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EPITAXY PROFILE ENGINEERING FOR
FINFETS

TECHNICAL FIELD

[0001] This disclosure relates generally to semiconductor
devices, and more particularly to structures and formation
methods of semiconductor fins and fin field-effect transistors
(FinFETs).

BACKGROUND

[0002] 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.

[0003] Similar to planar transistors, source and drain sili-
cides may be formed on the source and drain regions of
FinFETs. However, since the fins of FinFETs are typically
narrow, current crowding may occur. In addition, itis difficult
to land contact plugs onto the source/drain portions of fins.
Epitaxy semiconductor layers are thus formed on the fins to
increase their volumes using epitaxy processes.

[0004] The epitaxial processes, however, suffer from draw-
backs. FIG. 1 illustrates a cross-sectional view of a semicon-
ductor structure including source/drain region 2 (which is
part of the original fin) and epitaxy layer 4 epitaxially grown
on source/drain region 2. In contrast to conventional planar
devices, the volumes of source/drain regions 2 are not con-
fined by shallow trench isolation (STI) regions 6. Since epi-
taxy layer 4 may have a growth rate smaller on (111) planes
than on other planes, the outer surface of epitaxy layer 4 may
not have a rectangular (or near-rectangular) profile as that of
the original fin 2. Instead, epitaxy layer 4 may extend laterally
and form facets 8. This may cause the excess reduction in the
distance between epitaxy layers grown from neighboring fins.
Accordingly, the merging window, in which the epitaxy lay-
ers growing from neighboring fins will not merge, is reduced.
Further, even if the neighboring epitaxy layers 4 belong to a
source/drain region of a same multi-fin FinFET, void 10 will
be undesirably generated as a result of the merging of epitaxy
layers 4 grown from neighboring fins 2, as shown in FIG. 2.

SUMMARY

[0005] Inaccordance with one aspect of the embodiment, a
method of forming an integrated circuit structure includes
providing a wafer including a substrate and a semiconductor
fin at a major surface of the substrate, and performing a
deposition step to epitaxially grow an epitaxy layer on a top
surface and sidewalls of the semiconductor fin, wherein the
epitaxy layer includes a semiconductor material. An etch step
is then performed to remove a portion of the epitaxy layer,
with a remaining portion of the epitaxy layer remaining on the
top surface and the sidewalls of the semiconductor fin.
[0006] Other embodiments are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] 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:

[0008] FIG. 1 illustrates a cross-sectional view of an epit-
axy layer grown from a semiconductor fin;
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[0009] FIG. 2 illustrates the merging of the epitaxy layers
grown from neighboring fins, wherein voids are generated
when the epitaxy layers merge;

[0010] FIGS. 3 through 8 are a perspective view and cross-
sectional views of intermediate stages in the manufacturing of
a FinFET in accordance with an embodiment; and

[0011] FIG. 9 illustrates the merging of two epitaxy layers
growing from neighboring semiconductor fins.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0012] 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.
[0013] 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.
[0014] Referring to FIG. 3, 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.

[0015] Inanembodiment, substrate 20 has a surface orien-
tation of (100), and fin 24 extends along the <110> direction.
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. 3, please refer to FIG. 4A), 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 elec-
trode 28 is formed on gate dielectric 26. Gate spacers 32 are
formed on the sidewalls of gate electrode 28.

[0016] In the 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 A-A in FIG. 3. It is
noted that line A-A crosses the (would-be) source/drain
region, but not gate electrode 28.

[0017] Next, as shown in FIG. 4A, epitaxy layer 36 is
deposited, for example, epitaxially grown on the exposed
portion of fin 24 by selective epitaxial growth (SEG). Epitaxy
layer 36 (also referred to as epitaxy layer 36_1 hereinafter)
may be formed of a semiconductor material same as, or a
semiconductor material different from, that of fin 24. In an
embodiment, epitaxy layer 36_1 is formed of substantially
pure silicon. In alternative embodiments, epitaxy layer 36_1
may comprise silicon germanium (SiGe), silicon carbon
(SiC), or the like. The formation methods of epitaxy layer
36_1 may include chemical vapor deposition (CVD), such as
areduced pressure CVD (RPCVD) or other applicable meth-
ods. Depending on the desirable composition of epitaxy layer
36_1, the precursors for the epitaxy may include Si-contain-
ing gases and Ge-containing gases, such as SiH, and GeH,,
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and/or the like, 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 in
which SiGe is desirable for forming epitaxy layer 36_1, the
resulting epitaxy layer 36_1 includes greater than about 20
atomic percent germanium. The germanium percentage in
epitaxy layer 36_1 may also be between about 20 percent and
about 50 atomic percent.

[0018] FIG. 4A also illustrates gate dielectric 26 and gate
electrode 28. Since gate dielectric 26 and gate electrode 28
are not in the source/drain plane, they are illustrated using
dotted lines. For simplicity, in subsequent drawings, gate
dielectric 26 and gate electrode 28 are not illustrated.

[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
(referred to as (111) planes) is lower than that on other planes,
such as (110) and (100) planes. Accordingly, facets 38 are
formed as a result of the difference in the growth rates of
different planes. If epitaxy layer 36_1 is grown freely, even-
tually, facts 38 will have the (111) surface orientations (in
other word, on (111) planes). In the beginning of the epitaxial
growth of epitaxy layer 36_1, facets 38 may not be fully
established. However, with the proceeding of the epitaxial
growth, due to the difference in growth rates, facets 38 are
gradually formed.

[0020] Duringthe epitaxy process, etching gas, such as HCI1
gas, may be added (as an etching gas) into the process gas, so
that epitaxy layer 36_1 is selectively grown on fin 24, but not
on STl regions 22 and gate spacers 32 (not shown in FIG. 4A,
please refer to FIG. 3). In alternative embodiments, no etch-
ing gas is added, or the amount of etching gas is small, so that
there is a thin layer of epitaxy layer 36_1 formed on STI
regions 22 and gate spacers 32, as shown in FIG. 4B. It is
realized, however, that the portion of epitaxy layer 36_1 on
STl regions 22 and gate spacers 32 may not have a crystalline
structure.

[0021] Referring to FIG. 5, after the formation of epitaxy
layer 36_1, the epitaxial growth of epitaxy layer 36_1 is
stopped, and an etch step is performed, for example, by intro-
ducing etching gases such as HCl into the same chamber as
the deposition of epitaxy layer 36_1. In an embodiment, the
epitaxial growth and the etch of epitaxy layer 36_1 are in-situ
performed, that is, in a same process chamber with no vacuum
break therebetween. The resulting structure is shown in FI1G.
5. It is observed that during the etch step, the corners of
epitaxy layer 36_1 are removed more than planar portions,
and hence the surface profile of epitaxy layer 36_1 is rounded.
Inan exemplary embodiment, after the etch step, the resulting
epitaxy layer 36_1 has an ellipse shape, with the outer surface
of epitaxy layer 36_1 having a profile close to an egg shape.
The etch step may include, for example, introducing either
HCI or the combination of HC] and GeH, into the process
chamber. The wafer temperature during the etch step may be
greater than about 500° C. with both HCI] and GeH, being
introduced, or greater than about 700° C. with HCI, but no
GeH,, being introduced. During the etch step, plasma may or
may not be activated.

[0022] The deposition step and the etch step as discussed in
the preceding paragraphs in combination are referred to as a
deposition-etch cycle. In an embodiment, the formation of
epitaxy layer 36 includes only one deposition-etch cycle. In
alternative embodiments, after the first deposition-etch cycle,
a second deposition step may be performed, which may fur-
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ther be followed by a second etch step, wherein the second
deposition step and the second etch step are referred to as the
second deposition-etch cycle. FIGS. 6 and 7 illustrate the
structure resulted from the second deposition-etch cycle. In
FIG. 6, epitaxy layer 36_2 is epitaxially grown on the remain-
ing portion of epitaxy layer 36_1. Throughout the descrip-
tion, epitaxy layers 36_1 and 36_2 in combination are
referred to as epitaxy layer 36. Epitaxy layer 36_2 may be
formed of the same material as epitaxy layer 36_1, although
they may also be formed of different semiconductor materi-
als. Accordingly, the interface between epitaxy layers 36_1
and 36_2 is illustrated using a dashed line since it may not be
visible. More deposition-etch cycles may be repeated to fur-
ther increase the depth of epitaxy layer 36. The deposition-
etch cycles may all be in-situ performed with no vacuum
break therebetween. For each of the additional deposition-
etch cycles, the thickness of epitaxy layer 36 is increased over
the preceding deposition-etch cycle, and the profile of the
resulting epitaxy layer 36 may be more conformal then if
epitaxy layer 36 is formed by a single epitaxy step. Advanta-
geously, by dividing one deposition-etch cycle into a plurality
of deposition-etch cycles, the profile of epitaxy layer 36 may
be more conformal.

[0023] With more portions of epitaxy layer 36 being
etched, epitaxy layer 36 is more conformal. However, with a
higher degree of etch back, the throughput is lower. In an
embodiment, in the deposition step in each of the deposition-
etch cycles, the thickness of the added portion of the epitaxy
layer is denoted as T (refer to FIG. 6). After the etch step, the
thickness of the added portion of epitaxy layer 36 is reduced
to T' (refer to FI1G. 7). The ratio of T/ T reflects the percentage
of epitaxy layer 36 removed in the etch step. In an embodi-
ment, ratio T'/T is greater than about 50 percent, and may be
between about 50 percent and about 95 percent.

[0024] After the formation of epitaxy layer 36, a source/
drain implantation is performed, so that epitaxy layer 36
becomes part of the source/drain region of the resulting Fin-
FET 60. FIG. 8 illustrates the subsequent formation of silicide
region (which may also be a germano-silicide region) 54. As
is known in the art, silicide region 54 may be formed by
blanket depositing a thin metal layer (not shown), such as
nickel, platinum, palladium, vanadium, titanium, cobalt, tan-
talum, ytterbium, zirconium, and combinations thereof. The
substrate is then heated, which causes silicon and germanium
to react with the metal where contacted. After the reaction, a
layer of metal silicide 54 is formed between the remaining
portion of epitaxy layer 36 and the metal layer. The un-reacted
metal layer is selectively removed through the use of an
etchant that attacks metal but does not attack the germano-
silicide.

[0025] FIG. 8 illustrates the formation of a single-fin Fin-
FET, wherein epitaxy layer 36 grown from one fin 24 does not
merge with the epitaxy layer grown from other fins. FIG. 9
illustrates that epitaxy layers 36 grown from neighboring fins
24 merge with each other to form a single epitaxy region. Itis
observed that due to the deposition-etch process, void 46 (if
formed at all) caused by the merging of epitaxy layers 36 will
be at least reduced, and possibly be eliminated. In addition,
since defects are more likely to be generated from <111>
surface planes, by etching back epitaxy layer 36, the sizes of
the <111> surface planes are reduced, resulting in the
decrease in the defect density.

[0026] Although the embodiments and their advantages
have been described in detail, it should be understood that
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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,
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. A method of forming an integrated circuit structure, the
method comprising:
providing a wafer comprising a substrate and a semicon-
ductor fin at a major surface of the substrate;

performing a first deposition step to epitaxially grow a first
epitaxy layer on a top surface and sidewalls of the semi-
conductor fin, wherein the first epitaxy layer comprises
a semiconductor material; and

after the step of performing the first deposition step, per-
forming a first etch step to remove a portion of the first
epitaxy layer, with a remaining portion of the first epit-
axy layer remaining on the top surface and the sidewalls
of the semiconductor fin.

2. The method of claim 1 further comprising, before the
step of performing the first deposition step, forming a gate
dielectric and a gate electrode covering a portion of the semi-
conductor fin, wherein the epitaxy layer is grown from uncov-
ered portions of the semiconductor fin.

3. The method of claim 1, wherein the first deposition step
and the first etch step are performed with no vacuum break
therebetween.

4. The method of claim 1 further comprising performing a
second deposition step to epitaxially grow a second epitaxy
layer over and contacting the remaining portion of the epitaxy
layer.

5. The method of claim 4 further comprising, after the
second deposition step, performing a second etch step to
reduce a thickness of the second epitaxy layer.

6. The method of claim 5, wherein after the second etch
step, a remaining portion of the second epitaxy layer remains
over the remaining portion of the epitaxy layer.

7. The method of claim 4, wherein the first epitaxy layer
and the second epitaxy layer are formed of a same semicon-
ductor material.

8. The method of claim 1, wherein the first deposition step
is performed selectively with an etching gas introduced.

9. The method of claim 1, wherein the first etch step is
performed using HCI and GeH,, as process gases.

10. A method of forming an integrated circuit structure, the
method comprising:

providing a wafer comprising a substrate and a semicon-

ductor fin at a major surface of the substrate;

forming a gate dielectric and a gate electrode covering a

first portion of the semiconductor fin, with a second
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portion of the semiconductor fin uncovered by the gate
dielectric and the gate electrode; and

performing a first deposition-etch cycle comprising:

performing a first deposition step to form a first epitaxy
semiconductor layer on the second portion of the
semiconductor fin; and
performing a first etch step to reduce a thickness of the
first epitaxy semiconductor layer, wherein the first
deposition step and the first etch step are in-situ per-
formed with no vacuum break therebetween.
11. The method of claim 10 further comprising performing
a second deposition-etch cycle comprising:

performing a second deposition step to form a second
epitaxy semiconductor layer on the first epitaxy semi-
conductor layer; and

performing a second etch step to reduce a thickness of the

second epitaxy semiconductor layer, wherein the second
deposition step and the second etch step are in-situ per-
formed with no vacuum break therebetween.

12. The method of claim 11, wherein after the second etch
step, a remaining portion of the second epitaxy semiconduc-
tor layer remains over the first epitaxy semiconductor layer.

13. The method of claim 11, wherein the first epitaxy
semiconductor layer and the second epitaxy semiconductor
layer are formed of a same semiconductor material.

14. The method of claim 10, wherein the first deposition
step is performed selectively with an etching gas introduced.

15. The method of claim 10, wherein the first etch step is
performed using HCI and GeH,, as process gases.

16. The method of claim 10, wherein after the first etch
step, a remaining portion of the first epitaxy semiconductor
layer has an ellipse surface profile.

17. A method of forming an integrated circuit structure, the
method comprising:

providing a wafer comprising:

a semiconductor substrate;

two shallow trench isolation (STI) regions in the semi-
conductor substrate; and

a semiconductor fin over, and horizontally between, the
two STI regions;

forming a gate dielectric and a gate electrode covering a

first portion of the semiconductor fin, with a second
portion of the semiconductor fin uncovered by the gate
dielectric and the gate electrode; and

performing a plurality of deposition-etch cycles, each com-

prising:

performing a deposition step to form an epitaxy layer
over the second portion of the semiconductor fin; and

performing an etch step to reduce a thickness of the
epitaxy layer.

18. The method of claim 17, wherein the deposition step is
selectively performed on the semiconductor fin, with substan-
tially no epitaxy layer deposited on the two STI regions.

19. The method of claim 17, wherein the deposition step is
performed non-selectively on the semiconductor fin and the
two STI regions.

20. The method of claim 17, wherein the etch step is
formed using a process gas comprising HCI and GeH,.
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21. 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:
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an extension of the semiconductor fin; and

an epitaxy layer on a top surface and sidewalls of the
extension of the semiconductor fin, wherein an
outer surface of the epitaxy layer has an ellipse
profile.

22. The integrated circuit structure of claim 21, wherein the
epitaxy layer and the extension of the semiconductor fin are
formed of a same semiconductor material.

23. The integrated circuit structure of claim 21, wherein the
epitaxy layer and the extension of the semiconductor fin are
formed of different semiconductor materials.
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