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BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to semiconductors and, more particularly, to an improved

process for making complementary metal oxide semiconductor (CMOS) compatible bipolar
CMOS (BiCMOS) devices.
Discussion of Related Art '
A BiCMOS circuit includes both bipolar and complementary metal oxide semiconductor
(CMOS) transistors in the same circuit. BiCMOS circuits enjoy advantages of both bipolar
circuits and CMOS circuits. Bipolar circuits may drive high capacitive loads and thus provide
large circuit fan outs and operate at high speed. CMOS circuits are relatively small in size and
consume less power than other technologies. A typical BICMOS device uses the bipolar circuits
as a push-pull current booster and the CMOS circuits as logic circuits and to drive the base
current of the bipolar circuits.
Fig. 1 is a schematic diagram of an example of a BiICMOS logic circuit 50 operating as
- an inverter. A totem pole-type output buffer 52 comprises a pull-up NPN bipolar transistor Q1
~ and a pull-down NPN bipolar transistor Q2. The base of transistor Q2 is coupled to an output
. terminal of a CMOS inverter 54 comprising a PMOS FET Q3 and an I;IMOS FET Q4. PMOS
~ FET Q3 supplies a base current to bipolar transistor Q1 so that the logic circuit outputs a high
; voltage (data "1"). NMOS FET Q4 pulls a base charge from bipolar transistor Q1 so that the
logic circuit outputs a low voltage (data "0"). The base of pull-down NPN bipolar transistor Q2
is connected to the source of NMOS FET QS5, which is turned on or off by the potential at the
node of bipolar transistors Q1, Q2.
Many BiCMOS fabrication techniques are complicated and cannot be fabricated in
standard CMOS foundries. This makes BICMOS designs difficult to implement for integrated
circuit designers that rely on standard CMOS foundries.
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"A BiCMOS circuit includes both bipolar and conpl enentary netal oxide

sem conductor (CMOS) transistors in the sanme circuit. BiCMOS circuits enjoy
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Fig. 1 is a schematic diagramof an exanple of a BiCMOS |ogic circuit 50
opedgyice gomprises an NMOS device 208 and a PMOS device 210. The NPNtransistor 204

includes a collector defined in an n-type c-well 212, a p-type base region 214, and an n+

emitter 216 formed by doped polysilicon. The NPN transistor 204 also includes an n+ n-plug
collector ring 218 which contacts the collector 212 and reduces series resistance.

The NMOS device 208 is formed in a p-well 220 defined in the p-type substrate 202 and
includes n+ drain and source regions 222A, 222B, and a gate oxide layer 224 on which a doped
polysilicon p-type gate 226 is formed.

The PMOS device 210 is formed in an n-well 230 and includes p+ drain and source
regions 232A, 232B, and a gate oxide layer 234 on which a doped polysilicon n-type gate 236
is formed. A number of field oxide regions 240 are defined on the surface as isolation areas
between devices.

A prior art method for manufacturing this BICMOS device 200 is illustrated with
reference to Figs. 3A - 3H. Fig. 3A shows a p-type substrate 202. The substrate may be a
conventional p-type wafer having a resistivity of about 6 to 9 2 cm?. A 310 nm thick sacrificial
oxide layer 302 is formed on the substrate to provide a protective layer for formation of the n-
plug.

The sacrificial oxide layer 302 is etched f_r_om the areas where the n-plug ring collector
218 is to be formed. A second etch, removing 120 nm silicon for the c-well lithography
alignment, is also performed. The photoresist layer is stripped and the wafer is cleaned. The
wafer is exposed to an oxidation step to grow a 20 nm thick screen oxide for the following
implant steps. The n-plug ring is formed by an implant of arsenic at an energy of 150 keV and
a dose of 1 x 10" cm®. The result of these steps is illustrated in Fig. 3B. _

Next, all of the oxide is stripped off of the wafer. - A 30 nm stress release oxide (SRO)
layer 304 is grown and then a 150 nm nitride layer 306 is deposited on the SRO layer by using
low pressure chemical vapor deposition (LPCVD). These two layers are masked and the SRO
and nitride layers 304, 306 are etched to create windows for forming the c-well 212. (These

layers are also etched to create a window for the n-well 230 in the following step with the n-well
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-as an inverter. A totem pole-type output buffer 52 conprises a pull-up NPN
bi pol ar transistor Q and a pull-down NPN bipolar transistor . The base
of transistor Q2 is coupled to an output terminal of a CMOS inverter 54
conprising a PMOS FET @B and an NMOS FET Q4. PMOS FET (B supplies a base
cur rmaask. X dNb¢rpthbavmd¢Vm&ﬂesnrovld¢y, the ctweil lrmpl@ntu%)gmfowqddeﬁmg be@rﬁ@pgor&ﬂ hi gh
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@&, which is turned on‘fr off by the potentjal at the node of bi pol ar
t r anasi exide dayen 307Rf 4000A. The result of these steps is shown in Fig. 3D.

Conventional CMOS steps follow: the nitride layer over the p-well is etched off and the

p-well implant is carried out as the 3800A n-well/c-well oxide protects the n-well/c-well from
the implant. The oxide layer 307 is then removed. A CMOS p-well drive-in step is carried out
at 1150° for 8 hours.

As seen in.Fig. 3E, a number of field oxide regions (FOX) 240 are formed on the
substrate 202. These FOX regions 240 may be formed in any well-known manner.

A gate oxide 234 is grown on the substrate surface in a conventional manner. Then, the
gate oxide is etched off over the base area 214 to form a base window with a base mask. The
result of these steps is shown in Fig. 3F.

Next, a base implant is performed using a p-type impurity such as BF, at an energy of
80 keV and a typical dose of 2 x 10" cm™. This forms the p-type base 214. The wafer is
cleaned and approximately 20A of oxide is removed using a precise oxide HF in 50:1 HF for
10 sec to remove oxide from the base area before polysilicon deposition. The result of these
steps is shown in Fig. 3G.

Next, polysilicon deposition is performed. The NMOS and PMOS polysilicon gate
structures 226, 236 are located on the gate oxide; a polysilicon emittér' 217 is located on the
substrate surface, in contact with the p-type base 214. The polysilicon emitter 217 is doped with
an extremely high arsenic implant. The dose is as high as 1 x 106 cm? at an energy of 50 keV,
which is four times higher than a conventional CMOS polysilicon implant. This high dose
eliminates the two dimensional effect for the narrow emitter and provides high emitter
concentration for high emitter injection. A shallow emitter drive-in step is performed. This
drive-in results in a very shallow n+ layer 216 in the base area 214.

The next step is the polysilicon patterning with over-etch to remove polysilicon stringers
along steps as well as etching away the n+ layer 216 in the extrinsic base region formed during
the emitter drive-in step. A normal CMOS over-etch process is used because of the gate oxide

beneath the polysilicon to protect the source and drain regions. But in this case, the bipolar base
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‘Many Bi CMOS fabrication techni ques are conplicated and cannot be fabricated
I n standard CMOS foundries. This nakes Bi CMOS designs difficult to
inmplenent for int egrated circuit designers that rely on standard CMOS
foundri es. Fig. 2 is a cross-sectional view of a triple well polysilicon
e tPagr 214 @\mmwweseﬂoto etolting iwithayt pxidé proteetione doithataa sertainl anmbuaNes

f Ounsﬂfc\én 1;{ Qﬁe eﬂﬁffs‘u& Base area is etched away. The result of these steps is shown in Fig. 3H.

Conventional CMOS steps follow including n-LDD, p-LDD, spacer formation, NMOS
source and drain implant, and PMOS source and drain implant.

As noted above, this BICMOS device may be fabricated in many CMOS foundries
without substantially changing the CMOS components. The c-well has a uniform profile. That
is, the c-wélllhas a dopant concentration which is highest near the substrate surface and which
decreases as it deepens from the surface. The c-well is doped in this manner to improve
frequency-current response by lowering the c-well sheet resistance (R,). However, lowering
R,. degrades the BV,, i.e., collector-emitter breakdown voltage breakdown. Thus, in this
device, the optimum R, which may be achieved is 300 ©/sq and, as a tradeoff, a 4V BV, and
a maximum fy (cut off frequency) of 15 GHz. This is because a lower R, results in a higher
£,. '

It is an object of the present invention to provide a CMOS compatible BiCMOS

fabrication technique which increases f; and maintains an acceptable BV,

SUMMARY OF THE INVENTION

This and other objects of the present invention are provided by a BiCMOS device having
a c-well fabricated using profile engineering (a multi-energy implant using accurate dosages and
energies determined by simulation) to provide a higher c-well implarit dose while creating a
narrow region with relatively low concentration in the collector depletion range to avoid low
base'-coilector breakdown. This achieves a much lower collector series resistance to pull-up a
frequency response, a collector sheet resistance which can be as low as 150 Q/sq., f; may be
increased to 20 GHz or higher, and epitaxial wafers are avoided. This latter advantage is
desirable because epitaxial wafers are incompatible with CMOS processes performed by most
foundries.

The c-well may be formed using profile engineering so that the carrier concentration near
the base-collector junction in the collector region is made lower than the dopant concentration
in the deep region of the c-well. For example, the base-collector junction may be formed with

a depth of 0.25 ym and have a regional (engineered) c-well carrier concentration less than 10"
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substrate 202 on which an NPN bi pol ar transi stor 204 and CMOS devi ce 206
are formed. The CMOS device conprises an NMOS device 208 and a PMOS devi ce
210.: The NPN transi stor 204 includes a collector defined in an n-type
c-well 212, a p-type base region 214, and an n+ emtter 216 formed by doped
pol ysin{; and thefhrweNmnythase s deping cofeentratien highé¢nthias1Q{hcm andepthsdesper than or

ri ngl\(ﬁ& whi ch contacts the collector 212 and reduces series resistance.
The NVBE™evi ce 208 is forned in a p-well 220 defined in the p-type

substrate £138, fiétodabstidingnd aPréfefted RFMbOMIMERE of BRI RERNER¥EntictPelBainaRs 2
gate oxi de | ayer 224 on which ) ] .
a silicon etch step during the collector ring formation procedures to provide a more efficient

5 method for creating a BICMOS device than previously possible.

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention is described with reference to the following figures:
Fig. 1 is a schematic diagram of an example of a BICMOS device logic circuit unit used as an
0 inverter;
Fig. 2 is a cross sectional view of a prior art BICMOS device;
Figs. 3A - 3H illustrate a conventional method for fabricating the BiCMOS device of Fig. 2;
Figs. 4A - 4H illustrate a method for fabricating a BICMOS device according to the present
invention;
5 Fig. 5 is a graph illustrating dopant concentration vs. distance from substrate surface in a prior-
art c-well using three different dopant doses; .
Fig. 6 is a graph illustrating dopant concentration vs. distance from substrate surface in a c-well
according to the present invention;
Fig. 7 is a graph showing the concentrations of Fig. 6 for the depths between 0.0 and 1.0 pm
0 from substrate surface; and '

Fig. 8 is a linear scale of the graph of Fig. 7.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

To increase f; while keeping BV, at an acceptable level, the present invention provides

'5 a novel technology of precise profile engineering of the c-well. By using profile engineering
in the c-well, a much higher c-well implant dose may be achieved, which provides a lower
collector series resistance to pull up the frequency response. The profile engineering maintains
a narrow region having a relatively low concentration in the collector depletion range which may
be at a depth of, for example, from 0.2 pym to 0.5 um, to avoid low base-collector breakdown.

0 This allows the collector sheet resistance to be lowered down as low as 150 Q/sq. The resultant
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a doped polysilicon p-type gate 226 is formed. The PMOS device 210 is
formed in an n-well 230 and includes p+ drain and source regions 232A,
232B, and a gate oxide |ayer 234 on which a doped polysilicon n-type gate
236 is formed. A nunber of field oxide regions 240 are defined on the
sut f BIEMOS| siycaire deoksrimilanta theevirugtire sbewn AngdfigoR, arith thetmes significant

uf aed Lir j 0g..t hi ' ' A LS, k:kd USE T at ' er{anc Fi gs.
o Qoo BV b3, S 4] SAOHIBE T P
conv einvémionl also-dlinpieates h silicomeichGtep dueinighé Miplye formationt ad thos nprovésl then?. A

310 nmthick
morphology of the device.

5 A method for fabricating a BiCMOS device according to the present invention is
described with reference to Figs. 4A - 4L. Fig. 4A shows a p-type substrate 202. The substrate
is preferably a conventional p-type wafer having a resistivity of about 6 to 9 Q/cm™®. A stress
release oxide (SRO) 408 is grown on the substrate 202. Preferably, the SRO 408 is 30nm thick.
Next, a nitride layer 410 is deposited on the SRO. Preferably, the nitride layer 410 is 150nm

0 thick and deposited using LPCVD. Using photolithogfaphic methods, photoresist is placed on
the nitride layer 410 to define a c-well window 404. The nitride layer 410 is etched off, keeping
the SRO 408 as a screen for a phosphorous implant described below. The photoresist is kept
on. Next, a c-well implantation is performed using, for example, phosphorus at an energy of
150 keV and a dose of between 3-5 x 10” cm?3, to form a c-well 212°. The photoresist is

5 removed and the wafer is cleaned. The result of these steps is séen in Fig. 4A.

As seen in Fig. 4B, using photolithographic methods, a second mask is used to define
an n-plug (collector ring) 218. When the n-plug windows are opened, the exposed windows are
doped with an n+ impurity such as arsenic, preferably at an energy of 150 keV and a dose of
about 1x10" cm?®. This n-well doping step results in a reduced collector contact series

0 resistance. The mask is then removed. After the n-plug implant, i ‘c-well drive in step is
carried out, preferably at 1150°C for 8 hours or 1175°C for 200 minutes. The result of these
steps is seen in Fig. 4B.

As seen in Fig. 4C, using photolithographic techniques, a third mask is used to define
an n-well 412 window. The nitride layer 410 is removed for the n-well implant and LOCOS

5 steps. The nitride layer 410 is preferably removed using a plasma etch. The n-well is created,
for example, using an n-type impurity such as phosphorous. Preferably, this is done at an
energy of 150 keV and a dose of 8x10™ cm®. The result of these steps is seen in Fig. 4C.

Next, the n-well/c-well LOCOS oxidation is performed to form a sacrificial LOCOS
oxidation layer 414. This layer preferably has a thickness of 380 nm. Next, the remainder of

0 the nitride layer 410 is removed, preferably using H,PO, at 170°C for 60 minutes. Next, the
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sacrificial oxide layer 302 is fornmed on the substrate to provide a

protective |ayer for formation of the n-plug. The sacrificial oxide layer
302°is etched fromthe areas where the n-plug ring collector 218 is to be
formed. A second etch, renmoving 120 nmsilicon for the c-well |ithography

Sl gl g P B g Oy g P A
1! el AP T ISIELES 5 TSROl TR SR RS EORLET,
f or Mikds sivérin o fiankizes fthé Fsrafation JF RpSRST 200 Ald he Q-¥eY 2800 thedRsg: 6F 1 X
1015 cnB. The result of these steps is illustrated in
these steps is seen in Fig. 4D.
Next, all the oxide is stripped to bare wafer in BOE and ready for the second nitride
deposition. Note that after this step, the n-well and c-well areas 220, 212’ are recessed about
160 nm below the p-well 220 plane. For simplicity, however, this is not shown in the figures.
A second stress reduction oxide layer 416 is grown, preferably using dry oxidation at 900°C to
create a 30 nm layer. A second nitride layer 418 is deposited using, for example, LPCVD to
create a 150 nm layer. This second nitride layer 418 is etched to expose field oxide regions.
The result of these steps is seen in Fig. 4E.
Next, a number of field oxide regions (FOX) 240 are formed on the substrate 202.
These FOX regions may be formed in any well-known manner. The result of this step is seen
in Fig. 4F.
Next a LOCOS field wet oxidation is performed. A nitride layer 418 is removed using,
for example, H,PO, at 170° for 60 minutes followed by an SRO HF dip off. The result of these
steps is seen in Fig. 4F.
Next, optionally a V, adjustment implant is performed to adjust the well doping to the
desired V, value. Next, a pre-gate oxide etch may be performed to clear active areas for gate
oxidation. o
Next, a gate oxide layer 430 is grown on the substrate surface in a conventional manner.
Preferably, the gate oxide 430 has a thickness of 175A + A, where A is an amount introduced
to compensate for a HF dip thickness loss, discussed below. The gate oxide in the base active
area is etched off over the c-well 212’ area by lithography to form a window 432. This window
is used to perform the collector profile engineering implants. The profile engineering uses one
or more implants of a p-type dopant, such as boron, having predetermined dosages and energy

levels precisely to control the total dopant concentration of the c-well 212°. Preferably, these

implants are as follows:
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stress rel ease oxi de (SRO

3B. Next, all of the oxide is stripped off of the wafer. A 30 nm
| ayer 304 is grown and then a 150 nmnitride

|l ayer 306 is deposited on the SRO | ayer by using | ow pressure chem cal
vapor deposition (LPCVD). These two | ayers are masked and the SRO and

nitride layers 304, 306 are etched to create wi ndows for formng the c-well

212.
t he

(These lavers are also etched to create a window for the nwell 230 in
Dopant i Energy Dosage
Boron 65 keV 2.1 x 102 cm?
Boron 120 keV 2.2 x 102 cm?

These precisely engineered boron implants partially compensate the n-type phosphorous doping
previously performed in the specified region.

The gate oxide over the base active area is etched away. The base is then doped to a p-
type conductivity using, for example, boron at an energy of 20 keV and a dose of 2 x 10" and
7°. This type of implant reduces channelling of implanted ions. This forms p-type base 214.
The result of these steps is seen in Fig. 4G.

Next, an HF dip is performed to remove native oxide formed in base areas during
photoresist stripping. This HF dip results in a small oxide loss A in the gate oxide 430. This
thickness loss is A described above, which should be well controlled.

Next, polysilicon deposition is performed. The NMOS and PMOS polysilicon gate
structures 226, 236 are located on the gate oxide (224, 234, respectively); a polysilicon emitter
216 is located on the substrate surface, in contact with the p+ base 214. Preferably, the
polysilicon layer is 280 nm. The polysilicon emitter 216 is doped with an extremely high
arsenic implant. The dose is as high as 2 x 10" cm™ at an energy of 50 keV. The implant is
annealed and a shallow emitter drive-in step is performed. This drive-in also results in a thin
n+ layer 216A in the extrinsic base area which will be etched away by a precise over-etch of
the polysilicon. The result of these steps is seen in Fig. 4H. The same steps may also form a
top capacitor plate for the PMOS device capacitor. |

Conventional CMOS steps follow to complete the fabrication of the inventive BiICMOS
device. These conventional steps include n-LDD, p-LDD, spacer formation, NMOS source and
drain implants, and PMOS source and drain implants. These steps are well known to those
skilled in the art and are not further described.
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3 followng step wwth the n-well mask.) Wen the windows are prov de is
performed using a conventional inplant of phosphorus at an energy of 150
keV wi t h maxi num dose of 3 x 1013 cnB. After the c-well and n-well inplant,
an n-well/c-well oxidation step is carried out at 10500C to grow an oxi de

| ayer 30Figf5 $GOHAph J0kof esimutates profitesef three gswelk insplants withost wpingprofile

g]?]? \éggxyeeorﬂiigl, sgc\ﬁs ?IE &fésprfiogl alu'? \cliféviget] gesrcl:iri%& (lj)glolw?y The %%‘saz{geg Ql?e Q-Mbﬂ’ dixsle etched
502), 5 x 10" (line 504 ), and 7 x 10" (line 506), respectively. (Note that these last two
dosages cannot be applied without proper profile engineering, but for purposes of this
simulation, it is assumed that they can be.) Note that in all three incidences, between 0 and 1
pm from the substrate surface, the doping concentration is between 1 x 107 and 5 x 10", Thus,
a very high dopant concentration in the c-well 212 occurs near the substrate surface.

Figs. 6 and 7 illustrate the advantage of profile engineering in the present invention. Fig.
6 is a graph 600 illustrating the simulated c-well profile of .a c-well 212’ using profile
engineering according to the present invention. Fig. 7 is a graph 700 showing the same
concentration for depths between 0 and 1 pm from the substrate surface. These graphs show
the concentration of arsenic 606 (from the emitter 216A), phosphorus 604 (from the c-well
212’), boron 608 (the base), and total effective dopant concentration 602 as a function of the
distance from a surface of the substrate. Note that the emitter-base junction Xz, preferably
occurs at 0.09 um from the substrate surface and has a concentration of about 2x10%° cm-3. The
base-collector junction X5, preferably occurs at approximately 0.22 pum collector total and has
a concentration less than 107 cm® near the base-emitter junction. The engineered low
concentration collector region preferably extends from 0.22 um to approximately 0.55 um. This
region is important to collector-emitter breakdown after profile engineering. The total average
concentration is about 8x10', which is much lower than the original level of 2.5x10"7. This
lower concentration region allows for a much thicker depletion layer for higher breakdown. On
the other hand, this low concentration region is very limited around the base-collector junction
and has a thickness of only about 5% of the collector well. The high concentration of the
collector well can increase f;. At depths below 0.6 um, the effective total dopant concentration
may be as high as 2.5 x 10" cm?®. It is this precise profile engineering which permits a high
total concentration in the c-well, yet a low concentration near the substrate surface.

Fig. 8 is a graph 800 showing the data of Fig. 7 plotted on a linear scale for a dosage
of 7 x 10" (line 804) and a dosage of 5 x 10" (line 802). Note the low total concentration in

the collector depletion region from approximately 0.1 pm to 0.4 um from the substrate surface.
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‘the p-well inplant is carried out as the 3800A n-well/c-well oxide protects
the n-well/c-well fromthe inplant. The oxide |layer 307 is then renoved. A
CMCS p-well drive-in step is carried out at 11500 for 8 hours. As seen in
Fig. 3E, _a nunber of field oxide regions (FOX) 240 are forned on the

subst r at ¥singprofri¢cngineesing inghe manperyieserjbedabpye pemnitsthe ayvekldo be pmgd

manger. a i 1S .0r S at '

conuapaoE; dcpatt cBfefifion” i Y drilr e SR, P UBALE bhicon. andt
214 coltectarrmyionwliich isiloderthian aklopamadacendation Tibothee fdglidnsaff thhiesellst’Hps i s

S hO\l,)m;sei-cQ)lllzci:t%'r j\?nlf:'tion may be formed at about 0.25 um and have a dopant concentration less
than 10" cm?; and the c-well may have a dopant concentration greater than 2.5 x 10" cm? at
depths deeper than 0.6 pm.

Disclosed is a BiICMOS device which provides a low collector series resistance without
compromising the base-collector breakdown. This is achieved by using profile engineering to
create a low carrier corcentration at the base-collector junction, and collector region; yet
providing a c-well having a very high overall concentration, thus lower Rgc. This achieves a
much lower collector series resistance to pull-up a frequency response, a collector sheet
resistance which can be as low as 150 Q/sq., and f; may be increased to 20 GHz or higher.

The above described embodiments of the invention are intended to be illustrative only.
Numerous alternative embodiments may be devised by those skilled in the art without departing

from the spirit and scope of the following claims.
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“Next ,

usi n
base

a base inplant is perfornmed using a p-type irrpurity such..as BF2 at an

apremse oxide HF in 50:1 HF for 10 sec* fromthe
dainsef ore pol ysilicon deposition. The result of these steps I s shown

energy of 80 keV and a typical dose of 2 x 10 forms the p-type
base 214. The wafer is cleaned and approxi rrat F M (#ﬂ ﬂm,s renoved

pol yhP1 i copa for AR 80P Y b Rlaly B LG Hco b BRICHOS | =5

pol ydiel method esmpiising 2He/steps ofocat ed on the substrate surface, in contact

with t

of:

of:

he p type base_ 214. The polysilicon emtter 217 is doped
a. forming in a substrate having a first conductivity type a complementary metal

oxide semiconductor device, comprising an n-type metal oxide semiconductor
device formed in a p-type well and a p-type metal oxide semiconductor device
formed in a n-type well;

b. forming a bipolar transistor having a base, an emitter, and a collector, the
transistor being formed in a c-well having a second conductivity type opposite the
first conductivity type; and

c. forming the c-well using profile engineering so that a dopant concentration in a
base-collector junction and a collector region is lower than a dopant concentration

in other regions of the c-well.
The method of claim 1, wherein the step of forming the c-well further includes the steps

a. forming the base-emitter junction having a highly doped n+ polysilicon emitter,
having a dopant concentration about 2 x 10% cm?;

b. forming the base-collector junction at about 0.25 ym and having a collector total
concentration less than 10'7 cra™® near the base-emitter jiihction; and

c. the c-well having a dopant concentration greater than 107 cm at depths greater
than 0.6 pm.

The method of claim 1, wherein the step of forming the c-well further includes the steps

a. forming in the substrate a c-well area by implanting first impurities having the
second conductivity type;

b. forming in the substrate a collector ring by implanting second impurities having

the second conductivity type; and
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with an extrenely high IS B l " The dose is as high as 1 x 1016
cm 3 at an energy of SOmﬁm"mumE Ilm I“Jur times hi gher than a conyentlonal
CMOS pol ysilicon inplant* Thisthi®gh sdoge el i m nat es the two di mensional
effect for the narrow em tter and provides high emtter concentration for

hi gh enit®er ipgrumingprofilessnginegtingon thp@rwakbwi@mlmtigﬁepi;d impugities mgﬁigg m. s
drive-in resul j . + laver. 216, in the ,base are . e
next step i o (he il Gnitaia b BnE rocitRhined Mol i 2SRy o

polysilicon stringers along steps as well as etching awgy_ the n+ ItayerA216
[ I nSi ase region fornmed during the emtter drive-in step.
nor ki, CNERS GURROd @ clAR cbe URiET SmPURESlocting  the first impurites to. be

phosphorous atoms, selecting the second impurities to be arsenic atoms, and selecting the third

-

impurities to be boron atoms.

5. A method for fabricating a bipolar complementary metal oxide semiconductor on a

substrate having a first conductivity type, the method comprising the steps of: ;

a. growing an oxide layer on a surface of the substrate;

b. depositing on the oxide layer a nitride layer;

C. removing first selected portions of the nitride layer to expose a collector well
window;

d. doping the collector well window with first impurities to a second conductivity

type to form a collector well;

e. exposing a second selected portion of the substrate within the collector well to
expose an n-plug collector ring window;

f. doping with a high concentration of second impurities to the second conductivity

the second selected portions to form an n-plug collector ring;

g. forming complementary oxide semiconductor devices o the substrate;

h. growing a gate oxide on active areas of the substrate surface;

i exposing a third selected portion of the gate oxide to expose the collector well;

] using profile engineering, doping the collector well with third impurities of the
first conductivity type at predetermined energy levels and dosages;

k. forming above the collector well a base region having the first conductivity type;
and

L depositing polysilicon above the base region and doping the polysilicon to the

second conductivity type to form an emitter.
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‘of the gate oxide beneath the polysilicon to protect the source and drain
regions. But in this case, the bipolar base part 214 is directly exposed to
etching without oxide protection, so 4 that a certain amount of silicon

in the extrinsic base area is etched amzaTy The result of these steps is
shown in Fig. 3H ABSTRACT

A bipolar complementary metal oxide semiconductor device has a c-well fabricated using
profile engineering (a multi-energy implant using accurate dosages and energies determined by
advance simulation) to provide a higher c-well implant dose while creating a narrow region with
relatively low concentration in the collector depletion range to avoid low base-collector
breakdown. This achieves a much lower collector series resistance to pull-up a frequency

response, a collector sheet resistance which can be as low as 150 Q/sq., and f; may be increased
to 20 GHz or higher.
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Conventi onal

CMOS st eps foIIOM/incIuding n-LDD, p-LDD, spacer formation,
NMOS source and drdin inplant,

and PMOS source and drain inplant. As noted

above, this_BI CMOS deV|ce may be fabricated in many CMOS foundries w thout
substantlaIT9 Kmba@NCS conponents. The c-well has a uniform
profile. That has a dopant concentration which is highest
near the sub and whi ch decreases as it deepens fromthe
surface. The c-well |s oped in this manner to inprove equency- current
response by lowering the c-well sheet resistance (R)). wever, ring
RP, degrades the BV,. i.e., collector-emtter breakd vol t agg br eakdown.
T F 1G4
INoO———-—¢
206 GrisArt) /200
o 110
210 230 7t 2@2 gJ 204
p-MOS n-MOS 217 n-p-n Bipolar

(o THee )

n+ emitter p- base

n..
o , : c-Well -
2% : 22

p-type 202

296



in this device, the optinmm
as a tradeoff, a 4V BV and a

| gh may be achieved is 300 [err]/sqg and,

. i fT (cut off frequency) of 15 GHz. This
is because a lower [err] resultyp in_a higher fT. It is an object of the
present invention to provide(ﬁg )conpatible Bi.CMOS fabrication technique
whi ch increases fT and nmai ntalns an acceptable BV[err] SUMVARY OF THE

I NVENTI ON Thi s and ot her objects of the present invention are provided by a
Bi CMOS device having a c-well fabricated using profile engineering (a

mul ti-energy inplant using accurate

-~
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dosages and energies determ ned by sinulation) to provide a higher c-well

i npl ant dose  while creating a narrow region with relatively |ow
concentration in the collector de et ion range to avoid | ow base-col | ector
breakdown. Thi s achi eves a rruch I Gol | ector series resistance to

pul | -up a frequency response, ‘Iect r sheet resistance which can be as
|l ow as 150 [err]/sq., fT_may be i d to 20 GHz or higher, and
epitaxial wafers are avoided. This Iatter advant age i s desirabl e because
epitaxial wafers are i npati bl e with CMOS processes perforned by nost
foundries. The c-well be rmed using profile engineering so that the

carrier concentration { g
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"near the base-collector junction in the collector region is nade | ower than
t he dopant. concentration in the deep region of the c-well. For exanple, the
.base-col l ector junction may b f-gq:mad with a depth of 0.25 [err]m and have
a regional (engineered) c-well carrier concentration |less than 1017 cn8;
and the c-well may have a domfpg,ﬁddcentratlon hi gher than 1017 cnB at

dept hs deeper than 0.6 _um : 214

e M

217

3G
a Cf}urkn
(
—r
n=ty
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3 230 226 (ﬁ'er’ ) 215 216 21 21 4l
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5 Also, a nethod according to a preferred enbodi nent of the pr esent

I nvention elimnates a silicon etch step during the collector ring
formati on procedures to provide a nore efficient method for creating a

Bi CMOS devi ce than previously possible. BRI EF DESCRI PTI ON OF THE DRAW NGS
The present invention is described wth reference to the follow ng figures:
Fig. 1 is a schematic di agrarﬁ‘f% exanpl e of a Bi CMOS device |logic
circuit unit used as an invert@?;

C-Well Window Area opened by Mask-1

Nitride-1
Phosphorus implanted C-Well ’
after c-Well Drive-in, Xj = 5 um. yAr 4
‘G\a‘_ % ,;..ftua Ny wnlss N+

9/ o " arsduve uv\ri""“‘ " P i

. ’ QruAcC
_ Nitride-1 C-Well Window Area opened by Mask-2 t*gi<at

................... q0¢ h
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............

Yo§

Arsenic
n+ plug

Phosphorus Implanted C-Well ’
after c-Well Drive-in, Xj = 5 um. 21
[ 7
= 22
/7 | ¢
.4¢
for p-MOS ‘” 0 for n-p-n Bipolar '
Y/ 2 - Nitride-1 will serve .
. n-Well Window Area as LOCOS mask layer
opened by Mask-3 Step 16 to protect p~_Wel::i|n D . |
L * ¢ spo  C-Well Window Area opened by Mask-2 nl
q oi \ ’;'»"'t';‘of.fo’o?m';'o"'o::::'_{c'.’o’-'&‘."“::_:"."""’a'»'a“:::‘__"::::::::::::‘_.::z: ‘ qa‘ 2'.‘:
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- Fig. 2 is a cross sectional view BL(!D’I or art Bi CMOS device; Figs. 3A -
3Hillustrate a conventional neth d@; fabricating the Bi CMOS devi ce of
Fig. 2, Figs. 4A - 4Hillustrate a Wethod for fabricating a Bi CMOS devi ce

“according to the present invention; Fig. 5 is a graph illustrating dopant
concent r at i onfoy $-MQ§ stﬂpfe f fam-M08st rate siMace in for piptoBipolat  c- wel | .
using three differentydopant doses; Fig. 6 ig a graph illustrating dopant \*

|Sarria ety .__.:__,.__. va“'”_.“ o - L U

concent r Giaam:
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c-wel |

according to the present

I nvention; Fig. 7 is a graph show ng the

concentrations of Fig. 6 for the depths between 0.0 and 1.0 [err]mfrom

substrate surface;

and Fig. 8 is a linear scale of the graph of Fig. 7.

DETAI LED DESCRI PTI ON OF A PREFERRED EMBCODI MENT To increase fT while keeping

BV at an acceptable |evel,

t he present

I nvention provides a novel

technol ogy of precise profile engineering of the c-well.

By using profile

engi neering in the c=well,

a rmuch hi gher c-well

i npl ant dose nay be

achi eved, which

240  p-MOS

This Sheet Has Been Replaced

LT

Fs4G

240 n-p~n Bipolar

290 4%

"Oxide Inside base area

awMOS 2430 Is etched off \\\ éﬂfl

943

o - ' :
& l‘;-We“ 7_,}'” / E.a:eaf:: med after
. -

c-Well ut
T y

\ Y1} / {

| 214 -

i3 4H _
U n-MOS - - nep-n Bipolar 216'3

p-Well
10

g

1}HSSHEErHAszﬁua:|
REPLACED i




- provides a |ower collector series resistance to pull up the frequency
response. The profile engineering maintains a narrow regi on having a
rel.atively | ow concentration in the collector depletion range which nay be
~at a depth of, for exanple, from0.2 [errJmto 0.5 um to avoid | ow
:base-col | ector breakdown. This allows the collector sheet resistance to be

{1 onered down as | ow as 150 hﬁﬁaﬂlsﬁ? The resul tant  Bi structyre | ooks
simlar to the structure sh gl Beping Ganaentrationst! alphniate@asms3)
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6 are different, as described below The present invention also elimnates
a silicon etch step during the n-plug formation, and thus inproves the

nor phol ogy of the device. A nethod for fabricating a Bi CMOS device
according to the present invention is described with reference to Figs. 4A
- 4L. Fig. 4A shows a p-type substrate 202. The substrate is preferably a
conventional p-type wafer having a resistivity of about 6 to 9 [err]/cm 2.
A stress release oxidé (SRO 408 is grown on the substrate 202. Preferably,

t he SRO
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408 is 30nmthick. Next, a nitride layer 410 is deposited on the SRO
Preferably, the nitride layer 410 is 150nm thick and deposited using LPCVD.
Usi ng photolithographi c nethods, photoresist is placed on the nitride |ayer
410 to define a c-well w ndow 404. The Mride | ayer 410 is etched off,
keepi ng the SRO 408 as a screen forcﬁ pHiosphorous i nplant described bel ow.
The photoresist is kept on. Next, a &- | inplantation is perforned using,
for exanple, phosphortis at an energy f @50 keV and a dose of between 3-5 x
1013 cm 3, to forma c- meLI 212i The. phdtoresist,is renmoved_and the waf er
I s cl eaned. The resul t of2 _.t hese_.st EDFI s! sé:gn i n<Ei g 4>A ° c,\>
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.As seen--in Fig. 4B, using photolithographic nethods, a second nmask is used
to define an n-plug (collector ring) 218. When the n-plug w ndows are
~opened, - the exposed w ndows are doped with an n+ inpurity such as arsenic,
preferably at an energy of 150 keV and a dose of about 1x1015 cm 3. This
n-wel | doping step results in a reduced collector contact series

resi stance. The mask is then renoved. After the n-plug inplant, a c-well
drive in step is carried out, preferably at 1150[err]C for 8 hours or 1175C
for 200 mnutes. The result of these steps is seen in Fig. 4B. As seen in

'Fig. 4C, using photolithograpbiwelleQupingeProfilet hited Eaginasringed to
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define an n-well 412 wi ndow. The nitride |ayer 4
n-wel | _inplant and LOCOS steps. The nitride |ay Z’TQ Z f 0
using a plasma etch. The n- well is created, for ngs aN#n- ty

i mpurity such as phosphorous. Preferably, this is done at an energy of 150

keV and a dose of 8x1012 cnB. The resultjof these steps J’mww Fig. 4C.
Next, the n-well/c-well LOCOS oxidation T3 perfornmed toa rificial

LOCCS oxi dat i on | ayer 414. Th| S Iayer preferably has a_thi'ckness of 380 nm
i b T T
Next .t Mgy SRR O PROCHR HSINE PR bR

18 MR e

BACKGROUND OF THE INVENTION
Field of the Invention |

The present invention relates to semiconductors and, more particularly, to an
improved process for making complementary metal oxide semiconductor (CMOS)
compatible bipolar CMOS (BiCMOS) devices.

Discussion of Related Art _

A BiCMOS circuit includes both bipolar and complementary metal oxide
semiconductor (CMOS) transistors in the same circuit. BiCMOS circuits enjoy advantages
of both bipolar circuits and CMOS circuits. 'Bipolar circuits may drive high capacitive loads
and thus provide large circuit fan outs and operate at high speed. CMOS circuits are
relatively small in size and consume less power than other technologies. A typical BiCMOS
device uses the bipolar circuits as a push-pull current booster and the CMOS circuits as
logic circuits and to drive the base current of the bipolar circuits.

Fig. 1 is a schematic diagram of an example of a BiCMOS logic circuit 50 operating
as an inverter. A totem pole-type output buffer 52 comprises a pull-up NPN bipolar
transistor Q1 and a pull-down NPN bipolar transistor Q2. The base of transistor Q2 is
coupled to an output terminal of a CMOS inverter 54 comprising 8 PMOS FET Q3 and an
NMOS FET Q4. PMOS FET Q3 supplies a base current to bipolar transistor Q1 so that
the logic circuit outputs a high voltage (data "1"). NMOS FET Q4 pulls a base charge from
bipolar transistor Q1 so that the logic circuit outputs a low voltage (data "0"). The base of
pull-down NPN bipolar transistor Q2 is “connected to the source of NMOS FET Q5, which
is turned on or off by the potential at the node of bipolar transistors Q1, Q2.

Many BiCMOS fabrication techniques are complicated and cannot be fabricated in
standard CMOS foundries. This makes BiCMOS designs difficult to implement for
integrated circuit designers that rely on standard CMOS foundries.



the p-well inplant is perforned by inplanting a p-type i
I npl anting boron at an energy of 50 keV and a dose of 4 x
drive-in step is perforned at 7 1150C. This drive-in s
formation of the p-well 220 and n-well 230 The result of
seen in Fig. 4D 2

urity, such as
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Fig. 2 is a cross-sectional view of a triple well polysilicon emitfer BICMOS device
200, which may be fabricated in a standard CMOS foundry. This device INCTIdES
substrate 202 on which an NPN bipolar transistor 204 and CMOS device 206 are formed.
The CMOS device comprises an NMOS device 208 and a PMOS device 210. The NPN
transistor 204 includes a collector defined in an n-type c-well 212, a p-type base region 214,
and an n+ emitter 216 formed by doped polysilicon. The NPN transistor 204 also includes
an n+ n-plug collector ring 218 which contacts the collector 212 and reduces series
resistance.

The NMOS device 208 is formed in a p-well 220 defined in the p-type substrate 202
and includes n+ drain and source regions 222A, 222B, and a gate oxide layer 224 on which
a doped polysilicon p-type gate 226 is formed.

The PMOS device 210 is formed in an n-well 230 and includes p+ drain and source
regions 232A, 232B, and a gate oxide layer 234 on which a doped polysilicon n-type gate
236 is formed. A number of field oxide regions 240 are defined on the surface as isolation
areas between devices.

A prior art method fdr manufacturing this BICMOS device 200 is illustrated with
reference to Figs. 3A - 3H. Fig. 3A shows a p-type substrate 202. The substrate may be
a conventional p-type wafer having a resistivity of about 6 to 9 @ cm?. A 310 nm thick
sacrificial oxide layer 302 is formed on the substrate to provide a protective layer for
formation of the n-plug.

The sacrificial oxide layer 302 is etched from the areas where the n-plug ring
collector 218 is to be formed. A second etch, removing 120 nm silicon for the c-well
lithography alignment, is also performed. The photoresist layer is stripped and the wafer
is cleaned. The wafer is exposed to an oxidation step to grow a 20 nm thick screen oxide
for the following implant steps. The n-plug ring is formed by an implant of arsenic at an
energy of 150 keV and a dose of 1 x 10" cm3. The result of these steps is illustrated in
Fig. 3B. |

Next, all of the oxide is stripped off of the wafer. ‘A 30 nm stress release oxide
(SRO) layer 304 is grown and then a 150 nm nitride layer 306 is deposited on the SRO
layer by using low pressure chemical vapor deposition (LPCVD). These two layers are
masked and the SRO and nitride layers 304, 306 are etched to create windows for forming

the c-well 212. (These layers are also etched to create a window for the n-well 230 in the



Next, all the oxide is stripped to bare wafer in BCE and ready for the
second nitride deposition. Note that after this step, the n-well_and.c-yell
areas 220, 212' are recessed about 160 nm bel ow the p 20, pl-ane: =Far
sinplicity, however, this is not shown in the figures. ‘_'}j

720,k
RERVLGIY st ress
reduction oxide |layer 416 is grown, preferably using qr X1 dat og,,ﬁt 19000C
to create a 30 nmlayer. A second nitride |ayer 418 is| dep¢si R G8°ng, for
exanpl e, fdlRwNh: %@? e¥ithethe newdlb thasky) | Wyieii the Windows ansronded, e ck
etched to expose field oxi de_reagi,ons. The result of thes stegs IS seen iin
Fig. 4E lmngdﬂﬁmge% cenventienall impiagteof, phpsphorug pio) engrey Hf 45 t+He
substratg, ¢0fwm dose of 3 x 10 cm®. After the c-well and n-well implant, an n-well/c-well
oxidation step is carried out at 1050°C to grow an oxide layer 307 of 4000A. The result

of these steps is shown in Fig. 3D.

Conventional CMOS steps follow: the nitride layer over the p-well is etched off and
the p-well implant is carried out as the 3800A n-well/c-well oxide protects the n-well/c-well
from the implant. The oxide layer 307 is then removed. A CMOS p-well drive-in step is
carried out at 1150° for 8 hours.

As seen in Fig. 3E, a number of field oxide regions (FOX) 240 are formed on the
substrate 202. These FOX regions 240 may be formed in any well-known manner.

A gate oxide 234 is grown on the substrate surface in a conventional manner. Then,
the gate oxide is etched off over the base area 214 to form a base window with a base mask.
The result of these steps is shown in Fig. 3F.

Next, a base implant is performed using a p-type impurity such as BF, at an energy
of 80 keV and a typical dose of 2 x 10 cm™. This forms the p-type base 214. The wafer
is cleaned and approximately 20A of oxide is removed using a precise oxide HF in 50:1 HF
for 10 sec to remove oxide from the base area before polysilicon deposition. The result of
these steps is shown in Fig. 3G.

Next, polysilicon deposition is performed. The NMOS and PMOS polysilicon gate
structures 226, 236 are located on the gate oxide; a polysilicon emitter 217 is located on the
substrate surface, in contact with the p-type base 214. The polysilicon emitter 217 is doped
with an extremely high arsenic implant. The dose is as high as 1 x 10" cm™ at an energy
of 50 keV, which is four times higher than a conventional CMOS polysilicon implant. This
high dose eliminates the two dimensional effect for the narrow emitter and provides high
emitter concentration for high emitter injection. A shallow emitter drive-in step is
performed. This drive-in results in a very shallow n+ layer 216 in the base area 214.

The next step is the polysilicon patterning with over-etch to remove polysilicon
stringers along steps as well as etching away the n+ layer 216 in the extrinsic base region
formed during the emitter drive-in step. A normal CMOS over-etch process is used because
of the gate oxide beneath the polysilicon to protect the source and drain regions. But in this

case, the bipolar base part 214 is directly exposed to etching without oxide protection, so



These FOX regions may be forned in any wel |l -known manner. The result of
this step is seen in Fig. 4F. Next a LOCOS field wet oxigat+er-ts——""""
performed. A nitride layer 418 is removed using, for exahfLAHBBOL aiRaEr00
for 60 mnutes foll owed by an SRO HF dip off. The result}of-ttese steps| s
séen in Fig. 4F. Next, optionally a Vt adjustnent inplant iis '1p@r§:eggn'{_gggt
adjust the well doping to the desired V,” val ue. Next, a pr¢-gate oxide efct
may be pefak Qr éReid mbhMest ABEdnVR M % frirsRY b taeis sletiddOdway. The resuit of

these steps is shown in Fig. 3H. i

o

Conventional CMOS steps follow including n-LDD, p—LDi), spacer formation,
NMOS source and drain implant, and PMOS source and drain implant.

As noted above, this BICMOS device may be fabricated in many CMOS foundries
without substantially changing the CMOS components. The c-well has a uniform profile.
That is, the c-well has a dopant concentration which is highest near the substrate surface and
which decreases as it deepens from the surface. The c-well is doped in this manner to
improve frequency-current response by lowering the c-well sheet resistance (R,). However,
lowering R, degrades the BV, i.¢., collector-emitter breakdown voltage breakdown. Thus,
in this device, the optimum R, which may be achieved is 300 {/sq and, as a tradeoff, a 4V
BV, and a maximum f; (cut off frequency) of 15 GHz. This is because a lower R, results
in a higher f.

It is an object of the present invention to provide a CMOS compatible BICMOS

fabrication technique which increases f; and maintains an acceptable BV .

SUMMARY OF THE INVENTION

This and other objects of the present invention are provided by a BiCMOS device
having a c-well fabricated using profile engineering (a multi-energy implant using accurate
dosages and energies determined by simulation) to provide a higher c-well implant dose
while creating a narrow region with relatively low concentration in the collector depletion
range to avoid low base-collector breakdown. This achieves a much lower collector series
resistance to pull-up a frequency response, a collector sheet resistance which can be as low
as 150 @/sq., f; may be increased to 20 GHz or higher, and epitaxial wafers are avoided.
This latter advantage is desirable because epitaxial wafers are incompatible with CMOS
processes performed by most foundries.

The c-well may be formed using profile engineering so that the carrier concentration
near the base-collector junction in the collector region is made lower than the dopant
concentration in the deep region of the c-well. For example, the base-collector junction may
be formed with a depth of 0.25 ym and have a regional (engineered) c-well carrier
concentration less than 107 cm®; and the c-well may have a doping concentration higher
than 10" cm? at depths deeper than 0.6 pm.



Next, a gate oxide layer 430 is grown on the substrate surface in a
caonventional manner. Preferably, the gate oxide 430 has a thickness of 175A
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described with reference to the following figures:
Fig. 1 is a schematic diagram of an example of a BiCMOS device logic circuit unit used as
an inverter;
Fig. 2 is a cross sectional view of a prior art BiCMOS device;
Figs. 3A - 3H illustrate a conventional method for fabricating the BICMOS device of Fig.
2
Figs. 4A - 4H illustrate a method for fabricating a BICMOS device according to the present
invention; '
Fig. 5 is a graph illustrating dopant concentration vs. distance from substrate surface in a
prior-art c-well using three different dopant doses;
Fig. 6 is a graph illustrating dopant concentration vs. distance from substrate surface in a
c-well according to the present invention;
Fig. 7 is a graph showing the concentrations of Fig. 6 for the depths between 0.0 and 1.0
pm from substrate surface; and

Fig. 8 is a linear scale of the graph of Fig. 7.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

To increase f; while keeping BV, at an acceptable level, the present invention
provides a novel technology of precise profile engineering of the c-well. By using profile
engineering in the c-well, a much higher c-well implant dose may be achieved, which
provides a lower collector series resistance to pull up the frequency response. The profile
engineering maintains a narrow region having a relatively low concentration in the collector
depletion range which may be at a depth of, for example, from 0.2 um to 0.5 um, to avoid
low base-collector breakdown. This allows the collector sheet resistance to be lowered
down as low as 150 {/sq. The resultant BICMOS structure looks similar to the structure

shown in Fig. 2, with the most significant difference being that the c-well concentrations
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are different, as described below. The present invention also eliminates{a silicon etch step

during the n-plug formation, and thus improves the morphology of the device.

A method for fabricating a BICMOS device according to the present invention is
described with reference to Figs. 4A - 4L. Fig. 4A shows a p-type substrate 202. The
substrate is preferably a conventional p-type wafer having a resistivity of about 6 to 9 Q/cm’
%, A stress release oxide (SRO) 408 is grown on the substrate 202. Preferably, the SRO
408 is 30nm thick. Next, a nitride layer 410 is deposited on the SRO. Preferably, the
nitride layer 410 is 150nm thick and deposited using LPCVD. Using photolithographic
methods, photoresist is placed on the nitride layer 410 to define a c-well window 404. The
nitride layer 410 is etched off, keeping the SRO 408 as a screen for a phosphorous implant
described below. The photoresist is kept on. Next, a c-well implantation is performed
using, for example, phosphorus at an energy of 150 keV and a dose of between 3-5 x 10"
cm?, to form a c-well 212°. The photoresist is removed and the wafer is cleaned. The
result of these steps is seen in Fig. 4A.

As seen in Fig. 4B, using photolithographic methods, a second mask is used to
define an n-plug (collector ring) 218. When the n-plug windows are opened, the exposed
windows are doped with an n+ impurity such as arsenic, preferably at an energy of 150
keV and a dose of about 1x10% cm>. This n-well doping step results in a reduced collector
contact series resistance. The mask is then removed. After the n-plug implant, a c-well
drive in step is carried out, preferably at 1150°C for 8 hours or 1175°C for 200 minutes.
The result of these steps is seen in Fig. 4B.

As seen in Fig. 4C, using photolithographic techniques, a third mask is used to
define an n-well 412 window. The nitride layer 410 is removed for the n-well implant and
LOCOS steps. The nitride layer 410 is preferably removed using a plasma etch. The n-
well is created, for example, using an n-type impurity such as phosphorous. Preferably, this
is done at an energy of 150 keV and a dose of 8x10'2 cm™. The result of these steps is seen
in Fig. 4C.

Next, the n-well/c-well LOCOS oxidation is performed to form a sacrificial LOCOS
oxidation layer 414. This layer preferably has a thickness of 380 nm. Next, the remainder
of the nitride layer 410 is removed, preferably using H,PO, at 170°C for 60 minutes. Next,
the p-well implant is performed by implanting a p-type impurity, such as implanting boron

at an energy of 50 keV and a dose of 4 x 10> cm™. Next, a drive-in step is performed at
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Next, all the oxide is stripped to bare wafer in BOE and ready for the second nitride

deposition. Note that after this step, the n-well and c-well areas 220, 212’ are recessed
about 160 nm below the p-well 220 plane. For simplicity, however, this is not shown in
the figures. A second stress reduction oxide layer 416 is grown, preferably using dry
oxidation at 900°C to create a 30 nm layer. A second nitride layer 418 is deposited using,
for example, LPCVD to create a 150 nm layer. This second nitride layer 418 is etched to
expose field oxide regions. The result of these steps is seen in Fig. 4E.

Next, a number of field oxide regions (FOX) 240 are formed on the substrate 202.
These FOX regions may be formed in any well-known manner. The result of this step is
seen in Fig. 4F.

Next a LOCOS field wet oxidation is performed. A nitride layer 418 is removed
using, for example, H,PO, at 170° for 60 minutes followed by an SRO HF dip off. The
result of these steps is seen in Fig. 4F.

Next, optionally a V, adjustment implant is performed to adjust the well doping to
the desired V, value. Next, a pre-gate oxide etch may be performed to clear active areas
for gate oxidation.

Next, a gate oxide layer 430 is grown on the substrate surface in a conventional
manner. Preferably, the gatfe oxide 430 has a thickness of 175A + A, where A is an
amount introduced to compensate for a HF dip thickness loss, discussed below. The gate
oxide in the base active area is etched off over the c-well 212’ area by lithography to form
a window 432. This window is used to perform the collector profile engineering implants.
The profile engineering uses one or more implants of a p-type dopant, such as boron, having
predetermined dosages and energy levels precisely to control the total dopant concentration

of the c-well 212°. Preferably, these implants are as follows:
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These precisely engineered boron implants partially compensate the n-type phosphorous
doping previously performed in the specified region.

The gate oxide over the base active area is etched away. The base is then doped to
a p-type conductivity using, for example, boron at an energy of 20 keV and a dose of 2 x
10" and 7°. This type of implant reduces channelling of implanted ions. This forms p-type
base 214. The result of these steps is seen in Fig. 4G.

Next, an HF dip is performed to remove native oxide formed in base areas during
photoresist stripping. This HF dip results in a small oxide loss A in the gate oxide 430.
This thickness loss is A described above, which should be well controlled.

Next, polysilicon deposition is performed. The NMOS and PMOS polysilicon gate
structures 226, 236 are located on the gate oxide (224, 234, respectively); a polysilicon
emitter 216 is located on the substrate surface, in contact with the p+ base 214. Preferably,
the polysilicon layer is 280 nm. The poiysilicon emitter 216 is doped with an extremely
high arsenic implant. The dose is as high as 2 x 10'® ¢cm™ at an energy of 50 keV. The
implant is annealed and a shallow emitter drive-in step is performed. This drive-in also
results in a thin n+ layer 216A in the extrinsic base area which will be etched away by a
precise over-etch of the polysilicon. The result of these steps is seen in Fig. 4H. The same
steps may also form a top capacitor plate for the PMOS device capacitor.

Conventional CMOS steps follow to complete the fabrication of the inventive
BiCMOS device.
NMOS source and drain implants, and PMOS source and drain implants. These steps are
well known to those skilled in the art and are not further described.

These conventional steps include n-LDD, p-LDD, spacer formation,

Fig. 5 is a graph 500 of a simulated profile of three c-well implants without using
profile engineering, such as in the prior art device described below. The dosages are 3 x
10" (line 502), 5 x 10" (line 504 ), and 7 x 10 (line 506), respectively. (Note that these

last two dosages cannot be applied without proper profile engineering, but for purposes of



steps may also forma top capacitor plate for the PMOS devi ce capacitor.

Conventional CMOS steps follow to conplete the fabrication—of—the inventive
Bi CMOS devi ce. These conventional steps include n-LDD, p-LDREPSROEMENT SHEET
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x 10". Thus, a very high dopant concentration in the c-well 212 occurs near the substrate
surface.

Figs. 6 and 7 illustrate the advantage of profile engineering in the present invention.

Fig. 6 is a graph 600 illustrating the simulated c-well profile of a c-well 212’ using profile
engineering according to the present invention. Fig. 7 is a graph 700 showing the same
concentration for depths between 0 and 1 um from the substrate surface. These graphs
show the concentration of arsenic 606 (from the emitter 216A), phosphorus 604 (from the
c-well 212°), boron 608 (the base), and total effective dopant concentration 602 as a function
of the distance from a surface of the substrate. Note that the emitter-base junction X,
preferably occurs at 0.09 pm from the substrate surface and has a concentration of about
2x10% cm-3. The base-collector junction X5, preferably occurs at approximately 0.22 ym
collector total and has a concentration less than 10'7 cm? near the base-emitter junction.
The engineered low concentration collector region preferably extends from 0.22 um to
approximately 0.55 pym. This region is important to collector-emitter breakdown after
profile engineering. The total average concentration is about 8x10'6, which is much lower
than the original level of 2.5x10". This lower concentration region allows for a much
thicker depletion layer for higher breakdown. On the other hand, this low concentration
region is very limited around the base-collector junction and has a thickness of only about
5% of the collector well. The high concentration of the collector well can increase f;. At
depths below 0.6 um, the effective total dopant concentration may be as high as 2.5 x 10V
cm?. It is this precise profile engineering which permits a high total concentration in the
c-well, yet a low concentration near the substrate surface.

Fig. 8 is a graph 800 showing the data of Fig. 7 plotted on a linear scale for a
dosage of 7 x 10" (line 804) and a dosage of 5 x 10" (line 802). Note the low total
concentration in the collector depletion region from approximately 0.1 um to 0.4 ym from
the substrate surface.

Using profile engineering in the manner described above permits the c-well to be
formed so that the dopant concentration in the emitter-base junction, base-collector junction,
and collector region which is lower than a dopant concentration in other regions of the c-

well. The base-collector junction may be formed at about 0.25 um and have a dopant
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than 2.5 x 10! cm™ at depths deeper than 0.6 pm.

Disclosed is a BiICMOS device which provides a low collector series resistance
without compromising the base-collector breakdown. This is achieved by using profile
engineering to create a low carrier concentration at the base-collector junction, and collector
region; yet providing a c-well having a very high overall concentration, thus lower Rg.
This achieves a much lower collector series resistance to pull-up a frequency response, a
collector sheet resistance which can be as low as 150 /sq., and f; may be increased to 20
GHz or higher.

The above described embodiments of the invention are intended to be illustrative
only. Numerous alternative embodiments may be devised by those skilled in the art without

departing from the spirit and scope of the following claims.
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(BiCMOS), the method comprising the steps of:

a. forming in a substrate having a first conductivity type a complementary metal

V

oxide semiconductor device, comprising an n-type metal oxide semiconductor
device formed in a p-type well and a p-type metal oxide semiconductor
device formed in a n-type well;

b. forming a bipolar transistor having a base, an emitter, and a collector, the
transistor being formed in a c-well having a second conductivity type
opposite the first conductivity type; and

c. forming the c-well using profile engineering so that a dopant concentration
in a base-collector junction and a collector region is lower than a dopant

concentration in other regions of the c-well.

2. The method of claim 1, wherein the step of forming the c-well further includes the

steps of:
a. forming the base-emitter junction having a highly doped n+ polysilicon
emitter, having a dopant concentration about 2 x 10%° cm?;
b. forming the base-collector junction at about 0.25 um and having a collector
total concentration less than 10" cm™® near the base-emitter junction; and
c. the c-well having a dopant concentration greater than 10" cm? at depths

greater than 0.6 um.

3. The method of claim 1, wherein the step of forming the c-well further includes the

steps of: .
a. forming in the substrate a c-well area by implanting first impurities having
the second conductivity type;
b. forming in the substrate a collector ring by implanting second impurities
having the second conductivity type; and
c. performing profile engineering on the c-well by implanting third impurities

having the first conductivity type using predetermined dosages and energy
levels.
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5. A method for fabricating a bipolar complementary metal oxide semiconductor on a

substrate having a first conductivity type, the method comprising the steps of:

a. growing an oxide layer on a surface of the substrate;

b. depositing on the oxide layer a nitride layer;

c. removing first selected portions of the nitride layer to expose a collector well
window;

d. doping the collector well window with first impurities to a second

conductivity type to form a collector well;

e. exposing a second selected portion of the substrate within the collector well
to expose an n-plug collector ring window;

f, doping with a high concentration of second impurities to the second

conductivity the second selected portions to form an n-plug collector ring;

g. forming complementary oxide semiconductor devices on the substrate;

h. growing a gate oxide on active areas of the substrate surface;

i. exposing a third selected portion of the gate oxide to expose the collector
well;

j- using profile engineering, doping the collector well with third impurities of

the first conductivity type at predetermined energy levels and dosages;

k. forming above the collector well a base region having the first conductivity
type; and
L. depositing polysilicon above the base region and doping the polysilicon to the

second conductivity type to form an emitter.
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A bipolar complementary metal oxide semiconductor device has a c-well fabricated
using profile engineering (a multi-energy implant using accurate dosages and energies
determined by advance simulation) to provide a higher c-well implant dose while creating
a narrow region with relatively low concentration in the collector depletion range to avoid |
low base-collector breakdown. This achieves a rhuch lower collector series resistance to
pull-up a frequency response, a collector sheet resistance which can be as low as 150 £/sq.,
and f; may be increased to 20 GHz or higher.

FIG. 1
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~=-p. " formng a bipolar transistor having a base, an enitter, and a
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a. form ng the base-emtter junction having a highly doped n+

polysilicon emtter, having a dopant concentration abpui_gy
form ng the base-collector junction at about 0.25 [erf] |ﬁ

r;;l,aozq &“’?;fr b.
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coll ector total concentration |ess than 1017 cnB near |t he basepenltte
junction; and c. the c-well having a dopant concentfafi dn”gf'8&t18%8 t han
1017 cnB at depths greater than 0.6 um. 3. The nethod_of claim1,

wherein the step of formng the c-well—urther includgs the steps of:.
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a. forming in the substrate a c-well area by inplanting first inmpurities
havi ng the second conductivity type; b. formng int substrate a
collector ring by inplanting second inpurities having tHeRpsgcoi ,PWT oL
conductivity type; and c. perforning profile engineeri ng..on. 1 He" ”Wé#ﬁ
by inplanting third inpurities having the first conduct|V|ty ;ype usi ng
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T4, The method of claim 3, further conprising selecting the first

I mpurities to be phosphorous atons, selecting the second inpurities

.to be arsenic atons, and selecdin the third inpuritigsxte hesbarorygtpns. 5.
A nethod for fabricating a bipolar conplenentary netaﬁ:QXL e.sem.conduct or

on a substrate having a first conductivity type, the Methgg,ggpghising t he
"steps of: a. grow ng an oxi de Iaye% on a surface |of} t he Substritg;
- "C-Well Doping Concentration (Total, atom/cm3)
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" b. depositing on the oxide layer a nitride |ayer; c.

removing first

sel ected portions of the nitride |ayer to expose a col
.d. doping the collector well window wth first inp
conductivity type to forma collector well; e. expos
~selected portion of the substrate within the collector
‘n-plug collector ring w ndow, f. dopé'ng with a high
second inpurities to the second ——
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~conductivity the second sel ected portions to forman n-plug collector ring;

0’

g. form ng conpl enentary oxi de sem conductor devices on the substrate;
_h. growi ng a gate oxide on active areas of the teate--surface] 1.
exposing a third selected portion of the gate oxi ePEH‘&%ﬁﬁ§E Shéﬁb | | ect or
well; j. using profile engineering, doping the cql ~eet-or-~wet T Wi tih third
“inmpurities of the first conductivity t ie at predete neq energy il evel s
and dosages; k. form ng above the ector wel ase regi on thayvi ng
the first conductivity
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Fig. 8 | foo
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The C-Well Dopling Proflles after Engineering
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depositing polysilicon above the base regi on and doping the

and 1.
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C-Well Doping Profile after Engineering
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pol ysilicon to the second conductivity type to forman emtter.



