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METHOD FOR REDUCING SUBSTRATE CAPACITIVE COUPLING OF A THIN

FILM INDUCTOR BY REVERSE PIN JUNCTIONS .
| 29 DEC 9%

- BACKGROUND OF THE INVENTION

" (1) Field of the Invention

The invention relates to processes for the manufacture of semiconductor
devices and more particulérly to processes related to the formation of ind_ut:tive

- elements in thin film integrated circuits.
(2) Background of the invention and description of previous art

Integrated circuits(ICs) are_manuféctured by first forming discrete
semiconductor devices within the surface of silicon wafers. A multi-level
metallur_g_ical interconnection network is then forme'd over the devicés contacting .-
their active e_lements and wiring them together to create the desired circuits. |
Patterning of the devices elem_ents within the semiconductor surface as well as

_ thoée lying above the surface such as polysilicon gates and the wiring levels and
't_heir via/contact interconnections are accomplished by photolithography.
Passive circuit elements such as résistors, capacitors, and inductors are

generally patterned over insulative layers deposited on the surface of the



semiconductor wafer.

The'integra.tion' of metal coil inductors into the architecture of integrated

| circuit chips is relatively recent technology. The benefits of this integration are.

realized in improved circuit performance' as well as a reduction of componerli
space. Not only have metal coil inductors been integrated into monoiithic
mtegrated circuit chlps but they have been provnded with thin film cores of
magnetic and ferromagnetlc materials to improve thelr performance Among the
‘many problems faced by chip designers who incorporate inductive component

| on integrated circuit chips i$ excessive capacitahce between the indector and

the substrate. This capacitance greatly reduces the performance of the inductor

" at high operating frequencies, for example, above1 GHz.

Desai_gouder._ et.al., US 5;450,263 cites numerous 'methoc_ls for forrning
inductors in metalli"zationlllayers. over semiconductor integrated circuits. Tﬁese
methods include the suspension of the inductive components over air ga'ps using
bridges with insulative rnembers in order to lower cépaeitive coupling to the
substrate. Abfdi, et.al.,, US 5,539,241 suspends an inductor coil over an _air pit |
formed by anlsotroplcally etching out a portlon of the subjacent srllcon substrate
after the coil is pattemed on an insulative layer. Placmg a substantlal air gap

"between the inductor and the substrate is an effec_:twe way of reducing the
capacitance and improving high frequency performance. 'HeWever', the resultant

floating structure is very delicate and can easily be fatally damages during



manufacture. Another approach towards the incorporation of a low dielectric
constaht material between the inductor and the substrate is described by Xie,
US 5,736,749. A portion of the silicon substrate beneath the inductive ele_ment

is selectively made porous by énodic etching of the silicon.

" Yu, et.al., US 5,770,509 shows a method for decreasing inductor-to-
_substrate capacitance by forming a pattern of polysilicon filled trenches in the
silicon, running parallel io, and exiemal td the outside of each Sidé of the .
superjacént inductor metal lihes. The polysil_i_con in the trenches is doped to a |
cOnductivity type opposite to that of the substr_ate. By applying a reversé bias
 between the polysilicon in the trenches and the substrate, a depletion region is
'-formed between the polysilicon trenches, extending and linking up u_nder the
inductor metal. The add_ed series capacitance of the depletion region lowers the'
overall substrate capacitance. The structure requires extensiQ__e additional
processing and requires the application of a reverse bias to establish and
sustain the depletibn region un_der the inductor coils. Yu's method is difficult and
complex and requires réverse biasing. Although if includes only one junction, the
|;neth0d is difficult and complex, requiring the introduction of trench e;nbedded
metallization within 'th'e silicon and means for bias application. In addition, the
design is prone to considerable cross-talk beMeen the inductor and the

‘metallization that provides the junction biasing.

Fig. 1'shows a cross section of an inducto_r coil 17 formed on an upper
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level insulative layer of an integrated circuit by cenventibnal means. Specifically,

the inductor coil is formed on-a second IMD layer 15 and a center connection to

 the coil 17 is made through a conductive via 16 which connects to a metal stripe-

14 on the next subjacent metallization level. The insulative layers which are
used in forming integrated circuits elsewhere on the chip, are retained in tt;e
ihduc_tor region to build up dielectric thickness between the inductor- and the
silicon substrate 10, thereby lowering the capac_i_t'ive coupling-. In the'structure

shown in Fig. 1, these comprise a field oxide 11 (FOX), which is formed in the

-~ integrated circuit to isolated the semiconductive devices; an ILD (inter level

' 'dielectric) layer 12, 'througﬁ which'contacts are fabricated to the elements of the -

sem'iconductive devices; a first 23 (IMD1) and a second 15 (IMD2) IMD (inter

metal dielectrit:) layer, which insulate between wiring levels-in the circuit.

A planer view_ of the induetor coil js shown |n Fig. 2, wherein the cr_ose
section of Fig. 1 is designated by the line 1-1'. Although the cumulative
thickness of the insulative layers between the inddcter coil 17 can*be'about 03
microns or'greater, it yvould be desirable to still further feduce the eapacitiVe
coupling of the inductor coil 17 from the substrate 10. with minimal additional

process complexity.



- SUMMARY OF THE INVENTION

It is an object of this invention to provide an improved method for reducing
the inductor to substrate capacitance of an inductor formed patterned in a

metallization layer of an integrated circuit.

It is another object of this invention to improve the high freduency _

performance of an inductor forméd inan integ_rated circuit.

- Itis'yet another object of this inventiori to provide a method for reducing
inductor-to-substrate capacitance without requiring the application of electrical

' bias.

It ls still- another object of this invention to provide a method for fofming a
inductor element in a CMOS integrated circuit with iow substrate capacitance

with low added process complexity.

These objects are accomplished by forming the inductor in an 'uppermost
'métallization layer c.ﬁ:f. the integrated circuit over a region of the silicon sdbstrate
which has a p-well region beneath. The p-well region is surrounded by ah n-
‘type region which is formed by a high energy ion implantation of phosphorous,
prior to the forma_tibn of the p-well. The inductor is formed over an éccumulation

of several dielectric layers which are u'sed in the formation of other portions of
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the integrated circuit as field oxide (F_QX), ~ILD (inter level' dielectric) and IMD
(inter metal dielectric)’ layers. The deep, high energy (>400 keV) , phosphorous
implantation forms a Iightly doped n-type region beneath and adjacenttothe p- -
well. This gives rise to two back-to-back p/n junctions between the p-well and the
-p;f);pe substrafe. The combined capacitance of these two serial junctions in |
séfies combination with the capacitances of the die_léctric layers redooes the

inductor to substrate capacitance by a factor of between ébout 2 an_d 20.



BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a cross sectional view of an inductor formed over insulative

: layells oh a silicon substrate by conventional methods.

Fig. 2 is a plan view of an inductor formed over insulative layers on a '

silicon substrate by conventional methods.

Fié. 3A and Fig. 3B are cross section__al views of a regiqn of a silicon
_waferin which an inductor" is formed according to an embodiment of this

" invention.

Fig. 4 is a cross section showing a first region of a silicon integrated
circuit chip wherein an inductor has been formed according to the teaching of
this invention, and a second corresponding region of the same chip with

~.

‘elements of a twin-well CMOS integrated circuit.

Fig. 5 is a dopant profile of the embodiment of this invention showing the
doping of boron and phosphorous along a direction perpendicular to the surface

 of the wafer.

Fig. 6 is a cross sectidn showing, ih phantom, the depletion regions of two
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back-to-back reverse p/n junctions formed according to the teaching of this

invention, in a region of a silicon wafer over which an inductor is to be formed.

Fig. 7 is a circuit diagram of the capacitive components serially connected
between an inductor and a substrate prepared according to the teaching of this.

" invention.



DESCRIPTION OF THE PREFERRED EMBODIMENTS

In a first embediment of this invention an inductor is formed over a
plur.ality of' insulative layersadepb'sited ina designated region of a _silieon wafer.
The embodiment will'ﬂrst be illustrated in the inductor region only. Later the
relationship between the inductor region and concurrently formed CMOS
- devices, using twin-well or retrograde twin-well CMOS technology will be shown,
A p-type silicon wafer 20 is provided Referring to Fig. 3A there is shown a cross _

section of a portion of the wafer 20 wherein an inductor is to be formed.

Photoresist 21 is deposited and an opening 23 defining a region 22_ is
nattemed on the wafer 20. In the embediment the obening 23 is a planar
square with dimensions of 140 microns by 140 mierons or thereabout. An
inductive etement with planar di'mensions_\of 100 microns by 160 microns or

~ thereabout will later be formed over the region 22. - The opening 23 is made
large enough that the entire inductive ele'ment will lie over it. Phosphorous is
implanted into the silicon at a dose of between about 2x10" and 3x1 012 o
atoms/cm? at an energy of between about 400 and 450 keV to form a deep n-
type region 24. This energy places the centroid (the point of maximum

| concentration) of the phosphorous distribution at a depth in the silicon of about

0.6 £ 0.1microns.

The photoresist pattern 21 is stripped using conventional methods, for
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example plasma ashing or by commercial liquid stripper and the wafer 20 is then
subjected to thermal énnealing ata tomperature between about 1,000 and

1 ,050 °C 'to further diffuse the implanteo species and to make them electrically .
active. During the annealing,'-the phosphorous concentration at the wafer |

surface increases and becomes n-type.

Referring now to F'i'g. 3B, a screen oxide 25 is grown over the wafer
sorface oy thermal oxidation and a second photoresist layer 26 is applied and
patternéd to define an opening 27 smaller than the opening 23 and concentric
“ with the deep n-implant 24. ‘Inthe example desorioed by the embodiment, the
planar dimensions of the opening 27 are 125 microns by 125 microns or |
~ thereabout. The spécing between the perimeter of the.opening 27 and the
perimeter of the opening 23 is between about 5 and 10 microns. The screen
oxide 25 is optional and'may be omitted. A p-well 28 is formod in the opening 27
| by ioh implantation of boron into the silicon using the photoresist as a mask. p-

| well implantations are common in CMOS technology ahd the procéés énd doping
pararheters for forming the p-well 28 are well known. Thé depth of the p-well 28
is between about 0.3 ahd 0.5 microns. The boron implant comprises a dose of "
between about 1x1 o® and 2x1 0" atoms/cm? at an energy of between about 150
and 200 keV. The resultanf_ boron concentration in the p-well 28 is between
about 1x10" and 1x1 0f° boron atoms/cm®. In a CMOS integrated circuit, the p-
- well 28 is formed in the same process step that p-wells for n-channel MOSFETs
are formed elsewhere on the wafer. |
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_After'th_e p-well 28 is implanted, the resist mask 26 is stripped using
conventional methods, for example plasma ashing or by commercial liquid
stripper. The wafer. is subjected to a conventional thermal annealing to activate
the bo'ron._ dqpant species.” The screen oxide 25 is remqved by a dip in dilute HF.
Bet:a’uée the boron 'implant window 27 is smaller than and concentric with the
phosphorous implantation window 23, the resultant n-region 24 eng"ullfs and

electrically isolates the p-well diffusion 28.as depicted in the figure.

lntégrated circuit devices such as p- and n-channel MOSFETs are next
forfrjed-else’Where on the ir’itegrated circuit chip using conventional CMOS
E processing technology. As th'ése'deviées and théir intercohhecting circuitry ére
'.built up, the corresponding insulative léyers used in the circuits are accumulated _
over the region 22. Referring to Fig. 4, there is shown the region 22 with a
number of insulativé_ layers accumUla_tedjn the formation of a twin-well_ CMOS |
integrated circuit 40 which has beéen formed concurrently in another region of the
same chip. The totr;ﬂ thickness of the -a-ccu:m_uléted. insulative Iaye;é is betWéen
épout 2 and 2.5 fﬁicrons. The CMOS cir.éuit contains ap-channel MOSFET 42
and an n-channel MQSFET 44 with three metallization levels. The p-well 43 is
formed concurrently with the p-well 28 in the inductor region 22. The IoWermost
layer 50 comprisés a field oxide (FOX) which is grown to isolate the MOSFETSs
42,44.and is also fq_rmed over the p-well 28 in the inductdr region 22. The
MOSFET elements which are the sourt_:eldfain fegions 48, the gate oxides 47,
and_polyéilicoh gate el'eclro’des_.48 are formed by -well known CMOS processing
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.methods. The ILD layer 52 through which contacts 53 are formed to the device

. elements, and the superjacent ﬁfst 55 ar_1d second 58 IMD layers are retained in
the indueter regio.n 22 to build up the dielectrie Iayei' thickness. The inductor coil’
60is forrhe‘d_ from a second 57 and a third 59 metallization layer with an
interconnecting via éz. The inducibr coil 59 is confined within a planer re_gien
measuring 100 by 1 00 microns or thereabout, which lies entirely over the p-well

region 28.

Altemately, the low capacitively codple_d ind_uctor structure of the.
invention may be formed inﬁependently, without including the interconnection
' circuftry in the region 40, | by'depositing. an insulative Ieyer between about 2.5
-and 5 micrens thick on the. silicon wafer surface after the n-region 24 and the p-
well 28 have been formed in accordance with the first emb_odir_nent, and then
forming the inductor 59 ﬁth the_ _wiring interconnection 57, 62. .

In Fig. & there is shown boron and phosphofoue dopant prot;les in the
inductor region of a structure Wherein the inductor coil is formed in a fourth
metallization level. The dose of the deep phosphorous implaht was
2.5x1 012/cni’_ atan ehergy ef 420 kev and at an implant angle of 7 degrees to
prevent chahneliﬁg. The profile was measured by ESCA (electron spectroscopy
for chemical analysis) analysis, on a test wafer Which received the deep
phosphorous implant and the p-well implant. The cumulative thickness of the
insulative Iayer_s, which include BPSG (borophoephosilieate gla_ss) and silicon
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oxide layers was 0.35 microns.

The three capacitances, serially oonnected between the inductor coil 60
and the sobs_trate 20 are shown as C,, the total capacitance of the insulative
layers on the silicon; C,, the'depletion layer capacitance of the p/n junction.
between the p-well 28 and the deep phosphorous implant region 24; and C,, the
depletlon layer capacitance of the n/p junctlon between the deep phosphorous

_implant reglon 24 and the substrate. 20.

- Fig. 6 shows, in shaded phantom, the aporoximate shape of the depletion
' regions D, and D which give rise to the capacitances C, and C, respectively. it
~ can be seen in the ﬁgure' and from the doping profile, that the C, is of lower

- capacitance per uhit area than C,. The circuit equivalent of the three |
capacitences is shotn(n in Fig. 7.' By incorporating the two back-to-back p/n
junctiohs which form C, and C,, in series with the dielectric capacitance C,, the
total capacitence can be lowered by a taotor_ of between about 2 and 20 of thet
ot_the dielectric capacitance C, alone. The performance of the inductor is

particularly good when operated in the rf (radio frequency) region.

The embadiment uses the example of incorporating two reverse p/n
‘ juh'ctions between the inductor and the substrate to lower the capacitance
coupling of an mductor in a twin-well CMOS integrated circuit. It should be well

understood by those skilled in the art that such back to back p/n junctlons can be
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formed in concert with other types of 'integrated circuits. by applying procedures |
and principl_es taught by this invéntion.' While the invention'ha's_ been particularly
shown'and' describ'ed'with reference to the preferred embodiments thereof, it will .-
be understood by those skilled in the art that varioﬁs changes in form ahd detafls

may be made without departing from the spirit and scope of the invention.

While the embodiments of this invention utilize a p-type silicon substrate,

an n-type silicon substrate could also be used without departing from the

*concepts therein provided. In the case of an n-type substrate, the conductivity

| type of the other contributing elements to the inveniion.are correspondingly

revérsed, substituting a p-type dopant, for example boi'on, for the deep

" implantation and forming an n-well over the deep implahted region, thereby

forming two back-to-back reversed p/n junctions.

~
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1. A method for forming an inductor on a silicon wafer substrate

comprising the steps of:

(a) providing a silicon wafer of é first conductivity type;

' (b) _patterning a first photoresist layer to define a first opening in a

region of said wafer whereover an inductor is to be formed;

“(c) | implanting a first dose of ions of a second 'conductivity-'type into

said first opening at a first energy placing the centrpid of said first
dose at a first depth-below the silicon surface,'forrrﬁng a pocket of

said second conductivity type;

 (d)  removing said first photoresist layer;

()  subjecting said wafer to a first thermal annealing;

(f) patterning a second photoresi_st layer defining a second opening,
wholly within and oonce_ntriq with said first opening and spaced
inward from the perimeter of. said first 6pening by agap;

(g) implanting a second-dose o\f ions of said first conductivity type at a
secoﬁd energy into said wafér théreby forming a well-of said first
conductivity type,.and whe_reiﬁ said éecond dose is placed at a |
second depth which is shallower than said first depth; |

(h)  removing said second photoresist layer;

0] s.ubjecting said wafer to a second thermal annealing;

()  forming one or more insulative layers over said region; and

(k) formirig‘ an inductbr element on said insulative layers and nyng

entirely over said well.
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- .2. The method of claim 1 wherein said first conductivity type is p-type.

3. The method of claim 2 wherein said first dose is between about 2x10'

" and 3x10 ions/cn? of phosphorous and said first energy is between

~ about 400 and 450 keV.

4. The method of claim 2 wherein said first thermal annealing is

cdnducted_ at a temperature of between about 1,000 and 1,050°C.

‘5. The method of cla_i'm 1 _whereih s_aid ﬁrst depth is between 'about 0.55 _.

o and 0.65 microns. . - .

‘6. The method of claim 2 wherein said second dose is between about

1x10" and 2x10™ jons/cm? of boron and said second '.e'nergy is between

~

about 150 and 200 keV.

~ 7. The method of claim 1 wherein said gap is between about 5 and 10

microns.

8. The method of claim 1 whereby said pock'et' is exténded to the silicon

| surface around the periphery of said well by of dopant diffuéion during

said first and second theﬁnal annealing, theréby forming a continuous

zone of said second conductivity type between said well and the body of

16
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_' said wafer.

* c L | S *

9. The method of claim 1 wherein the combined thickness of said one or'-

* more insulative layers is between about 2.5 and 5 microns.

10. The method of claim 1 wherein the planar dimensions of said first _

opening are 140 microns by 140 microns or thereabout, the planar

dimensions of said second opening are 125 microns by 125 microns or

thereabout, and said inductor lies within a planar region having

dimensions of 100.rhicrons by 100 microns or thereabout.

11. A method for forming a CMOS integrated circuit with an inductive -

 element comprising;

(a) providing a silicon wafer of a first conductivity type;

(b) patterning a first photoresist layer to define a first opening in-a first

~ region of said wafer whereover an indu;':tor is to be formed;
(c)  implanting a first dose of ions of a séédnd conductivity type into
. éaid first openihg at é first energy placing the centroid of said first
dose at a first depth below thle silicon surface, forming a pocket of
 said second conductivity type; |
(d) subjecting said wafer td a first thermal annealing; |
(6)  removing said first photoresist layer;

(f) 'patteming a second photoresist Iayér defining MOSFET We_lls of
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(h)

M

()

(k) -

0]

(m)
M

(0)
(P)

 said first conductivity type in a second region of said wafer and a

second opening in said first region, wholly within and concentric
with said f rst opening and spaced inward from the perimeter of
said first openlng by a gap; |

|mplant|ng a second dose of ions of said first conductnvnty type ata

| second energy into said wafer thereby forming MOSFET wells of

said first conductivity type in said second region and a single well
of said first conductivity type in said first region, and wherein said

second dose is placed at a second depth which is less than said

first depth;

removing said second photoremst layer;

patterning a third photoresist layer defi mng MOSFET wells of said

second oonductivity type in said second region°

. |mplantmg a thlrd dose of ions of said second conductlvxty type at a

thlrd energy into said wafer thereby forming MOSFET wells of said
seoo_nd conductivity type;

removing said fhird photoresiet layer;

subjeeting said wafer to a second thermal annealing;

forming a field isolation on said wafer;

forming MOSFETS in said MOSFET wells;

forming an interlevel dielectric layer over said wafer;

forming contacts to eIerhents of said MOSFETSs in said interlevel

' dielectri_c layer;
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'.(q) forming a plurality of wiring levels, spaced apart vertically, by inter

metal dielectric laye_rs,' connected to said contacts and
interco’nngcted by con_duc.tive vias, while retaining only said field
isolation, said interlevel dielectric Iayér-and said inter hetal
dielectric layers over said first reg'ioh, thefeby fq'fming an

int_egrated circuit and an accumulation of insulative Iayéfs over said
first region; and |

() forming an inductor over said accumulation of .irisulative layers.
12. The method of ¢laim 11 wherein said first conductivity type is p-type.

13. The method of claim 12 wherein said first dose is between about
2x10™ and 3x10" jons/cm? of phosphorous and said first energy is

between about 400 and 450 keV. |
14. The method of claim 12 wherein said first thermal annealing is. -

conducted at a témperature of between about 1,000 and 1,050°C..

15. The inethod of claim 11 wherein said first depth is between about
0.55 and 0.65 microns.

- 16. The method of claim 12 wherein said second dose is between about

1x10™ and 2x10'* ions/cm? of boron and said secdnd energy is between
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" between about 450 and 500 keV.

about 150 and 200 keV.

17. The 'métHOd of claim 11 wherein said gap is between about 5 and 10 .

"microns.

_ 18. The method of claim 11 whereby said pocket of said second

conductivity type is extended to the silicon surface around the periphery
of said well as a resuit of dopant diffusion during said first and second
thermal annealing, thereby forming a continuous zone of said second

conductivity type between said sirgle well and the body of said wafer.

19. The method of claim 11 wherein said third dose is between about - N
1x10** and 2x10™ ions/cm? of phosphorous and said third energy is

~

20. The method of claim 11 wherein the combined thickness of said -

accumulation of ihsulativé_ layers is between about 2.5 and 5 microns.

21. The method of claim 11 wherein the planar diménsiqns of said ﬁfst
opening afe 140 microns by 140 microns or th_efeab’oﬁt, the plahar
dimen_sions of said second opening are 125 microns by 125 microns or
théreabou't, and said indﬁctor lies within a planar region having | |
dimensions of 100 microns by 100 miicrons or thereabout. - |
—
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