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CONTROLLING THE SHAPE OF
SOURCE/DRAIN REGIONS IN FINFETS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/246,883 filed on Sep. 29, 2009,
entitled “Controlling the Shape of Source/Drain Regions in
FinFETs,” which application is hereby incorporated herein by
reference.

TECHNICAL FIELD

[0002] This disclosure relates generally to semiconductor
devices, and more particularly to structures and formation
methods of fin field-effect transistors (FinFETs).

BACKGROUND

[0003] With the increasing down scaling of integrated cir-
cuits and increasingly higher requirements for integrated cir-
cuits, transistors need to have higher drive currents with
increasingly smaller dimensions. Fin field-effect transistors
(FinFETs) were thus developed.

[0004] As is known in the art, the drive currents of MOS
transistors may benefit from the stresses in the channel
regions of the MOS transistors. Therefore, the source and
drain regions of the FinFET may be formed by removing
portions of the respective fin not covered by the gate elec-
trode, and re-growing SiGe or SiC in the spaces left by the
removed fin. The re-grown SiGe or SiC are used to form
source and drain regions. The re-grown source and drain
regions may also have the benefit of reducing the source/drain
resistance if the re-grown source/drain regions are in-situ
doped with impurities in the re-growth process.

[0005] The re-growth of the source/drain regions, however,
suffers from drawbacks. In contrast to conventional planar
devices, the re-growth of the source/drain regions is not con-
fined by shallow trench isolation regions, and hence the width
of the re-grown SiGe is not limited. Since SiGe has a growth
rate smaller on (111) planes than on other planes, the re-
grown source/drain regions may not have a rectangular shape
as that of the original fin. Instead, the re-grown SiGe regions
may extend laterally and form facets. This may cause the
reduction in the distance between a re-grown SiGe region and
a re-grown SiGe region of a neighboring FinFET. Accord-
ingly, the merging window, in which the neighboring re-
growing source/drain regions will not merge, is reduced.

SUMMARY

[0006] In accordance with one aspect of the embodiment,
an integrated circuit structure includes a fin field-effect tran-
sistor (FinFET) including a semiconductor fin over and adja-
cent insulation regions; and a source/drain region over the
insulation regions. The source/drain region includes a first
and a second semiconductor region. The first semiconductor
region includes silicon and an element selected from the
group consisting of germanium and carbon, wherein the ele-
ment has a first atomic percentage in the first semiconductor
region. The first semiconductor region has an up-slant facet
and a down-slant facet. The second semiconductor region
includes silicon and the element. The element has a second
atomic percentage lower than the first atomic percentage. The
second semiconductor region has a first portion on the up-
slant facet and has a first thickness. A second portion of the
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second semiconductor region, if any, on the down-slant facet
has a second thickness smaller than the first thickness.
[0007] Other embodiments are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the embodi-
ments, and the advantages thereof, reference is now made to
the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0009] FIGS. 1 through 7 are perspective views and cross-
sectional views of intermediate stages in the manufacturing of
a FinFET in accordance with an embodiment; and

[0010] FIG. 8 illustrates an integrated circuit structure with
caps formed on re-grown source/drain regions, wherein the
caps are also formed on down-slant facets of the re-grown
source/drain regions.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0011] The making and using of the embodiments are dis-
cussed in detail below. It should be appreciated, however, that
the embodiments provide many applicable inventive concepts
that can be embodied in a wide variety of specific contexts.
[0012] A novel fin field-effect transistor (FinFET) embodi-
ment and the method of forming the same are presented. The
intermediate stages of manufacturing the embodiment are
illustrated. The variations of the embodiment are discussed.
Throughout the various views and illustrative embodiments,
like reference numbers are used to designate like elements.
[0013] Referring to FIG. 1, an integrated circuit structure is
formed. The integrated circuit structure includes substrate 20,
which may be a bulk silicon substrate. Substrate 20 may be
doped with a p-type or an n-type impurity. Isolation regions
such as shallow trench isolation (STI) regions 22 may be
formed in substrate 20. Fin 24 is formed over top surfaces of
STI regions 22. Fin 24 may be formed by removing top
portions of STI regions 22, so that a portion of substrate 20
between neighboring STI regions 22 becomes a fin. Alterna-
tively, fin 24 may be formed on top of substrate 20 by an
epitaxial growth.

[0014] Inanembodiment, substrate 20 has a surface orien-
tation of (100), and fin 24 extends along the <110> direction
(X-direction as shown in FIG. 1). In other embodiments,
substrate 20 may have other surface orientations such as
(110), in which case fin 24 may extend in directions such as
<100>. Gate dielectric 26 (not shown in FIG. 1, please refer to
FIGS. 2B and 2C), which may be formed of silicon oxide,
high-k dielectric materials, or the like, is formed on the top
surface and sidewalls of fin 24. Gate electrode 28 is formed on
gate dielectric 26. Gate spacers 32 are formed on the sidewalls
of gate electrode 28.

[0015] Referring to FIG. 2A, the exposed portions of fin 24
not covered by gate dielectric 26, gate electrode 28, and gate
spacers 32 are removed (recessed), while the covered portion
of fin 24 is not removed. The removal may be performed by a
dry etch. FIG. 2B illustrates a cross-sectional view of the
structure shown in FIG. 2A, wherein the cross-sectional view
is obtained in a vertical plane crossing line 4B-4B in FIG. 2A.
The spaces left by the removed portions of fin 24 are referred
to as recesses 34 hereinafter. Recesses 34 may have a bottom
level with top surface 35 of STI regions 22. Alternatively, the
bottom of recesses 34 may be lower than top surface 35 of STI
regions 22, as illustrated in FIGS. 2A and 2B.
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[0016] In a subsequent discussion, cross-sectional views
are used to explain the concept of the embodiments. Unless
specified otherwise, the cross-sectional views are obtained in
vertical planes (referred to as source/drain planes hereinafter)
crossing lines at the same position as line 4C-4C in FIG. 1. It
is noted that line 4C-4C crosses the (would-be) source/drain
region, but not gate electrode 28. FIG. 2C illustrates the
cross-sectional view of the structure shown in FIG. 2A,
wherein the cross-sectional view is obtained in the source/
drain plane. Further, gate dielectric 26 and gate electrode 28
are also illustrated. Since gate dielectric 26 and gate electrode
28 are not in the source/drain plane, they are illustrated using
dotted lines.

[0017] Next, as shown in FIG. 3, SiGe region 36, which
may also be referred to as a source/drain stressor 36, is epi-
taxially grown in recesses 34 by selective epitaxial growth
(SEG). SiGe region 36 has a lattice constant greater than the
lattice constant of substrate 20. In an exemplary embodiment,
SiGe region 36 is formed using chemical vapor deposition
(CVD). The precursors may include Si-containing gases and
Ge-containing gases, such as SiH, and GeH,, respectively,
and the partial pressures of the Si-containing gases and Ge-
containing gases are adjusted to modify the atomic ratio of
germanium to silicon. In an embodiment, the resulting SiGe
region 36 includes greater than about 20 atomic percent ger-
manium. The germanium percentage in SiGe region 36 may
also be between about 20 percent and about 40 atomic per-
cent.

[0018] During the epitaxial process for forming SiGe
region 36, p-type impurities such as boron may be doped with
the proceeding of the epitaxy. The impurity concentration
may be between about 1x10*°/cm? and about 1x10*!/cm>. In
alternative embodiments, no p-type and n-type impurities are
doped, while the doping of source and drain regions are
performed in an implantation step performed after the forma-
tion of SiGe region 36.

[0019] It is observed that due to different growth rates on
different surface planes, facets may be formed. For example,
the growth rate on surfaces having (111) surface orientations
is lower than that of other planes such as (110) and (100)
planes. Accordingly, facets 38 and 40, which have the (111)
surface orientations (in other word, on (111) planes), have the
lowest growth rate, while other planes have higher growth
rates. In the beginning of the epitaxial growth of SiGe region
36, facets 38 and 40 may not be formed. However, with the
proceeding of the epitaxial growth, due to the difference in
growth rates, facets 38 and 40 are gradually formed. Through-
outthe description, facets 38, which face away from substrate
20, are referred to as up-slant facets, while facets 40, which
face toward substrate 20, are referred to as down-slant facets.
Down-slant facets 40 and the respective top surfaces 35 of
STIregions 22 may have an angle o, which may be about 54.7
degrees. In an embodiment, SiGe region 36 is grown until the
portion of the recess below top surfaces 35 of ST regions 22
is fully filled and facets 38 and 40 are substantially fully
developed, although SiGe region 36 may be grown further.
[0020] Referring to FIG. 4, process conditions for the epi-
taxial process are changed to form SiGe region 48 on SiGe
region 36, wherein less germanium is introduced than in the
formation of SiGe region 36. The formation of SiGe region 48
may be performed in-situ with the formation of SiGe region
36, which means that SiGe region 36 and 48 are formed in a
same process chamber with no vacuum break occurring ther-
ebetween. In an exemplary embodiment, the partial pres-
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sures, hence flow rates of the Ge-containing gases such as
GeH,, are reduced to reduce the germanium concentration in
SiGe region 48. The resulting SiGe region 48 has a lower
germanium atomic percentage than SiGe region 36. In an
exemplary embodiment, the atomic percentage of germanium
in SiGe region 48 and the atomic percentage of germanium in
SiGe region 36 have a difference greater than about 5 atomic
percent. For example, if the germanium atomic percentage in
SiGe region 36 is 20 percent, the germanium atomic percent-
age in SiGe region 48 is lower than about 15 percent. The
atomic percentages of germanium in SiGe region 48 may also
be less than about 15 percent, or less than about 10 percent.

[0021] Itis observed that SiGe has a higher selectivity than
silicon for being formed on oxide, which means that if SiGe
and silicon are both formed on an oxide, the SiGe will have a
lower growth rate than silicon. For SiGe, the selectivity is the
growth rate of SiGe on SiGe to the growth rate of SiGe on the
oxide. For Si, the selectivity is the growth rate of silicon on
SiGe (or silicon) to the growth rate of silicon on the oxide. In
anembodiment, the formation process conditions are tuned to
further increase the selectivity, so that SiGe region 48 is not
formed on STI regions 22, and as a result, not formed on
down-slant facets 40. For example, HC1 gas may be added (as
an etching gas) into the process gas for forming SiGe region
48, with the flow rate of the HC1 gas being adjusted. Accord-
ingly, any possible SiGe formed on STI regions 22 is etched
since it has a higher etching rate than SiGe formed on SiGe
region 36. It is noted that if the process conditions are not
tuned, a profile as shown in FIG. 8 may be formed, which is
undesirable since the merging window will be undesirably
reduced. As aresult of the optimized process conditions, SiGe
region 48 has a profile as shown in FIG. 4, wherein SiGe
region 48 is grown on up-slant facets 38, but not on down-
slant facets 40. Alternatively, as shown as regions 50 marked
using dotted lines, SiGe region 48 is also grown on down-
slant facets 40, but with a much smaller thickness than that of
the portions on up-slant facets 38. In an exemplary embodi-
ment, thickness T2 is less than about 20 percent of thickness
T1, wherein thickness T1 is the thickness of portions 50 of
SiGe region 48 on up-slant facets 38, while thickness T2 is the
thickness of the portions of SiGe region 48 on down-slant
facets 40. The selectivity of SiGe may be further increased by
selecting appropriate materials for STI regions.

[0022] FIGS. 5 and 6 illustrate alternative embodiments. In
FIG. 5, silicon interlayer 60 is inserted between SiGe regions
36 and 48. It is realized that silicon has a low selectivity, and
hence may be formed on STI regions 22. As a result, silicon
interlayer 60 is also formed on down-slant facets 40. How-
ever, SiGe region 48 will only be formed on the up-slant
facets, but not on down-slant facets, of silicon interlayer 60.
[0023] In alternative embodiments as shown in FIG. 6,
SiGe interlayer 62 is inserted between SiGe regions 36 and
48. SiGe interlayer 62 may have a germanium atomic per-
centage between the germanium atomic percentages of SiGe
regions 36 and 48. Again, process conditions may be tuned for
the formation of SiGe interlayer 62, so that SiGe interlayer 62
is formed only on the up-slant facets 38, but not on the
down-slant facets 40, of SiGe region 36, and SiGe region 48
will only be formed on the up-slant facets, but not on the
down-slant facets, of SiGe interlayer 62.

[0024] FIG. 7 illustrates the formation of germano-silicide
regions 54. Throughout the description, germano-silicide
regions 54 are also referred to as silicide regions 54. As is
known in the art, germano-silicide regions 54 may be formed
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by blanket depositing a thin layer of metal (not shown), such
as nickel, platinum, palladium, vanadium, titanium, cobalt,
tantalum, ytterbium, zirconium, and combinations thereof.
The substrate is then heated, which causes silicon and germa-
nium to react with the metal where contacted. After the reac-
tion, a layer of metal germano-silicide 54 is formed between
SiGe and metal. The un-reacted metal is selectively removed
through the use of an etchant that attacks metal but does not
attack the germano-silicide. In an embodiment, the volume of
SiGe region 36 is designed to be as large as possible, so as to
provide a maximum stress to the channel region of the result-
ing FinFET device. Accordingly, to maintain an acceptable
merging window (which is the distance between neighboring
re-grown source/drain regions), SiGe region 48 may be thin.
However, since the quality of germano-silicide becomes
worse if the germanium atomic percentage is high, the thick-
ness T1 (FIG. 4) of SiGe region 48 may be set close to the
thickness that will be consumed by the silicidation process. In
the resulting structure, germano-silicide region 54 may con-
tact SiGe region 36. In alternative embodiments, SiGe region
48 may be thicker than what is needed for the silicidation.
Accordingly, after the silicidation, a thin layer of SiGe region
48 may be left.

[0025] In an embodiment, germano-silicide region 54 is
formed over up-slant facets 38, but not extending into down-
slant facets 40. It is noted that in germano-silicide regions 54,
the atomic percentage of germanium to germanium and sili-
con will still be the same as the atomic percentage of germa-
nium to germanium and silicon in SiGe region 48, since the
newly added metal atoms are not counted. The atomic per-
centage of germanium to germanium and silicon may be
expressed as (number of germanium atoms/(number of ger-
manium atoms+number of silicon atoms).

[0026] Although in the above-discussed embodiments,
regions 36, 48, and 62 are described as SiGe regions, and the
respective transistor is a p-type FinFET, in alternative
embodiments, regions 36, 48, and 62 may be SiC regions,
while the respective FinFET is an n-type FinFET. It is noted
that SiC typically has a much smaller carbon atomic percent-
age than the germanium atomic percentage in SiGe region.
However, the relative atomic carbon percentages in regions
36, 48, and 62 may be realized by one skilled in the art by
applying the teaching of the embodiments.

[0027] The embodiments have several advantageous fea-
tures. Comparing the profile as shown in FIGS. 4 and 8, it is
noted that by forming SiGe region 48 on up-slant facets 38,
but not on down-slant facets 40, the lateral growth may be
reduced. For example, if SiGe regions 36 and 48 are grown to
a same thickness, SiGe region 48' in FIG. 8 may have a lateral
extension distance D1 of 113 A, while the SiGe region 48 in
FIG. 4 only have a lateral extension distance D2 equal to 50
percent of lateral extension distance D1, or 56.5 A. Accord-
ingly, the merging window in FIG. 4 is increased over the
merging window in FIG. 8.

[0028] Although the embodiments and their advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
disclosure as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, machine, manu-
facture, and composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure, processes,
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machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve sub-
stantially the same result as the corresponding embodiments
described herein may be utilized according to the disclosure.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps. In addi-
tion, each claim constitutes a separate embodiment, and the
combination of various claims and embodiments are within
the scope of the invention.

What is claimed is:

1. An integrated circuit structure comprising:

insulation regions comprising top surfaces; and

a fin field-effect transistor (FinFET) comprising:

a semiconductor fin over and adjacent to the insulation
regions;

a gate dielectric on a top surface, and extending on
sidewalls, of the semiconductor fin;

a gate electrode on the gate dielectric; and

a source/drain region over the insulation regions and
adjoining the semiconductor fin, wherein the source/
drain region comprises:

a first semiconductor region comprising silicon and
an element selected from the group consisting of
germanium and carbon, wherein the element has a
first atomic percentage in the first semiconductor
region, and wherein the first semiconductor region
comprises an up-slant facet and a down-slant facet;
and

a second semiconductor region comprising silicon
and the element, wherein the element has a second
atomic percentage in the second semiconductor
region with the second atomic percentage being
lower than the first atomic percentage, wherein the
second semiconductor region comprises a first por-
tion on the up-slant facet and has a first thickness,
and wherein a second portion of the second semi-
conductor region on the down-slant facet has a
second thickness smaller than the first thickness.

2. The integrated circuit structure of claim 1, wherein the
second atomic percentage is lower than the first atomic per-
centage by greater than about five percent.

3. The integrated circuit structure of claim 1, wherein the
second thickness is less than 20 percent of the first thickness.

4. The integrated circuit structure of claim 1, wherein there
is substantially no second portion of the second semiconduc-
tor region on the down-slant facet.

5. The integrated circuit structure of claim 1, wherein the
up-slant facet and the down-slant facet are on (111) planes.

6. The integrated circuit structure of claim 1 further com-
prising a silicon interlayer between the first portion of the
second semiconductor region and the up-slant facet, and
wherein the silicon interlayer extends onto the down-slant
facet and contacts the insulation regions.

7. The integrated circuit structure of claim 1 further com-
prising a SiGe interlayer between the first portion of the
second semiconductor region and the up-slant facet, and
wherein the SiGe interlayer does not extend onto the down-
slant facet.

8. The integrated circuit structure of claim 1, wherein the
down-slant facet and the top surfaces of the insulation regions
form an angle equal to about 54.7 degrees.
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9. An integrated circuit structure comprising:

a silicon substrate;

two shallow trench isolation (STI) regions in the silicon

substrate and facing each other, with a portion of the

silicon substrate therebetween;

a silicon fin over, and horizontally between, the two STI

regions;

a gate dielectric on a top surface, and extending on side-

walls, of the silicon fin;

a gate electrode on the gate dielectric; and

a source/drain stressor comprising at least a portion over

and horizontally between the two STI regions, wherein

the source/drain stressor contacts the silicon fin and
comprises:

a first SiGe region having a first germanium atomic
percentage, wherein the first SiGe region comprises
an up-slant facet on a (111) plane, and a down-slant
facet on an additional (111) plane; and

a second SiGe region with a second germanium atomic
percentage lower than the first germanium atomic
percentage, wherein the second SiGe region com-
prises a portion on the up-slant facet, and wherein
substantially no portion of the second SiGe region
extends on the down-slant facet.

10. The integrated circuit structure of claim 9, wherein the
second germanium atomic percentage is lower than the first
germanium atomic percentage by greater than about five per-
cent.

11. The integrated circuit structure of claim 9 further com-
prising a silicon interlayer between the second SiGe region
and the up-slant facet, and wherein the silicon interlayer
extends onto the down-slant facet and contacts one of the two
STI regions.

12. The integrated circuit structure of claim 9 further com-
prising a SiGe interlayer between the second SiGe region and
the up-slant facet, and wherein the SiGe interlayer does not
extends onto the down-slant facet.

13. The integrated circuit structure of claim 9, wherein the
down-slant facet and top surfaces of the two STI regions form
an angle equal to about 54.7 degrees.

14. An integrated circuit structure comprising:

a silicon substrate;

two shallow trench isolation (STI) regions in the silicon

substrate and facing each other, with a portion of the

silicon substrate therebetween;
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a silicon fin over, and horizontally between, the two STI

regions;

a gate dielectric on a top surface, and extending on side-

walls, of the silicon fin;

a gate electrode on the gate dielectric; and

a source/drain stressor comprising at least a portion over

and horizontally between the two STI regions, wherein

the source/drain stressor contacts the silicon fin and
comprises:

a first SiGe region having a first germanium atomic
percentage of germanium to silicon and germanium,
wherein the first SiGe region has an up-slant facet on
a(111) plane, and a down-slant facet on an additional
(111) plane; and

a first germano-silicide with a second germanium
atomic percentage of germanium to silicon and ger-
manium, wherein the second germanium atomic per-
centage is lower than the first germanium atomic per-
centage, and wherein the first germano-silicide is on
the up-slant facet.

15. The integrated circuit structure of claim 14 further
comprising a second germano-silicide with a third germa-
nium atomic percentage of germanium to silicon and germa-
nium, wherein the third germanium atomic percentage is
equal to the first germanium atomic percentage, and wherein
the second germano-silicide is on the down-slant facet.

16. The integrated circuit structure of claim 14, wherein the
second germanium atomic percentage is lower than the first
germanium atomic percentage by greater than about five per-
cent.

17.The integrated circuit structure of claim 14, wherein the
first germanium atomic percentage is greater than about 20
percent, and the second germanium atomic percent is lower
than about 10 percent.

18. The integrated circuit structure of claim 14 further
comprising an additional SiGe region between the first ger-
mano-silicide and the up-slant facet, wherein the additional
SiGe region and the first germano-silicide have a same ger-
manium atomic percentage of germanium to germanium and
silicon.

19. The integrated circuit structure of claim 14, wherein the
down-slant facet and top surfaces of the two STI regions form
an angle equal to about 54.7 degrees.
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