitor is
fabrlcated with other semiconductor dev1ces, e.g., field
effect transistors, bipolar trans1stors, ‘resistors,
1nductors, or the like, on an 1ntegrated c1rcu1t chip.
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Ther?fpre, the voltage variable capacitor is also referred
to aé a monolithic voltage variable capacitor.

_EA voltage variable capacitor 10 in accordance with the
presént invention is schematically shown in FIGs. 1 and 2.
Mbreiparticularly FIG. 1 is a schematic top view of voltage
Variéble capacitor 10, and FIG. 2 is a schematic cross-

_ SeCtiOnal view of voltage variable capacitor 10 along a

section—line 2-2. It should be noted that the figures are
not érawn to scale and that the same reference numerals are
used in the figures to represent elements of similar
struétures and functions.

;Vbltége variable capacitor 10 is fabricated in a body

11 of semiconductor material. Body 11 of semiconductor

material includes a semiconductor substrate 12. By way of
example, semiconductor substrate 12 is a P conductivity
typeésilicon substrate having a dopant concentration
betwéen approximately 1x10'® atoms per cubic centimeter
(atoms/cm’) and approximately 1x10'’ atoms/cm’. Ions of N
condﬁctivity type such as, for example, phosphorus ions or
arseﬁic ions, are implanted into semiconductor substrate 12
adjacent its front surface 14. The implanted ions form a
dope@ layer 15 in semiconductor substrate 12 adjacent to
ﬁronﬁ surface 14. Doped layer 15 has a dopant
qoncéntration between, for example, approximately 1x10%°
atomélcnP and approximately 5x10*? atoms/cm’. Body 11 of
semiéonductor material also includes a layer 16 of
semiéonductor material epitaxially grown on front surface
14 Qﬁ semiconductor substrate 12. A major surface 17 of
epiiéxial layer 16 is also referred to as a major surface
of hédy 11 of semiconductor material. Epitaxial layer 16
bﬁriés"doped layer 15. Thus, doped layer 15 is also
ﬁefégred to as a buried layer. The thickness of epitaxial
layer 16 is substantially equal to the depth of buried
layeé 15. By way of example, the depth of buried layer 15
rangés between approximately 500 nanometers (nm) and
approximately 3,000 nm. It should be noted that body 11 of
semiééndnctor material comprised of semiconductor substrate
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12, buried layer 15, and epitaxial layer 16 can also be
referred to as a semiconductor substrate or simply a
substrate. _

Field oxide regions 18 are formed over the portions of
epitaxial layer 16 in a Local Oxidation of Silicon (LOCOS)
process. Field oxide regions 18 provide isolation
structures between voltage variable capacitor 10 and other
devices (not shown) fabricated on substrate 11. An ion
implantation is optionally performed before forming field
oxide regions 18 to form heavily doped regions (not shown)
under field oxide regions 18. The heavily doped regions
(not shown) prevent inadvertent turning on of parasitic
field effect transistors formed under field oxide regions
18. It should be understood that the isolation structures
on substrate 11 can be formed using other processes such
as, for example, poly-buffered LOCOS, poly-encapsulated
LOCOS, trenching, etc.

Ions of N conductivity type such as, for example,
phosphorué ions or arsenic ions are selectively implanted
into epitaxial layer 16 to form N-conductivity type wells
22, 24, 26, and 28. Wells 22, 24, 26, and 28 extend from
major surface 17 into epitaxial layer 16 and reach buried
layer 15. The dopant concentration of wells 22, 24, 26,
and 28 is between, for example, 1x10!® atoms/cm® and 1x10"7
atoms/cm’. Wells 22, 24, 26, and 28 serve as a bottom
plate of capacitor 10. The process of implanting ions into
epitaxial layer 16 typically includes forming a dielectric
layer (not shown) over major surface 17, forming a
photoresist mask (not shown) on the dielectric layer,
implanting ions through the openings in the photoresist
mask, stripping the photoresist mask, heating substrate 11
to drive the implanted ions into epitaxial layer 16. These
steps are compatible with standard MOS and/or bipolar
fabrication processes. For example, wells 22, 24, 26, and
28 can be formed in the same as steps as those forming the
channel region of a p-channel MOS Field Effect Transistor
(MOSFET) (not shown) and/or forming the collector region of



10

15

20

25

30

35

5

an NPN bipolaf transistor {not showni;--it should be noted
that wells 22, 24, 26, and-28 can be formed either before
or after the formation of field oxide regions 18.

Contact regions 31, 33, 35, 37, and 39 of N
conductivity type are formed in epitaxial layer 16 adjacent
corresponding wells 22, 24, 26, and 28 and extending from
major surface 17 to buried layer 15. The dopant
concentration of contact regions 31, 33,'35, 37, and 39 are
preferably higher than that of wells 22, 24, 26, and 28.

By way of example, the dopant concentration of contact
regions 31, 33, 35, 37, and 39 is between 1x10%® atoms/cm®
and 1x10** atoms/cm’. Contact regions 31; 33, 35, 37, and
39 provide low resistance conductive paths from buried
layer 15 to major surface 17, and they are also referred to
as sinkers or plugs. As shown in FIG. 2, contact regions
31 and 33 sandwich well 22, contact regions 33 and 35
sandwich well 24, contact regions 35 and 37 sandwich well
26, and contact regions 37 and 39 sandWich well 28. In
other words, well 22 separates contact region 31 from
contact region 33, well 24 separates contact region 33 from
contact region 35, well 26 separates contact region 35 from
contact region 37, and well 28 separateSicontact region 37
from contact region 39. In accordance with an embodiment
of the present invention, a well, e.g., well 22, separates
a pair of corresponding contact regions, e.g., contact
regions 31 and 33, from each other by a5yength greater than
the depth of buried layer 15. 1In this émbodiment, the
lowest resistance conduction path from the bottom plate of
capacitor 10 to major surface 17 of epitaxial layer 16 is
through a corresponding well, e.g., well 22, buried layer
15, and corresponding contact regions, e.g., contact
regions 31 and 33.

Surface regions 42, 44, 46, and 48 are formed in wells
22, 24, 26, and 28, respectively, adjaceﬁt to major surface
17. 1In one embodiment, surface regions;;z, 44, 46, and 48
are formed by implanting ions of N con@yétivity type into
corresponding wells 22, 24, 26, and 28{' Thus, the dopant.
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concentration b surface regions 42, 44, 46, and 48 is
higher than that of wells 22, 24, 26, and 28. The higher
dopant concentration in surface regions 42, 44, 46, and 48
serves to reduce the series resistance'énd increase the Q
of capacitor 10. In an alternative embédiment, surface
regions 42, 44, 46, and 48 are formed by implanting ions of
P conductivity type into corresponding wells 22, 24, 26,
and 28. Thus, the dopant concentratioq of surface regions
42, 44, 46, and 48 is lower than that of wells 22, 24, 26,
and 28. The lower dopant concentration in surface regions
42, 44, 46, and 48 serves to decrease the minimum
capacitance of capacitor 10. Therefore, the range of
capacitance variation of capacitor 10 is increased. The
dopant concentration in surface regions ‘42, 44, 46, and 48
also affects the required voltages applied to capacitor 10
to achieve the minimum and maximum capacitance values. The
process of forming surface regions 42, 44, 46, and 48 is
compatible with standard MOS and/or bipglar fabrication
process. For example; surface regions 42, 44, 46, and 48
can be formed in the same steps as those for forming the
threshold voltage adjusting regions in a MOSFET (not
shown). It should be understood that sufface regions 42,
44, 46, and 48 are optional in capacitor 10.

A dielectric layer, e.g., a silicon dioxide layer
having a thickness between approximately 5 mm and
approximately 30 nm, is disposed over ﬁéjor surface 17. A
conductive layer, e.g., a polycrystalliné silicon layer
having a thickness between approximately 100 nm and
approximately 600 nm, is deposited on the dielectric layer.
The conductive layer and the dielectricﬂlayer are then
patterned to form gate structures overlying wells 22, 24,
26, and 28. FIG. 2 shows gate dielectfig layers 52, 54,
56, and 58 overlying wells 22, 24, 26, and 28,
respectively, and conductive regions 53ff55, 57, and 59 on
gate dielectric layers 52, 54, 56, and_SB, respectively.
In oﬁher words, conductive region 53 anﬁggate dielectric
layer 52 form a gate structure 62 overIYing well 22,
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conductive reéibh 55 and gate dielecti¥ié layer 54 form a
gate structure 64 overlying well 24, conductive region 57
and gate dielectric layer 56 form a gate structure 66
overlying well 26, and conductive region 59 and gate
dielectric layer 58 form a gate structure 68 overlying well
28. The thickness of gate dielectric 1ayefs 52, 54, 56,
and 58 determines the maximum capacitance of capacitor 10.
Conductive regions 53, 55, 57, and 59 function as four
fingers of multi-finger structured capacitor 10. They are
connected together, serving as a top plate of capacitor 10.
Preferably, conductive regions 53, 55, 57, and 59 are doped
to reduce the series resistance and increase the Q of
capacitor 10. Whether conductive regions. 53, 55, 57, and
59 are doped with ions of P conductivity type or ions of N
conductivity type will affect the voltage range at which
capacitor 10 operates. The steps of forming the dielectric
layer, the conductive layer, and gate structures 62, 64,
66, and 68 can be performed in the same steps as those
forming the gate structure of a MOSFET (not shown).

An insulating layer such as, for example, a silicon
nitride layer is deposited over gate structures 62, 64, 66,
and 68, and over substrate 11. The insﬁlating layer is
patterned to form spacers 63 adjacent gate structure 62,
spacers 65 adjacent gate structure 64, spacers 67 adjacent
gate structure 66, and spacers 69 adjacent gate structure
68. Techniques for forming spacers adjacent gate
structures are well know to those skilled in the art.

Ions of N conductivity type such as, for example,
phosphorous ions or arsenic ions are implanted into
epitaxial layer 16 to formed doped regions 71, 73, 75, 77,
and 79 in corresponding contact regions 31, 33, 35, 37, and
39 adjacent major surface 17. The dopant concentration of
doped regions 71, 73, 75, 77, and 79 are thus higher than
that of portions of contact regions 31, 33, 35, 37, and 39
below corresponding doped regions 71, 73, 75, 77, and 79.
By way of example, the dopant concentration of doped
regions 71, 73, 75, 77, and 79 is between 1x10*®* atoms/cm®
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and 1x10% atomis/cm’. Doped regions 71, 73, 75, 77, and 79
provide low resistance contacts to corresponding contact
regions 31, 33, 35, 37, and 39. Doped regions 71, 73, 75,
77, and 79 can be formed in the same steps as those forming
the source and drain regions of an n-channel MOSFET (not
shown) and/or forming the emitter region of an NPN bipolar
transistor (not shown). It should be understood that doped
regions 71, 73, 75, 77, and 79 are optional in capacitor
10.

A silicide structure, e.g., a titanium silicide
structure, is formed over epitaxial layer 16. The silicide
structure includes silicide regions 81, 83, 85, 87, and 89
overlying and electrically coupled to contact regions 31,
33, 35, 37, and 39, respectively, and silicide regions 82,
84, 86, and 88 overlying and electrically coupled to gate
structures 62, 64, 66, and 68, respectively. Silicide
regions 81, 82, 83, 84, 85, 86, 87, 88, and 89 are aligned
with spacers 63, 65, 67, and 69. Thus, they are also
referred to as self aligned silicide (salicide) regions.
Silicide regions 82, 84, 86, and 88 are connected together,
forming a conductive structure and serving as a first
electrode of capacitor 10. Silicide regions 81, 83, 85,
87, and 89 are connected together, forming another
conductive structure and serving as a second electrode of
capacitor 10. It should be understood that the electrodes
of capacitor 10 are not limited to being formed from
titanium silicide structures. They can be formed from
other types of conductive structures such as, for example,
tungsten silicide, molybdenum silicide, cobalt silicide
structures, or the like. Further, silicide regions 81, 82,
83, 84, 85, 86, 87, 88, and 89 are optional in capacitor

10.

Subsequently, an oxide layer (not shown) is formed
over substrate 11 and serving as an InterLayer Dielectric
(ILD). Using techniques well known in the art,
metallization regions (not shown) are formed in the ILD to
lead the electrodes of capacitor 10 to the upper surface of
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ILD and/or to dther devices (not sho%ﬁf fabricated on
substrate 11. In one embodiment, one metallization region
is connected to silicide regions 82, 84, 86, and 88,
serving as the first electrode of capacitor 10, and another
metallization region is connected to silicide regions 81,
83, 85, 87, and 89, serving as the second electrode of
capacitor 10. In an alternative embodiment in which
capacitor 10 does not include silicide regions 81, 82, 83,
84, 85, 86, 87, 88, and 89, the metallization serving as
the first electrode of capacitor 10 is in direct contact
with conductive regions 53, 55, 57, and 59, and the
metallization region serving as the second electrode of
capacitor 10 is in direct contact with contact regions 31,
33, 35, 37, and 39. '

It should be understood that the structure of
capacitor 10 is not limited to being that shown in FIGs. 1
and 2 and described herein before. For example, capacitor
10 is not limited to having a four-finger structure as .
shown in FIGs. 1 and 2. Capacitor 10 can have any number
of fingers, e.g., two, three, five, six, etc. Capacitor 10
can also include a plurality of multi-finger elements
coupled together. Each multi-finger element has a
structure similar to that described hereinbefore and shown
in FIGs. 1 and 2. 8ilicide regions 81, 83, 85, 87, and 89
overlying corresponding contact regions 31, 33, 35, 37, and
39 are not limited to being connected to each other as
shown in FIG. 1. They can be electrically coupled to each
other via metallization regions (not shown) formed in the
ILD (not shown). Likewise, silicide regions 82, 84, 86,

~and 88 overlying corresponding gate structures 62, 64, 66,

and 68 are not limited to being connected to each other as
shown in FIG. 1. They can be electrically coupled to each
other via metallization regions (not shown) formed in the
ILD (not shown). Further, capacitor 10 is not limited to
having N conductivity type buried layer 15, N conductivity
type wells 22, 24, 26, and 28, and N conductivity type
contact regions 31, 33, 35, 37, and 39. In an alternative
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embodiment of thé present invention,'%ﬁﬁied layer 15, wells
22, 24, 26, and 28, and contact regions 31, 33, 35, 37, and
39 are of P conductivity type.

In operation, the capacitance of capacitor 10 is
controlled by adjusting the voltage applied across gate
structures 62, 64, 66, and 68 and contact regions 31, 33,
35, 37, and 39. Over a voltage range of approximately one
volt, the capacitance of capacitor 10 can vary
approximately by a factor of five. The Q of capacitor 10
can reach approximately 15 or higher when capacitor 10 is
operated at a frequency of approximately one giga-Hertz.

In addition, because gate structures 62, 64, 66, and 68 are
MOS gate structures, capacitor 10 has a very low leakage.

By now it should be appreciated that a voltage
variable capacitor and a method for fabricating the voltage
variable capacitor have been provided. Compared with a
varactor, the voltage variable capacitor of the present
invention has a high Q and a low leakage. The voltage
variable capacitor also has a large capacitance range over
a small voltage range. The voltage variable capacitor can
be fabricated with other integréted circuit devices in a
monolithic semiconductor chip. Further, the method for
fabricating the voltage variable capacitor is compatible
with existing semiconductor integrated circuit fabrication
processes. Therefore, the voltage variable capacitor of
the present invention is cost efficient and suitable for
use in low voltage applications such as, for example,
portable wireless communication applications.
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A monolithic tuner, comprising:

an integrated circuit chip having a major surface;

an inductor in a first portion of said integrated
circuit chip; and _

a metal on semiconductor (MOS) voltage controlled
variable capacitor in a second portion of said
integrated circuit chip and cbupled to said
inductor.

The monolithic tuner of claim 1, wherein said MOS

voltage controlled variable capacitor includes:

a plurality of wells of a first conductivity type and
a first dopant concentration in the second
portion of said integrated circuit chip;

a plurality of contact regions of the first
conductivity type and a second dopant
concentration in the second portion of said
integrated circuit chip and electrically coupled
together, the second dopant concentration being
higher than the first dopant concentration, and a
first contact region and a second contact region
of said plurality of contact regions being
adjacent to a first well of said plurality of
wells; |

a buried layer of the first conductivity type and a
third dopant concentration in said integrated
circuit chip and underlying said plurality of
wells and said plurality of cqhtact regions, the
third dopant concentration being higher than the
first dopant concentration; and

a plurality of gate structures over the major surface
of said integrated circuit chip, overlying said
plurality of wells, and electrically coupled
together.
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3. The monolithic tuner of claim 2, ﬁﬁerein said

plurality of gate structures include:

a dielectric layer over the major surface of said

a

integrated circuit chip, said dielectric layer
being patterned into a plurality of dielectric
layer regions and a dielectric layer region in
said plurality of dielectric layer regions
overlying a corresponding well of said plurality
of wells; and

polycrystalline silicon layer patterned into a

plurality of polycrystalline silicon regions
overlying said plurality of dielectric layer
regions.

variable capacitor, comprising:
body of semiconductor material having a major

surface;

buried layer in said body of semiconductor material

and at a depth from the major surface of said
body of semiconductor material, said buried layer
having a first conductivity type and a first
dopant concentration;

plurality of wells extending from the major surface

into said body of semiconductor material to the
depth, said plurality of wells having the first
conductivity type and a second dopant
concentration lower than the first dopant
concentration; '

plurality of sinkers adjacent said plurality of

wells and extending from the major surface into
said body of semiconductor material to the depth,
said plurality of sinkers having the first
conductivity type and a third dopant
concentration higher than the second dopant
concentration;

- This Sheet Has Be¢n Replac
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a dieledt¥ic¢ layer over said bdﬁ?}%f semiconductor
material and overlying said plurality of wells;
and '

a plurality of conductive regions over said dielectric
layer.

The variable capacitor of claim 4, further comprising
a plurality of surface regions in said plurality of
wells adjacent the major surface of said body of
semiconductor material, said plurality of surface
regions having the first conductivity type and a
fourth dopant concentration lower than the second
dopant concentration.

The variable capacitor of claim 4, further comprising
a plurality of doped regions in said plurality of
sinkers adjacent the major surface of said body of
semiconductor material, said plurality of doped
regions having the first conductivity type and a

- fourth dopant concentration higher than the second

dopant concentration.

A variable capacitor, comprising:

a semiconductor substrate having a major surface;

a plurality of wells of a first conductivity type and
a first dopant concentration in said
semiconductor substrate;

a plurality of contact regions of the first
conductivity type and a second dopant
concentration in said semiconductor substrate,
the second dopant concentration being higher than
the first dopant concentration, and a first
contact region and a second contact region of
said plurality of contact regions sandwiching a
first well of said plurality of wells;

i
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a buried liyer of the first condiétivity type and a
third ddpant concentration in said semiconductor
substrate and underlying said plurality of wells
and said plurality of contact regions, the third
dopant concentration being higher than the first
dopant concentration; and

a plurality of gate structures over the major surface
of said semiconductor substrate and overlying
said plurality of wells.

The variable capacitor of claim 7, further comprising:

a first conductive structure coupled to said plurality
of gate structures; and

a second conductive structure coupled to said
plurality of contact regions and electrically
insulated from said first conductive structure.

The variable capacitor of claim 7, further comprising
a plurality of surface regions of the first
conductivity type and a fourth dopant concentration in
said plurality of wells adjacent the major surface of
said semiconductor substrate, the fourth dopant
concentration being lower than the first dopant
concentration.

The variable capacitor of claim 7, wherein said

plurality of gate structures include:

a dielectric layer over the major surface of said
semiconductor substrate and overlying said
plurality of wells; and

a polycrystalline silicon layer over said dielectric
layer.

The variable capacitor of claim 10, wherein said
polycrystalline silicon layer is doped with a dopant
of a second conductivity type.
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A method f6r fabricating a vari#bi8 capacitor,

comprising the steps of:

providing a body of semiconductor material having a
buried layer of a first conductivity type formed
therein;

implanting ions of the first conductivity type into
the body of semiconductor material to form a
plurality of wells extending from a major surface
of the body of semiconductor material to the
buried layer;

implanting ions of the first conductivity type into
the body of semiconductor material to form a
plurality of plugs extending from the major
surface of the body of semiconductor material to
the buried layer, a plug of the plurality of
plugs being adjacent to a corresponding well of
the plurality of wells;

disposing a dielectric layer over the major surface of
the body of semiconductor material;

depositing a conductive layer over the dielectric
layer;

patterning the conductive layer and the dielectric
layér_to overlie the plurality of wells;

forming a first conductive structure coupled to the
conductive layer, the first conductive structure
functioning as a first electrode of the variable
capacitor; and

forming a second conductive structure coupled to the
plurality of plugs, the second conductive
structure functioning as a second electrode of
the variable capacitor.

R
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The method as claimed-in claim 12, wherein the step of

providing a body of semiconductor material includes

the steps of:

providing a substrate;

implanting ions into the substrate to form a doped
layer adjacent a surface of the substrate; and

burying the doped layer to form the buried layer by
epitaxially growing a layer of semiconductor
material over the surface of the substrate.

The method as claimed in claim 12, further comprising
the step of implanting ions of a second conductivity
type into the plurality of wells adjacent the major
surface of the body of semiconductor material.

The method as claimed in claim 12, further comprising
the step of implanting ions of the first conductivity
type into the plurality of plugs adjacent the major
surface of the body of semiconductor material.
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