(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/155392 A1l

22 November 2012 (22.11.2012) WIPO | PCT
(51) International Patent Classification: (74) Agent: TSINGYIHUA INTELLECTUAL PROPERTY
HOIL 29/51 (2006.01) HOIL 21/265 (2006.01) LLC; Room 301, Trade Building, Zhaolanyuan, Tsinghua
HO1L 29/78 (2006.01) HO1L 21/8238 (2006.01) University, Qinghuayuan, Haidian, Beijing 100084 (CN).
HOIL 21728 (2006.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/CN2011/077934 AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(22) International Filing Date: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
) 2 August 2011 (02.08.2011) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
o HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(25) Filing Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
o . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(26) Publication Language: English OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
(30) Priority Data: SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
201110125778.1 16 May 2011 (16.05.2011) CN UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
201110126554.2 16 May 2011 (16.05.2011) CN (84) Designated States (uniess otherwise indicated, for every
(71) Applicant (for all designated States except US): kind of regional protection available): ARIPO (BW, GH,
TSINGHUA UNIVERSITY [CN/CN]; Qinghuayuan, GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
Haidian District, Beijing 100084 (CN). ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors; and EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(75) Inventors/Applicants (for US only): ZHAQ, Mei MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SIL, SK, SM,
[CN/CN]; Qinghuayuan, Haidian District, Beijing 100084 TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(CN). LIANG, Renrong [CN/CN]; Qinghuayuan, Haidian ML, MR, NE, SN, TD, TG).
District, Beijing 100084 (CN). WANG, Jing [CN/CNJ;

Qinghuayuan, Haidian District, Beijing 100084 (CN). XU,
Jun [CN/CN]; Qinghuayuan, Haidian District, Beijing
100084 (CN).

with international search report (Art. 21(3))

(54) Title: SEMICONDUCTOR STRUCTURE AND METHOD FOR FORMING THE SAME

metal gate clectrode layer 30

metal-
conlaiming

Interfacial layer 10

gate dicleetric layer 20

adjusting layer
43

Substratc 1

Fig. 3

wo 2012/155392 A1 [N 000 0O A 0O

(57) Abstract: A semiconductor structure is provided. The semiconductor structure comprises: a substrate (1); a gate dielectric layer
(20) formed on the substrate; a metal gate electrode layer (30) formed on the gate dielectric layer (20); and at least one metal-con -
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justing layer (43) and an oxygen atom is larger than that between an atom of materials forming the gate dielectric layer (20) or the in-
terfacial layer (10) and an oxygen atom. Further, a method for forming the semiconductor structure is also provided.



10

15

20

25

30

WO 2012/155392 PCT/CN2011/077934

SEMICONDUCTOR STRUCTURE AND METHOD FOR FORMING THE SAME

FIELD
The present disclosure relates to a semiconductor manufacturing and design field,

and more particularly to a semiconductor structure and a method for forming the same.

BACKGROUND

In a conventional CMOS process, in order to improve a performance of a device, high
k (dielectric constant) gate dielectric materials and metal gate materials are commonly
used. Researches show that high k dielectric materials instead of silicon oxide as a gate
dielectric of a CMOS device have a dielectric constant higher than that of silicon oxide, so
that a gate capacitance may be increased without decreasing a physical thickness of the
CMOS device. Therefore, an equivalent oxide thickness (EOT) may be decreased without
increasing leakage, thus improving the performance of the device.

However, some problems need to be improved in a process of using high k gate
dielectric materials and metal gate materials. For example, an interface state is high, the
EOT needs to be further decreased, and a work function needs to be adjusted. However, a
dielectric constant of an interfacial layer formed during annealing is low, and a thickness of
the interfacial layer is about 1nm, thus preventing the EOT from being further decreased
and preventing the performance of the device from being further improved. As for the work
function, a use of TiN/HfO, may meet a requirement of PMOS (the work function being
about 5.2eV). However, there is no suitable technology for adjusting the work function of
the semiconductor structure without introducing a capping layer to meet a requirement of
NMOS (the work function being about 4.2eV). In addition, a thermal stability of high k
dielectrics is always a focus. Hafnium based gate dielectric has become a useful dielectric
material. However, hafnium oxide may be easily crystallized at about 500°C, thus

increasing a device leakage and deteriorating the performance of the device.

SUMMARY
The present disclosure is aimed to solve at least one of the above mentioned

technical problems.
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According to an aspect of the present disclosure, a semiconductor structure is
provided, comprising: a substrate; a gate dielectric layer formed on the substrate; a metal
gate electrode layer formed on the gate dielectric layer; and at least one metal-containing
adjusting layer for adjusting a work function of the semiconductor structure, in which an
interfacial layer is formed between the substrate and the gate dielectric layer, and an
energy of bond between a metal atom in the metal-containing adjusting layer and an
oxygen atom is larger than that between an atom in the gate dielectric layer or in the
interfacial layer and an oxygen atom.

In one embodiment, the metal-containing adjusting layer is formed in a lower part of
the metal gate electrode layer; the metal-containing adjusting layer is formed in an upper
part of the gate dielectric layer; one part of the metal-containing adjusting layer is formed
in the gate dielectric layer, and the other part of the metal-containing adjusting layer is
formed in the metal gate electrode layer; or the gate dielectric layer comprises a first gate
dielectric layer and a second gate dielectric layer, and the metal-containing adjusting layer
is formed between the first gate dielectric layer and the second gate dielectric layer.

In one embodiment, a metal in the metal-containing adjusting layer is at least one
metal selected from a group consisting of Er, Y, Gd, and Al.

In one embodiment, a work function of the metal in the metal-containing adjusting
layer for a NMOS semiconductor structure is lower than that of a metal in the metal
electrode layer; and a work function of the metal in the metal-containing adjusting layer for
a PMOS semiconductor structure is higher than that of the metal in the metal electrode
layer.

In one embodiment, the metal-containing adjusting layer is formed by implanting a
metal ion, or the metal-containing adjusting layer is formed by atomic layer deposition
(ALD) or plasma enhanced chemical vapor deposition (PECVD) process.

In one embodiment, an implanting depth of the metal-containing adjusting layer in a
transversal direction of the semiconductor structure is same, here the transversal direction

is parallel to a channel of the semiconductor structure; an implanting depth of the
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metal-containing adjusting layer in a part of the semiconductor structure near a source
region or near a drain region in the transversal direction of the semiconductor structure is
larger than that of the metal-containing adjusting layer in a middle part of the
semiconductor structure in the transversal direction thereof; the implanting depth of the
metal-containing adjusting layer in a part of the semiconductor structure near the source
region or near the drain region in the transversal direction of the semiconductor structure
is smaller than that of the metal-containing adjusting layer in the middle part of the
semiconductor structure in the transversal direction thereof; the implanting depth of the
metal-containing adjusting layer in a part of the semiconductor structure near the source
region in the transversal direction of the semiconductor structure is larger than that of the
metal-containing adjusting layer in other parts of the semiconductor structure in the
transversal direction thereof; or the implanting depth of the metal-containing adjusting
layer in a part of the semiconductor structure near the drain region in the transversal
direction of the semiconductor structure is larger than that of the metal-containing
adjusting layer in other parts of the semiconductor structure in the transversal direction
thereof.

In one embodiment, the metal-containing adjusting layer is formed near a source
region in a transversal direction of the semiconductor structure; the metal-containing
adjusting layer is formed near the source region and in a middle part of the semiconductor
structure in the transversal direction thereof; the metal-containing adjusting layer is formed
near the source region and a drain region in the transversal direction of the semiconductor
structure; or the metal-containing adjusting layer is formed in the middle part of the
semiconductor structure in the transversal direction thereof.

According to another embodiment of the present disclosure, a method for forming a
semiconductor structure is provided, comprising steps of: providing a substrate; forming a
gate dielectric layer by depositing high k dielectric materials on the substrate; forming a
metal gate electrode layer by depositing metal gate materials on the gate dielectric layer;

forming a metal-containing adjusting layer for adjusting a work function of the
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semiconductor structure in the gate dielectric layer and/or the metal gate electrode layer;
and annealing the semiconductor structure, in which an interfacial layer is formed between
the substrate and the gate dielectric layer, and an energy of bond between a metal atom in
the metal-containing adjusting layer and an oxygen atom is larger than that between an
atom in the gate dielectric layer or in the interfacial layer and an oxygen atom.

In one embodiment, the metal-containing adjusting layer is formed in a lower part of
the metal gate electrode layer; the metal-containing adjusting layer is formed in an upper
part of the gate dielectric layer; one part of the metal-containing adjusting layer is formed
in the gate dielectric layer, and the other part of the metal-containing adjusting layer is
formed in the metal gate electrode layer; or the gate dielectric layer comprises a first gate
dielectric layer and a second gate dielectric layer, and the metal-containing adjusting layer
is formed between the first gate dielectric layer and the second gate dielectric layer.

In one embodiment, a metal in the metal-containing adjusting layer is at least one
metal selected from a group consisting of Er, Y, Gd, and Al.

In one embodiment, a work function of the metal in the metal-containing adjusting
layer for a NMOS semiconductor structure is lower than that of a metal in the metal
electrode layer; and a work function of the metal in the metal-containing adjusting layer for
a PMOS semiconductor structure is higher than that of the metal in the metal electrode
layer.

In one embodiment, the metal-containing adjusting layer is formed by implanting a
metal ion, or the metal-containing adjusting layer is formed by ALD or PECVD.

In one embodiment, an implanting depth of the metal-containing adjusting layer in a
transversal direction of the semiconductor structure is same; an implanting depth of the
metal-containing adjusting layer in a part of the semiconductor structure near a source
region and a drain region in the transversal direction of the semiconductor structure is
larger than that of the metal-containing adjusting layer in a middle part of the
semiconductor structure in the transversal direction thereof; the implanting depth of the

metal-containing adjusting layer in a part of the semiconductor structure near the source
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region and the drain region in the transversal direction of the semiconductor structure is
smaller than that of the metal-containing adjusting layer in the middle part of the
semiconductor structure in the transversal direction thereof; the implanting depth of the
metal-containing adjusting layer in a part of the semiconductor structure near the source
region in the transversal direction of the semiconductor structure is larger than that of the
metal-containing adjusting layer in other parts of the semiconductor structure in the
transversal direction thereof; or the implanting depth of the metal-containing adjusting
layer in a part of the semiconductor structure near the drain region in the transversal
direction of the semiconductor structure is larger than that of the metal-containing
adjusting layer in other parts of the semiconductor structure in the transversal direction
thereof.

In one embodiment, the metal-containing adjusting layer is formed near a source
region in a transversal direction of the semiconductor structure; the metal-containing
adjusting layer is formed near the source region and in a middle part of the semiconductor
structure in the transversal direction thereof; the metal-containing adjusting layer is formed
near the source region and a drain region in the transversal direction of the semiconductor
structure; or the metal-containing adjusting layer is formed in the middle part of the
semiconductor structure in the transversal direction thereof.

According to an embodiment of the present disclosure, the work function of the
semiconductor structure may be adjusted by implanting metal ions into the semiconductor
structure. Meanwhile, the oxygen atoms in the interfacial layer may also be absorbed in
the metal-containing adjusting layer, thus thinning the interface layer, increasing the
crystallization temperature of the gate dielectric, decreasing EOT (equivalent oxide

thickness), and improving the performance of the semiconductor device.
Additional aspects and advantages of the embodiments of the present disclosure will
be given in part in the following descriptions, become apparent in part from the following

descriptions, or be learned from the practice of the embodiments of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
5
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These and other aspects and advantages of the disclosure will become apparent and
more readily appreciated from the following descriptions taken in conjunction with the
drawings in which:

Fig. 1 is a cross-sectional view of a semiconductor structure according to a first
embodiment of the present disclosure;

Fig. 2 is a cross-sectional view of a semiconductor structure according to a second
embodiment of the present disclosure;

Fig. 3 is a cross-sectional view of a semiconductor structure according to a third
embodiment of the present disclosure;

Fig. 4 is a cross-sectional view of a semiconductor structure according to a fourth
embodiment of the present disclosure;

Figs. 5-8 are diagrams showing different implanting depth of a metal ion in a
transversal direction of a semiconductor structure according to an embodiment of the
present disclosure;

Figs. 9-12 are cross-sectional views of different semiconductor structures with a
metal-containing adjusting layer formed in different parts;

Fig. 13 is a flow chart showing a method for forming a semiconductor structure
according to an embodiment of the present disclosure;

Fig. 14 is an atom distribution diagram in a semiconductor structure showing a state
after an Er ion is implanted and then annealed,;

Fig. 15 is a capacitance-voltage curve of a semiconductor structure with and without
an Er ion implantation;

Fig. 16 is a schematic showing that an oxygen atom is adsorbed by a
metal-containing adjusting layer when a semiconductor structure is annealed;

Fig. 17a is a cross-sectional transmission electron microscopy image of an annealed
semiconductor structure with an Er ion implantation;

Fig. 17b is a cross-sectional transmission electron microscopy image of an annealed

semiconductor structure without an Er ion implantation; and
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Fig. 18 is a flow chart showing a method for forming a semiconductor structure

according to another embodiment of the present disclosure.

DETAILED DESCRIPTION

Embodiments of the present disclosure will be described in detail in the following
descriptions, examples of which are shown in the accompanying drawings, in which the
same or similar elements and elements having same or similar functions are denoted by
like reference numerals throughout the descriptions. The embodiments described herein
with reference to the accompanying drawings are explanatory and illustrative, which are
used to generally understand the present disclosure. The embodiments shall not be
construed to limit the present disclosure.

Various embodiments and examples are provided in the following description to
implement different structures of the present disclosure. In order to simplify the present
disclosure, certain elements and settings will be described. However, these elements and
settings are only examples and are not intended to limit the present disclosure. In addition,
reference numerals may be repeated in different examples in the disclosure. This
repeating is for the purpose of simplification and clarity and does not refer to relations
between different embodiments and/or settings. Furthermore, examples of different
processes and materials are provided in the present disclosure. However, it would be
appreciated by those skilled in the art that other processes and/or materials may be also
applied. Moreover, a structure in which a first feature is “on” a second feature may include
an embodiment in which the first feature directly contacts the second feature and may
include an embodiment in which an additional feature is prepared between the first feature
and the second feature so that the first feature does not directly contact the second
feature.

Embodiment 1

Fig. 1 is a cross-sectional view of a semiconductor structure according to a first
embodiment of the present disclosure. The semiconductor structure comprises. a
substrate 1; an interfacial layer 10 formed on the substrate 1; a gate dielectric layer 20

formed on the interfacial layer 10; a metal gate electrode layer 30 formed on the gate
7
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dielectric layer 20; and a metal-containing adjusting layer 41 formed in a lower part of the
metal gate electrode layer 30 for adjusting a work function of the semiconductor structure.
In one embodiment, the gate dielectric layer 20 or the metal gate electrode layer 30 may
be formed by a conventional technique such as atomic layer deposition (ALD), physical
vapor deposition (PVD), or chemical vapor deposition (CVD). As used herein, the term “a
lower part of the metal gate electrode layer 30” refers to a part of the metal gate electrode
layer 30 near the gate dielectric layer 20. In other words, the metal-containing adjusting
layer 41 is completely formed in the metal gate electrode layer 30 and connected with the
gate dielectric layer 20. An energy of bond between a metal atom in the metal-containing
adjusting layer 41 and an oxygen atom is larger than that between an atom of materials
forming the gate dielectric layer 20 or the interfacial layer 10 and an oxygen atom. For
example, the metal atom may be Er, Y, Gd, or Al. In this way, because the energy of bond
between the metal atom in the metal-containing adjusting layer 41 and the oxygen atom is
larger than that between the atom of materials forming the gate dielectric layer 20 and the
oxygen atom and the energy of bond between the atom of materials forming the gate
dielectric layer 20 and the oxygen atom is larger than that between the atom of materials
forming the interfacial layer 10, the oxygen atoms may be transferred from the interfacial
layer 10 to the gate dielectric layer 20, and the oxygen atoms in the gate dielectric layer 20
may be transferred to the metal-containing adjusting layer 41 to form an oxide with an
implanted ion, thus thinning the interfacial layer 10 and decreasing an EOT (equivalent
oxide thickness).

In one embodiment, the gate dielectric layer 20 or the metal gate electrode layer 30
may be formed by a conventional technique such as atomic layer deposition (ALD),
physical vapor deposition (PVD), or chemical vapor deposition (CVD), and the
metal-containing adjusting layer 41 may be formed by a technique similar to that for
forming the gate dielectric layer 20 or the metal gate electrode layer 30 or the
metal-containing adjusting layer 41 may be formed by ion implanting. An accurate control

on a transversal position and a thickness of the metal-containing adjusting layer may be
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achieved by disposing an ion implantation mask, oblique implantation, and
photolithography, thus adjusting the thickness and the position of the metal-containing
adjusting layer according to a requirement of the semiconductor structure. The detailed
description thereof is omitted here for brevity.

It should be noted that, the thickness of the metal-containing adjusting layer 41 may
be set that the oxygen atoms in the interfacial layer may be adsorbed in the metal gate
electrode layer partially or completely. Moreover, after the oxygen atoms are absorbed,
dielectric constants of metal oxides and/or metal oxygen nitrides corresponding to metals
(such as Er, Y, or Gd) and/or metal nitrides (such as AIN) are greater than that of the
materials forming the interface layer.

In the following embodiments, the present disclosure will be described by taking ion
implantation as an example; however, it would be appreciated by those skilled in the art
that the metal-containing adjusting layer 41 is preferably formed by ALD.

In this embodiment, metal ions may be implanted into the metal gate electrode layer
30 by the cathode vacuum arc ion implantation process.

It would be appreciated that at least one metal ion selected from a group consisting of
Er, Y, Gd, and Al may be implanted into the metal gate electrode layer 30 so as to form at
least one metal-containing adjusting layer 41.

In addition, because the requirements of NMOS and PMOS for the work function are
different, the work function of the metal ion implanted into a NMOS semiconductor
structure may be different from that of the metal ion implanted into a PMOS semiconductor
structure. Particularly, in this embodiment, the metal ion implanted into the NMOS
semiconductor structure may be a metal with low work function, such as at least one metal
selected from lanthanide metals, thus meeting the requirement of NMOS for the work
function.

Embodiment 2

Fig. 2 is a cross-sectional view of a semiconductor structure according to a second

embodiment of the present disclosure. The semiconductor structure comprises. a
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substrate 1; an interfacial layer 10 formed on the substrate 1; a gate dielectric layer 20
formed on the interfacial layer 10; a metal gate electrode layer 30 formed on the gate
dielectric layer 20; and a metal-containing adjusting layer 42. In this embodiment, the
metal-containing adjusting layer 42 is similar to the metal-containing adjusting layer 41 in
Embodiment 1, except that the metal-containing adjusting layer 42 is formed in an upper
part of the gate dielectric layer 20. As used herein, the term “an upper part of the gate
dielectric layer 20" refers to a part of the gate dielectric layer 20 near the metal gate
electrode layer 30. In other words, the metal-containing adjusting layer 42 is completely
formed in the gate dielectric layer 20 and connected with the metal gate electrode layer
30.

Embodiment 3

Fig. 3 is a cross-sectional view of a semiconductor structure according to a third
embodiment of the present disclosure. The semiconductor structure comprises. a
substrate 1; an interfacial layer 10 formed on the substrate 1; a gate dielectric layer 20
formed on the interfacial layer 10; a metal gate electrode layer 30 formed on the gate
dielectric layer 20; and a metal-containing adjusting layer 43. In this embodiment, the
metal-containing adjusting layer 43 is similar to the metal-containing adjusting layer 41 in
Embodiment 1, except that one part of the metal-containing adjusting layer 43 is formed in
the metal gate electrode layer 30 and the other part of the metal-containing adjusting layer
43 is formed in the gate dielectric layer 20.

Embodiment 4

Fig. 4 is a cross-sectional view of a semiconductor structure according to a fourth
embodiment of the present disclosure. The semiconductor structure comprises. a
substrate 1; an interfacial layer 10 formed on the substrate 1; a gate dielectric layer formed
on the interfacial layer 10, in which the gate dielectric layer comprises a first gate dielectric
layer 21 and a second gate dielectric layer 22, and a metal-containing adjusting layer 44 is
formed between the first gate dielectric layer 21 and the second gate dielectric layer 22; a

metal gate electrode layer 30 formed on the second gate dielectric layer 22.

10
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It should be noted that, an implantation depth of the metal ions in a transversal
direction of the semiconductor structure may be same or different. The equivalent oxide
thickness may be changed by changing the implantation depth, thus modifying a control
ability of the semiconductor structure to a channel region of a MOSFET device.

Figs. 5-8 are diagrams showing different implantation depths of a metal ion in a
transversal direction of a semiconductor structure according to an embodiment of the
present disclosure. It should be noted that in Figs. 5-8, the metal-containing adjusting
layer may be formed in at least one layer selected from a group consisting of the interfacial
layer 10, the gate dielectric layer 20, and the metal gate electrode layer 30.

As shown in Fig. 5, an implantation depth of a metal-containing adjusting layer 44 in
two ends of the semiconductor structure in a transversal direction A (a direction shown by
an arrow in Fig. 5) thereof is larger than that of the metal-containing adjusting layer 44 in a
middle part of the semiconductor structure in the transversal direction thereof. In this way,
a middle part of the interfacial layer 10 is thicker than two ends thereof, thus changing a
transversal gate capacitance. Particularly, in this embodiment, a control ability of the
semiconductor structure to a channel region may be weakened due to the relative small
EOT near the source and drain region, and an influence of the gate on the source and the
drain may be reduced, thus alleviating a drain induced barrier lowering (DIBL) effect and
reducing leakage.

As shown in Fig. 6, an implantation depth of a metal-containing adjusting layer 45 in a
middle part of the semiconductor structure in a transversal direction A (a direction shown
by an arrow in Fig. 6) thereof is larger than that of the metal-containing adjusting layer 45
in two ends of the semiconductor structure in the transversal direction thereof. In this way,
the middle part of the interfacial layer 10 is thinner than two ends thereof, thus changing a
transversal gate capacitance.

The implantation depth of the ions in the middle part of the semiconductor structure in
the transversal direction is larger than that of the metal-containing adjusting layer 45 in two

ends of the semiconductor structure near a source region and a drain region in the

11
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transversal direction thereof. Therefore, a control ability of the semiconductor structure to
a channel region may be strengthened. When a gate voltage is applied, carrier injection or
tunneling may be easily achieved in the part of the gate structure near the source region
and the drain region, which may be used as a method for achieving multi-bit storage in
memory device applications.

As shown in Fig. 7, an implantation depth of a metal-containing adjusting layer 46 in a
part of the semiconductor device near a source in a transversal direction A (direction
shown by an arrow in Fig. 7) thereof is larger than that of the metal-containing adjusting
layer 46 in other parts of the semiconductor structure in the transversal direction thereof.
In this way, a part of the interfacial layer 10 near the source is thinned down more, thus
changing a transversal gate capacitance. In this embodiment, a control ability of the
semiconductor structure to a channel may be strengthened. For a tunneling field effect
transistor, a tunneling probability of a carrier in a channel near the source region may be
increased, thus increasing a drive current.

As shown in Fig. 8, an implantation depth of a metal-containing adjusting layer 47 in a
part of the semiconductor structure near a drain region in a transversal direction A (a
direction shown by an arrow in Fig. 8) thereof is smaller than that of the metal-containing
adjusting layer 47 in other parts of the semiconductor structure in the transversal direction
thereof. In this way, a control ability of the semiconductor structure near the drain region to
a channel may be weakened, thus alleviating a drain induced barrier lowering (DIBL)
effect and reducing leakage.

Fig. 9 is a cross-sectional view of a semiconductor structure with a metal-containing
adjusting layer formed in a part of a second gate dielectric layer 22 near a source region or
a drain region. As shown in Fig. 9, a metal-containing adjusting layer is formed in a part of
the semiconductor structure near a source region in a transversal direction of the
semiconductor structure. Certainly, in other embodiments, the metal-containing adjusting
layer may be only formed in a part of the semiconductor structure near a drain region in

the transversal direction, or the metal-containing adjusting layer may also be formed in a
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middle part and a part of the semiconductor structure near a source, but may not be
formed in a part of the semiconductor structure near the drain, as shown in Fig. 10. As
shown in Fig. 11, the metal-containing adjusting layer is formed in a part of the
semiconductor structure near a source region and a drain region in a transversal direction
of the semiconductor structure. As shown in Fig. 12, the metal-containing adjusting layer
44 is formed in a middle part of the semiconductor structure in a transversal direction of
the semiconductor structure but is not formed in a part of the semiconductor structure near
a source region and a drain region in the transversal direction.

It would be appreciated that the above embodiments shown in Figs. 1-12 are merely
illustrative but are not intended to limit the scope of the present disclosure. The
implantation depth of metal ions may be adjusted according to practical requirements,
which should fall within the scope of the present disclosure.

In order to achieve the above embodiments, a method for forming a semiconductor
structure may also be provided. Fig. 13 is a flow chart showing a method for forming a
semiconductor structure according to an embodiment of the present disclosure. The
method comprises the following steps.

Step S1301, a substrate is provided.

Step S1302, a gate dielectric layer is formed by depositing high k dielectric materials
on the substrate. An interfacial layer is formed between the substrate and the gate
dielectric layer.

Step S1303, a metal gate electrode layer is formed by depositing metal gate materials
on the gate dielectric layer.

Steps S1301 to S1303 may be achieved through conventional technologies. The
detailed description thereof is omitted here for brevity.

Step S1304, a metal-containing adjusting layer is formed by implanting metal ions into
the metal gate electrode layer. Certainly, in other embodiments, the metal-containing

adjusting layer may be also formed by ALD.
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Particularly, metal ions may be implanted into the metal gate electrode layer by the
cathode vacuum arc ion implantation to form the metal-containing adjusting layer.

An energy of bond between a metal atom in the metal-containing adjusting layer and
an oxygen atom is larger than that between an atom of materials forming the gate
dielectric layer or the interfacial layer and an oxygen atom. For example, the metal atom
may be Er, Y, Gd, or Al. In addition, at least one metal ion may be implanted to form at
least one metal-containing adjusting layer in the semiconductor structure.

Step S 1305, the semiconductor structure is annealed.

Moreover, it would be appreciated that, if a position of the implanted metal ions is
different, the work function and the equivalent oxide thickness (EOT) will be different. For
example, in one embodiment, the metal-containing adjusting layer is formed in a lower
part of the metal gate electrode layer. In another embodiment, the metal-containing
adjusting layer is formed in an upper part of the gate dielectric layer. In yet another
embodiment, one part of the metal-containing adjusting layer is formed in the metal gate
electrode layer, and the other part of the metal-containing adjusting layer is formed in the
gate dielectric layer.

Fig. 14 is an atom distribution diagram in a semiconductor structure showing a state
after an Er ion is implanted and then annealed. As shown in Fig. 14, the Er ions have been
implanted into the gate dielectric layer.

Fig. 15 is a capacitance-voltage curve of a semiconductor structure with and without
an Er ion atom implanting.. As shown in Fig. 15, the capacitance of the semiconductor
structure with Er ion implantation is larger than that of the reference semiconductor
structure without Er ion implantation. This suggests that the EOT is decreased for the
semiconductor structure with Er ion implantation. In addition, the flat band voltage of the
semiconductor structure is shifted to negative direction, which is useful to adjust the work
function of the semiconductor structure to meet a requirement of NMOS.

Moreover, for different devices, the implanted ions may be different. For example, for

NMOS and PMOS, implanted ions with different work functions may be selected.
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Generally, a work function of the metal ion in the metal-containing adjusting layer for a
NMOS semiconductor structure is lower than that of a metal ion in the metal electrode
layer; and a work function of the metal ion in the metal-containing adjusting layer for a
PMOS semiconductor structure is higher than that of the metal ion in the metal electrode
layer. Particularly, in one embodiment, lanthanide metal ions are implanted into the NMOS
semiconductor structure.

In addition, an implantation depth of metal ions in the transversal direction of the
semiconductor structure may also be different, as shown in Figs. 5-8. In one embodiment,
different implantation depths may be achieved by oblique implantation or using an
implantation hard mask with different thicknesses. The detailed description thereof is
omitted here for brevity.

Fig. 16 is a schematic showing that an oxygen atom is adsorbed remotely during a
semiconductor structure is annealed. Because the energy of bond between the metal
atom in the metal-containing adjusting layer and the oxygen atom is larger than that
between the atom of materials forming the gate dielectric layer and the oxygen atom and
the energy of bond between the atom of materials forming the gate dielectric layer and the
oxygen atom is larger than that between the atom of materials forming the interfacial layer
and the oxygen atom, the oxygen atoms may be transferred from the interfacial layer to
the gate dielectric layer, and the oxygen atoms in the gate dielectric layer may be
transferred to the metal-containing adjusting layer to form an oxide of an implanted ion,
thus thinning down the SiOy interfacial layer significantly. In one embodiment, the
semiconductor structure comprises a 34nm-thick TiN/5nm-thick HfOx/1nm-thick SiOj
interfacial layer /Si substrate, the Er atom is implanted into the TiN layer and then
annealed at 1000°C for 30 seconds in N, atmosphere. After these processing, the
thickness of SiOy interfacial layer is reduced to about 0.6nm. If the same semiconductor
structure without Er atom implantation experiences the same annealing, the thickness of
SiOy interfacial layer is increased to about 2.2nm. In order to explain the thickness of the

SiOy layer reduction, the Gibbs free energy change may be introduced. The Gibbs free
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AG,,

energy change (Vv ) at 1000K has a large positive value when the reaction given by:

Si+ MO, =M +5i0, s satisfied.

In this situation, the material M represents the Hf and Er atom. The AGiyg,
(0<47.468(Hf) <122.030(Er)) represents the ability that the material atomic bonding with
the oxygen atom is strong or weak. The AGuw of Er atom is much larger than that of Hf
atom. Therefore, during thermal annealing, the oxygen atoms move from the SiOy layer to
the HfO, layer and then migrate to the upper region of the HfO, layer and bottom region of
TiN layer containing implanted Er atoms where they react with the Er atoms. The oxidation
of Er atom may be a driving force of the reaction, and the oxygen vacancies (Vo) in HfO,
act as media for a cascade reaction of oxygen transfer from the SiOy layer to the Er atoms.

The metal-containing adjusting layer may not only adjust the work function of the
semiconductor structure and decrease EOT, but also may increase the crystallization
temperature of a gate dielectric, as shown in Fig. 17a and Fig. 17b. Fig. 17a is a
cross-sectional transmission electron microscopy image of an annealed semiconductor
structure with an Er ion atom implantation. Fig. 17b is a cross-sectional transmission
electron microscopy image of an annealed semiconductor structure without an Er ion atom
implantation. As shown in Fig. 17a and Fig. 17b, after the semiconductor structure is
annealed at 1000°C, the dielectric layer with Er ion implanting still remains amorphous,
and the dielectric layer without Er ion implanting becomes crystalline, so that the
crystallization temperature of the dielectric layer may be increased after Er ion
implantation. Moreover, it may be seen from Fig. 17a and Fig. 17b that the interfacial layer
is significantly reduced.

In order to achieve the above embodiments, another method for forming a
semiconductor structure is also provided. Fig. 18 is a flow chart showing a method for
forming a semiconductor structure according to another embodiment of the present
disclosure. The method comprises the following steps.

Step S1801, a substrate is provided.
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Step S1802, a gate dielectric layer is formed by depositing high k dielectric materials
on the substrate.

Step S1803, a metal-containing adjusting layer is formed by implanting metal ions into
the gate dielectric layer.

In one embodiment, the metal-containing adjusting layer is formed in an upper part of
the gate dielectric layer.

Step S1804, a metal gate electrode layer is formed by depositing metal gate materials
on the gate dielectric layer.

Step S1805, the semiconductor structure is annealed.

The method shown in Fig. 18 may be substantially the same as that shown in Fig. 13,
except that the metal ions are implanted into the gate dielectric layer before the metal gate
electrode layer is formed.

According to an embodiment of the present disclosure, the work function of the
semiconductor structure may be adjusted by implanting metal ions into the semiconductor
structure. Meanwhile, the oxygen atoms in the interfacial layer may also be absorbed in
the metal-containing adjusting layer, thus thinning the interface layer, increasing the
crystallization temperature of the gate dielectric, decreasing EOT (equivalent oxide

thickness), and improving the performance of the semiconductor device.

Although explanatory embodiments have been shown and described, it would be
appreciated by those skilled in the art that changes, alternatives, and modifications all
falling into the scope of the claims and their equivalents may be made in the embodiments

without departing from spirit and principles of the disclosure.
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WHAT IS CLAIMED IS:

1. A semiconductor structure, comprising:

a substrate;

a gate dielectric layer formed on the substrate;

a metal gate electrode layer formed on the gate dielectric layer; and

at least one metal-containing adjusting layer for adjusting a work function of the
semiconductor structure,

wherein an interfacial layer is formed between the substrate and the gate dielectric
layer, and an energy of a bond between a metal atom in the metal-containing adjusting
layer and an oxygen atom is larger than that between an atom in the gate dielectric layer

or in the interfacial layer and an oxygen atom.

2. The semiconductor structure according to claim 1, wherein

the metal-containing adjusting layer is formed in a lower part of the metal gate
electrode layer;

the metal-containing adjusting layer is formed in an upper part of the gate dielectric
layer:;

one part of the metal-containing adjusting layer is formed in the gate dielectric layer,
and the other part of the metal-containing adjusting layer is formed in the metal gate
electrode layer; or

the gate dielectric layer comprises a first gate dielectric layer and a second gate
dielectric layer, and the metal-containing adjusting layer is formed between the first gate

dielectric layer and the second gate dielectric layer.

3. The semiconductor structure according to claim 1, wherein a metal in the

metal-containing adjusting layer is at least one metal selected from a group consisting of

Er,Y, Gd, and Al
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4. The semiconductor structure according to claim 1, wherein

a work function of the metal in the metal-containing adjusting layer for a NMOS
semiconductor structure is lower than that of a metal in the metal electrode layer; and

a work function of the metal in the metal-containing adjusting layer for a PMOS

semiconductor structure is higher than that of the metal in the metal electrode layer.

5. The semiconductor structure according to claim 1, wherein the metal-containing
adjusting layer is formed by implanting a metal ion, or the metal-containing adjusting layer
is formed by atomic layer deposition, plasma enhanced chemical vapor deposition, or

sputtering process.

6. The semiconductor structure according to claim 5, wherein:

an implantation depth of the metal-containing adjusting layer in a transversal direction
of the semiconductor structure is same;

an implantation depth of the metal-containing adjusting layer in a part of the
semiconductor structure near a source or near a drain in the transversal direction of the
semiconductor structure is larger than that of the metal-containing adjusting layer in a
middle part of the semiconductor structure in the transversal direction thereof;

the implanting depth of the metal-containing adjusting layer in a part of the
semiconductor structure near the source or near the drain in the transversal direction of
the semiconductor structure is smaller than that of the metal-containing adjusting layer in
the middle part of the semiconductor structure in the transversal direction thereof;

the implanting depth of the metal-containing adjusting layer in a part of the
semiconductor structure near the source region in the transversal direction of the
semiconductor structure is larger than that of the metal-containing adjusting layer in other
parts of the semiconductor structure in the transversal direction thereof; or

the implanting depth of the metal-containing adjusting layer in a part of the

semiconductor structure near the drain region in the transversal direction of the
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semiconductor structure is larger than that of the metal-containing adjusting layer in other

parts of the semiconductor structure in the transversal direction thereof.

7. The semiconductor structure according to claim 5, wherein:

the metal-containing adjusting layer is formed near a source region in a transversal
direction of the semiconductor structure;

the metal-containing adjusting layer is formed near the source region and in a middle
part of the semiconductor structure in the transversal direction thereof;

the metal-containing adjusting layer is formed near the source and a drain region in
the transversal direction of the semiconductor structure; or

the metal-containing adjusting layer is formed in the middle part of the semiconductor

structure in the transversal direction thereof.

8. A method for forming a semiconductor structure, comprising steps of:

providing a substrate;

forming a gate dielectric layer by depositing high k dielectric materials on the
substrate:

forming a metal gate electrode layer by depositing metal gate materials on the gate
dielectric layer,

forming a metal-containing adjusting layer for adjusting a work function of the
semiconductor structure in the gate dielectric layer and/or the metal gate electrode layer;
and

annealing the semiconductor structure,

wherein an interfacial layer is formed between the substrate and the gate dielectric
layer, and an energy of bond between a metal atom in the metal-containing adjusting layer
and an oxygen atom is larger than that between an atom in the gate dielectric layer or in

the interfacial layer and an oxygen atom.
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9. The method according to claim 8, wherein

the metal-containing adjusting layer is formed in a lower part of the metal gate
electrode layer;

the metal-containing adjusting layer is formed in an upper part of the gate dielectric
layer:;

one part of the metal-containing adjusting layer is formed in the gate dielectric layer,
and the other part of the metal-containing adjusting layer is formed in the metal gate
electrode layer; or

the gate dielectric layer comprises a first gate dielectric layer and a second gate
dielectric layer, and the metal-containing adjusting layer is formed between the first gate

dielectric layer and the second gate dielectric layer.

10. The method according to claim 8, wherein a metal in the metal-containing

adjusting layer is at least one metal selected from a group consisting of Er, Y, Gd, and Al.

11. The method according to claim 8, wherein

a work function of the metal in the metal-containing adjusting layer for a NMOS
semiconductor structure is lower than that of a metal in the metal electrode layer; and

a work function of the metal in the metal-containing adjusting layer for a PMOS

semiconductor structure is higher than that of the metal in the metal electrode layer.

12. The method according to claim 8, wherein the metal-containing adjusting layer is
formed by implanting a metal ion, or the metal-containing adjusting layer is formed by
atomic layer deposition, plasma enhanced chemical vapor deposition, or sputtering

process.

13. The method according to claim 12, wherein:
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an implantation depth of the metal-containing adjusting layer in a transversal direction
of the semiconductor structure is same;

an implantation depth of the metal-containing adjusting layer in a part of the
semiconductor structure near a source and a drain region in the transversal direction of
the semiconductor structure is larger than that of the metal-containing adjusting layer in a
middle part of the semiconductor structure in the transversal direction thereof;

the implantation depth of the metal-containing adjusting layer in a part of the
semiconductor structure near the source and the drain region in the transversal direction
of the semiconductor structure is smaller than that of the metal-containing adjusting layer
in the middle part of the semiconductor structure in the transversal direction thereof;

the implanting depth of the metal-containing adjusting layer in a part of the
semiconductor structure near the source region in the transversal direction of the
semiconductor structure is larger than that of the metal-containing adjusting layer in other
parts of the semiconductor structure in the transversal direction thereof; or

the implanting depth of the metal-containing adjusting layer in a part of the
semiconductor structure near the drain region in the transversal direction of the
semiconductor structure is larger than that of the metal-containing adjusting layer in other

parts of the semiconductor structure in the transversal direction thereof.

14. The semiconductor structure according to claim 12, wherein:

the metal-containing adjusting layer is formed near a source region in a transversal
direction of the semiconductor structure;

the metal-containing adjusting layer is formed near the source region and in a middle
part of the semiconductor structure in the transversal direction thereof;

the metal-containing adjusting layer is formed near the source and a drain region in
the transversal direction of the semiconductor structure; or

the metal-containing adjusting layer is formed in the middle part of the semiconductor

structure in the transversal direction thereof.
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