INTEGRATED HELIX COIL INDUCTOR ON SILICON BACKGROUND OF THE INVENTION 5 (1)
Field of the Invention The invention relates to the fabrication of integrated circuit devices, and more
particularly, to a method and structure for creating a high Q helix coil inductor that 10 can readily be
created for Complementary Metal Oxide Semiconductors (CMOS) for both Very Large Scale
Integration (VLSI) and Ultra Large Scale Integration (ULSI) technologies. 15 (2) Description of the
Prior Art Modern semiconductor technology requires the creation of high performance semiconductor
devices that are produced at competitive prices. A direct result of these re$uirements is that device

density and inter-device 20 pIal\(T:E% %W&W%tfﬁ%&o%H@r%%gg%o%\/\% éﬁa%cuy follows the

requirement that the surface area or space that is available on the surface of a semiconductor
substrate is carefully allocated and maximized in its use. 1 While the majority of semiconductor

devices relate to the field of digital dafg, progessing, glecteanic girchitry can nevertheless be divided

into two broad fields. One

5 (1) Field of the Invention
The inventiocn relates to the fabrication of
integrated
circuit devices, and more particularly, to a method and
structure for creating a high Q helix coil inductor that
10 can readily be created for Complementary Metal Oxide
Semiconductors (CMOS} for both Very Large Scale
Integration (VLSI) and Ultra Large Scale Integration

(ULSI) technologies.

15 (2} Description of the Prior Art
Modern semiconductor technology reguires the creation

cf high performance semiconductor devices that are
produced at competitive prices. A direct result of these
requirements 1ig that device density and inter-device

20 packaging density continue to increase frowm which directly
follows the requirement that the surface area or gpace
that is available on the surface of a semiconductor

substrate is carefully allocated and maximized in 1its use.



field addresses digital processing while the second field 5 addresses the manipulation of analog
signals. Digital semiconductor devices have as function the manipulation and storage of digital
information. The functions of analog electronic circuitry have in previous years typically been handled
by separate components such as 10 relatively large capacitors or relatively large inductors. The
separate components may have been applied in combination with digital processing capabilities,
whereby however a significant portion of the functional implementation has been realized by the use
of for 15 instance capaciitlivg and inductive Compogents in add(%ion to and functionally collaborating
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semiconductor integrated circuit devites. ern mobile communication applications center around

compact high-frequengy poupment. Wi thg .coptiaued improyements n fhe pgrforgance

characteristics 2 of this equipment, continued emphasis will be placed on small size of the equipment,
low power consumption.; igreased-frequancy; applications and,Jawinoise levels.ong field

5 addresges the manipulation of analog signals. Digital
semiconductor devices have as function the manipulation
and storage of digital information. The functions of
analog electronic circuitry have in previocus years
typically been handled by separate components such as

10 relatively large capacitors or relatively large inductors.
The geparate components may have been applied in
combination with digital processing capabilities, whereby
however a significant portion of the functional
impiementation has been realized by the use of for

15 instance capacitive and inductive components in addition
tc and functionally collaborating with the digital
compeonents. Circult requirements that are imposed on
components that are required for analocg processing have in
the pagt limited the integration of such components into

20 typical zemiconductor integrated circuit devices.

Moderrn: mobile communication applications center
around compact high-frequency equipment. With the

continued improvements in the performance characteristics



Semiconductor devices are used in the field of mobile 5 communication for the creation of Radio
Frequency (RF) amplifiers. A major component of a typical RF amplifier is a tuned circuit that
contains inductive and capacitive components. The tuned circuit has as electrical characteristic that,
dependent on and determined by the 10 values of its inductive and capacitive components, can form
an impedance that is frequency dependent, which enables the tuned circuit to either form a high or a
low impedance for signals of a certain frequency. In this manner the tuned circuit can either reject or
pass and 15 furtg%r amplify comﬁonents of an analog signal based on the frequency. of that

component. Then&d i chiteaR hdrefor® BE ULEH as BHIEF 5 fiter dutst renfove sighals of certain

frequencies or tosrearrﬁve Q(Z)iese frﬁorgk?e cgcui{ c{ggﬂgura{iog thg;[”iésrairgggsatmmggigglating analog 20
signals. The tunéd Gircuit an also be used toorm a’higﬁ elBetrical |mpeclilar‘?ce by Using the LC
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inductor and the gindedying subsirate. Jyilldimit the use of the inducter af figlifreguencies.
5 communication for the creation of Radic Frequency (RF)
amplifiers. A wmajor component of a typical RF amplifier is
a tuned circuit that centains inductive and capacitive
components. The tuned circuit has ag electrical
characteristic that, dependent on and determined by the
1¢ wvalueg of its inductive and capacitive components, can
form an impedance that is frequency dependent, which
enables the tuned circuit to either form a high or a low
impedance for signals of a certain frequency. In this
manner the tuned circuit can either reject or pass and
15 further amplify components of an analog signal based on
the freguency of that component. The tuned circuit can
therefore be used as a filter to filter out or remove
signals of certain frequencies or to remove noise from a
circuit configuration that is aimed at manipulating analog
20 signals. The tuned circuit can also be used to form a high
electrical impedance by using the LC resonance of the
circuit and to thereby counteract the effect of parasitic
capacitances that are part of a circuit. The self-

resonance that is caused by the parasitic capacitance



One of the key components that is applied in creating 5 high frequency analog semiconductor devices
is the inductor that forms part of a LC resonance circuit. The key challenge in the creation of the
inductor is to minimize the surface area that is required for the creation of the inductor while
maintaining a high Q value 10 for the inductor. Conventional inductors that are created on the surface
of a substrate are of a spiral shape, whereby the spiral is created in a plane that is parallel with the
plane of the surface of the substrate. Conventional methods that are used to create the inductor 15 on

the surface of a substrate suffer several limitatigns.  Most high Q inductors farm part of a hybrid device
configuration or %F ﬁ%%%ﬂth%ﬁﬂiir%ﬁl%{/aeilhtelgr%g o ﬁrc%rlaté (WIC?S ggrréle :Lcnr%atseuéj 55 rd‘flély“cerete

components, thecyeation, ohwpich i ot (gadily InEargiable infg 820 hypical prasess.of integrated
Circuit manufacturing. By combining the Creation on one semiconductor monolithic substrate of
circuitry that is aimed at the function of analog data manipulation and analog data 4 storage with the

functions of digital data manipulation and digital data storage, a number of significant advantages are
achieved. Such advantgges clyde.they, components that is applied in creating

5 high frequency analog semiconductor devices is the
inductor that formg part of a LC resonance circuit. The
key challenge in the creation of the inductor is to
minimize the surface area that is required for the
creation of the inductor while maintaining a high Q value

10 for the inductor. Conventional inductors that are created
cn the surface of a gubstrate are ©f a spiral shape,
whereby the spiral is created in a plane that is parallel
with the plane of the surface of the substrate.
Conventional methods that are used to create the inductor

15 on the surface cf a substrate suffer several limitations.
Most high Q inductors form part of a hybrid device
configuration or of Monolithic Microwave Integrated
Circuits (MMIC's) or are created as discrete components,
the creation of which is not readily integratable into a

20 typical process of Integrated Circuit manufacturing.

By combining the creaticon on one semiconductor
monolithic substrate of circuitry that is aimed at the

function of analog data manipulation and analog data



reduction of manufacturing costs and the reduction of 5 power consumption by the combined
functions. To reach required inductive values for particular applications, inductors can be of
significant physical size and can therefore require a significant surface area of the semiconductor
substrate. To limit this impact of space 10 requirement, inductors are typically formed on the surface
of a substrate in a spiral form. The spiral form of the inductor however results in parasitic
capacitances between the inductor wiring and the underlying substrate, due to the physical size of

the inductor. These arasitic,}:%ca acit nceg have a egr?us ne%at(%ve effect on the gunctionality of the
created LC circuﬁtboy é—’ﬁaerpﬁll redl.trcﬁg eSonance frréqué Sfthe tahEd CREGTD %el%%plication. 20

Widely used in t %g}qi,ls Y, tglde cribe the _applicability of a_created.inductor is the Quality (Q) factor
of the inductor. The quéﬁ%y acto%%ggf aSnt Ciﬁgp ctor 7s defined aﬁolfowgzlgécl‘%} | wherein Es is the

energy that is staregLin the Jeactive paron.of she o campanentwhile EL i the gnergy that is lost in the

reactive portion of the component. The higher the quality of the component, the closer the resistive

value of the reduction of manufacturing costs and the reduction of
5 power consumption by the combined functions. To reach
required inductive values for particular applications,
inducters can be of significant physical size and can
therefore require a significant surface area of the
gemiconductor substrate. To limit this impact of space
10 regquirement, inductors are typically formed on the surface
of a substrate in a spiral form. The spiral form of the
inductor however results in parasitic capacitances between
the inductor wiring and the underlying substrate, due to
the physical size of the inductor. These paragitic
15 capacitances have a serious negative effect on the
functionality of the created LC circuit by sharply
reducing resonance frequency of the tuned circuit of the

application.

20 Widely used in the industry to describe the
applicability of a created inductor is the Quality (Q)
factor of the inductor. The quality factor Q of an
inductor is defined as follows: Q@ = Es/El wherein Es is

the energy that is stored in the reactive portion of the



component approaches zero while the Q factor of the 5 component approaches infinity. The quality
factor for components differs from the quality that is associated with filters or resonators. For
components, the quality factor serves as a measure of the purity of the reactance (or the
susceptance) of the component, which can be 10 degraded due to parasitics. In an actual
configuration, there are always some physical resistors that will dissipate power, thereby decreasing
the power that can be recovered. The quality factor Q is dimensionless. A Q value of greater than
100 is considered ve%lgli%h for 15 discrete indtigtors that are mounted on the surface of Printed

u

Circuit Boards. For IRductsrs that 16mb bartof 2h° iftegratd citedit e Galudlis¥fically in the range

between about 3,904 10, 20,13 creaing.an jnductor on g enolic subsiiate on_which agdjtonal
semiconductor devices are created, the parasitic capacitances that occur as part o IS creation limit

to less than 5 the guality fagigrahiatcan be achieved farjhe jndudter ysing the conyentignal silicon 6
process. This limitation is, for many applications, not acceptable. Dependent on the frequency at
which the LC  circyifis designgddplesanate, sianifiganily 1afger o tactor of the
5 component approaches infinity. The guality factor for
components differs from the quality that is associated
with filters or resonators. For components, the quality
factor serves as a measure of the purity of the reactance
(or the susceptance) of the component, which can be
10 degraded due to parasitics. In an actual configuration,
there are always some physical resistors that will
dissipate power, thereby decreasing the power that can be
recovered. The quality factor Q is dimensionless. A Q
value of greater than 100 is considered very high for
15 discrete inductors that are mounted on the surface of
Printed Circuit Boards. For inductors that form part of an

integrated circuit, the Q wvalue is typically in the range

between about 3 and 10.

20 In creating an inductcr on a monclithic substrate cn
which additional semiconductor devices are created, the
parasitic capacitances that occur as part of this creation
limit to less than 5 the guality facior that can be

achieved for the inductor using the conventional silicon



values of quality factor, such as for instance 100 or 5 more, must be available. Prior Art has in this
been limited to creating values of higher quality factors as separate units, and in integrating these
separate units with the surrounding device functions. This negates the advantages that can be
obtained when using the monolithic 10 construction of creating both the inductor and the surrounding
devices on one and the same semiconductor substrate. The non-monolithic approach also has the
disadvantage that additional wiring is required to interconnect the sub-components of the assembly,
thereby 15 again introducingFadditional parasitic capacitances and resistive losses over the

0

interconnecting WirAg Tetwork:* Eor MEny ofthe applicafiond 8Fthe™RB Hrfipiifiet Suci'8S portable

battery powered appligations, payierconsumption is.at.a premium and st inefeforg pe as low as
possible. 20 By raising the power consumption, the effec X para?’smc capacitances and resistive

power 055 can b partialy compensated g there e mitalions (o euen s Approach. These
Cc IC

problems take on even greater urgency with the rapid expansion of wireless applications such as 7

portable telephoges aad the likg\Wirgless.eergmunications, isqa fapidly.expanding market, where the

integration of RF
5 more, must be available., Prior Art has in this been

limited o creating values of higher quality factors as
separate unite, and in integrating these separate units
with the surrounding device functions. This negates the
advantages that can be obtained when using the monclithic
10 ceonstruction of creating both the inductor and the
surrounding devices on one and the same semiconductor
substrate. The non-monolithic approach alsc has the
disgadvantage that additional wiring is reguired to
interconnect the sub-components of the assembly, thereby
15 again introducing additional paragitic capacitances and
resistive logses over the interconnecting wiring network.
For many of the applicaticns of the RF amplifier, such as
portable battery powered applications, power consumption
is at a premium and must therefore be as low as possible,
20 By raising the power consumption, the effects of parasitic
capacitances and resistive power loss can be partially
compensated but there are limitations to even this
approach. These problems take on even greater urgency with

the rapid expansion of wireless applications such as



integrated circuits is one of the most important challenges. One of the approaches is to significantly 5
increase the frequency of operation to for instance the range of 10 to 100 GHz. For such high
frequencies, the values of the quality factor obtained from silicon-based inductors are significantly
degraded. For applications in this frequency range, monolithic inductors have been 10 researched
using other than silicon as the base for the creation of the inductors. Such monolithic inductors have
for instance been created using sapphire or GaAs as a base. These inductors have a considerably
lower parasitic ca%atcggtﬂce haln t eci)% silicon go%ggrqar't(s an%tr}eer?é%rg 1(:50 %r%/ide higher resonance

e es arn lLKe. ni 1001S .
frequency of the 1€ eitcuit ere however more complex app]hca ions are requwedﬁ,1 he need still

exists to create inductors §i5| ig%%%ﬁqgu%%t@tgt%& 0se %Q@ic%q?g%rtggiqﬁprg%ctﬁgf using a
0

base material other than silicon has proven to be too 20 cumbersome while for instance GaAs as a

medium for the Q%@Pa@ceﬁ?”&@%ﬁ%@r ggvigg_g iS,as tygg%ggignig%gp@g@ﬁge that needs to be
addressed. 8 The incorporation of RF inductors without sacrificing device performance due to
substrate lossesdiag hesnyaxiensively researched b feeril years.SeNg A theant 1y
5 increase the frequency of operation to for instance the
range of 10 to 100 GHz. For such high frequencies, the
values of the quality factor obtained from silicon-based
inductors are significantly degraded. For applications in
thie freguency range, monclithic inductors have been
10 researched using other than silicon as the base for the
creation of the inductors. Such monolithic inductors have
for instance been created using sapphire or GaAs as a
base. These inductors have a considerably lower parasitic
capacitance than their gilicon counterparts and therefore
15 provide higher resonance freguency of the LC circuit.
Where however more complex applications are required, the
need still exists to create inductors using silicon as a
gubstrate. For those applicaticns, the approach of using a
bage material other than silicon has proven to be too
20 cumbersome while for instance GaAs as a medium for the

creation of semiconductor devices is as yet a technical

challenge that needs to be addressed.



techniques that have been used for this approach include: 5 - the selective removing (by etching) of
the silicon underneath the inductor (using methods of micro- machining) thereby removing substrate
parasitic effects - using multiple layers of metal (such as aluminum) interconnects or of copper
damascene interconnects 10 - using a high resistivity silicon substrate thereby reducing resistive
losses in the silicon substrate, since resistive substrate losses form a dominant factor in determining
the Q value of silicon inductors - using metals that are particularly adaptable to the 15 process of the

formation of inductors, %r(l:é)nge[:noirs tf)\ferg:lg nhoc\gvﬁev% rais dé’é’ othg u&let%foﬁlgu arrngl%l that is
frequently used in semiconductor metafiiza ion)’since AU as 1hﬂlghelr reS|st|viFy an goﬁ&?ﬂu)

metallization thzgé'_%{rgg_u Q%g§%gljl%gaélseteggnglu gtzroa- emplo Sir%% bﬁqggdbwglrlls underneath a

. e . .
spiral conductor - inserting various types of patterned groun shields between the spiral inductor and

the silicon substeate.. and.8areafing an astive indugtive component that simulates, the electrical

properties of an inductor as it is applied in active circuitry; this approach however

technigues that have been used for this approach include:

5 - the selective removing (by etching) of the silicon
underneath the inductor (using methods of micro-
machining} thereby removing substrate parasitic effects

- using multiple layers of metal i{such as aluminum)
interconnects or of copper damascene interconnects
10 - using a high resistivity silicon substrate thereby
reducing resistive losses in the silicon substrate,
since registive substrate losses form a dominant factor
in determining the Q value of silicon inductors
- using metalg that are particularly adaptable to the
15 process of the formation cof inductors, a concern is
thereby however raised by the use of AlCu {a metal that
is frequently used in semiconductor metallization) since
AlCu hag higher resistivity than gold (Au) metallization
that ig freguently used in GalAs technology
20 - employing biased wells underneath a spiral conductor
- inserting various types of patterned ground shields
between the spiral inductor and the silicon substrate,

and



results in high power consumption by the inductor and in 5 noise performance that is unacceptable for
low power, high frequency applications. The above listing of researched alternatives is not meant 10
to be complete or all inconclusive. The above approaches have as common objectives to: 1) enhance
the quality (Q) value of the inductor 2) increase the frequency of the LC self-resonance thereby 15
increasing the frequency range over which the inductor can be used, and 3) reduce the surface area
that is required for the creation of the inductor. 20 The inductor of the invention addresses the
objectives that have been listed above and provides a method for creating an inductor that can readily

be integrated in"a MAMTACHFING brocéey for RE&r&ation SPTRSIHNY GI8F chB% dvices. The

method of the mvenUan 1010re€1tel:50%{1ellx coil inductor, which Jr]ga an |mlproved Q factor when

compared with the (5 actor %Fajfyplcal ?ﬁ‘]%f eiﬁ%lf]%?orfjt atls dreatsdin a%?anletth:é? is parallel with

theSUHaceCﬁthes%%%¥§gd in active circuitry; this approach however
results in high power consumption by the inductor and in
5 noise performance that is unacceptable for low power,

high frequency applications,

The above listing of researched alternatives is not
meant

10 to be complete or all inconclusive. The above approaches
have as common objectiveg to:
1) enhance the guality (Q) wvalue of the inductor
2) increase the frequency of the LC gelf-resonance

thereby

15 increasing the frequency range over which the inductor
can be used, and
3) reduce the surface area that is required for the

creation of the inductor.

20 The inductor of the invention addresses the
objectives that have been listed above and provides a
methed for creating an inductor that can readily he
integrated in a manufacturing process for the creation of

VLSI and ULSI CMCS devices. The method of the invention

10



5 Fig. la shows a top view of a Prior Art horizontal spiral inductor 25. Some of the design parameters
of conductor 25 are highlighted as follows: - 10 is the body of the inductor and contains a conductive
10 material - 11 is one extremity of the conductive body 10 of the inductor 25 and is, for convenience
sake and arbitrarily, referred to as the beginning of the conductive body 10 of the 15 inductor 25 - 12
is a conductive connector that connects to the beginning 11 of the conductive body 10 of the inductor
25 - 13 is the opposing extremity of the conductive body 10 of the 20 inductor 25 and will be referred
to as the end of the £ nducti e dy of t |nd ctor 25 14 IS ac ntact via that interconnects metal

strip 12 with the 11 €o éucaﬁveeb 61 thé* |n GETr 25" f@ls fie spacmlénBeﬁNeen the spirals of

theconducnvel%%%@%%oaﬁggmgg&%ared with the Q factor of a typical spiral

inductor, that is created in a plane that ig parallel with

the surface of the substrate.

Fig. la shows a top view of a Prior Art horizontal
spiral inductor 25. Some of the degign parameters of
conductor 25 are highlighted as follows:

- 10 is the body of the inductor and containg a conductive
10 material
- 11 is one extremity of the conductive body 10 of the
inductor
25 and is, for convenience sake and arbitrarily, referred
to as the beginning of the conductive body 10 of the
15 inductor 25
- 12 is a conductive connector that connects to the
beginning 11 of the conductive body 10 of the inductor 25
- 13 i1s the opposing extremity of the conductive kody 10
of the
20 inductor 25 and will be referred to as the end of the
conductive body of the inductor 25
- 14 is a contact via that interconnects metal strip 12

with the

i1



5 - 18 is the width of the spirals of the conductive body 10 of inductor 25 - 20 is the length of the
longest spiral of the conductive body 10 10 of inductor 25, and - 22 is the length of the inner opening
of the conductive body 10 of inductor 25. 15 The top view of the Prior Art inductor that is shown in
Fig. 1 is not shown in order to highlight in extensive detail all the parameters that can be associated
with such an inductor but merely serves to point out the essence of the 20 Prior Art inductor, that is: -
the geometric shape of the inductor is that of a spiral - the individual sections that make up the spiral
of the inductor aétgn&%tg@/iinterge%t at_an angle of 90 %e%rees 12 and have a length and a width and
d

are separated by anspacmaf € 8p|¥aljtﬂaf) orﬁ%ethér} &BF eAds in two extremities, the inductor is

electricallyinterconnected 10 surounding, ey, by being connected tq fese e .

body
10 of inductor 25
5 - 18 is the width of the spirals of the conductive body
10 of
inductor 25
- 20 is the length of the longest spiral of the conductive
body
10 1C¢ of inductor 25, and
- 22 is the length of the inner opening cf the conductive
body

10 of inductor 25.

15 The top view of the Pricr Art inductor that i1s shown in
Fig. 1
is not shown in order tc highlight in extensive detail all
the parameters that can be associated with such an
inductor but merely serves to point out the essence of the
20 Prior Art inductor, that is:
- the geometric shape of the inductor is that of a spiral
- the individual sections that make up the spiral of the

inductor alternately intersect at an angle of %0 degrees

12



extremities, and the body of the inductor is contained in a plane that is parallel to the plane of the
surface of the substrate on which the inductor is created. 10 Not shown in Fig. 1 is the height of each
of the linear segments that collectively form the body of the inductor 10, this height can be defined as
the thickness of the conductive layer that is deposited on the surface of the 15 substrate for the
formation of the inductor. The lower surface of the inductor is the surface of the inductor that is
parallel to the surface of the substrate and that is closest to the surface of the substrate, the upper
surface of the inductor&sljlhe surfac{‘e of the inductor 20 m?t is parallel to the sutrfa(gebof the substrate
and that is furthest 78moved from thé" %Hagg of the'sibstrate. TR “didtnce between the upper
surface and the Iowgr ggr{lal%e of the inductor as measured in a direction that is 13 perpendicular to
the plane of the substrate is the height of the inductor. A cross section of the inductor that is taken in

a plane betwe_en_ t_heCHQpEr gtr%g#h%goa\%erfsurrf C?tlﬁ(fath i@&g%olr shows the geometric shape of the
inductor, 5 which is the s gpe of a spiral. The ﬁelg f of the inductor
extremities, the inductor is electrically interconnected
5 to surrounding circuitry by being connected to these two
extremities, and
- the body of the inductor is contained in a plane that is
parallel to the plane of the surface of the substrate on
which the inductor is created.
10
Not shown in Fig. 1 is the height of each of the linear
segments that collectively form the body of the inductor
10, this height can be defined as the thickness of the
conductive layer that is deposited on the surface of the
15 substrate for the formation of the inductor. The lower
surface of the inductor is the surface of the inductor
that is parallel to the surface of the substrate and that
ig clogest to the surface of the substrate, the upper
surface of the inductor is the surface of the inductor
20 that is parallel to the surface of the substrate and that
ig furthest removed from the surface of the substrate. The

distance between the upper surface and the lower surface

of the inductor as meagsured in a direction that is

13



of Prior Art is essentially the same along the spiral of the inductor. US 5,936,298 (Capocelli) teaches
a Helix coil. The 10 patent does not appear to claim a wider center radius. US 5,576,680 (Ling)
shows helix coil with a core. US 5,884,990 (Burghartz et al.), US 6,008,102 (Alford 15 et al.), US
5,831,331 (Lee) and US 3,614,5,54 (shield) show various coils helix coils and cores. SUMMARY OF
THE INVENTION 20 A principle objective of the invention is to create an inductor on the surface of a
silicon substrate that has improved Q factor when compared with the spiral inductor of conventional

design. 14 Another objective of the invention is to create an inductor on the surface .of a silicon
substrate that pF)oevjiﬂ(V}fé%sn %ﬁbﬁ%@ fnd utc%v%Qleal&efsav%ﬁeﬁ%éoﬁi}lpearga%&r%gee sﬁﬁaﬁiﬁau&%% %?112

conventional design..5 Anofher qhigctive of the Invention s tg £reafe an, jnductor on the syrface of a
silicon substrate that requires a smaller silicon surface area for its implementation when compared
with the spiral INdUEOROf & plane between the upper and the lower surface
of the inductor shows the geometric shape of the inductor,
5 which is the shape of a spiral. The height of the inductor

of Prior Art is essentially the same along the spiral of

the inductor.

US 5,936,298 (Capocelli} teacheg a Helix coil. The

10  patent does not appear to claim a wider center radius.
US 5,576,680 (Ling) shows helix coil with a core.

US 5,884,990 {(Burghartz et al.), US 6,008,102 (Alford
15 et al.), US 5,831,331 (Lee) and US 3,614,5,54 (Shield)

show various colls helix coils and cores.

SUMMARY OF THE INVENTION
20
A principle obijective of the invention is to create
an inductor on the surface of a silicon substrate that has
improved ¢ factor when compared with the spiral inductor

of conventicnal design.

14



10 conventional design. Another objective of the invention is to create an inductor on the surface of a
silicon substrate that extends and maintains its characteristics of improved Q 15 factor and higher
inductive values and a smaller silicon surface area for its implementation in higher frequency
applications when compared with the spiral inductor of conventional design in higher frequency
applications. 20 In accordance with the objectives of the invention a new structure is provided for the
creation of an inductor on the surface of a silicon semiconductor substrate. The inductor is of helix
coil, whereby the pIanerf 3 £ross ectiotn. of thegnd%ctor. that reflects the helix coil t15 design of the
inductor is parallel to thenﬁan(eerof?hé eucndle\ﬂ%/incfg subStrat8 Y GRterthe'first embodimentdr the

invention, the he'ln ]épgnr{)g% h&llx gg% t@%g’% é:geeatg%]g% éq?%g%ce% uf gtslinlg:l? li%?%rate is uniform.

Under the 5 seco odiment of the invention t eighto helix coil of the inductor of the

invention is also uniformAuity,a fefromagngtic cgre isJngerted hetween the-uppey;and the, lower
conductors of the helix coil. Under the third embodiment of the invention, the height of the helix coil 10
that is created oRthe-surface Qf asilicopn SUhstate isnal design.
5
Another objective of the invention is to create an
inductor on the surface of a silicon substrate that
reguires a smaller silicon surface area for its

implementation when compared with the spiral inductor of

10 conventional design.

Another objective of the invention is to create an
inductor on the surface of a gilicon substrate that
extends and maintaing its characteristics of improved Q

18 factor and higher inductive values and a smaller silicon
surface area for its implementation in higher frequency
applications when compared with the spiral inductor of

conventional design in higher frequency applications.

20 In accordance with the objectives of the invention a
new structure is provided for the creation of an inductor
on the surface of a silicon semiconductor substrate. The
inductor is of helix coil, whereby the plane of a cross

gection of the inductor that reflects the helix coil

15



non-uniform. Under the fourth embodiment of the invention the height of the helix coil of the inductor
of the invention is non-uniform while a ferromagnetic core is inserted between the upper and the lower
conductors of the 15 helix coil. BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1 shows a top view
of a Prior Art horizontal 20 spiral conductor. Fig. 2 addresses the helix coil inductor of the first
embodiment of the invention that uses uniform vertical interconnect conductor height, as follow; 16
Fig. 2a is an extended three-dimensional view of the helix coil inductor of the invention with a uniform
vertical interconnect conductor height. 5 Fig. 2b shows an X-X' cross section of the helix coil inductor
of the invention Wit Bthifornt VérticAr ik RonhecPRbAdd&or Agight L PERM2cEhowan Y-Y' cross
section of the helix coil , inductor af the inventign with a uniform vertical interconne nductor height.
Fig. 2d shows a t55 6b 61 the R ESTHRAULIR 5 BF e Ve RtioH WA S Chora veRical

interconnect invention, the height of the helix coil that is created on

the surface of a silicon substrate is uniform. Under the

5 gsecond embodiment of the invention the height of the helix
coil of the inductor of the invention is also uniform but
a ferromagnetic core is inserted between the upper and the
lower conductors o¢f the helix coil. Under the third
embodiment of the invention, the height of the helix coil

10 that is created on the surface of a silicon substrate is
non-uniform. Under the fourth embodiment of the invention
the height of the helix coil of the inductor of the
invention is non-uniform while a ferromagnetic core is
inserted between the upper and the lower conductors of the

15 helix coil,
BRIEF DESCRIPTICN OF THEHE DRAWINGS

Fig. 1 shows a top view of a Prior Art horizontal

20 spiral conductor.

Fig. 2 addresses the helix coil inductor of the first
embodiment of the invention that uses uniform vertical

interconnect conductor height, as follow;

16



conductor height. Fig. 2e shows a top view of the geometric centers of a sampling of top level
conductors of the helix coil of 20 the invention. Fig. 2f shows a top view of the geometric centers of a
sampling of bottom level conductors of the helix coil of the invention. 17 Fig. 3 addresses the helix coil
inductor of the second embodiment of the invention that uses uniform conductor height whereby
furthermore ferromagnetic material is incorporated, as follow: 5 Fig. 3a is an extended
three-dimensional view of the helix coil inductor of the invention with a uniform vertical interconnect
conductor height whereby ferromagnetic material is incorporated. 10 Fig. 3b shows an X-X' cross
section of the helix coil inductor of the invention with a uniform vertical interconnect conductor height
whereby ferromagnetic aterial s IncorParaled: A% Fids A NeNR 4 Yo X-Gross seclion ol he helix
helix coil inductor of the invention with a uniform

vertical interconnect conductor height.

5
Fig. 2b shows an X-¥X' cross section of the helix coil
inductor of the invention with a uniform vertical
interconnect conductor height.
10 Fig. 2c shows an Y-Y' c¢ross section of the helix coil

inductor of the invention with a uniform vertical

interconnect conductor height.

Fig. 2d shows a top view of the helix coil inductor
15 of the invention with a uniform vertical interconnect

conductor height,

Fig. 2e shows a top view of the geometric centers of
a sampling of top level conductors of the helix coil of

20 the invention.

Fig. 2f shows a top view of the geometric centers of
a sampling of bottom level conductors of the helix coil of

the invention.

17



inductor of the invention with a uniform vertical interconnect conductor height whereby ferromagnetic
material is incorporated. 20 Fig. 3d shows a top view of the helix coil inductor of the invention with a
uniform vertical interconnect conductor height whereby ferromagnetic material is incorporated. 18
Fig. 4 addresses the helix coil inductor of the third embodiment of the invention that uses non-uniform
vertical interconnect conductor height, as follow: 5 Fig. 4a is an extended three-dimensional view of
the helix coil inductor of the invention with a non-uniform vertical interconnect conductor height. Fig.
4b shows an X-X' cross_section of the helix coil. 10 .inductor of the invention with a non-uniform vertical
interconnect conductor hieight> FR 4 oW &h S -¥°éross Setlion 3 e R&lie Soit fiductor of the
invention with a ggr&g&i{ogpﬂ vgétj{(f}zlaé 15 igi’ter%%nn%ct&ogggctortr}?i%ht. Fig. 5 addresses the helix coil
inductor of the fourth emboo}ﬁment oPﬁe invéntion that Uses non-aniforn vertical Titerconnect
CondumnrhEthgﬁaﬁ%Qbr height whereby furthermore ferromagnetic

material is incorporated, ag follow:

Fig. 3a is an extended three-dimensional view of the
helix coil inductor of the invention with a uniform
vertical interconnect conductor height whereby
ferromagnetic material is incorporated.

10

Fig. 3b shows an X-X’' c¢ross section of the helix coil
inductor of the invention with a uniform vertical
interconnect conductor height whereby ferromagnetic
material is incorporated.

15

Fig. 3¢ shows an Y-Y’' c¢rogs section cof the helix ceoil
inductor of the invention with a uniform vertical
interconnect conductor height whereby ferromagnetic
material is incorporated.

20

Fig. 2d shows a top view of the helix coil inductor
of the invention with a uniform vertical interconnect
conductor height whereby ferromagnetic material is

incorporated.

18



20 ferromagnetic material is incorporated, as follow: Fig. 5a is an extended three-dimensional view of
the helix coil inductor of the invention with a non-uniform vertical interconnect conductor height
whereby ferromagnetic material is incorporated. 19 Fig. 5b shows an X-X' cross section of the helix
coil inductor of the invention with a non-uniform vertical interconnect conductor height whereby
ferromagnetic material is incorporated. 5 Fig. 5¢ shows an Y-Y' cross section of the helix coil inductor
of the invention with a non-uniform vertical interconnect conductor height whereby ferromagnetic
material is incorporated. 10 Fi?. gihows %%raphic defi,ction of the Q factor as a function of frequency
or

for a conventional spiral riuctor® ARATEFPTHE Ak ESIHMauER bf thEiHvertioR” 155,57 $hws a

graphic depiction of the.Q factor as a function of frequency for the spiral inductor of the invention with
ad without he HGBCRIOT of e BaUhETE iAo &l S e S iHAGaE 0 BESCRIPTION

OF-”*EIDREFEEE@Q@&Q%%S%%N@%ﬂg§ctor height, asg follow:

5 Fig. 4a ig an extended three-dimensicnal view of the
helix coill inductor of the invention with a nen-uniform

vertical interconnect conductor height.

Fig. 4b shows an X-X' cross section of the helix coil
10 inductor of the invention with a non-uniform vertical

interconnect conductor height.

Fig. 4c shows an Y-Y’ cross section of the helix coil
inductor of the invention with a non-uniform vertical

15 interconnect conductor height.

Fig. 5 addresses the helix coil inductor of the
fourth embodiment of the invention that uses non-uniform
vertical interconnect conductor height whereby

20 ferromagnetic material is incorporated, as follow:

Fig. 5a ig an extended three-dimensional view of the
helix coil inductor of the invention with a non-uniform
vertical interconnect conductor height whereby

ferromagnetic material i1s incorporated.

18



The structure of the invention will be highlighted by concentrating on the geometric and structural
details of the creation of the inductor of the invention. Processing 20 conditions that are required to
implement these structural details will not be highlighted for reasons of simplicity. Among these
processing steps are steps of depositing layers of dielectric and the patterning and etching of 5
openings in these layers of dielectric whereby these openings are aligned with underlying patterns. To
include these processing steps in the description of the inventions would require the entry of
conditions of depositiog%%gtﬁzgi%gag eéghig{g}'ghatcvg%lélg rrs1ak(1e: tréenlgfcurﬁagtggfgwenct) o
unnecessarily cumbersome. The Key concept and key fEi3oR that CAUSEs the design of hetix coil

inductor to proviqh jgnificantly improved performance.as an inductor, improvements that have
Alroady 15 boon ehIGPIG Undor 16 SL/ERe of (06 TovBndon. Wil 56 Tieaied Toflwing. I the

conventional design of s nductardhalis:Gieateon, the sutags, o2 sigen,substzate, a design that
is presented in Fig. 1, the electromagnetic field of the inductor penetrates the 20 surface of the
underlying silicop substiate due to,its,Jgeatign.and construction. This penetration of the
5
Fig. 5¢ shows an Y-Y’' c¢ross section of the helix coil
inductor of the invention with a non-uniform vertical
interconnect conductor height whereby ferromagnetic
material isg incorporated.
10
Fig. 6 shows a graphic depiction of the Q factor as a

function of frequency for a conventional gpiral inductor

and for the helix coil inductor of the invention.

15 Fig. 7 shows a graphic depiction of the Q factor as a
function of fregquency for the spiral inductor of the
invention with and without the incorporation of

ferromagnetic material in the helix ccil inductor.
20 DESCRIPTION OF THE PREFERRED EMBCDIMENTS

The structure of the invention will be highlighted by
concentrating on the geometric and structural details of

the creation cf the inductor of the invention. Processing

20



magnetic field of the inductor into the underlying silicon substrate causes significant resistive losses
that restrict or reduce the Q value that can be obtained for 21 the inductor of conventional design. The
design of the invention, which uses a helix coil for geometry for the body of the inductor, provides an
inductor that has a wider colil radius at the center of the coil which 5 maximizes the intensity of the
electromagnetic field in that area. In addition, the electromagnetic field of the invention is essentially
horizontal and above the surface of the substrate, which significantly reduced the resistive losses that

are incurred by theijdr&d%ctor in the 10 surface of Ihecilnductor. The increaﬁﬁd stre#%h of the
electromagnetic figltF &t thtenar st feh o the CindictofRoTiSEd Wit the drzontlorientation

of the electromager@tic fiSquM gighenicr)}gug%orlllelaqﬂt{) 'ng%edalsggrinrdeuaggvrel e\}/a(I)L%e %fimel%ocqgonent and
increased Q value of 15 the inductor. In view of the a ove, and consﬁermg fhat current trénds in the

semiconductor industr qrﬁe%rgvgggr&% stg‘i"f'i‘éd% ilp%%as&deu%et g{jgiggfp%{ré%rgg%%roadband RF 20

applications combined with the convergence of computer, consumer and communication based
teChnmongJt@ayers of dielectric and the patterning and etching of

5 openings in these layers of dielectric whereby these
openings are aligned with underlying patterns. To include
these processing steps in the description of the
inventions would require the entry of conditions of
deposition, patterning and etching that would make the

10 current document unnecessarily cumbersome.

The key concept and key reason that causes the design
of helix coil inductor to provide significantly improved
performance as an inductor, improvements that have already

15 been highlighted under the objective of the invention,
will be indicated following. In the conventional design of
an inductor that is created on the surface of a silicon
substrate, a design that is presented in Fig. 1, the
electromagnetic field of the inductor penetrates the

20 surface of the underliying silicon substrate due to its
location and congtruction. This penetration of the
magnetic field of the inductor into the underlying silicon
substrate causes significant resistive losses that

restrict or reduce the Q wvalue that can be obtained for

21



expected that the inductor of the invention will exert a significant influence on current broadband
designs and applications. In addition, for the era of deep-submicron 22 processes combined with the
use of copper for interconnect lines, the inductor of the invention provides for significant
improvements in the Q factor of the inductor while higher inductive values can be obtained at reduced
5 surface areas that are required for the creation of the inductor, all these advances and advantages
remaining valid at high frequencies of applications. Fig. 2 addresses a helix coil inductor of the first
10 embodiment of the .invention that uses uniform conductor heia}ht, as follow: Figf. 2a is an extended
[

three-dimensionat \iew SHRE “RelBEcSiPMETRIor BF e FRaHEBn Witk ariTORR 13 cdifuctor height. In

order to facilitateithg goggvg;?g digcu%si%r%sé SFh% ﬁggligar con ep% C())Iﬁ three:g-cgrglensgtonal t9{51(:£tesian
coordinates is brlerfly discissed with an emphasis on Row 20'theSé coordinates will be uSed for the

e e S Y ey S e e e iy, ety o 2 oo
wider cecil radius at the center of the coil which
5 maximizes the intensity of the electromagnetic field in

that area. In addition, the electromagnetic field of the
inventicon is essentially horizontal and above the surface
of the substrate, which significantly reduced the
resistive losses that are incurred by the inductor in the

10 surface of the inductor. The increased strength of the
electromagnetic field at the center of the body of the
inductor combined with the horizontal orientation of the
electromagnetic field of the inductor leads to increased

inductive value of the component and increased ¢ value of

15 the inductor.

In view of the above, and considering that current
trends in the semiconductor industry are gravitating
towards increased use of high-performance broadband RF

20 applications combined with the convergence of computer,
consumer and communication based technologiesg, it is
expeacted that the inductor of the invention will exert a
significant influence on current broadband designg and

applications. In addition, for the era of deep-submicron

22



Y axis are in a plane that is parallel with the surface of 23 the substrate on which the inductor will be
formed, the Z axis is therefore perpendicular to the plane of the substrate. The three axis of the
Cartesian coordinates intersect in one point, which is considered the geometric 5 center of the
Cartesian coordinates. Referring now specifically to Fig. 2a, there is shown a three dimensional
expanded view of the helix coil inductor of the invention whereby the height of the 10 inductor is
uniform in a plane that is parallel to the plane of the surface of the substrate on which the inductor is

created. The heIixr%oiIe%fSth igdu t%ggswbott}longkll%ved Cé)ngl CEOCES agg L#)(Fer I%\{:elggcr)\guctogs, both
the bottom level Bondaciors and the upper fevél conductors’ts ruﬁ)%aral el'to the f)elane othe surface

of the underlying, silicon s&tpgtr%eddl' &eollgwoef I%\ﬁeé cgggg%)lr% are %o_\pln%:tsedftorthe upper level
conductors by means of conductor Interconnects that run inthe Z direction of the helix inductor. The

helix coil of the indugtorof.the:2Q iyention hizsa lawensuriace.and,an upper sufgge,The. lower
surface of the helix colil is the surface of the helix coil that is closest to the surface of the underlying
substrate whereky, thesloweyaurfaceffdleve values can be obtained at reduced

& surface areas that are required for the creation of the

inductor, all these advances and advantages remaining

valid at high freguencies of applicaticns.

Fig. 2 addresses a helix coil inductor of the first
10 embodiment of the inventicn that uses uniform conductor

height, as follow:

Fig. 2a is an extended three-dimensional wview of the
helix coill inductor of the invention with a uniform

15 conductor height.

In order to facilitate the following discussions, the
familiar concept of three-dimensional Cartesian
coordinates ig briefly discussed with an emphasis on how

20 these coordinateg will be used for the subject discussion.
The Cartesian coordinates as used herein have three axis,
the X, ¥ and Z axis whereby the angle between each of the
three axis and the other two axis is 90 degrees. The X and

Y axis are in a plane that is parallel with the surface of

23



helix coil coincides with the lower surface of the lower 24 level conductors of the helix coil. The upper
surface of the helix colil is the surface of the helix coil that is furthest removed from the surface of the
underlying substrate whereby the upper surface of the helix coil 5 coincides with the upper surface of
the upper conductors of the helix coil. The Cartesian X and Y coordinates are indicated in Fig. 2a, the
third coordinate Z is perpendicular to the 10 plane that contains the X and Y axis whereby the latter
plane is parallel to the plane of the surface of the substrate. It is clear from the three dimensional view

that is shown in F@' 2a, that the helix cojl is Widekis__%at the center of the cor:ﬁlﬁgctorfilon%lthe Y-axis and

at the 15 point white e X drith ¥-aXis Mitdrsact Erotd thi€ b3t bt hakimuri Widt a’id préceeding in

either direction algng the Xt Xis ¥1e Y paramet%[‘of t?e m%xirTLunm exiension gf hg successive upper
ax%% 18 ere Orﬁ Perperl IlCLl ar Q e ane o [S .
and lower level conductors that form the “helix coil have progresswel?/ smaller values. It is 20 further

clear that the uppgg.cepductorsafthe nglix coll s intersect theX-axis.ynder.an,aglg.thatis 90 degrees

while the lower level conductors intersect the X-axis under an angle that is not 90 degrees but have

an angle of intersect in cone point, which is considered the geometric

5 center of the Cartesian coordinates.

Referring now specifically to Fig. Za, there is shown

a three dimensional expanded view of the helix coil
inductor of the invention whereby the height of the

10 inductor ig uniform in a plane that is parallel to the
plane of the surface of the substrate on which the
inductor is created. The helix coil of the inductor has
bottom level conductors and upper level conductors, both
the bottom level conductors and the upper level cconductors

15 run parallel to the plane of the surface of the underlying
gilicon substrate. The lower level conductors are
connected to the upper level conductors by means of
conductor interconnects that run in the Z direction of the
helix inductor., The helix coil of the inductor of the

20 invention hag a lower surface and an upper surface., The
lower gurface of the helix coil is the surface of the
helix coil that is closest to the surface of the
underlying substrate whereby the lower surface of the

helix coil coincides with the lower surface of the lower

24



intersect with the X-axis without which a helix coil 25 cannot be a helix coil. One further observation is
in order relative to the perspective view of the helix coil that is shown in Fig. 2a: the height of the
vertical interconnects between the upper and the lower level 5 conductors of the helix coil is uniform.
It is important to highlight this at this time because one of the embodiments of the invention provides
a design where this is not the case. 10 In Fig. 2a, one of the upper conductors has been highlighted
as conductor 28, one of the lower level inductors has been highlighted as inductor 26, one vertical

conductor interconnect has been highli i}ieg as 30 .while the two jnput/output connpectors to the helix
coil of 15 the ind%%’?é)er%ha?/g Cg%%tr‘ﬁgﬁngh e }};165 :ELif’L]é fzf?%?lis ?{}rlf%e? e‘c“grr frsourﬁEﬁlé:‘c\jlie?/\j/E of the helix

coil of the inventign thatthe u&ﬁﬁ level @186) udrl_é)g\éeé Ig%elt(gg) }%)Pld%cté%gsé gat\:lﬁ 8.Cross section
[ ile [ 3

that is a geometric rectangle while the vertical interconnect conductors have a cross section
thatis a circle. Adglbocalltypically bas an-axisHbeaxs of the, helix coll that is shgun in Fig. 2ais
parallel with the plane of the underlying semiconductor substrate (not shown

substrate whereby the upper surface of the helix coil

5 coincides with the upper surface of the upper conductors

of the helix coil.

The Cartesian X and Y ccordinates are indicated in

Fig. 2a, the third coordinate Z is perpendicular to the

10 plane that contains the X and Y axis whereby the latter
plane is parallel to the plane of the surface of the
substrate. It is clear from the three dimensional view
that is shown in Fig. 2a, that the helix coil is widest at
the center of the conductor along the Y-axis and at the

15 point where the X and Y-axis intersect. From this point of
maximum width and proceeding in either direction along the
X~axis, the Y parameter of the maximum extension of the
successive upper and lower level conductors that form the
helix coil have progressively smaller values. It is

20 further clear that the upper conductors of the helix coil
intergect the X-axis under an angle that is 90 degrees
while the lower level conductors intersect the X-axis
under an angle that is not 90 degrees but have an angle of

intersect with the X-axis without which a helix coil
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26 in Fig. 1) and runs parallel with the X-X" axis. This axis of the helix coil will typically run through the
middle of the coil in the direction X-X' shown in Fig. 2a and in a plane that contains the X-X' axis and
is perpendicular to 5 the surface of the underlying substrate and between the upper conductors and
the lower conductors at a height above the upper surface of the lower level conductors that is equal
to half the height of the vertical interconnect conductors. 10 The process of creating the helix coll
conductor of the invention uses the following steps. The lower level conductors 26 are first formed,

these conductors m?y lgebformeg .top of.a_lLIay r of iele%[ric th%t has been 15 deposited on the

surface of the under y?ng Sthstrats or h%?/ may eFormed |rrecﬁy on'the surfacsof the substrate.

These lower levelcondugtors 26.aredamed yndera slatyely small angle il e, Y X, ayds, an

angel of between a grees. After the lower 20 level conductors have been formed,
dielectric is depasited ouerths syrface;of fhe Jawer level,afi conductorsitg a, height that is the
combined value of the height of the vertical interconnects 30 and the thickness of the upper
interconnects between the upper and the lower level
5 conductors of the helix ccil is uniform. It is important
to highlight this at this time because one of the

embodiments of the invention provides a design where this

is not the case.

10 In Fig. 2a, one of the upper conductcrs has been
highlighted as conductor 28, cone of the lower level
inductore has been highlighted as inductor 26, one
vertical conductor interconnect has been highlighted as 30
while the two input/output connectors to the helix coil of

15 the inductor have been highlighted as 22 and 24. It is
further clear from the view of the helix coil of the
inventicn that the upper level (28) and lower level (26)
conductors have a cross section that is a geometric
rectangle while the vertical interconnect conductors (30)

20 have a cross section that is a circle.

A helix coil typically has an axis, the axis of the
helix coil that is shown in Fig. 2a is parallel with the

plane of the underlying semiconductor substrate (not shown
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level conductors 28. The conventional dual damascene 27 process then allows for the creation of the
vertical interconnects 30 at the same time that the upper level of conductors 28 are created. After this
dual damascene process has been completed, the now completed helix coil 5 of the invention can be
covered with a passivation layer to protect the coil from environmentally induced damage. In
performing the dual damascene process, it must be noted that the input and output connections 22/24
for the helix colil are to be simultaneously created thus providing the 10 means of accessing the helix
coil. Proceeding 1o Fig. 2b, mere ié shown an X-X' cross '%%ctiolprlm of the helix coil irr} yctor of the
invention with a Uniform condugtor hzélféhst. R tross séction that is showﬁxiﬁsl:ig. Ts thiken along

the XX axis (assayinadne 15 collin halhalopg the Jing.of the X gxis tnat is,shown. g, Fig, 2a and

looking at one or the other of the sawed S) an e does not indicate the variation in

lengths that existshetueen suecessive and-adiacent upper,and lawerleyel sandyglors hat form the
helix coil of the 20 inductor. Highlighted in Fig. 2b is one of the upper level conductors 28, one of the
lower level condyatere26@0€ contains the X-X' axis and is perpendicular to
5 the surface of the underlying substrate and between the
upper conductors and the lower conductors at a height
above the upper surface of the lower level conductors that
is equal to half the height of the vertical interconnect
conductors.
10
The process of creating the helix coil conductor of
the invention uses the following steps. The lower level
conductors 26 are first formed, these conductors may be
formed on top of a layer of dielectric that has been
15 deposited on the surface of the underlying substrate or
they may be formed directly on the surface of the
substrate. These lower level conductors 26 are formed
under a relatively small angle with the Y-Y’ axis, an
angel ¢f between ahout 5 and 30 degreesg. After the lower
20 level conductors have been formed, dielectric is deposited
over the surface of the lower level of conductors to a
height that is the combined value of the height of the

vertical interconnects 30 and the thicknesg of the upper

level conductors 28. The conventional dual damascene

27



one of the vertical interconnects 30 between the upper and 28 lower level conductors. It is understood
in Fig. 2b that all cross sections of identical geometry that are shown at the same level as cross
section 28 are (the other) upper conductors, correspondingly for the lower level conductors 5 26 and
the vertical interconnects 30 of the helix coil. Further shown in the cross section that is shown in Fig.
2b is the silicon substrate 05 on the surface of which the helix coil of the invention is created. The 10
helix coil of the invention is created in a layer 32 of dielectric that can contain for instance oxide. Over
the surface of Iager 32 of dielectric_a passivation layer 34 is deposited for the protection and shielding

of the helix coil SFRETATertBH: 135 Fig"Sc ShbwsHn T57adrdSE settidm 6f Hie hidifédoil inductor of

the invention with a uniform conductar height. The previously identified upper and lower level
conductors of thler?ht(ﬁ &C(%?Paer%r%hsigél(lggrﬁ%d QI‘%]] ?igs.aéﬁeto\%é%eer%q’i%tz Ei%faﬁeu\?éjrﬁga(ljliﬁtxéerzeclror?nfect

petween the lowsGARd e uanst, level sopductors. Fyther highlohied arg igns 36,38 and 40,
which represent respectively the collective ends of tﬁe ower level conductors f6, the collective

vertical process has been completed, the now completed helix coil

& of the invention can be covered with a passivation layer
to protect the coil from envirconmentally induced damage.
In performing the dual damascene process, it must be noted
that the input and output connections 22/24 for the helix
coil are to be simultaneously created thus providing the

10 means of accessing the helix coil.

Proceeding to Fig. 2b, there is shown an X-X' cross

section of the helix coil inductor of the invention with a
uniform conductor height. The crogs section that ig shown
in Fig. 2b is taken along the X-X' axis (as if sawing the

15 coil in half along the line of the X-axig that is shown in
Fig. 2a and locking at one or the other of the sawed cff
surfaces) and therefore does nect indicate the variaticn in
lengths that exists between successive and adjacent upper
and lower level conductors that form the helix coil of the

20 inductor.

Highlighted in Fig. 2b is one of the upper level
conductors 28, one of the lower level conductors 26 and

cne of the vertical interconnects 30 between the upper and
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interconnects 30 and the collective ends of the upper 29 conductors 28 of the helix coil when looking
at this coil from the Y-Y' cross cut. For reasons of simplicity these collective items have been
highlighted only once whereby it is understood that the totality of 36, 38 and 40 is 5 represented by
equal cross sections that are shown in Fig. 2c of the same geometric configuration and at the same
(horizontal) level as where 36, 38 and 40 have been highlighted. 10 Fig. 2d shows a top view of the
helix coil inductor of the invention with a uniform conductor height. In Fig. 2d only one upper
conductor (28) and one lower Jevel conductor (26) have been cross hatched. Iimitz%j to only one for
a

0
reasons of clarity 8FfHe top ViewTRRERHOW), 15 thee VSHEARtE cofndcts 30that thidrconnect the

highlighted upper and the lower level condyctors (t eactgj other) and tq the immediately adjacent
Conuctors haves S1so BESs MG 20T G o8 iy et ave Shokh on B Bein 2t are

presented to facilifate later explanatigns of the, stiicture, ofthe helix eojl of the inventign, The lines
shown in each of these two figures are imaginary center lines that are defined as existing between the
sidewalls conductors, correspondingly for the lower level conductors

5 26 and the vertical interconnects 30 of the helix coil.

Further shown in the crosgs section that is shown in
Fig. 2b is the silicon substrate 05 on the surface of
which the helix coil of the invention is created. The
10 helix coil of the invention is created in a layer 32 of
dielectric that can contain for instance oxide. Over the
surface of layer 32 of dielectric a passivation layer 34
is deposited for the protection and shielding of the helix
coil of the invention.
15
Fig. 2¢ shows an Y-Y' crogs section of the helix coil
inductor of the invention with a uniform conductor height.
The previously identified upper and lower level conductors
of the helix coil are highlighted in Fig. 2c¢ together with
20 one vertical interconnect between the lower and the upper
level conductors. Further highlighted are items 36, 38 and
40, which represent respectively the collective ends of
the lower level conductors 26, the collective vertical

interconnects 30 and the collective ends of the upper
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30 of the upper level and lower level conductors and that run in the direction of length of these
conductors. As such it is convenient to refer to these lines as the lengthwise geometric center lines or
simply the geometric centers of 5 the conductors. These geometric center lines can exist in either the
upper of the lower surface of either the upper level or lower level conductors of the helix coil of the
invention. It is thereby preferred to refer to the geometric center of the lower surface of an upper level
10 conductor and the geometric center of the upper surface of a lower level conductor. The reason for
this is that these two_surfaces face each other and that the vertical interconnect make contact with
these surfaces. TS BRI Pe 3oved atbp Visiv BE e gEGe it E8ntePObE Bs&mplity 6f fipttevel

conductors 28 offtpgmheg'xecqy_qg, thce inven'Ej;or% It is noteworth%/ tha the,?ne metric cer ters of the
upper level condUctors intersect thé XoX~axi& Under an SAGIR 6 JOFdEGTERS Mt the 15Hgest of the 20

upper level condyciofs it s [N, a2 poINL Y+, k. And 2 pointy, max, Tase poigss are the
t

points where the geometric center of the vertical interconnect conductors 88%%e‘r1a§s Eraegpectively the

lower surface of jthe upngs kevel conduetor {28).and the ypRer sipfage oy 41 40 is

5 represented by equal cross sections that are shown in Fig.
2c of the same geometric configuration and at the sawme
(horizontal} level as where 36, 38 and 40 have been

highlighted.

10 Fig. 24 shows a top view of the helix coil inductor
of the invention with a uniform conductor height. In Fig.
2d only one upper conductor {28) and one lower level
conductor (26} have been cross hatched (limited to only
one for reasons of clarity of the top view that is shown),

15 three vertical interconnects 30 that interconnect the
highlighted upper and the lower level conductors {(to each
other) and to the immediately adjacent conductcrs have

also been highlighted.

290 The graphic displays that are shown in Figs. 2e and
2f are pregented to facilitate later explanations of the
structure of the helix c¢oil of the invention. The lines
shown in each of these twe figures are imaginary center

lines that are defined as existing between the sidewalls
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31 the lower level conductor (26). Since the cross section of the vertical interconnect conductor is a
circle, the geometric center of the cross section of the vertical interconnect conductors is the line that
connects two 5 geometric centers of two different cross sections of a vertical interconnect conductor.
Further to be noted from Fig. 2e is that the geometric centers of the upper level conductors are
parallel, that the upper level conductors are of reduced length for conductors that are further 10
removed from the longest upper level conductor and that the upper level conductors extend from their
intersect with the X-X' axis over equal length_at both sides of this intersect. 15 To specifically
highlight some of the" G&siJREhel &Y Bt i AehOUST rRNE: dSERHASBEEh SRt fétoré selected
upper level conductor, 37'. The line 29' as shown represents the geometric center of the upper level
conductor 37", with endpSints53 +Aa 53, ’ﬁlél%#&u?a% 5%%?&569?@&}6%%@0??%%‘/%rt?c%(fli"‘ntg%onnects

that make contacgw(i:th the Iowggzs%gaceegié thet%p@-:}lrelevel conductor g%‘earfehi%]r%%hggg as the

. 1 onvenie 1 .
circles 35', the center of these circles 357 1s the geomeﬁﬁ: center of the Vertical mterconnects while

3léﬂethenN0“Qg§$gﬂ&ic center lines or simply the geometric centers of

5 the conductors. These geometric center lines can exist in
either the upper of the lower surface of either the upper
level or lower level conductors of the helix coil of the
invention. It is thereby preferred to refer to the
geometric center of the lower surface of an upper level

10 conductor and the gecmetric center of the upper surface of
a lower level conductor. The reascn for thie is that these
two surfaces face each other and that the vertical

interconnect make contact with these surfaces.

15 ¥ig. 2e shows a top view of the geometric centers of
a sampling of top level conductors 28 of the helix coil of
the invention. It is noteworthy that the geometric centers
of the upper level conductors intersect the X-X' axis
under an angle of S0 degrees, that the longest of the

20 upper level conductors, that is line 61’ has a point y+
max. and a point y- max. These points are the points where
the geometric center of the vertical interconnect
conductorg 30 overlays respectively the lower surface of

the upper level conductor (28} and the upper surface of
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32 represent the sidewalls of the upper level conductor 37'. The points 41" and 41" are endpoints of
geometric centers of lines that are adjacent to line 37' that are used in the description under Fig. 2f. 5
Fig. 2f shows a top view of the geometric centers of a sampling of bottom level conductors of the helix
coil of the invention. The lower level conductors contain two conductors 60" and 60" of maximum
length whose geometric 10 centers intersect the Y-Y' axis at the two points y+ max. and y- max.
These latter two points are the two points where the vertical interconnects for these lower level
conductors 60" and 60" are the same vertical interconnect as the vertical interconnects that are

connected to the T maXiftinT BhGth GEPEFRYRF cdi@uctordPCThESE 176 POMIE S T offfer words,

the two pomtsw re the maximum _width of the up er | veI conductors matches u Wlth the
bgre (e maimum i per, q

maximum width 6f fhe lower Tével cOnGacors Furthar SféworthylnaFlg *2fisThat the lower level

conductors 20 a (ﬁ Qg;&ar@lel Al gcynterg%c%t%tﬂe )é r)(O' éa%qs un ran apgtt%that is Qoi(;:g?jnstant, that the

lower level conductors are of reduced lengt sfor conductorst Tat are urther removed from the two
IongeStbmmwleVEAterconnect conductors isg the line that connects two

5 geometric centers of two different cross sections of a
vertical interconnect conductor. Further to be noted from
Fig. 2e is that the geometric centers of the upper level
conductors are parallel, that the upper level conductors
are of reduced length for conductors that are further

10 removed from the longest upper level conductor and that
the upper level conductors extend from their intersect
with the X-X’ axis over equal length at both sides of this

intersect.

15 To specifically highlight some of the design aspects
of the helix coil, further detail has been shown for one
gselected upper level conductor 37'. The line 29’ as shown
represents the geometric center of the upper level
conductor 37', with end peoints 33’ and 33”. The circular

20 cross sectiong of the vertical interconnects that make
contact with the lower surface of the upper level
conductor 37’ are highlighted as the circles 35’, the
center of these circleg 35’ iz the geometric center of the

vertical! interconnects while 31’ are the two lineg that
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conductors 60' and 60" and that the lower level conductors 33 extend from their intersect with the X-X'
axis over a distance that is not equal in length at both sides of this intersect. The angle between the
direction of the Y-Y' axis and the direction of the lower level conductors is 5 the same for the lowest
level conductors 60" and 60" maximum and equal length, this angle increases for lines of geometric
centers that are further removed from these lines of geometric centers 60" and 60". For pairs of lines
of geometric centers that surround lines 60 and 60", 10 these angles are the same, for instance for

lines 43" and 61‘r,éhe an%Ietbetween,t e di;%lctionﬁft is line and the dﬂrrectior%of the Y-Y' axis is the
same, as is the case for thes'62” aht 45’15 Fufthel SRoWhR Fig Df%re tod8wer feve! ‘conductors

47" and 49' that ix_ghe c %Plfﬁcg é’ViHcheaLr‘PcPezfl level condléctor. BZ'S(_)fOEEJg. 2e. Tr%is is hi hIi%hted by

making the end points of the geometric Centers 43 &)rét\ﬁgéﬁl points 33" and 4rl3"§ and 4 efbsetween

point 41' 20 and 33)of Jawer level condugigrs 47 and 49 he same pgints 33.and 33" fhat have been
shown in Fig. 2e. The sidewalls for lower level conductor 47' have been marked with 51', the
sidewalls for lowenlevebeondyatondd- have: rig. 2f.
5
Fig., 2f shows a top view of the geometric centers of
a sampling of bottom level conductors of the helix coil of
the invention. The lower level conductors contain two
conductors 60’ and 60" of maximum length whose gecometric
10 centers intersgsect the Y-¥Y’ axis at the two points y+ max.
and y- max. Thesge latter two pointg are the two points
where the vertical interconnects for these lower level
conductors 60° and €07 are the same vertical interconnect
as the vertical interconnects that are connected to the
15 maximum length upper level conductor 61'. These two points
are, in other words, the two points where the maximum
width of the upper level conductors matches up with the
maximum width of the lower level conductors. Further
noteworthy in Fig. 2Zf is that the lower level conductors
20 are not parallel and intersect the X-X’ axis under an
angle that is not constant, that the lower level
conductors are of reduced lengths for conductors that are

further removed from the two longest lower level

conductors 607 and 607 and that the lower level conductors
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been marked with 53'. The dotted lines that are shown in 34 Fig. 2f are the geometric centers of the
upper level conductors that have previously been shown in Fig. 2e, including the dotted section of the
Y-Y' axis which is the upper level connector of maximum length 61" if Fig. 2e. 5 It must further be
noted in Fig. 2f that lines of geometric centers of the lower level conductors that are located on both
sides of the longest lines 60" and 60" are in pairs of equal length where the members of each pair 10
are located on opposite sides of lines 60' and 60". For instance, the length of line 61' is equal to the
length of line 43, the length of line 62' is equal to the length of line 45'. This pattern would continue

for a pattern of festhat toMAINS fore RETASH te YarpidpttérTthat 155had5der shown in Figs.

2e and 2f. Fig. 3 addresses a helix coil inductor of the_invention that uses uniform_ca tor height
hereby furthor ARG Ten S et AT S nt BB The 50 ConSt e st e el soil o

the invention tha{lilsC é:,pggv&ip Ui‘ﬁ gi%%#%%tigg%% gghl Zg]%fv%lcfi&q:@& cggsqﬂ%tiop_g,f,the helix coil of

the invention that has been shown in Figs. 2a throug e major and

axig and the direction of the lower level conductors is
5 the same for the lowest level conductorg €07 and 607

maximum and equal length, this angle increases for lines
of geometric centers that are further remcoved from these
lines of geometric centers &0’ and 607, For pairs of
linegs of geometric centerg that surrcund lines 6C and 607,

10 these angleg are the zame, for instance for lines 43’ and
61', the angle between the direction of this line and the
direction of the Y-Y¥’ axis is the same, as is the case for

lines €2’ and 45'.

15 Further shown in Fig. 2f are two lower level
conductors 47’ and 49’ that interconnect with the upper
level conductor 37’ of Fig. 2e. This is highlighted by
making the end points of the geometric centers 43
{between pointsg 337 and 417) and 45’ (between point 41°

20 and 33') of lower level conductors 47’ and 49’ the same
points 23’ and 337 that have been shown in Fig. 2e. The
sidewalls for lower level conductor 47’ have been marked
with 51’, the sidewalls for lower level conductor 49’ have

been marked with 53/ . The dotted lines that are shown in
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significant difference that a ferromagnetic core 42 has 35 been incorporated between the upper and
the lower level inductors of the helix coil. The comments and highlighted features that apply to the
respective drawings are therefore equally applicable between for instance Fig. 2a 5 and Fig. 3a, Fig.
3b and Fig. 3b, etc. with the notable exception that each of the Fig. 3a through 3d shows the
incorporation of the ferromagnetic core 42. Fig. 3a is an extended three-dimensional view of the 10
helix coil inductor of the invention with a uniform conductor height whereby ferromagnetic material 42
is incorporated. The method to form the helix coil of the 15 invention that has been supplied with

ferromagnetic materialbetiBenthe (HpRFah IGWEFTREVEF Bofdudtdfs BPIRE colSE aS follows. The

process of creatigg tQ% hte(@r( Scc%ikg%n u%trgr OfrtQ$ iig\éesrltior})useens ts eol;g)lIO\:szliqnngteps2 The lower level
conductors 26 are first Formed, hese 20 conductors mayybe forme onr%op of allgy'er ot ‘dielectric that

e oM I S ettt o ey B ATl o
with the Y-Y' aXi$yRfbr 1evel connector of maximum length 61/ if Fig. 2e.
5
It must further be noted in Fig. 2f that lines of
geometric centers of the lower level conductors that are
located on both sides of the longest lines 60’ and 60" are
in pairs of equal length where the members of each pair
10 are located on opposite sides of lines 60’ and 607. For
instance, the length of line 61' is equal to the length of
line 43’, the length of line 62’ is equal to the length of
line 45’. This pattern would continue for a pattern of

lines that contains more line than the sample pattern that

15 has been shown in Figs. 2e and 2f.

Fig. 3 addresses a helix coil inductor of the
invention that uses uniform conductor height whereby
furthermore ferromagnetic material 42 is incorporated. The

20 construction of the helix coil of the invention that is
shewn in the Figs. 3a through 3d is identical to the
construction of the helix coil of the invention that has
been shown in Figs. 2a through 2d with the major and

significant difference that a ferromagnetic core 42 has
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36 angel of between about 5 and 30 degrees. After the lower level conductors have been formed,
dielectric is deposited over the surface of the lower level of conductors to a height that is the
combined value of the height of the 5 vertical interconnects 30 and the thickness of the upper level
conductors 28. A layer of ferromagnetic material is next selectively deposited whereby this layer
covers the surface of the dielectric layer into which the lower level conductor have been formed while
it also covers the 10 surface of the lower level conductors. The ferromagnetic material does not
overlay the surface areas for the vertical interconnects that are contained in the upper surface of the

lower level connB&OR bR ROBET R By HREYE Feohtitric R fterdATtE fhe fRfomagnetic material 15

has been deposited, a layer ofﬂel ctric is deposited oyer the layer of ferro netic. material thereby
including the sur %%5 %!%eggés’ of et?é%egrlefsévle)f con %Ctoﬁ ﬁwé:torﬂ%?%% f”r%lr(f{wn t egf%l&vén%gﬁéis of the
layer of ferromagng

0 tci%rmeasgegggg h§£¢§0§yeggorg%leduraelg MAs ged%%‘%l%lc\%sso %i}%n allows for the

creation of the vertical interconnect at the same time that the upper conductors 28 are

created. After this,duial damascens: PIPGess hashaen campleted the now completed heliy coil
5 and Fig. 3a, Fig. 3b and Fig. 3b, etc. with the notable
exception that each of the Fig. 3a through 3d shows the

incorporation of the ferromagnetic core 42.

Fig. 3a is an extended three-dimensicnal view of the
10 helix ceoil inductor of the invention with a uniform
conductor height whereby ferromagnetic material 42 is

incorporated.

The method to form the helix coil of the

15 invention that has been supplied with ferromagnetic
material between the upper and lower level conductors of
the coil is as follows. The process of creating the helix
coil conductor of the invention uses the following steps.
The lower level conductors 26 are first formed, these

20 conductors may be formed on top of a layer of dielectric
that has been deposited on the surface of the underlying
substrate or they may be formed directly on the surface of
the substrate. These lower level conductors 26 are formed

under a relatively small angle with the Y-Y’ axis, an
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of the invention can be covered with a passivation layer 37 to protect the coil from environmentally
induced damage. In performing the dual damascene process, it must be noted that the input and
output connections 22/24 for the helix coil are to be simultaneously created thus providing the 5
means of accessing the helix coil. Fig. 3b shows a X-X' cross section of the helix coil inductor of the
invention with a uniform conductor height whereby ferromagnetic material 42 is incorporated. 10 Fig.
3c shows a Y-Y' cross section of the helix coil inductor of the invention with a uniform conductor
height whereby ferromagnetic material 42 is incorporated. 15 Fig. 4 addresses the third embodiment
of the invention ARATh i85 MEIKSTRNBREF of tid hveRtidRathat tsed bafiical itercShifiEcts 44 of

non-uniform heights. tisin ist_tes%peq%imgo tant to_reiterate the gonce fs otup@l%r %%thucéor 28,
lower level conddiStoF 26 58 aRd Vekital fhisrconniact 24 Batwesh the Gpparand tis Howar fevel

conductor. The main point of interest under_the third embodiment.of the invention is the length of the
vertical interconrcl)é'rc{?|Jffapn%ﬁzie bgtl\l/\'}:eeanc%eqow%%rl?e\}e?‘(fg) g%\éet e?gé%%%%?e%fégscogn%uctors that form

the helix height that is the combined value of the height of the
5 wvertical interconnects 3¢ and the thickness of the upper
level conductors 28. A layer of ferromagnetic material is
next selectively deposited whereby this layer covers the
surface of the dielectric layer into which the lower level
conductor have been formed while it also covers the
10 surface of the lower level conductors. The ferromagnetic
material does not overlay the surface areas for the
vertical interconnects that are contained in the upper
surface ¢f the lower level connector but is bounded by
these geometric centers. After the ferromagnetic material
15 has been deposited, a layer of dielectric is deposited
over the layer of ferrcmagnetic material thereby including
the surface areags of the lower level conductors that
protrude from the lower regions of the layer of
ferromagnetic material. The conventicnal dual damascene
20 process then allows for the creation of the vertical
interconnects 30 at the game time that the upper level of
conductors 28 are created. After this dual damascene
process has been completed, the now completed helix coil

of the invention can be covered with a passivation layer
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38 coll of the invention. One such vertical interconnect has been highlighted as interconnect 44 in Fig.
4a. By evaluating the comparative heights of the other vertical interconnects that are shown in Fig. 4a
it is clear that 5 the height of these interconnects is not constant but varies between adjacent vertical
interconnects when proceeding in the X-X' direction of the helix coil. The lower level inductors of the
helix coil are in one plane, the distance between the upper conductors and the lower 10 level
conductors (which is the length of the vertical interconnects between the upper and the lower level
conductors) varies with a maximum distance being present in the_center of the coil where the X-X'

and the Y-Y" axi$ InRFSE& “frof\Fhich nakihilin THE TFRENES b twder DPPEF TS 388G er level
conductors of th%rrgelix cgil decreases in equal steps between agjacent conductorﬁgof the heC!Lix coil

when progressing In‘&ither ditaBfort Htha dire HEFTST HEXEX IS Bf the h&lECoil THIS Sfricture of

varying distances betwaen adjacent,upperand lower level 20 condictors of the pelix goi of the
invention further concentrates }awe el%ctroma e%c?leléloﬂ—he ﬁéslix coil around the center of the helix

coil whereby the Geper,qf, the helix col s located underneatl g 1eRYESLIPREl ging the

5 means of accessing the helix coil.

Fig. 3b shows a X-X' cross section of the helix coil
inductcecr of the invention with a uniform conductor height

whereby ferromagnetic material 42 is incorporated.

10
Fig. 3¢ showsg a Y-Y' cross gection of the helix coil
inductor of the invention with a uniform conductor height
whereby ferrcomagnetic material 42 is incorporated.
15 Fig. 4 addresses the third embcediment of the

invention, which is a helix coil inductor of the invention
that uses vertical interconnects 44 of non-uniform
heights. It is in this respect important to reiterate the
concepts of upper conductor 28, lower level conductor 26
20 and vertical interconnect 44 between the upper and the
lower level conductcr. The main point of interest under
the third embodiment of the invention is the length of the
vertical interconnection 44 between the lower level (26)

and the level upper (28) conductors that form the helix
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level conductor of the helix coil and in the cross section 39 of the helix coil in the Y-Y' direction where
the vertical interconnects have a maximum height, whereby the center point is removed from this
longest upper conductor by a distance that is equal to half the average height of the 5 vertical
interconnects between the upper and the lower level conductors of the helix coil. The height of a
vertical interconnect is thereby understood to be the length of a vertical interconnect between the
upper surface of the lower level conductor and the lower surface 10 of the upper conductor to which
the vertical interconnect is connected. Fig. 4a is an extended three-dimensional view of the helix coil

inductor of the invehtiof Wit noRYF o ” 15 88hdRIcEt N The cIhcepESRINE diffeféht heights

of the vertical intgrconr]FeH(J;t%lietV\{_leen the upper and the Igg\/er level §Qnduc ors og the helix coil of the

PR
invention is clear from thi exﬁgn galv‘lae%v that s Shown in ﬁé 44 20'Phe ethod of forming the helix

coil of the invenfion {ialigs A por-uniformheighLing dirgetion, Shats perpendigular fa lhe surface of
' cr

the underlying substrate is as follows. The process 0 ating the helix coil conductor of the
'nvennonuseSﬂ%%E@P@@ﬁhg@Q§'that are shown in Fig. 4a it is clear that

5 the height of these interconnects ig not constant but
varies between adjacent wvertical interconnects when
proceeding in the X-X' direction of the helix ¢oil. The
lower level inductors of the helix coil are in one plane,
the distance between the upper conductors and the lower

10 level conductors {(which is the length cof the wvertical
interconnects between the upper and the lower level
conductorg) varies with a maximum distance being present
in the center of the coil where the X-X' and the Y-Y’' axis
intersect, from which maximum the distance between upper

15 and lower level conductors of the helix coil decreases in
equal steps between adjacent conductors cof the helix coil
when progressing in either direction in the direction of
the X-X’' axis of the helix coil. This structure of varying
distances between adjacent upper and lower level

20 conductors of the helix coil of the invention further
concentrates the electromagnetic field of the helix coil
around the center of the helix coil whereby the center of
the helix coil is located underneath the longest upper

level conductor cof the helix coil and in the crogs section
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40 The lower level conductors 26 are first formed, these conductors may be formed on top of a layer
of dielectric that has been deposited on the surface of the underlying substrate or they may be
formed directly on the surface of 5 the substrate. These lower level conductors 26 are formed under a
relatively small angle with the Y-Y" axis, an angel of between about 5 and 30 degrees. After the lower
level conductors have been formed, the balance of the process for forming the helix coil that is shown
in Fig. 10 4a proceeds in incremental steps where each of the steps is controlled by the height of the
respective vertical_interconnects that must be implemented. It must in this be remembered that an
inductor is creatéth withSadGjetive® 16 ebtalfiidh certain Sieckcal perfohfancE Bardmetérsdor 15 the
coil. From this it immediately follows that the physical design parameters for the coil are determined
by the expected SE&HTEaIHSGRNEtErY 6f the Coit TREsES PRy Eical YeRigH Baraiie@ra afd many, one of
the key parameters f%r t:kLuSa coil that E sprogvn ir;?F%Lg. 4a and tpat 20 is of int rest at thti)s pgint is the

height of the verfical interdonnects that cor%et e Fo%&ﬁgveluc%%%ﬁc%jrg with™ the uﬁper level

conductors. By way otexample.q seLOfuo, #Pper And fowgLleysLandugiars pighlightedaith 26' (for
5 wvertical intercennects between the upper and the lower
level conductors of the helix ccil. The heicght of a
vertical interconnect is thereby understood to be the
length of a vertical interconnect between the upper
surface of the lower level conductor and the lower surface
10 of the upper conductor to which the vertical interceonnect

is connected.

Fig. 4a is an extended three-dimensional view <f the
helix coil inductor of the invention with a non-uniform
15 conductor height. The concept of the different heights of
the vertical interconnects between the upper and the lower
level conductors of the helix coil of the invention is

clear from this expanded view that ig shown in Fig. 4sa.

20 The method of forming the helix coll of the
invention that has a non-uniform height in a direction
that is perpendicular to the surface of the underlying
substrate is as follows. The process of creating the helix

coil conducteor of the invention uses the feollowing steps.
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the two lower level conductors), 28'(for the two upper 41 level conductors) and the thereby belonging
vertical interconnect 44' have been highlighted. Some observations are relating to these two sets of
conductors are in order. 1) the lower level conductors 26' are at this stage 5 of the process of creating
the helix coil in place 2) all four vertical interconnect 44" are of equal height 3) the two upper level
conductors 28' are of equal length, and equal thickness, and 10 4) all other physical design
parameters such as conductor width, material used for the conductor are the same for the two upper
level conductors 28'. From this it becomes _clear that the above indicated 15 steps of creating the coil

of the invention thaFis-SH&#n lifiSg. F2PENRRYS réfedt™ S cle WRkretiyE Befing Witk eycle, a set of

vertical interconnceocr'%lg%%ether with the I%onnec(tjjn upper I%vfelact:o[lductors' tgﬁingeccg%ated. Itis not

unreasonable to suggest ffiat there are N different 20 vallied fof the' giléh? Vi e Vetical

ot OEPAE G Ee pTSR  ehs
substrate or they may be formed directly on the surface of
5 the substrate. These lower level conductors 26 are formed
under a relatively small angle with the ¥Y-Y' axis, an
angel of between about 5 and 30 degrees. After the lower
level conductors have been formed, the balance of the
process for forming the helix c¢oil that is shown in Fig.
10 4a proceeds in incremental steps where each of the steps
ig controlled by the height of the respective vertical
interccnnects that must be implemented. It must in this be
remembered that an inductor isg created with as objective
to establish certain electrical performance parameters for
15 the goil. From thig it immediately follows that the
physical design parameters for the coil are determined by
the expected electrical parameters of the <¢oil. These
rhysical design parameters are many, one of the key
parameters for the coil that is shown in Fig. 4a and that
20 is of interest at this point ig the height of the vertical
interconnects that connect the lower level conductors with
the upper level conductors. By way of example a set of two

upper and lower level conductorsg highlighted with 26¢ (for

the two lower level conductors), 28’ (for the two upper
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point where the colil intersects with the Y-Y" axis). If it 42 is assumed that Hvmin = Hvl is the lowest
value of the height of the respective vertical interconnects and Hvmax then the first step after the
completion of the lower level conductors is to deposit a first layer of dielectric 5 over the lower level of
conductors, this layer of dielectric having a thickness that equals the sum of Hvmin plus the required
thickness of the upper level of conductors. Before the upper level of conductors and the therewith
connected vertical interconnects can be created, 10 input and output connections 22 an 24 must be
created. For this purpose a first layer of dielectric is deposited which has a thickness that is equal to

the vertical intertBRABCEARTAIS Bhed1S coNfiebPHeTRY E6mTBEIRIo Tf& Cofif plus the thickness
of an upper 15 Ieiveé conductor. Af%eﬁlr,thhsafxifrgt lgggl[l oﬁ?'?ﬁ?%% hgg b%%n degggiﬁteerq], at]g:eL: dual
10 /

nterconnect OmEe. OnS,, .
damascene proceduré aflows for the simultaneous cre & vertical interconnects 44 (two in

number) and I/ Oa@éd#’é’iorélzé and, 24,{twa, in_ Aun ‘%@b After e d/Q copnegls 22/g4 haye been
created, 20 the upper level conductors ana the thereby belonging vertical interconnects can be
created again using the, ual, damascene pragess, Assecondlayer obdieleglric is, o srage
5 of the procegss of creating the helix coil in place
2) all four wvertical interconnect 44’ are of egual
height
3} the two upper level conductors 28’ are of equal
length, and equal thickness, and
10 4) all other physical design parameters such as

conductor width, material used for the conductor are the

game for the two upper level conductcerg 287 .

From this it becomes clear that the above indicated
15 steps of creating the coil of the invention that is shown
in Fig. 4a regquires a repeat cycle whereby, during each
cycle, a set of vertical interconnects together with the
connecting upper level conductors is being created. It is
not unreasgonable to suggest that there are N different
20 valueg for the height Hv is the vertical interconnects
whereby the value of Ev incrementally increases from a
minimum value (at the extremities of the coil in the
direction of the X-X' axis) to a maximum value (at the

point where the coil intergects with the Y-Y' axis). If it

42



deposited over the surface of the first layer of dielectric, the thickness of this second layer of 43
dielectric is equal to the sum of the interconnects 44' and the thickness of the upper level conductor.
The dual damascene process now allows for the creation of the vertical interconnects 44' (four in
number) and the upper 5 level conductors 28' (two in number). These processing steps of depositing
a layer of dielectric (with a thickness that is equal to the combined value of the height of the vertical
interconnect that is to be contained in this layer of the dielectric plus the 10 thickness of the upper

level connector that connects the two to be created vertical interconnects) followed by the dual
damascene step’st étERiNGRe VeRticaiiitéftonn@et andl thiescoriéeifig UhheE Isvel EBRductor are
repeated. With the dual damascene step that has been indicated 15 herein it is assumed that as part

of this step metal*s- @BpoSifed ISl FEGRateF o ERinGS And REETHHTS "dposted 1y 8Ffietal may

optionally be plaparized. By fepeating these processing steps thepaint s reached, where the last
upper level conductor must be Create ““Fhig 20%h es3EnCE UResS the same procedures that have been

applied for the cfegfian of the pregeding upper level conductors . 1, ver of dielectric
5 over the lower level cf conductors, this laver of
dielectric having a thickness that eguals the sum of Hvmin
pPlus the required thickness of the upper level of
conductors. Before the upper level of conductors and the
therewith connected vertical interconnects can be created,
10 dinput and output connections 22 an 24 must be created. For
this purpose a first layer of dielectric ig deposited
which has a thicknesg that is equal to the vertical
interconnect 447 (that is used to connect the I1I/0
connectors to the coil) plus the thickness of an upper
15 level conductor. After this first layer of dielectric has
been deposited, the dual damascene procedure allows for
the simultaneous creation of the vertical interconnects
447 (two in number) and I/0 conductors 22 and 24 (two in
number) . After the I/0 connects 22/24 have been created,
20 the upper level conductors and the thereby belonging
vertical interconnects can be c¢reated again using the dual
damascene procesgs. A gecond layer of dielectric is
deposgited over the surface of the first layer of

dielectric, the thickness of this second layer of
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with the exception that only two vertical interconnects are created with one thereby belonging upper
level conductor, this in accordance with the coil that is shown 44 in Fig. 4a. There is no reason to
assume that the process of the invention must end with only one longest upper level conductor, it is
perfectly feasible to have for instance three or any other number of upper level 5 conductors that are
of one maximum length. After the last dual damascene process has been completed, the now
completed helix coil of the invention can be covered with a passivation layer to protect the 10 coil from
environmentally induced damage. Fig. 4b shows an X-X' crgss section of the helix coil inductor of the

invention with a AG-URTGM ConduEier teight. “Tife &8s Sechich thati§ SRSWASR Fig *4b shows 15

very clearly the variation in the height of t rtical_interconnects between the er and the lower
level conductorsafh(gt %}r?n ﬁ%lﬁgﬁge&%l o th}é%lﬁvgﬁ%enr. ﬁheev‘?/]grtlcc%?lrﬁgertc%%hec %acgfs? ighlighted

PP it i oy )
vertical interconnects 44’ (four in number) and the upper
5 level conductors 28’ (two in number) . These processing
steps of depositing a layer of dielectric (with a
thickness that is equal tc the combined value of the
height of the vertical interconnect that ig to be
contained in this layer of the dielectric plus the
10 thickness of the upper level connector that connects the
two to be created vertical interconnectsg) followed by the
dual damascene step of etching the vertical interconnect
and the connecting upper level conductor are repeated.
With the dual damascene step that has been indicated
15 Therein it is assumed that as part of this step metal is
deposited to f£ill the created openings and that this
deposited layer of metal may optionally be planarized. By
repeating these processing steps the point is reached
where the last upper level conductor must be created. This
20 in essence uses the same proceduresg that have been applied
for the creation of the preceding upper level conductors
with the exception that only two vertical interconnects
are created with one thereby belonging upper level

conductor, this in accordance with the coil that is shown
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Fig. 4c shows an Y-Y' cross section of the helix coil inductor of the invention with a non-uniform
conductor height. 5 Fig. 4c shows the varying lengths of the upper level conductors 46 that are part
of the body of the helix coil of the invention. Where the upper level conductor is labeled 46, this label
is meant to represent any and all of the upper level conductors of the helix coil. 10 Figs. 5a through 5c¢
present the fourth embodiment of the invention and show the helix coil of the invention that is
identical to the helix coil of the third embodiment of the invention (as shown in Fig. 4a through 15 4c)
with the exception that a ferromagnetic core 48 has been incorporated into the helix of the invention.
This ferromagnétit ¢or8 48'R intetfdSed Belife &t i T F&t &tfF YRE IGWEEIeVBFcSHRIESSE of the
helix core. 20 Fi% a}:g an extengled three-dime ion%lﬁ/ieW:Lc)f the heidlix coll irt1ductor of the invention
with a non-uniform conductor ReightwREfby Taftofiaghetic aféial 481 SREorporated. 46 The
processing steps (3l fre [eGHIrach{o Create ihe, slikele of i coll 2 ehownn Fig, Sa combines
instance three or any other number of upper level

5 conductors that are of one maximum length.

After the last dual damascene process has been
completed, the now completed helix coil of the invention
can be covered with a passivation layer to protect the

10 c¢oill from environmentally induced damage.

Fig. 4b shows an X-X' cross section of the helix coil
inductor of the invention with a non-uniform conductor
height. The crogs gecticn that is shown in Fig. 4b shows

15 wvery clearly the variation in the height of the vertical
interconnects between the upper and the lower level
conductors that form the helix coil of the invention. The
vertical interconnect that is highlighted with 44 is
representative of the vertical interconnects of the helix

20 coil, adjacent tc vertical interconnect 44 are

interconnects that are of non-uniform heights.
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process of first depositing a layer of ferromagnetic material, as it must be done for the creation of the
coil 5 that is shown in Fig. 3a, after which the various heights of vertical interconnects and the upper
level conductors that connect these vertical interconnects is performed as has previously been
described in detail under Fig. 4a above. 10 Fig. 5b shows an X-X' cross section of the helix coill
inductor of the invention with a non-uniform conductor height whereby ferromagnetic material 48 is
incorporated. 15 Fig. 5¢c shows an Y-Y' cross section of the helix coil inductor of the invention with a
non-uniform conductor height whereby ferromagnetic material 48 is incorporated. Fig. 6 shows a
graphic depiction of theF@Facttt a8 Rihclion of Freetienef ForieRoRverntitshadtepid iRBdétor and
for the helix coil inductor of the invention. The  frequency of application of the inductor is plotted (in
GHz) along the HotZontaaxid of tHe JrapFPthe® faclo?r 8f IRRAndUAoP TS ploRRd HIGRT the vertical
axis (in 47 units gfegu%lgy factor). Curve a depicts the relation between Q and the frequency of
application for the corventional spiral inductor while curve b depicts the

5 Fig. 4c¢ shows the varyving lengths of the upper level
conductors 46 that are part of the body of the helix coil
of the invention., Where the upper level conductor is
labeled 46, this label is meant to represent any and ail
of the upper level conductors of the helix coil.

1¢
Figs. 5a through 5c present the fourth embodiment of
the invention and show the helix coil of the invention
that is identical to the helix coil of the third
embodiment of the invention (as shown in Fig. 4a through
15 4c) with the exception that a ferromagnetic core 48 has
been incorporated into the helix of the invention. This
ferromagnetic core 48 is interposed between the upper and

the lower level conductors of the helix core.

20 Fig. Sa is an extended three-dimensional view of the
helix ccil inductor of the invention with a neon-uniform
conductor height whereby ferromagnetic material 48 is

incorporated.
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relation between Q and the frequency of application for 5 the helix coil inductor of the first embodiment
of the invention. The advantage gained by the helix coil of the invention is clear, the Q factor of the
helix coil of the invention only starts to decrease after an operational frequency of 3 GHz has been
reached. 10 Fig. 7 shows a graphic depiction of the Q factor as a function of frequency for the helix
coil inductor of the invention and for the helix coil inductor of the invention to which a ferromagnetic
core has been added. The 15 frequency of application of the inductor is plotted (in GHz) along the
horizontal axis of the graph, the Q factor of the inductor is plotted along the vertical axis (in units of
quality factor). Curve "@ e R IRE Feiafiof SRS aHiftHeeRlGI&TLy St &pTichfiof fr the helix
20 coil inductor of the invention_ while curvel"b" degicts 1tlhe relation.between % agd the f equency of
application for t& hafi 8biF inductéifofiRa indhtioh twHith & férremagnefic tord Rs %een added.
The advantage gained by the addition of ferramagnetic care to th lix.coil of 48 the invention is
clear, the Q fact rrgf%ﬁ%%wecfig (?ohro %h‘%ﬁ%@%ﬁ?&rﬂ gn@/ s?tgr\‘fg to %gc[}:eaxgéoé?tae%na%%gerational

material, as it wmust be done for the creation of the coil
5 that is ghown in Fig. 3a, after which the various heights
of vertical interconnects and the upper level conductors
that connect these vertical interconnects is performed as

has previously been described in detail under Fig. 4a

above.
1¢
Fig. 5b shows an X-X' crosg section of the helix coil
inductor ¢f the invention with a non-uniform conductor
height whereby ferromagnetic material 48 is incorporated.
15 Fig. 5c shows an Y-Y' cross gection of the helix coil

inductor of the invention with a non-uniform conductor

height whereby ferromagnetic material 48 is incoxrporated.

Fig. 6 shows a graphic depiction of the @ factor as a
20 function of frequency for a conventional spiral inductor
and for the helix coil inductor of the invention. The
fregquency of application of the inductor is plotted (in
GHz} along the horizontal axis of the graph, the @ factor

of the inductor is plotted along the vertical axis (in
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frequency of 3 GHz has been reached. 5 The following data further quantify the results that have
been summarized by the graphs that are shown in Figs. 6 and 7. #1 #2 #3 10#1 1.0 1.0 1.0 um #2
1.01.01.0um #310.04.04.0um #42.01.01.0um #5 50.0 200 200 um 15 #6 1520 4000 4000 um
#7 21,868 9,500 9,500 um2 #8 3.48 10.70 14.84 nH #9 1.806.10 7.64 #10 3.70 8.47 10.68 20 #11
5.00 9.30 10.87 #12 207% 326% #13 238% 324% #14 129% 188% #15 86% 98% 49 #16 57%
57% wherein: column #1 represents the conventional spiral inductor

units of guality factor). Curve a depicts the relation
between Q and the frequency of application for the
conventional spiral inductor while curve b depicts the
relation between Q and the frequency of application for
5 the helix coil inductor of the first embodiment <f the

invention. The advantage gained by the helix coil ¢f the
invention is clear, the Q factor of the helix coil of the
invention only starts to decrease after an operational
frequency of 3 GHz has been reached.

10

Fig. 7 shows a graphic depiction of the Q@ factor as a

function of freguency for the helix coil inductor of the
invention and for the helix ccil inductor of the invention
to which a ferromagnetic core has been added. The

15 frequency of application of the inductor is plotted {in
GHz) along the horizontal axis of the graph, the ¢ factor
of the inductor is plotted along the vertical axis {(in
unite of quality factor). Curve “a” depicts the relation
between Q and the freguency of application for the helix

20 coil inductor of the invention while curve “b” depicts the
relation between Q and the frequency of applicaticn for
the helix coil inductor of the invention to which a
ferromagnetic core has been added. The advantage gained by

the addition of ferromagnetic core to the helix coil of
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5 column #2 represents the helix coil inductor of the invention of uniform height without ferromagnetic
core column #3 represents the helix coil inductor of the invention of uniform height with ferromagnetic
core, while: 10 row #1 represents metal 1 thickness row #2 represents metal 2 thickness row #3
represents conductor width row #4 represents conductor spacing row #5 represents the smaller (par.
22, Fig. 1) inner 15 conductor length row #6 represents total conductor length row #7 represents total
chip surface area row #8 represents inductance value row #9 represents Q value at 1 GHz 20 row
#10 represents Q value at 2 GHz row #11 represents Q value at 3 GHz row #12 represents the
percentile improvéifieAtiERBGEHV e Yaftefken idytnSarkShi tif cdientidhalkspird inGdctor 50
row #13 represents the percentile improvement in Q value at 1 GHz when compared wijth the

conventional spifdtSindlER? FoR 12 repredeis thé Peferiié ifiprobefiterith P Fametonat

frequency of 3 GHz has been reached.

5 The following data further guantify the results that

have been summarized by the graphs that are shown in Figs.

6 and 7.
#1 #2 #2
10 #1 1.0 1.0 1.0 um
#2 1.0 1.0 1.0 um
#3 10.0 4.0 4.0 um
#4 2.0 1.0 1.0 um
#5 50.0 200 200 um
15 6 1520 4G0C 4000 um
#7 21,868 9,500 9,500 um®
#8 3.48 i0.70 14 .84 nH
#9 1.80 6.10 7.64
#10 3.70 8.47 10.68
20 #11 5.00 9.30 10.87
#12 207% 326%
#13 238% 324%
#14 129% 188%
#15 86% 98%
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5 at 2 GHz when compared with the conventional spiral inductor row #15 represents the percentile
improvement in Q value at 3 GHz when compared with the conventional spiral inductor 10 row #16
represents the reduction in total chip area required when compared with the conventional spiral
inductor. It is clear from the above indicated data that the 15 improvements that are obtained by the
helix coil inductor of the invention are not only obvious but also very significant. Although the
invention has been described and 20 illustrated with reference to specific illustrative embodiments
thereof, it is not intended that the invention be limited to those illustrative embodiments. Those skilled
in the art will recﬁéﬁize that variations and modifications can bé hiade Withoﬁf’fﬁeparting from the 51
spirit of the invention. It is therefore intended to include within the invention all such variations and
modifications which fall within the scope of the appended claims and equivalents thereof. 5

wherein:

column #1 represents

5 column #2
invention
column #3
invention
while:

10 row #1 represents

row #2 represents

#3

rOW represents

row #4 represents

#5

row represents

15  conductor length
row #6 represents
row #7 represents
row #8 represents
row #9 represents
20 row
row

row

represents
of uniform
represents

of uniform

the conventional spiral inductor
the helix coil inductor of the
height without ferromagnetic core
the helix coil inductor of the

height with ferromagnetic core,

metal 1 thickness
metal 2 thickness
conductor width
conductor spacing
the smaller (par. 22, Fig. 1) inner
total conductor length

total chip surface area

inductance value

0 value at 1 GHz

#10 represents Q value at 2 GHz
#11 represents Q value at 3 GHz

#12 represents the percentile improvement in inductive

value when compared with the conventional spiral inductor
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52 Claims 1. A structure of a helix coil inductor created over a silicon substrate having a plane,
comprising: 5 a silicon substrate having Cartesian X and Cartesian Y coordinates with corresponding
silicon X and Y axis perpendicularly intersecting, said point of intersection of said silicon substrate X
and Y axis being located in an arbitrary location over said substrate; 10 a multiplicity of lower level
conductors located in a plane parallel with a plane of said silicon substrate, said multiplicity of lower
level conductors comprising: i) at least one first lower level conductor having a length exceeding a
length of all other lower level 15 conductors; and ii) at least one second lower level conductor having
a length at variafe® Wit tHelRAGREBE thetatie RS BRR Fit $EloWBP TEVEPRBRGU D S HithtiSticity of
upper level conductors located in a plane 20 parallel with said plane of said silicon substrate, whereby

said upper levelontiudts HE SeparRed Font SaiY loiferfevei Cohlteits, aid Multiplicity of upper

level conductors . comprising: 53
1n%ugtorg

row #14 repregents the percentile improvement in Q value
5 at 2 GHz when compared with the conventional spiral
inductor
row #15 repregents the percentile improvement in Q value
at 3 GHz when compared with the conventional spiral
inductor
10 row #16 represents the reduction in total chip area
required when compared with the conventional spiral

inductor.

It is clear from the above indicated data that the
15 improvements that are obtained by the helix coil inductor
of the invention are not only obvious but alsoc very

significant.

Although the invention has been described and
20 illustrated with reference to specific illustrative
embodiments thereof, it i1s not intended that the invention
be limited to those illustrative embodiments. Those
skilled in the art will recognize that variations and

modifications can be made without departing from the
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(i) at least one first upper level conductor having a length exceeding a length of all other upper level
conductors; and (ii) at least one second upper level conductor 5 having a length at variance with the
length of the at least one first upper level conductor; a multiplicity of vertical interconnect conductors
of uniform height located in a plane perpendicular with said plane of said silicon substrate, said
vertical interconnect conductors 10 having a circular cross-section having a radius; and helix coil
Cartesian X and Cartesian Y coordinates with corresponding helix coil X and Y axis perpendicularly
intersecting. 15 2. The structure of claim 1, said lower level conductors comprising: a lower level
conductor width P& pléné pardel Withdalid Pland bf $8id-SifeSi Sibstrats SR ¥6wer-fevel conductor
length in a plane parallel with said 20 plane of said silicon substrate; lower |evel conguctor lengthwise

vertical sidewalls °a P16n8 berpéndibfiar 1 §RH151ENE of sEIFSIISHT Sa5StFAtE if'a% direction of said

lower level condyctor lengit; 54 Jower leyel conguctor widthyise verlical sidewalisin g . o

claims and equivalents thereof.
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plane perpendicular to said plane of said silicon substrate in a direction of said lower level conductor
width, said lower level conductor widthwise vertical sidewalls having the contours of a 5 semi-circle; a
lower level conductor upper surface in a plane parallel with said plane of said silicon substrate, said
lower level conductor upper surface comprising two lower level conductor interconnect surface areas
located at both extremities of length 10 of said lower level conductor upper surface, said lower level
conductor interconnect surface areas being bounded on one side by a lower level conductor
widthwise vertical sidewall; a lower level conductor lower surface in a plane parallel with said plane of
said silicon substrate; and 15 a lower level conduct§83MEr line located in a middle between said
lower level conductor lengthwise vertical sidewalls in a direction of said lower level conductor
lengthwise vertical sidewalls, furthermore being located in said lower level conductor upper surface,

endpoints foy sajd layyey Jeyelcondugtr, 20 centanine heipgemavedfiom Spig lapiereyel gonductor
| _ g g

widthwise vertical sidewalls by a distance being equal to said radius of said cross section of said

vertical intercopnect, conductors, 55 31 The strugtyre of claim 2, said lower level conductor

5 a silicon substrate having Cartesian X and Cartesian Y
coordinates with corresponding silicon X and Y axis
perpendicularly intersecting, said point of intersection of said
silicon substrate X and Y axis being located in an arbitrary
location over said substrate;

10 a multiplicity of lower level conductors located in a plane
parallel with a plane of said silicon substrate, said
multiplicity of lower level conductors comprising:

(1) at least one first lower level conductor having a
length exceeding a length of all other lower level

15 conductors; and

(11i) at least one second lower level conductor having a
length at variance with the length of the at least
one first lower level conductor;

a multiplicity of upper level conductors located in a plane

20 parallel with said plane of said silicon substrate, whereby said
upper level conductors are separated from said lower level
conductors, said multiplicity of upper level conductors

comprising:
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interconnect surface areas being a circular surface area having a center, said center of said circular
surface area of said lower level conductor interconnect surface areas being aligned with 5 said
endpoints of said lower level conductor center line. 4. The structure of claim 1, said upper level
conductors comprising: an upper level conductor width in a plane parallel with said 10 plane of said
silicon substrate; an upper level conductor length in a plane parallel with said plane of said silicon
substrate; an upper level conductor height in a plane perpendicular to said plane of said silicon
substrate; 15 upper level conductor lengthwise vertical sidewalls in a plane perpendicular to said

plane of said silicon substtate in a direction’isaid Uppef fevel coRdidtor fehgth: TBpet eV

conductor widthwise verﬂcé%l .sidewaI!Ls in %rflane(ﬁﬁépendiculilr to %idOpIJan(i fgg'd silicon substrate
C ve

. . . . in a en exc 1 1. a S r .u er.
in a 20 direction of said upper fevel conductor width; said upperriéI conductor widhiwisEVertical

si_dewa!ls having con_tourf_eqjeals%rglifoﬁ;rcctl% AN upper level conductor lower surface in a plar_le_ parallel
with said plane of said silicon substrate, said upper level 56 conductor lower surface comprising two

|nuﬂconnectsuﬁaceeuea§ii) at least one second upper level conductor

5 having a length at variance with the length of the at
least one first upper level conductor;

a multiplicity of wvertical interconnect conductors of
uniform height located in a plane perpendicular with said plane
of said silicon substrate, said wvertical interconnect conductors

10 having a circular cross-section having a radius; and

helix coil Cartesian X and Cartesian Y coordinates with

corresponding helix coil X and Y axis perpendicularly

intersecting.

15 2. The structure of claim 1, said lower level conductors
comprising:
a lower level conductor width in a plane parallel with said
plane of said silicon substrate;
a lower level conductor length in a plane parallel with said
20 plane of said silicon substrate;
lower level conductor lengthwise vertical sidewalls in a
plane perpendicular to said plane of said silicon substrate in a

direction of said lower level conductor length;
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located at both extremities of length of said upper level conductor lower surface, said upper level
conductor interconnect surface areas being bounded on one side by said upper level 5 conductor
widthwise vertical sidewalls; an upper level conductor upper surface in a plane parallel with said plane
of said silicon substrate; and an upper level conductor center line being a line located in a middle
between said upper level conductor lengthwise vertical 10 sidewalls in a direction of said upper level
conductor lengthwise vertical sidewalls, furthermore being located in said upper level conductor lower
surface, endpoints for said_upper level conductor  center line being removed from said upper level

conductor widthwis8W/ettical SidewaiX by 5 HistAhas Baiiy edGaltoSaid 15FalitisSf sHid 2ross

section of saig vertical inter%o.nnefts. ,§ The .séruciure of c%aim 4, said upper Iev% conductor
. P a?e éoerepen lcular O .Sa.IlI g ?ne o S%ld. S11T O{‘l substrate lf‘l a
interconnect Surface areas comprising a circular surface area having a center, said center of said

circular surface. area %2%3'5%?'[’%'%?' qonductor interconnect;syriace areas peing. aligned with
| , .

said endpoints of said upper level conductor center. 6. The structure of claim 1, said vertical

interconnect. GORAUEIOFS GOmPIFiNgG: 572 verical infgrconnect gondugior height;, and.a girgylay, vertical

interconnect conductor cross section.

5 semi-circle;

a lower level conductor upper surface in a plane parallel
with said plane of said silicon substrate, said lower level
conductor upper surface comprising two lower level conductor
interconnect surface areas located at both extremities of length

10 of said lower level conductor upper surface, said lower level
conductor interconnect surface areas being bounded on one side by
a lower level conductor widthwise vertical sidewall;

a lower level conductor lower surface in a plane parallel

with said plane of said silicon substrate; and

15 a lower level conductor center line located in a middle
between said lower level conductor lengthwise vertical sidewalls
in a direction of said lower level conductor lengthwise vertical
sidewalls, furthermore being located in said lower level
conductor upper surface, endpoints for said lower level conductor

20 center line being removed from said lower level conductor
widthwise vertical sidewalls by a distance being equal to said
radius of said cross section of said vertical interconnect

conductors.
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7. The structure of claim 1, said helix coil comprising: 5 a helix coil length in a plane parallel with said
plane of said silicon substrate measured in a direction of said helix coil X Cartesian coordinate; a
helix coil width in a plane parallel with said plane of said silicon substrate measured in a direction of
said helix coil 10 Y Cartesian coordinate, said helix coil length and said helix coil width being aligned
with said helix coil Cartesian X and Cartesian Y coordinates, with corresponding helix coil X and Y
axis perpendicularly intersecting, whereby said point of intersection of said helix coil X and Y axis is
located in an 15 arbitrary position over said substrate; and a helix coil height in a plane perpendicular
to said plané "of'S4id Siiicoh Substrafe. B THR strucifirs'of Q4iTH 1}%5%1315%&%{8 pofnt of Cartesian 20
intersection bgjcneqfaliglr}leedcyé/itg sa%d lei)éL ggil go'né II_OIIL C%rtecsigg iqtggsect@pé ggid Qelg( %oilvgoint gf
Cartesian ir]ﬂersec%%elng selécted Gversaid substrate as al6cation where said hiefix coil IndUetor is
created, therehy implying:a fixed 58, origptation; of said helix gl Gantesian X axis and Gastgian ¥
axis. 9. The structure of claim 1, said upper level conductors 5 comprising:

level conductor interconnect surface areas being aligned with

5 said endpoints of said lower level conductor center line.

4. The structure of claim 1, said upper level conductors
comprising:

an upper level conductor width in a plane parallel with said

10 plane of said silicon substrate;

an upper level conductor length in a plane parallel with
said plane of said silicon substrate;

an upper level conductor height in a plane perpendicular to
said plane of said silicon substrate;

15 upper level conductor lengthwise vertical sidewalls in a
plane perpendicular to said plane of said silicon substrate in a
direction of said upper level conductor length;

upper level conductor widthwise vertical sidewalls in a
plane perpendicular to said plane of said silicon substrate in a

20 direction of said upper level conductor width, said upper level
conductor widthwise vertical sidewalls having contours of a semi-
circle;

an upper level conductor lower surface in a plane parallel

with said plane of said silicon substrate, said upper level
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a maximum length upper level conductor created in equal lengths in a direction of said Y and the Y
axis of said helix coil Cartesian coordinates having an upper level conductor length being longer than
all other conductors within said multiplicity 10 of upper level conductors; and a multiplicity of upper
level conductors created parallel with said maximum length upper level conductor, located on both
sides of said maximum length upper level conductor, a length of said multiplicity of upper level
conductors being created in 15 equal lengths in the Y and the Y' direction of said helix coil Cartesian
coordinates, wherehy furthermore the length of said multiplicity of upper level conductors uniformly

decreases wWith' 1Hé&rea8ing distante BetieeA Eaid raxhhubt ettt Ghperisvel conatidtst aHdSsid

multipicity of ypper evel cpadctors. 20.10., The stiuclure gf claim.9; centers of upper jevel conductor
interconnect surface areas on a lower surface of said maximum Iengjfh upB r fevel conductor being

located on said ¥-Y. axis of ,3aid hglix EQ(% Cartesian, coordinales f‘”é’o%ta%%%?Qisf%‘@%%scggﬂ‘eé% ?aid

intersect of said helix coil Cartesian coordinates at points + Y max upper and -Y max upper. 11. The

structure of g@@a]cesaéqu%erﬂgyggcmggé éﬁo&lﬁi%"}%e by said upper level

5 conductor widthwise vertical sidewalls;

an upper level conductor upper surface in a plane parallel
with said plane of said silicon substrate; and

an upper level conductor center line being a line located in
a middle between said upper level conductor lengthwise vertical

10 sidewalls in a direction of said upper level conductor lengthwise

vertical sidewalls, furthermore being located in said upper level
conductor lower surface, endpoints for said upper level conductor
center line being removed from said upper level conductor
widthwise vertical sidewalls by a distance being equal to said

15 radius of said cross section of said vertical interconnects.

5. The structure of claim 4, said upper level conductor

interconnect surface areas comprising a circular surface area

having a center, said center of said circular surface area of
20 said upper level conductor interconnect surface areas being

aligned with said endpoints of said upper level conductor center.

6. The structure of claim 1, said vertical interconnect

conductors comprising:
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a maximum length first and a second lower level conductor extending in equal lengths from points of
intersection of a lower level conductor upper surface lengthwise center line with said X- X' axis of said
helix coil Cartesian coordinates, said points of 10 intersection being located equidistant from a point of
intersection of the X-X' and Y-Y" axis of said helix coil Cartesian coordinates, a lengthwise center line
of said lower level conductor upper surfaces intersecting under an angle with the Y-Y' direction of
said helix coil Cartesian coordinates, 15 furthermore said maximum length first and second lower level
conductor having lower level conductor lengths being Ié)br{ger than all other lower level conductors

within said multipli€ity’6f fower levBlF E5AUESt wheErehY hitthetinota & céfter of said lower level

conductor interconnect.surche area f.saiq first 20 maximu Iengg"l lower level conduc%or is aligned
ircular ver 1 T ectl

. . . C 1C nterconnec C UCTLOr Cros S n. o
with said point + Y'max upper, a center S said Interconnect surtace areas of said Second maximum
length lower level conductor being aligned with said point -Y max upper; and 60 a multiplicity of
conductors created parallel with said maximum length first and second lower level conductors located

in essentially eqyal numbers gn.bath sides of saidmaximumlength; jowerleveleopductors extending

in equal lengths from a point of 5 intersection of said centers of said lower surfaces of said lower
5 a helix coil length in a plane parallel with said plane of

said silicon substrate measured in a direction of said helix coil
X Cartesian coordinate;
a helix coil width in a plane parallel with said plane of
said silicon substrate measured in a direction of said helix coil
10 Y Cartesian coordinate, said helix coil length and said helix
coil width being aligned with said helix coil Cartesian X and
Cartesian Y coordinates, with corresponding helix coil X and Y
axis perpendicularly intersecting, whereby said point of
intersection of said helix coil X and Y axis is located in an
15 arbitrary position over said substrate; and
a helix coil height in a plane perpendicular to said plane

of said silicon substrate.

8. The structure of claim 1, said substrate point of Cartesian
20 intersection being aligned with said helix coil point of

Cartesian intersection, said helix coil point of Cartesian

intersect being selected over said substrate as a location where

said helix coil inductor is created, thereby implying a fixed

58



level conductors with said X-X" axis of said helix coil Cartesian coordinates, furthermore the length of
said multiplicity of lower level conductors uniformly decreasing with increasing distance between said
maximum length first and second lower level 10 conductors and said multiplicity of conductors. 12. The
structure of claim 1, said upper level conductors and said lower level conductors being joined by said
vertical interconnects comprising: 15 a first and second vertical interconnect provided to said
maximum length upper level conductor overlying an upper level conductor interconnect surface area
of a lower surface of said maximum length upper. level conductor, said first and second vertical

interconnect& fASMg toWdtdS tovidr Rvarcantiuctdrs, 28 dertard or said fifst Ahd SetondVetical

interconnects heing aligned with said centers of said interconnect surface areas of said lower surface
of said maximum length upper level conductor; and 61 a multiplicity of vertical interconnects provided
between corresponding interconnect surface areas on the lower surface of said upper level
conductors and on the upper surface of said lower level conductors. 5 13. The structure of claim 1

Vw“HebySa@f“ﬁﬁ%”%%@ﬁ%ﬁ%ﬁ@ﬂ%%’claim 1, said upper level conductors
5 comprising:

a maximum length upper level conductor created in equal
lengths in a direction of said Y and the Y’ axis of said helix
coil Cartesian coordinates having an upper level conductor length
being longer than all other conductors within said multiplicity

10 of upper level conductors; and

a multiplicity of upper level conductors created parallel
with said maximum length upper level conductor, located on both
sides of said maximum length upper level conductor, a length of
said multiplicity of upper level conductors being created in

15 equal lengths in the Y and the Y’ direction of said helix coil
Cartesian coordinates, whereby furthermore the length of said
multiplicity of upper level conductors uniformly decreases with
increasing distance between said maximum length upper level
conductor and said multiplicity of upper level conductors.

20
10. The structure of claim 9, centers of upper level conductor
interconnect surface areas on a lower surface of said maximum
length upper level conductor being located on said Y-Y’ axis of

said helix coil Cartesian coordinates and at equal distances from
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in a dielectric and furthermore covered by a layer of passivation. 10 14. The structure of claim 11, said
maximum length upper level conductor and said maximum length lower level conductor not being
restricted to one upper level conductor and two lower level conductors, extending to a multiplicity of
upper level and lower level conductors with a centrally located conductor of said 15 multiplicity of
conductors assuming a structural function equivalent to a structural function of said single maximum
length upper level conductor and said two maximum length lower level conductors. 20 15. The
structure of claim 1, whereby additionally input and output connections are provided to said structure

by providing® Ttercohnectsfo two uferieVerdrioet fevet coRaudtors 3¢ “shid 3htittis veg'6f

shortest length when compared tg all, other upper level or lower level conductors of said helix coil. 62
16. A structure of & helix él)%arp(—:'ac]i1 inductor 6n a'silicon substrate comprising: a silicon substrate; lower
level conductors over said silicon substrate in a 5 plane parallel with a plane of said substrate; upper
level conductors over said silicon substrate in a plane parallel with a plane of said substrate;

11. The structure of claim 1, said lower level conductors
5 comprising:

a maximum length first and a second lower level conductor
extending in equal lengths from points of intersection of a lower
level conductor upper surface lengthwise center line with said X-
X’ axis of said helix coil Cartesian coordinates, said points of

10 intersection being located equidistant from a point of
intersection of the X-X’ and Y-Y’ axis of said helix coil
Cartesian coordinates, a lengthwise center line of said lower
level conductor upper surfaces intersecting under an angle with
the Y-Y’ direction of said helix coil Cartesian coordinates,

15 furthermore said maximum length first and second lower level
conductor having lower level conductor lengths being longer than
all other lower level conductors within said multiplicity of
lower level conductors, whereby furthermore a center of said
lower level conductor interconnect surface area of said first

20 maximum length lower level conductor is aligned with said point +
Y max upper, a center of said interconnect surface areas of said
second maximum length lower level conductor being aligned with

said point -Y max upper; and
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interconnects over said silicon substrate having a height in a plane perpendicular to a plane of said
substrate, said 10 interconnects connecting said lower level conductors to said upper level conductors
thereby leaving a space between said upper and lower level conductors; an axis, said axis being
parallel with said substrate; a length; 15 a width, said width changing in the direction of said axis from
a maximum width at a center of said axis to smaller values of width when proceeding from said center
of said axis in either direction of said center; and a height. 20 17. The structure of claim 16 whereby

said height of said interconnects is constant. 63 , ,
a multiplicity of conductors created parallel with said

maximum length first and second lower level conductors located in
essentially equal numbers on both sides of said maximum length
lower level conductors extending in equal lengths from a point of

5 intersection of said centers of said lower surfaces of said lower
level conductors with said X-X’ axis of said helix coil Cartesian
coordinates, furthermore the length of said multiplicity of lower
level conductors uniformly decreasing with increasing distance
between said maximum length first and second lower level

10 conductors and said multiplicity of conductors.

12. The structure of claim 1, said upper level conductors and
said lower level conductors being joined by said vertical
interconnects comprising:

15 a first and second vertical interconnect provided to said
maximum length upper level conductor overlying an upper level
conductor interconnect surface area of a lower surface of said
maximum length upper level conductor, said first and second
vertical interconnects facing towards lower level conductors,

20 centers of said first and second vertical interconnects being
aligned with said centers of said interconnect surface areas of
salid lower surface of said maximum length upper level conductor;

and
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a multiplicity of vertical interconnects provided between
corresponding interconnect surface areas on the lower surface of
said upper level conductors and on the upper surface of said

lower level conductors.

13. The structure of claim 1 whereby said structure is embedded
in a dielectric and furthermore covered by a layer of

passivation.

14. The structure of claim 11, said maximum length upper level
conductor and said maximum length lower level conductor not being
restricted to one upper level conductor and two lower level
conductors, extending to a multiplicity of upper level and lower
level conductors with a centrally located conductor of said
multiplicity of conductors assuming a structural function
equivalent to a structural function of said single maximum length
upper level conductor and said two maximum length lower level

conductors.

15. The structure of claim 1, whereby additionally input and
output connections are provided to said structure by providing
interconnects to two upper level or lower level conductors of
said structure being of shortest length when compared to all

other upper level or lower level conductors of said helix coil.
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16. A structure of a helix shaped inductor on a silicon substrate
comprising:

a silicon substrate;

lower level conductors over said silicon substrate in a
plane parallel with a plane of said substrate;

upper level conductors over said silicon substrate in a
plane parallel with a plane of said substrate;

interconnects over said silicon substrate having a height in
a plane perpendicular to a plane of said substrate, said
interconnects connecting said lower level conductors to said
upper level conductors thereby leaving a space between said upper
and lower level conductors;

an axis, said axis being parallel with said substrate;

a length;

a width, said width changing in the direction of said axis
from a maximum width at a center of said axis to smaller values
of width when proceeding from said center of said axis in either
direction of said center; and

a height.

17. The structure of claim 16 whereby said height of said

interconnects is constant.
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