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CREATING ANISOTROPICALLY DIFFUSED JUNCTIONS IN FIELD EFFECT

TRANSISTOR DEVICES

Technical Field

The present invention relates generally to semiconductor device manufacturing and, more

particularly, to creating anisotropically diffused junctions in field effect transistor (FET)

devices.

Background Information

As the pitch between individual devices on integrated circuits (ICs) continues to shrink with

each new technology generation, elements of these devices such as transistor gate electrodes,

spacers and source and drain diffusion extents, both lateral and vertical, are required to be

sized down accordingly. As a result, FET scaling has become a significant challenge in the

semiconductor industry. Traditional scaling techniques such as shallower implants and

reduced thermal budgets begin to fail as device dimensions shrink down to the nanometer

(nm) regime because control of the abruptness and shallowness of the doping profiles is

limited due unavoidable transient-enhanced diffusion. One well-known method to mitigate

the inability to create increasingly abrupt and shallow junctions is anti-punchthrough (APT)

or halo implantation. These halo implants shield the increasingly small FET channel regions

from the encroachment of the source and drain implants and thus help to reduce deleterious

short channel effects (SCE). However the resulting highly doped channels or pocket implant

regions degrade device performance and power consumption by increasing junction

capacitance and band-to-band tunneling.

Moreover, traditional scaling requires the simultaneous reduction of both lateral and vertical

dimensions of the transistor, including gate pitch, gate thickness, and source/drain (S/D)

junction depth, in order to maintain reasonable short channel control from one node to the

next. However, in the sub 90 nm technology nodes, where S/D stress-inducing elements

such as eptiaxially grown silicon germanium (eSiGe) and silicon carbon (eSiC) are

incorporated for carrier mobility enhancement, scaling the S/D junction depth results in



device performance degradation due to stress loss. Additionally, the shallower junctions

result in higher S/D series resistance, further degrading the scaled device performance.

Finally, in high-performance silicon-on-insulator (SOI) technologies, some portion of the

source and drain junctions of each device must encroach sufficiently on the buried insulator,

a condition referred to as "butting", in order to isolate adjacent devices that occupy the same

contiguous silicon region. Since a typical FET ( FET) junction is formed via self-aligned

dopant implantation and subsequent thermal annealing, or by a self-aligned cavity etch and

subsequent fill by a heavily in-situ doped strained silicon alloy, a relatively large spacer and

high halo implant is typically utilized in order to prevent short channel degradation from the

lateral encroachment of the deep source/drain.

US Patent 7655523 B2 (Babcock, J.A. et al "Advanced CMOS using Super Steep

Retrograde Wells), Feb. 2 . 2010, discloses a method for forming super steep doping profiles

in MOS transistors. The method comprises forming a carbon containing layer which

prevents the diffusion of dopants into a region directly beneath a gate dielectric layer.

Therefore, there is a need in the art to address the aforementioned problems.

SUMMARY

In an exemplary embodiment, a method of forming a transistor device includes implanting a

diffusion inhibiting species in a semiconductor-on-insulator substrate comprising a bulk

substrate, a buried insulator layer, and a semiconductor-on-insulator layer, the

semiconductor-on-insulator substrate having one or more gate structures formed thereon

such that the diffusion inhibiting species is disposed in portions of the semiconductor-on-

insulator layer corresponding to a channel region, and disposed in portions of the buried

insulator layer corresponding to source and drain regions; introducing a transistor dopant

species in the source and drain regions; and performing an anneal so as to diffuse the

transistor dopant species in a substantially vertical direction while substantially preventing

lateral diffusion of the transistor dopant species into the channel region.

In another embodiment, a method of forming a field effect transistor (FET) device includes



implanting a diffusion inhibiting species in a silicon-on-insulator (SOI) substrate comprising

a bulk substrate, a buried oxide layer (BOX) formed on the bulk substrate, and an SOI layer

formed on the BOX layer, the SOI substrate having one or more FET gate structures formed

thereon such that the diffusion inhibiting species is disposed in portions of the SOI layer

corresponding to a channel region, and disposed in portions of the BOX corresponding to

source and drain regions; implanting a first, shallow transistor dopant species in the source

and drain regions; implanting a second, deep transistor dopant species in the source and

drain regions; and performing an anneal so as to diffuse the second transistor dopant species

in a substantially vertical direction while substantially preventing lateral diffusion of the

second transistor dopant species into the channel region.

In another embodiment, a method of forming a field effect transistor (FET) device includes

implanting a diffusion inhibiting species in a silicon-on-insulator (SOI) substrate comprising

a bulk substrate, a buried oxide layer (BOX) formed on the bulk substrate, and an SOI layer

formed on the BOX layer, the SOI substrate having one or more FET gate structures formed

thereon such that the diffusion inhibiting species is disposed in portions of the SOI layer

corresponding to a channel region, and disposed in portions of the BOX corresponding to

source and drain regions; implanting a first, shallow transistor dopant species in the source

and drain regions; recessing portions of the SOI layer in the source and drain regions; filling

the recessed portions of the SOI layer with a semiconductor material that is in-situ doped

with a second, deep transistor dopant species in the source and drain regions; and performing

an anneal so as to diffuse the second transistor dopant species in a substantially vertical

direction while substantially preventing lateral diffusion of the second transistor dopant

species into the channel region.

In another embodiment, a transistor device includes a semiconductor-on-insulator substrate

comprising a bulk substrate, a buried insulator layer, and a semiconductor-on-insulator layer;

a gate structure formed on the semiconductor-on-insulator layer, the gate structure

comprising a gate conductor and sidewall spacers adjacent the gate conductor; a diffusion

inhibiting species disposed in portions of the semiconductor-on-insulator layer

corresponding to a channel region, self-aligned to the gate structure, the diffusion inhibiting

species also disposed in portions of the buried insulator layer corresponding to source and



drain regions; and a transistor dopant species introduced in the source and drain regions;

wherein the transistor dopant species has a substantially vertical profile within the source

and drain regions, extending to the buried insulator layer while the channel region is

substantially free of the transistor dopant species.

In still another embodiment, a field effect transistor (FET) device, includes a silicon-on-

insulator (SOI) substrate comprising a bulk substrate, a buried oxide (BOX) layer, and an

SOI layer; a gate structure formed on the SOI layer, the gate structure comprising a gate

conductor and sidewall spacers adjacent the gate conductor; a diffusion inhibiting species

disposed in portions of the SOI layer corresponding to a channel region, self-aligned to the

gate structure, the diffusion inhibiting species also disposed in portions of the BOX layer

corresponding to source and drain regions; a first, shallow transistor dopant species

implanted in the source and drain regions; and a second, deep transistor dopant species

introduced in the source and drain regions; wherein the second transistor dopant species has

a substantially vertical profile within the source and drain regions, extending to the BOX

layer while the channel region is substantially free of the second transistor dopant species.

Brief Description of the Drawings

The present invention will now be described, by way of example only, with reference to

preferred embodiments, as illustrated in the following figures:

Figures 1(a) through 1(f) are cross sectional views of an exemplary method of creating

anisotropically diffused junctions in field effect transistor (FET) devices, in accordance with

a preferred embodiment of the present invention where, in particular:

Figure 1(a) is cross sectional view of a silicon-on-insulator (SOI) substrate having a pair of

FET gates formed thereon;

Figure 1(b) illustrates implantation of a carbon species for the device shown in Figure 1(a);

Figure 1(c) illustrates the resulting locations of the carbon regions in the channel regions of



the SOI layer below the gate structures, and in the BOX layer below the source and drain

regions, following the implantation of Figure 1(b);

Figure 1(d) illustrates a shallow source/drain implant of the device shown in Figure 1(c)

using a first dopant;

Figure 1(e) illustrates a deep source/drain implant of the device shown in Figure 1(d) using a

second dopant;

Figure 1(f) illustrates a rapid thermal anneal (RTA) process that drives the second dopant of

Figure 1(e) vertically down toward the level of the BOX layer while inhibiting vertical

encroachment of the second dopant into the channel regions;

Figures 2(a) through 2(c) are cross sectional views of an exemplary method of creating

anisotropically diffused junctions in field effect transistor (FET) devices, in accordance with

a preferred embodiment of the present invention where, in particular:

Figure 2(a) illustrates recessing of the SOI layer in between gate structures following the

shallow source/drain implant of Figure 1(d);

Figure 2(b) illustrates filling of the recessed areas of the SOI layer in Figure 2(a) with a

silicon or a silicon alloy that is in-situ doped with a second dopant; and

Figure 2(c) illustrates an RTA process that drives the second dopant of Figure 2(c) vertically

down toward the level of the BOX layer while inhibiting vertical encroachment of the

second dopant into the channel regions.

DETAILED DESCRIPTION

Disclosed herein is a method and structure for creating anisotropically diffused junctions in

field effect transistor (FET) devices. In particular, embodiments of a method to promote

vertical diffusion of an NFET and/or a PFET S/D junction and simultaneously inhibit lateral



diffusion are disclosed, which embodiments enable a deep source/drain with a relatively

modest size spacer and reduced halo implant dose. Consequently, such a process reduces the

S/D series resistance of the NFET and/or PFET, and enables the use of thicker silicon-on-

insulator (SOI) substrates, which are advantageous for eSiGe p-type FET (PFET) and eSiC

n-type FET (NFET) stress optimization. In the following description, boron difluoride

(BF2) dopant in a PFET device is equivalent to arsenic (As) dopant in an NFET device,

while boron (B) dopant in the PFET device is equivalent to phosphorus (P) dopant in the

NFET device.

In the illustrated embodiments below, an exemplary NFET device is illustrated. However, it

will be appreciated that the principles herein are equally applicable to PFET devices.

In brief, the embodiments implement a through-gate implant of a diffusion inhibiting species

(e.g., carbon) for NFET SOI devices, such that the carbon is incorporated into the channel

region (e.g., silicon) under the gate. Elsewhere in the S/D regions, however, the carbon

species passes through the SOI layer and into the buried oxide (BOX) layer below the SOI

layer. Then, an n-type dopant, such as P for example, is implanted or in-situ doped with

regrown semiconductor material into the NFET S/D regions for deep junction formation.

Here, the diffusion of P is well-known to be inhibited by carbon. A rapid thermal anneal

(RTA) diffuses the phosphorous dopant atoms vertically down toward the BOX layer,

effectively butting the junctions and reducing S/D resistance. However, due to the presence

of the carbon material previously implanted in the channel region below the gate, the carbon

that is effectively self-aligned to the FET channel substantially inhibits lateral diffusion of

the phosphorous.

Referring initially to Figure 1(a), there is shown a cross sectional view of a semiconductor-

on-insulator such as an SOI integrated circuit device 100 having a pair of NFET gates

formed thereon, suitable for use in accordance with a preferred embodiment of the present

invention. As is shown, the device 100 includes a bulk substrate 102, such as silicon for

example, a BOX layer 104 or other suitable insulating layer formed on the bulk substrate

102, and a thin SOI layer 106, or other suitable semiconductor-on-insulator layer formed on

the BOX layer 104. In addition, a pair of NFET gate structures, each including gate



electrodes 108 and sidewall spacers 110, are formed over the SOI layer 106, in accordance

with existing semiconductor processing techniques.

As then shown in Figure 1(b), the device is subjected to an implant with a species such as

carbon (indicated by the arrows) such that the carbon becomes implanted into the channel

regions of the SOI layer 106 below the gate electrodes 108, while with respect to the

source/drain regions of the SOI layer 106, the carbon passes through the SOI layer and

becomes implanted within the BOX layer 104. The resulting intermediate structure is shown

in Figure 1(c), where it will be observed that the carbon regions 112 formed in the SOI layer

106 are self-aligned below the gate electrodes 108 sidewall spacers, while the carbon regions

112 in the BOX layer 104 correspond to locations below the subsequently formed

source/drain regions where no gate structures are present.

Proceeding now to Figure 1(d), a first, shallow source/drain implant is performed using a

first n-type dopant 114. This first implant is self-aligned to the gate. In an exemplary

embodiment, the first n-type dopant 114 is arsenic (As), which also extends beneath the

sidewall spacers. Arsenic is the dopant of choice for shallow source/drain junctions because

its as-implanted profile is relatively shallow and abrupt and it is resistance to transient-

enhanced diffusion. In Figure 1(e), a second, deep source/drain implant is performed using a

second n-type dopant. This second implant is also self-aligned to the gate. In an exemplary

embodiment, the second n-type dopant 116 is phosphorous (P). Phosphorus is the dopant

species of choice for deep junctions because its as-implanted profile is broad and readily

made deep, both relative to that of arsenic. However, in silicon, phosphorus diffuses

extremely quickly compared to arsenic.

Figure 1(f) illustrates diffusion of the second-type dopant 116 following an RTA process.

As will be seen, the diffusion of the phosphorous species 116 is predominately in a vertical

direction, toward the BOX layer 104, due to the presence of the carbon species in the

channel regions of the NFET. The uninhibited vertical diffusion enables a butted and low-

resistance junction yet avoids short channel effects degradation from lateral encroachment of

the dopant into the device channel.



As indicated above, it should be appreciated that although the above described embodiments

have been described using FET devices, the principles disclosed herein are equally

applicable to PFET devices. Here, boron difluoride (BF2) may be an analog dopant species

of arsenic and boron (B) may be an analog dopant species of phosphorus. With respect to a

diffusion inhibiting species, fluorine (F) is a possible, though less desirable, analog of carbon

for both FETs and PFETs.

Further, in the above described exemplary embodiments, introduction of the second type

(deep) dopant into the source/drain regions is depicted by way of an implant process. In an

alternative embodiment, however, this may be performed by SOI etching followed by

epitaxial regrowth of the source drain regions with an in-situ doped semiconductor material.

Referring now to Figure 2(a), portions of the SOI layer 106 are recessed such as by etching

following a point in processing after the first, shallow source/drain implant process of Figure

1(d). This results in recessed areas 202 shown in Figure 2(a). Then, as shown in Figure

2(b), the recessed areas are filled with an epitaxially grown semiconductor material 204 that

is in-situ doped with a suitable second dopant. In the NFET example, the dopant may be

phosphorus, while for the PFET example, the dopant may be boron. The semiconductor

material may be, for example, silicon, or an alloy of silicon such as silicon germanium

(SiGe). Other semiconductor materials could also be used. Finally, as shown in Figure 2(c),

an RTA process diffuses the in-situ dopant of the epitaxially grown semiconductor material

204. As is the case with the implanted embodiment of Figure 1(e), the diffusion of the in-

situ species is predominately in a vertical direction, toward the BOX layer 104, due to the

presence of the carbon species in the channel regions of the NFET and the PFET (or,

alternatively, the fluorine species in the PFET channel). The uninhibited vertical diffusion

enables a butted and low-resistance junction yet avoids short channel effects degradation

from lateral encroachment of the dopant into the device channel.

While the invention has been described with reference to a preferred embodiment or

embodiments, it will be understood by those skilled in the art that various changes may be

made and equivalents may be substituted for elements thereof without departing from the

scope of the invention. In addition, many modifications may be made to adapt a particular

situation or material to the teachings of the invention without departing from the essential



scope thereof. Therefore, it is intended that the invention not be limited to the particular

embodiment disclosed as the best mode contemplated for carrying out this invention, but that

the invention will include all embodiments falling within the scope of the appended claims.



CLAIMS

1. A method of forming a transistor device, the method comprising:

implanting a diffusion inhibiting species in a semiconductor-on-insulator substrate

wherein the semiconductor-on-insulator substrate comprises a bulk substrate, a buried

insulator layer, and a semiconductor-on-insulator layer, the semiconductor-on-insulator

substrate having one or more gate structures formed thereon such that the diffusion

inhibiting species is disposed in portions of the semiconductor-on-insulator layer

corresponding to a channel region, and disposed in portions of the buried insulator layer

corresponding to source and drain regions;

introducing a transistor dopant species in the source and drain regions; and

performing an anneal so as to diffuse the transistor dopant species in a substantially

vertical direction while substantially preventing lateral diffusion of the transistor dopant

species into the channel region.

2 . The method according to claim 1, wherein the step of introducing the transistor

dopant species comprises a step of vertically diffusing in the source and drain regions down

to the level of the buried insulator layer.

3 . The method according to either of claims 1 or 2, wherein the semiconductor-on-

insulator comprises a silicon-on-insulator layer (SOI) and the buried insulator layer

comprises a buried oxide (BOX) layer.

4 . The method according to any of the preceding claims, wherein:

the transistor device comprises an n-type field effect transistor ( ET);

the diffusion inhibiting species comprises carbon; and

the transistor dopant species comprises phosphorous.

5 . The method according to any of claims 1 to 3, wherein:

the transistor device comprises a p-type field effect transistor (PFET);

the diffusion inhibiting species comprises fluorine; and

the transistor dopant species comprises boron.



6 . A method according to claim 1, wherein:

the step of implanting the diffusion inhibiting species in the semiconductor-on-

insulator substrate comprises a step of implanting the diffusion inhibiting species in a

silicon-on-insulator (SOI) substrate comprising a bulk substrate, a buried oxide layer (BOX)

formed on the bulk substrate, and an SOI layer formed on the BOX layer, the SOI substrate

having one or more FET gate structures formed thereon such that the diffusion inhibiting

species is disposed in portions of the SOI layer corresponding to a channel region, and

disposed in portions of the BOX corresponding to source and drain regions;

the step of introducing the transistor dopant comprises steps of:

implanting a first, shallow transistor dopant species in the source and drain regions;

and

implanting a second, deep transistor dopant species in the source and drain regions;

and

the step of performing an anneal comprises a step of performing an anneal so as to

diffuse the second transistor dopant species in a substantially vertical direction while

substantially preventing lateral diffusion of the second transistor dopant species into the

channel region.

7 . The method according to claim 6, wherein:

the FET device comprises an n-type field effect transistor ( FET);

the diffusion inhibiting species comprises carbon;

the first transistor dopant species comprises arsenic; and

the second transistor dopant species comprises phosphorous.

8 . The method according to claim 6, wherein:

the FET device comprises a p-type field effect transistor (PFET);

the diffusion inhibiting species comprises fluorine;

the first transistor dopant species comprises boron difluoride; and

the second transistor dopant species comprises boron.

9 . The method according to any of claims 6 to 8, wherein the second transistor dopant

species is vertically diffused in the source and drain regions down to the level of the BOX



layer.

10. A method according to claim 1, wherein:

the step of implanting the diffusion inhibiting species in the semiconductor-on-

insulator substrate comprises a step of implanting the diffusion inhibiting species in a

silicon-on-insulator (SOI) substrate comprising a bulk substrate, a buried oxide layer (BOX)

formed on the bulk substrate, and an SOI layer formed on the BOX layer, the SOI substrate

having one or more FET gate structures formed thereon such that the diffusion inhibiting

species is disposed in portions of the SOI layer corresponding to a channel region, and

disposed in portions of the BOX corresponding to source and drain regions;

the step of introducing the transistor dopant comprises steps of:

implanting a first, shallow transistor dopant species in the source and drain regions;

recessing portions of the SOI layer in the source and drain regions; and

filling the recessed portions of the SOI layer with a semiconductor material that is in-

situ doped with a second, deep transistor dopant species in the source and drain regions; and

and

the step of performing an anneal comprises performing an anneal so as to diffuse the

second transistor dopant species in a substantially vertical direction while substantially

preventing lateral diffusion of the second transistor dopant species into the channel region.

11. The method according to claim 10, wherein the in-situ doped semiconductor material

comprises one of silicon and a silicon containing alloy.

12. The method according to either of claims 10 or 11, wherein:

the FET device comprises an n-type field effect transistor ( FET);

the diffusion inhibiting species comprises carbon;

the first transistor dopant species comprises arsenic; and

the second transistor dopant species comprises phosphorous.

13. The method according to either of claims 10 or 11, wherein:

the FET device comprises a p-type field effect transistor (PFET);

the diffusion inhibiting species comprises fluorine;



the first transistor dopant species comprises boron difluoride; and

the second transistor dopant species comprises boron.

14. A transistor device, comprising:

a semiconductor-on-insulator substrate comprising a bulk substrate, a buried

insulator layer, and a semiconductor-on-insulator layer;

a gate structure formed on the semiconductor-on-insulator layer, the gate structure

comprising a gate conductor and sidewall spacers adjacent the gate conductor;

a diffusion inhibiting species disposed in portions of the semiconductor-on-insulator

layer corresponding to a channel region, self-aligned to the gate structure, the diffusion

inhibiting species also disposed in portions of the buried insulator layer corresponding to

source and drain regions; and

a transistor dopant species introduced in the source and drain regions;

wherein the transistor dopant species has a substantially vertical profile within the

source and drain regions, extending to the buried insulator layer while the channel region is

substantially free of the transistor dopant species.

15. The device according to claim 14, wherein the transistor device comprises an n-type

field effect transistor ( ET).

16. The device according to claim 15, wherein the diffusion inhibiting species comprises

carbon, and the transistor dopant species comprises phosphorous.

17. The device according to claim 14, wherein the transistor device comprises a p-type

field effect transistor (PFET).

18. The device according to claim 17, wherein the diffusion inhibiting species comprises

fluorine, and the transistor dopant species comprises boron.

19. The device according to claim 14, wherein the semiconductor-on-insulator comprises

a silicon-on-insulator layer (SOI) and the buried insulator layer comprises a buried oxide

(BOX) layer.



20. A device according to claim 14, wherein:

the semiconductor-on-insulator substrate comprises a silicon-on-insulator (SOI)

substrate; the buried insulator layer comprises a buried oxide (BOX) layer; the

semiconductor-on-insulator layer comprises an SOI layer;

the gate structure is formed on the SOI layer;

the diffusion inhibiting species is disposed in portions of the SOI layer corresponding

to a channel region; the diffusion inhibiting species is disposed in portions of the BOX layer

corresponding to source and drain regions;

; and

the transistor dopant species further comprises a first, shallow transistor dopant

species implanted in the source and drain regions; and a second, deep transistor dopant

species introduced in the source and drain regions; introduced in the source and drain

regions,

wherein the second transistor dopant species has a substantially vertical profile

within the source and drain regions, extending to the BOX layer while the channel region is

substantially free of the second transistor dopant species.

21. The device according to claim 20, wherein:

the device comprises an n-type field effect transistor ( ET);

the diffusion inhibiting species comprises carbon;

first transistor dopant species comprises arsenic; and

the second transistor dopant species comprises phosphorous.

22. The device according to claim 20, wherein:

the device comprises a p-type field effect transistor (PFET);

the diffusion inhibiting species comprises fluorine;

first transistor dopant species comprises boron difluoride; and

the second transistor dopant species comprises boron.

23. The device according to any of claims 20 to 22, wherein the second transistor dopant

species is an implanted species.



24. The device according to any of claims 20 to 23, wherein the source and drain regions

comprise an epitaxially grown semiconductor material in-situ doped with the second

transistor dopant species.

25. The device according to claim 24, wherein the in-situ doped semiconductor material

comprises one of silicon and a silicon containing alloy.
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