ADJUSTABLE 3D CAPACI TOR FI ELD OF THE | NVENTI ON The invention relates to the
general field of integrated circuits with particular reference to variable
capaci tors occupying mninmumchip real estate. BACKGROUND OF THE | NVENTI ON
LC or RC matching of networks is critical for sonme analog or RF circuits.
Adj ust nent of capacitor values after the circuits are already in use i s not
possi ble. Once the capacitor value has been pre-set, subsequent fine
tuning is not possible and an entirely new mask is needed for the

capacitor portions of th [ " b ae#,é nventional fl at

capaci tor designs tend t?‘@émbﬁ%ﬁggé%@ t %?JF"CE% p real estate, acting
as a bottleneck for further circuit densification. In the pre-integrated
circuit era, one of the ways of providing an adjustable capacitor was the
| ayout schematically shown in FIG 1. Seen there are four top electrodes

15 that share a common | ower electrode 11. By neans of switches 16 the top

el ectrodes can be connected in parallel, as needed to provide a capacitance
value between | and 9 unitsFEEWENTHBINVENTIGNd B since, as can be seen,

the ratios of the individual top electrode areas are 5:2:1:1. | The
present invention discloses how the schematic circuit of FIG 1 can be
inmplenented_in an integrated circuit, with m nimum consunption of chip real
estate. A rdiei ingesliar etlatss tohthepgienerahifieldvas ipfegfatedrmitcuits lwithh paffticlilaowi ng
references of

reference to variable capacitors occupying minimum chip real estate.

BACKGROUND OF THE INVENTION

I.C or RC matching of networks is critical for some analog or RF circuits.
Adjustment of capacitor values after the circuits are already in use is not possible.
Once the capacitor value has been pre-set, subsequent fine tuning is not possible and
an entirely new mask is needed for the capacitor portions of the circuit. Additionally,
conventional flat capacitor designs tend to occupy large amounts of chip real estate,

acting as a botileneck for further circuit densification.

In the pre-integrated circuit era, one of the ways of providing an adjustable
capacitor was the layout schematically shown in FIG. 1. Seen there are four top
electrodes 15 that share a common lower electrode 11. By means of switches 16 the
top electrodes can be connected in parallel, as needed to provide a capacitance value
between 1 and 9 units between points A and B since, as can be seen, the ratios of the

individual top electrode areas are 5:2:1:1.



i nterest being found: In US 5,350,705, Brassington et al. show a flat
capacitor arrangenent with comon top plate. Aitken et al. in US 6,088, 258
showsa pl anari zed i nterweave capacitor. In US 5,604,145, Hashizune et al.
di scl ose a planar capacitor process while in US 5,744,385, Bojabri reveals
a conpensation technique for a parasitic capacitor. SUMVARY OF THE

| NVENTION It has been an object of at |east one enbodi nent of the present
invention to provide a capacitor for use in mcro-electronic circuits.

Anot her object of at |east one enbodi nent of the present invention has been
that said capacitor be adjustable at the tinme that said mcro-electronic
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i nvention has been to provide a process for manufacturing said adjustable
capacitor. These obj ects have been achieved by form ng a set of individual

capacitors t share a fﬁln?;mn bottom el ectrode. The areas of the top
el ectrodes rq%@gesqqqq? Of eapriorcap dastrarormed wiy denfollgwisng |rﬁfeéﬁ?ﬂqeﬁt<§gr al

ratio t.0 on anot her so that they can be conbined to produce any
capaci t'BIfEes \Hemﬂ URd; ange of unit val ues. For exanple, if

In US 5,350,705, Brassington et al. show a flat capacitor arrangement with
common top plate. Aitken et al. in US 6,088,258 showsa planarized interweave
capacitor. [_n US 5,604,145, Hashizume et al. disclose a planar capacitor process while

in US 5,744,385, Bojabri reveals a compensation technique for a parasitic capacitor.

SUMMARY OF THE INVENTION

It has been an object of at least one embodiment of the present invention to

provide a capacitor for use in micro-electronic circuits.

Another object of at least one embodiment of the present invention has been that
said capacitor be adjustable at the time that said micro-electronic circuits are being

manufactured.



four capacitors whose areas are in the ratio of 5:2:1:1, are provided, then

any capacitance in a range of froml to 9 can be generated, depending on
how the top electrodes are connected. Such connections can be hard-wred
within the final wiring level to provide a factory adjustable capacitor or
they can be connected through field progranmmble devices to produce a
field programmabl e capacitor, BRI EF DESCRI PTION OF THE DRAWNGS FIG 1
shows how a group of capacitors can be connected to provide a wi de range
of capaci t ansfisandihé? otfecttA R IdAE oRb & 'dagm ] ’ i fhebRe
present invention. 3 é%%s. 3 aﬁ% 2 shg&% o%ﬁggvgégye%$@F§&@§§§®Pg5P nmay
be for ngdt ¥hib RAHE ikt - 0 ol gl I K 1 G, 5.shows .how
connections ar eHn%g)g 'dtéga‘?ﬂ@a?’%ﬁ% gglgfeh E@ngiﬁtrgﬁg %f‘—el%&c’ﬁlg %EW?BU&% a[%@elggr cuit
of FIG oy to produce a specific capacitance val ue. DESCRI PTI ON OF
THE PRéﬁ%ﬂgggh%n% | MENTS W wil| disclose the present invention through a
description of the process of the present invention. In the course of so
doing, the structure of the present invention will also beconme apparent.

Referring n El t ocess ,of .the present invention begins with
the provi sﬁ%\lﬁf r %ﬁciﬁf ngﬁgg?'?%FB‘bé’ﬂ"Bﬁ“ itgﬁ Preseqt fredyiop hegdwentar s
to be 3&8\%829 aa;?rocess for manufacturing said adjustable capacitor.

These objects have been achieved by forming a set of individual capacitors that
share a common bottom electrode. The areas of the top electrodes of these individual
capacitors are chosen to be in an integral ratio to one another so that they can be
combined to produce any capacitance within a range of unit values. For example, if
four capacitors whose areas are in the ratio of 5:2:1:1, are provided, then any
capacitance in a range of from 1 to 9 can be generated, depending on how the top
electrodes are connected. Such connections can be hard-wired within the final wiring
level to provide a factory adjustable capacitor or they can be connected through field

programmable devices to produce a field programmable capacitor,

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows how a group of capacitors can be connected to provide a wide

range of capacitances.

FIG. 2 shows the starting point for the process of the present invention.



el ectrical circuit of sonme kind including contact pads, such as 26, to
which a capacitor is to be connected. Mst commonly, though not
necessarily exclusively, this will be the topnost |ayer of an integrated
circuit on a silicon wafer. A base dielectric layer 22 is then deposited
onto 21 and contact pad 26. Layer 22 could be any of several materials
such as silicon oxide, TECS (tetraethyl 4 orthosilicate), or black di anond
(et hyl - doped porous silica), with any material having a low dielectric

constant beipgsps eingr4 §ﬁiow§ﬂew' %e@?ad%@@@ébéﬁhtb% fha Vﬂe#ﬁpr‘ﬁgﬁ vﬂﬁ%pf"ﬁg'ingb g;t

1,000 and 10, 000 Angstrons, 1 ca hi'sTsS

Iaylng r 25 on | ayer 22. ThIS | ayer is typically
sili con@%rr{]géﬁg@gtrga 5"’llé{t%mat erials such as silicon carbide could al so

have been used. It is deposited to a thickness between about 10 and 1, 000
Angstrons followi ng which second dielectric layer 23 is deposited on it.
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| ayer but other materials such as black di anond or silicon carbide could
al so have been used. It is deposited to a thickness between about 1, 000

and 5, 000 1 Gr Next, via h i S tched t hrough support di_ el ectrlc
| ayer 23 aer\Aérl 5@0‘%? aie Cgf'lé'bo?ﬁ@r 12@"@ db@s@%ﬂ@?@cﬁ??% ¢ §gBACitRpCe

t her eby Eﬁﬁ;osi ng contact pad 26. After deposition of a barrier |ayer (not
shown) ¥ ia hole 27 it is overfilled wwth tungsten and then planarized
so as to renove all tungsten not inside via 27, resulting in the formation
of tungsten via 35 (FIG 3). Then, as seen in FIG 2, three trenches 24,

DESCRIPTION OF THE PREFERRED EMBODIMENTS

We will disclose the present invention through a description of the process of the
present invention. [n the course of so doing, the structure of the present invention will

also become apparent.

Referring now to FIG. 2, the process of the present invention begins with the
provision of suitable substrate 21 on which is already present (or is to be added) an
electrical circuit of some kind including contact pads, such as 26, to which a capacitor
is to be connected. Most commonly, though not necessarily exclusively, this will be the

topmost layer of an integrated circuit on a silicon wafer.

A base dielectric layer 22 is then deposited onto 21 and contact pad 26. Layer

22 could be any of several materials such as silicon oxide, TEOS (tetraethyl



that extend through layer 23 as far as etch stop |layer 25, are etched. The
presence of |ayer 25 ensures that all trenches have exactly the same
depth. Each trench has a w dth between about 0.1 and 0.8 microns and the
trenches are separated fromone another by between about 0.1 and 1

m crons, depending on technol ogy design rules. Referring nowto FIG 3,
metal layer 11 is then deposited over the surface of |ayer 23, using a
conformal deposition nethod such as PECVD (pl asna enhanced 5 chem cal vapor
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by conmon el ectrode 11. These correspond to the four capacitors marked 1,
1, 2, and 5 shown schematically in FIG 1 so their relative

We have usually used an oxide such as silicon oxide or TEOS for the support
dielectric layer but other materials such as black diamond or silicon carbide could also
have been used. It is deposited to a thickness between about 1,000 and 5,000
microns. Next, via hole 27 is etched through support dielectric layer 23 as well as etch

stop layer 25 and base dielectric layer 22, thereby exposing contact pad 26.

After deposition of a barrier layer (not shown) in via hole 27 it is overfilled with
tungsten and then planarized so as to remove all tungsten not inside via 27, resulting in
the formation of tungsten via 35 (FIG. 3). Then, as seen in FIG. 2, three trenches 24,
that extend through layer 23 as far as efch stop layer 25, are etched. The presence of
fayer 25 ensures that all trenches have exactly the same depth. Each trench has a
width between about 0.1 and 0.8 microns and the trenches are separated from one

another by between about 0.1 and 1 microns, depending on technology design rules.

Referring now to FIG. 3, metal layer 11 is then deposited over the surface of

layer 23, using a conformal deposition method such as PECVD (plasma enhanced



areas are arranged to be in the ratio 1:1:2:5. Materials and thicknesses
for layer 15 are simlar to what was used for |layer 11. Referring next to
FIG 5, top dielectric layer 53 is then deposited on layer 15 (as well as
any exposed parts of |ayer 32) and four via holes 16 are etched through
layer 23 so as to expose contact area for each of top electrodes 151, 152,
and 155. Via holes 16 are then filled with tungsten as already described
above so as to provide contacts such as 54 for connection to the capacitor
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value of 6 units of capacitance, con I ONS sed,
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the time that it is needed in the field. Exanples of possible field

programuabl e devices include fusible |inks, anti-fuses, resistors,
capacitors, W conclude our descr| ption of the
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overlaps common capacitor electrode 11. Examples of layer 32 material include, but
are not limited to, silicon nitride, tantalum oxide, hafnium oxide, and aluminum oxide. It

was deposited to a thickness between about 30 and 300 Angstroms.

We refer now to FIG. 4. Metal layer 15 is deposited on high dielectric constant
layer 32 and then patterned to form four unconnected top electrodes 151, 152, and
155, all of whom are overlapped by common electrode 11. These correspond to the
four capacitors marked 1, 1, 2, and 5 shown schematically in FIG. 1 so their relative
areas are arranged to be in the ratio 1:1:2:5. Materials and thicknesses for layer 15 are

similar fo what was used for layer 11.

Referring next to FIG. 5, top dielectric layer 53 is then deposited on layer 15 (as
well as any exposed parts of layer 32) and four via holes 16 are etched through layer
23 so as o expose contact area for each of top electrodes 151, 152, and 155. Via
holes 16 are then filled with tungsten as already described above so as to provide

contacts such as 54 for connection to the capacitor top plates.



have been acconplished by use of nore than one dielectric filmthickness,
by use of nore than one dielectric material (each having different
dielectric constants), or by any conbination of these three possibilities.
What is clainmed is: 7 1. An adjustable capacitor, conprising: a silicon

waf er having a topnost |ayer on which are contact pads connected to a
circuit contained in said wafer; 5 a base dielectric layer on said topnost
| ayer and said contact pads; an etch stop |ayer on said base dielectric

| ayer; a support dielectric |ayer on said etch stop |ayer; a tungsten via,
ext ending through said support dielectric |ayer, said etch stop |ayer, and
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relative to one another,

In a first embodiment a metal layer (not shown) is laid down on layer 23 and then
patterned to make permanent (hard-wired) connections to electrode 155 and either of

the electrodes 151. In a second embodiment, a contact wire (not shown) is provided

near each contact, such as 54, and then connected to it through a fieid programmable
device. This results in a field programmable capacitor whose value can be adjusted at
the time that it is needed in the field. Examples of possible field programmable devices

include fusible links, anti-fuses, resistors, capacitors, and pass transistors.

We conclude our description of the present invention by noting that we have
elected to vary capacitance values by introducing differences in area. This could also
have been accomplished by use of more than one dielectric film thickness, by use of
more than one dielectric material (each having different dielectric constants), or by any
combination of these three possibilities.

What is claimed is:



areas in the ratio 5:2:1:1 ; a top dielectric layer on said top el ectrodes
and said high dielectric constant | ayer; 20 four tungsten vias, extending
through said top dielectric |ayer, that contact each top electrode, one
such via per electrode; and on said top dielectric |ayer, permanent

el ectrical connections between said top electrodes, whereby said _

adj ust abl e capacitor has a specific capacitance value. 25 2. The capacitor
described in claim1l wherein said base dielectric layer is selected from
the group consisting of silicon oxide, black dianond, and all dielectrics
having a dielectric constant 8 | ess than about 5 and said base dielectric

| ayer 1% depgsidiegati® abmrgwﬁ&%- et ween about 200 and 5,000 Angstroms.
3. The capaci torJ desc?iﬁpbed in cl ailr#raﬁ 1 wherein said etch stop layer is

sel ected framiliddd wdlerdizaig LRBM0SE ARG R wistd heQdnRict f;éd“s',ecoﬂﬂgcéé& ld £ Qfcuit
carbide and is deposited to a thickness between about 20 and 500 m crons.

4. The capsedtiosaidesdsrj bed in claim1 wherein said support dielectric |ayer
is selected from the group consisting of silicon oxide, black dianond, and
al 5 di el ect ra baseltialkatry layationlsaiittoproodtlayeonsd said chetac pagn about 5 and said
support dielectric layer is deposited to a thickness between about 200 and
5, 000 Angst ragrfich gop fpier erngrid bassrdieledds laperd in cl ai m 1 wherein said comon
capacitor el ectrode and said top electrodes are a netal selected fromthe
group consi st $4rgodAielgotricAaver on eaid efgh stop lyerand Ta 15 and have a t hi ckness
en about, 200 and 5,000 Angstrons.
bet we a tungsten \rflla, extend?ng through said support dielectric layer, said etch stop layer, and
said base dielectric layer, and contacting said contact pad;
10 three trenches that extend through said support dielectric layer as far as said etch stop
layer;
a common capacitor electrode on said support dielectric layer, including inside said
trenches, that contacts said tungsten via;
on said common capacitor electrode, a layer of high dielectric constant material that fully
15 overlaps said common capacifor electrode;
on said high dielectric constant layer, four unconnected top electrodes, all of whom are
overlapped by said common electrode, said top electrodes having, relative to one another,
areas in the ratio 5:2:1:1;
a top dielectric layer on said top electrodes and said high dielectric constant layer;
20 four tungsten vias, extending through said top dielectric layer, that contact each top
electrode, one such via per electrode; and

on said top dielectric layer, permanent electrical connections between said top

electrodes, whereby said adjustable capacitor has a specific capacitance value.

25 2. The capacitor described in claim 1 wherein said base dielectric layer is selected from the

group consisting of silicon oxide, black diamond, and all dielectrics having a dielectric constant



6. The capacitor described in claim1 wherein said layer of high dielectric
constant material 1is selected fromthe group consisting of silicon
nitride, tantalum oxide, alum num oxide, and hafnium oxide and is
deposited to a thickness between about 20 and 500 Angstrons. 20 7. The
capacitor described in claim1l wherein each trench has a w dth between
about 0.1 and 0.8 mcrons and said trenches are separated from one anot her
by between about 0.1 and 0.8 microns. 25 8. A field programmable _
capaci tigs thaREBbUSS BAd sfd Basé bilekRPiciB]dis BaNdsily B b MRERREs baeen Woltidd
are contact pads connected to a circult contarned in sard wareér; a base

di el ectdinds, b@yRigs@bmsgai d topnost | ayer and said cont act pfads; an etch stop
| ayer on said base dielectric layer; 5 a support dielectric |ayer on said
etch stop layer; a tungsten via, extending through said support dielectric
| ayer, said etch stop layer, and said base dielectric layer, and

cont act3.ng skiedcapantactespitdy it fatre 1T whaehesait ladh asp en@r ihssegsd sdhdthe
support dielectric |ayer as far as said etch stop layer; 10 a compn _
capaci t@purerensistiog ef siicasanitiids @pd silicon cabiietanidds ldapesited itn al thidkmegs ibetieda sai d
trenches, that contacts said tungsten via; on said commbn capacitor

el ect r RROUt 2D and 200 wicrafsgh di el ectric constant materia that fully

4, The capacitor described in claim 1 wherein said support dielectric layer is selected from
the group consisting of silicon oxide, black diamond, and all dielectrics having a dielectric
10 constant less than about 5 and said support dielectric layer is deposited to a thickness between

about 200 and 5,000 Angstroms.

5. The capacitor described in claim 1 wherein said common capacitor electrode and said
top electrodes are a metal selected from the group consisting of Al, AlCu, Cu, Ti, TiN, and Ta

15 and have a thickness between about 200 and 5,000 Angstroms.

6. The capacitor described in claim 1 wherein said layer of high dielectric constant materiat
is selected from the group consisting of silicon nitride, tantalum exide, aluminum oxide, and

hafnium oxide and is deposited to a thickness between about 20 and 500 Angstroms.

20
7. The capacitor described in claim 1 wherein each trench has a width between about 0.1
and 0.8 microns and said trenches are separated from one another by between about 0.1 and
(.8 microns.

25 8. A field programmable capacitor, comprising:



overl aps said common capacitor electrode; on said high dielectric constant
| ayer, four unconnected top electrodes, all of whomare 15 overl apped by
said common el ectrode, said top el ectrodes having, relative to one another,
areas in the ratio 5:2:1:1; a top dielectric layer on said top electrodes
and said high dielectric constant |ayer; four tungsten vias, extending
through said top dielectric |ayer, that contact each top electrode, one
such via per electrode; and 20 on said top dielectric layer, a netallic

contact W re difon&afr Hvingal Bpfbkd I%r}bﬁg@vﬂ?&* &%’coﬁ%:cgp%fé%hﬁ&&e#or%Eiécmﬁi ng

connectable to each other 'through fie pr ogr amma Vi ces. _

capaci teontitesian k&ieevafar, cl ai m 8 wherein said field programmbl e devices are
sel ected fromthe group consisting of fusible |inks, anti-fuses, and pass
transi st or s.a {2f5e iblddtic [y onapidtbpcst MBREaMDEA bohtsd phdd;8 wherein said base
dielectric layer is selected fromthe group consisting of silicon oxide,

bl ack di anora,etengtomlayerdoresadct baseatielé@nc lagera di el ectric constant |ess than
about 5 and said base dielectric layer is deposited to a thickness between
abbut 200 d&PrEOhdEleaiigdavennm saig efch stafhleyerapaci t or described in claim 8
wherein said etch stop layer is selected fromthe group consisting of

si licon nit 3 YBosieRyvia; pitestinacthraypt saidsyrpaert diejsotsic tayer tsaidetethsiok teyes dndt ween

. 5 1 Crons.
about ngldag]adse d?e?ecrtrrlfc layer, and contacting said contact pad;

three trenches that extend through said support dielectric layer as far as said etch siop
layer;
10 a common capacitor electrode on said support dielectric layer, including inside said
trenches, that contacts said tungsten via;
on said common capacitor electrode, a layer of high dielectric constant materia that fully
overlaps said common capacitor electrode;
on said high dielectric constant layer, four unconnected top electrodes, all of whom are
i5 overlapped by said common electrode, said top electrodes having, relative fo one another,
areas in the ratio 5:2:1:1;
a top dielectric layer on said top electrodes and said high dielectric constant layer;
four tungsten vias, extending through said top dielectric layer, that contact each top
electrode, one such via per electrode; and
20 on said top dielectric layer, a metallic contact wire for each of said filled via holes, said

contact wires being connectable to each other through field programmable devices.

9, The capacitor described in claim 8 wherein said field programmable devices are
selected from the group consisting of fusible links, anti-fuses, and pass transistors.

25

10



10 12. The capacitor described in claim8 wherein said support dielectric
| ayer is selected from the group consisting of silicon oxide, black

di anond, and all dielectrics having a dielectric constant |ess than about
5 and said support dielectric layer is deposited to a thickness between
about 200 and 5,000 Angstrons. 15 13. The capacitor described in claim3$8
wherein said conmon capacitor electrode and said top electrodes are a
netal selected fromthe group consisting of Al, AICu, Cu, Ti, TiN, and Ta

and havi).a tThe@speser BeScNBinakat s v&(b@ezﬁeﬁkd%ag)@&et‘éeﬁé‘iéﬁﬂé 5eljeéted-ﬁl$ﬁ1 the

capacitor described in claim8 wherein said | ayer of hig I el ectr
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nitride, tantalum oxide, alum num oxi de and haf ni um oxi de and

deposi tiess than abeutiScandessd basevdisiectabyer i2 depouitcd @0 a ANGGcE © BBwed B adelQOO
capacitor described in claim@8 wherein each trench has a w dth between
about @M 5.G00A@sEoms.crons and said trenches are separated from one anot her
by5 bet ween about 0.1 and 25 0.8 microns. 1|1

11. The capacitor described in claim 8 wherein said etch siop layer is selected from the
group consisting of silicon nitride and silicon carbide and is deposited to a thickness between

about 20 and 500 microns.

10 12. The capacitor described in claim 8 wherein said support dielectric layer is selected from
the group consisting of silicon oxide, black diamond, and all dielectrics having a dielectric
constant less than about 5 and said support dielectric layer is deposifed to a thickness between

about 200 and 5,000 Angstroms.

15 13. The capacitor described in claim 8 wherein said common capacitor electrode and said
top electrodes are a metal selected from the group consisting of Al, AlCu, Cu, Ti, TiN, and Ta

and have a thickness between about 200 and 5,000 Angstroms.

14. The capacitor described in claim 8 wherein said layer of high dielectric constant material
20 is selected from the group consisting of silicon nitride, tantalum oxide, aluminum oxide, and

hafnium oxide and is deposited to a thickness between about 20 and 500 Angstroms.

15. The capacitor described in claim 8 wherein each trench has a width between about 0.1
and 0.8 microns and said frenches are separated from one another by between about 0.1 and

25 0.8 microns.

11



