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(57) Abstract: A process of forming an integrated circuit containing a bipolar junction transistor (BJT) (1002) and a metal oxide
semiconductor (MOS) (1004) transistor by cooling the integrated circuit substrate to 5 °C or colder and concurrently implanting
dopants, at a specified minimum dose according to species, into the emitter region of the BJT and into the source and drain re-
gions of the MOS transistor.
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LOW TEMPERATURE IMPLANT TO
IMPROVE BJT CURRENT GAIN

[0001] This relates to the field of integrated circuits, and, more particularly, this
invention relates to ion implanted layers in integrated circuits.
BACKGROUND
[0002] An integrated circuit may contain an npn bipolar junction transistor (BJT)
and an n-channel metal oxide semiconductor (NMOS) transistor, for example to provide
analog functions and logic functions, respectively. Source and drain regions of the
NMOS transistor and the emitter region of the npn BJT may be formed concurrently to
reduce fabrication costs. Process steps for forming the source and drain regions and the
emitter region may include ion implanting arsenic at a dose above 6x10" atoms/cm?, for
example to attain a desired resistance in the NMOS transistor. The ion implanted arsenic
may form end-of-range defects, sometimes referred to as dislocation loops, at a density
higher than 1x10 defects/cm’, in the emitter region. The end-of-range defects may
adversely affect performance of the npn bipolar junction transistor, for example by
reducing current gain, also referred to as hg.. Subsequent thermal anneals may not be
sufficient to reduce the end-of-range defects to a desired level, because attaining desired
levels of performance and yield in instances of the NMOS transistor may be achieved by
limiting the total thermal profile of the integrated circuit after the arsenic ion implant
step. Other devices in an integrated circuit which receives an ion implant at a dose which
produces more than 1x10” end-of-range defects/cm?, for example to provide electrically
active dopants or to amorphize the substrate of the integrated circuit, may experience
degradation of performance parameters due to the end-of-range defects.
SUMMARY
[0003] An integrated circuit containing an npn bipolar junction transistor (BJT)

and an NMOS transistor may be formed by cooling the substrate of the integrated circuit
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to 5 °C or colder and ion implanting arsenic concurrently into the emitter region of the
npn BJT and the source and drain regions of the NMOS transistor through an implant
screen diclectric layer, at a dose of at least 6x10" atoms/cm®. An integrated circuit
containing a pnp BJT and a p-channel metal oxide semiconductor (PMOS) transistor may
be formed by cooling the substrate of the integrated circuit to 5 °C or colder and ion
implanting gallium and/or indium concurrently into the emitter region of the pnp BJT and
the source and drain regions of the PMOS transistor through an implant screen dielectric
layer, at a dose of at least 6x10"° atoms/cm®. An integrated circuit containing an ion
implanted region may be formed by cooling the substrate of the integrated circuit to 5 °C
or colder and ion implanting a species into the implanted region through an implant
screen dielectric layer, at a dose which would produce at least 1x107 end-of-range
defects/cm” in a substrate cooled between 20 and 25 °C.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 depicts a process of forming an integrated circuit according to an
example embodiment of implementation of principles of the invention.

[0005] FIG. 2 is a chart showing improvement of hg in a bipolar junction
transistor (BJT) as a function of substrate temperature.

[0006] FIG. 3 depicts a process of forming an integrated circuit according to a
modifed embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0007] An integrated circuit may be formed by cooling a substrate of the
integrated circuit to 5 °C or colder, and ion implanting a species through an implant
screen dielectric layer into a region of the substrate at a dose which would produce at
least at least 1x10” end-of-range defects/cm” in a substrate cooled between 20 and 25 °C.
[0008] In an embodiment, the ion implant step may include implanting boron at a
dose of at least 1x10'® atoms/cm”. In another embodiment, the ion implant step may
include implanting phosphorus at a dose of at least 8x10'* atoms/cm®. 1In a further
embodiment, the ion implant step may include implanting gallium at a dose of at least
7x10" atoms/cm®. In yet another embodiment, the ion implant step may include
implanting germanium at a dose of at least 6x10" atoms/cm”. In a further embodiment,

the ion implant step may include implanting arsenic at a dose of at least 6x10"
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atoms/cm’. In another embodiment, the ion implant step may include implanting indium
at a dose of at least 6x10" atoms/cm®. In a further embodiment, the ion implant step may
include implanting antimony at a dose of at least 6x10" atoms/cm®.

[0009] In a first embodiment, an integrated circuit containing an npn BJT and an
NMOS transistor may be formed by cooling the substrate of the integrated circuit to 5 °C
or colder and ion implanting phosphorus, arsenic and/or antimony, at the doses listed
above, concurrently into the emitter region of the npn BJT and the source and drain
regions of the NMOS transistor through an implant screen dielectric layer.

[0010] In a second embodiment, an integrated circuit containing a pnp BJT and a
p-channel metal oxide semiconductor (PMOS) transistor may be formed by cooling the
substrate of the integrated circuit to 5 °C or colder and ion implanting boron, gallium
and/or indium, at the doses listed above, concurrently into the emitter region of the pnp
BJT and the source and drain regions of the PMOS transistor through an implant screen
dielectric layer.

[0011] In a third embodiment, an integrated circuit containing an implant region
may be formed by cooling the substrate of the integrated circuit to 5 °C or colder and ion
implanting boron, phosphorus, gallium, germanium, arsenic, indium and/or antimony, st
the doses listed above, into the implant region through an implant screen dielectric layer.
[0012] FIG. 1 depicts a process of forming an integrated circuit according to
either of the first or second embodiments. An integrated circuit 1000 includes a region
defined for a BJT 1002 and a region defined for a metal oxide semiconductor (MOS)
transistor 1004. In the first embodiment, the BJT 1002 is an npn BJT and the MOS
transistor 1004 is an NMOS transistor. In the second embodiment, the BJT 1002 is a pnp
BJT and the MOS transistor 1004 is a PMOS transistor. The integrated circuit 1000 is
formed in and on a substrate 1006 which includes a silicon top region 1008. The
substrate 1006 may be a single crystal silicon wafer, a silicon-on-insulator (SOI) wafer, a
hybrid orientation technology (HOT) wafer with silicon regions of different crystal
orientations, or other structure with a silicon top region 1008 appropriate for fabrication
of the integrated circuit 1000.

[0013] The BJT 1002 includes a base diffused region 1010 in the silicon top
region 1008. In the first embodiment, the base diffused region 1010 is p-type. In the
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second embodiment, the base diffused region 1010 is n-type. The MOS transistor 1004
includes a gate structure 1012, which contains a gate and a gate dielectric layer, and
possibly gate sidewall spacers. Lightly doped drain (LDD) regions, not shown, may be
formed at a top surface of the substrate 1006 adjacent to the gate. An implant screen
dielectric layer 1014 is formed over the top surface of the substrate 1006. The implant
screen dielectric layer 1014 is at least 5 nanometers thick. In one embodiment, the
implant screen dielectric layer 1014 may be at least 15 nanometers thick. The implant
screen dielectric layer 1014 may or may not extend to lateral edges of the substrate 1006.
In one embodiment, the implant screen dielectric layer 1014 may include at least 80
percent silicon dioxide. The silicon dioxide may be formed by thermal oxidation of
silicon at the top surface of the substrate 1006, may be deposited on the substrate 1006
for example by decomposition of tetracthyl orthosilicate, also known as tetracthoxysilane
or TEOS, or may be formed by another process.

[0014] An implant mask 1016 is formed over the implant screen dielectric layer
1014 so as to expose an emitter region 1018 in the BJT 1002 and to expose source and
drain regions 1020 in the MOS transistor 1004. The implant mask 1016 may be formed
of photoresist or other photosensitive polymer using photolithographic processes, or may
me formed of other diclectric material, for example by masking and etching processes.
[0015] A back surface of the substrate 1006 contacts a substrate chuck 1022. The
substrate chuck 1022 is cooled to 5 °C or colder, for example by flowing a coolant fluid
1024 through the substrate chuck 1022, as indicated in FIG. 1 by coolant flow arrows
1026, until the substrate 1006 is cooled to 5 °C or colder. Other means of cooling the
substrate chuck 1022 are within the scope of the instant embodiments.

[0016] While the substrate 1006 is cooled to 5 °C or colder, an ion implant
process 1028 is performed which implants dopant species into the emitter region 1018
and the source and drain regions 1020. In the first embodiment, the ion implant process
1028 may implant phosphorus at a dose of at least 8<10'* atoms/cm?, and/or may implant
arsenic at a dose of at least 6x10" atoms/cm?, and/or may implant antimony at a dose of
at least 6x10" atoms/cm”. In one version of the first embodiment, the ion implant
process 1028 may implant arsenic at a dose of at least 4x10' atoms/cm®. In another

version of the first embodiment, the ion implant process 1028 may implant arsenic at a
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dose of at least 1x10"° atoms/cm”. In the second embodiment, the ion implant process
1028 may implant boron at a dose of at least 1x10'® atoms/cm” and/or may implant
gallium at a dose of at least 710" atoms/cm” and/or may implant indium at a dose of at
least 6x10" atoms/cm?®. In one version of the first and second embodiments, silicon
substrate material in the silicon top region 1008 in into the emitter region 1018 and the
source and drain regions 1020 may be amorphized at the top surface of the substrate 1006
to a depth of at least 15 nanometers. Forming the emitter region 1018 as described in
reference to FIG. 1 may provide a BJT 1002 with an improved hg. compared to a similar
BJT formed using an emitter implant process with a same dose and energy during which
the substrate is cooled to 20 °C to 25 °C.

[0017] FIG. 2 shows improvement of hg in an npn BJT as a function of substrate
temperature, noted in FIG. 2 as “Implanter Chiller Temperature.” Average data points
2000 depict average values of hg of a set of npn BJTs formed with emitter implants as
described in reference to FIG. 1. Range bars 2002 depict limits of +/- 3 standard
deviations of hg values at each substrate temperature value. Trend line 2004 is provided
as a guide to estimating hg. values by interpolation.

[0018] FIG. 3 depicts a process of forming an integrated circuit according to the
third embodiment. An integrated circuit 3000 is formed in and on a substrate 3002 which
includes a silicon top region 3004. The substrate 3002 and silicon top region 3004 have
properties of the substrate 1006 and silicon top region 1008 as described in reference to
FIG. 1. An implant screen dielectric layer 3006 is formed over a top surface of the
substrate 3002. The implant screen dielectric layer 3006 has properties of the implant
screen dielectric layer 1014 as described in reference to FIG. 1. An implant mask 3008 is
formed over the implant screen diclectric layer 3006 so as to expose an implant region
3010 in the integrated circuit 3000. The implant mask 3008 has properties of the implant
mask 1016 as described in reference to FIG. 1.

[0019] A back surface of the substrate 3002 contacts a substrate chuck 3012. The
substrate chuck 3012 is cooled to 5 °C or colder, for example by flowing a coolant fluid
3014 through the substrate chuck 3012, as indicated in FIG. 3 by coolant flow arrows
3016, until the substrate 3002 is cooled to 5 °C or colder. Other means of cooling the

substrate chuck 3012 are within the scope of the instant embodiments.
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[0020] While the substrate 3002 is cooled to 5 °C or colder, an ion implant
process 3018 is performed which implants one or more dopant and/or amorphizing atom
species into the implant region 3010. In the instant (third) embodiment, the ion implant
process 3018 may implant boron at a dose of at least 1x10'° atoms/cm?, and/or may
implant phosphorus at a dose of at least 8x10'* atoms/cm”, and/or may implant gallium at
a dose of at least 7x10" atoms/cm?, and/or may implant germanium at a dose of at least
6x10" atoms/cm’, and/or may implant arsenic at a dose of at least 6x10" atoms/cm?,
and/or may implant indium at a dose of at least 6x10"* atoms/cm’, and/or may implant
antimony at a dose of at least 6x10" atoms/cm®. In one version of the instant (third)
embodiment, silicon substrate material in the silicon top region 3004 in the implant
region 3010 may be amorphized at the top surface of the substrate 3002 to a depth of at
least 15 nanometers. Forming the implant region 3010 as described in reference to FIG.
3 may result in less than 1x107 defects/cm’”, compared to a similar implant region formed
using an implant process with a same dose and energy during which the substrate is
cooled to 20 °C to 25 °C which results in greater than 1x107 defects/cm”.

[0021] Those skilled in the art to which the invention relates will appreciate that
modifications may be made to the described example embodiments and other

embodiments realized within the scope of the claimed invention.
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What is claimed is:

1. A process of forming an integrated circuit containing an npn bipolar
junction transistor (BJT) and an n-channel metal oxide semiconductor (NMOS)
transistor, comprising:

forming a implant screen dielectric layer over a top surface of a silicon top region
of a substrate of the integrated circuit, over an emitter region of the npn BJT and source
and drain regions of the NMOS transistor;

forming an implant mask over the implant screen dielectric layer so as to expose
the emitter region and the source and drain regions;

bringing the substrate of the integrated circuit in contact with a substrate chuck;

cooling the substrate chuck so that the substrate of the integrated circuit is cooled
to a temperature of 5 °C or colder; and

while the substrate is cooled to 5 °C or cooler, ion implanting n-type dopants
concurrently into the emitter region and the source and drain regions, in which the n-type
dopants and a dose of the n-type dopants are selected from the group consisting of

phosphorus at a dose of at least 8x10'* atoms/cm?,

arsenic at a dose of at least 6x10" atorns/crnz,

antimony at a dose of at least 6x10"? atoms/cm”, and

any combination thereof.

2. The process of claim 1, in which the n-type dopants include arsenic at a

dose of at least 4x10' atoms/cm?.

3. The process of claim 1, in which the n-type dopants include arsenic at a

dose of at least 1x10" atoms/cm?.

4. The process of claim 1, in which the implant screen dielectric layer

includes at least 80 percent silicon dioxide.
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5. The process of claim 1, in which the step of ion implanting the n-type
dopants amorphizes silicon material at the top surface of the silicon top region in the

emitter region and the source and drain regions to a depth of at least 15 nanometers.

6. A process of forming an integrated circuit containing a pnp BJT and a p-
channel metal oxide semiconductor (PMOS) transistor, comprising:

forming a implant screen dielectric layer over a top surface of a silicon top region
of a substrate of the integrated circuit, over an emitter region of the pnp BJT and source
and drain regions of the PMOS transistor;

forming an implant mask over the implant screen dielectric layer so as to expose
the emitter region and the source and drain regions;

bringing the substrate of the integrated circuit in contact with a substrate chuck;

cooling the substrate chuck so that the substrate of the integrated circuit is cooled
to a temperature of 5 °C or colder; and

while the substrate is cooled to 5 °C or cooler, ion implanting p-type dopants
concurrently into the emitter region and the source and drain regions, in which the p-type
dopants and a dose of the p-type dopants are selected from the group consisting of boron
at a dose of at least 1x10'® atoms/cm®, gallium at a dose of at least 7x10" atoms/cm?,

indium at a dose of at least 6x10" atoms/ crnz, and any combination thereof.
y

7. The process of claim 6, in which the implant screen dielectric layer

includes at least 80 percent silicon dioxide.

8. The process of claim 6, in which the step of ion implanting the p-type
dopants amorphizes silicon material at the top surface of the silicon top region in the

emitter region and the source and drain regions to a depth of at least 15 nanometers.

9. A process of forming an integrated circuit containing an implant region,
comprising:
forming a implant screen dielectric layer over a top surface of a silicon top region

of a substrate of the integrated circuit, over the implant region;
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forming an implant mask over the implant screen dielectric layer so as to expose
the implant region;

bringing the substrate of the integrated circuit in contact with a substrate chuck;

cooling the substrate chuck so that the substrate of the integrated circuit is cooled
to a temperature of 5 °C or colder; and

while the substrate is cooled to 5 °C or cooler, ion implanting atoms into the
implant region, in which the atoms and a dose of the atoms are selected from the group
consisting of

boron at a dose of at least 1x10'® atoms/cm?,

phosphorus at a dose of at least 8x10'* atoms/cm?,

gallium at a dose of at least 7x10"* atoms/cm’,

germanium at a dose of at least 6x10"* atoms/cm?,

arsenic at a dose of at least 6x10" atoms/cm?,

indium at a dose of at least 6x10"* atoms/cm?,

antimony at a dose of at least 6x10'? atoms/cm’, and

any combination thereof.
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