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57) ABSTRACT

The invention provides a stacked gate structure and metal-
oxide-semiconductor including the same, and method for
manufacturing the stacked gate structure. The stacked gate
structure comprises a substrate, a semiconductor layer posi-

(22) Filed: Mar. 8. 2013 tioned on the substrate, a gate dielectric positioned on the
: semiconductor layer, and a gate electrode layer positioned on
(30) Foreign Application Priority Data the gate dielectric, which the gate dielectric comprises a com-
posite oxide layer composed of lanthanum oxide (La,05) and
Dec.3,2012  (TW) e 101145311 hafnium oxide (HfO,).
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STACKED GATE STRUCTURE,
METAL-OXIDE-SEMICONDUCTOR
INCLUDING THE SAME, AND METHOD FOR
MANUFACTURING THE STACKED GATE
STRUCTURE

RELATED APPLICATIONS

[0001] This application claims priority to Taiwan Applica-
tion Serial Number 101145311 filed Dec. 3, 2012, which is
herein incorporated by reference.

BACKGROUND

[0002] 1. Technical Field

[0003] The present disclosure relates to a stacked gate
structure, and more particularly, to a stacked gate structure
having a dielectric layer composed of hafnium oxide (HfO,)
and lanthanum oxide (La,O;).

[0004] 2. Description of Related Art

[0005] For gate dielectric in a complementary metal oxide
semiconductor (CMOS) processing, the performance and
reliability are the essential concerns all the time. The con-
cerns are particularly significant in use of a high-k dielectric
material (the dielectric content is greater than 3.9, such as
silicon oxide), in that the silicon oxide layer made thereofhas
a thinner equivalent oxide thickness (EOT) with respect to
that of the conventional silicon oxide layer. With the increas-
ing demand on capacitance per unit area in the manufacture of
integrated circuit, the development of dielectric materials
having even higher k constant never stops. However, in that
the undesired diffusion occurs between high-k dielectrics and
the underlying semiconductor, the carrier mobility of the
semiconductor degrades. Concerning the undesired diffu-
sion, asilicon oxidelayer, inaddition to the high-k dielectrics,
is typically formed between the high-k dielectrics and the
underlying semiconductor, so as to avoid the diffusion of the
high-k dielectrics in the gate of a semiconductor element.
[0006] Given the above, on the one hand the conventional
silicon oxide layer is insufficient to reduce the FOT; on the
other hand the silicon oxide of higher k is able to reduce the
thickness but also to introduce the undesired diffusion
between the high-k dielectrics and the underlying semicon-
ductor, which may fail the semiconductor element. Therefore,
an improved gate structure and a method of manufacturing
the same are needed, so as to solve the aforementioned prob-
lems.

SUMMARY

[0007] The present disclosure provides a stacked gate
structure using high-k dielectric material as a gate dielectric
layer and a method for manufacturing thereof, so as to solve
the problems of the prior art and achieve better performance.
[0008] One aspect of the present disclosure is to provide a
stacked gate structure. The stacked gate structure comprises a
substrate, a semiconductor layer positioned on the substrate,
a gate dielectric positioned on the semiconductor layer, and a
gate electrode layer positioned on the gate dielectric. In
which, the gate dielectric comprises a composite oxide layer
composed of lanthanum oxide (La,0;) and hafnium oxide
(HIO,)

[0009] Another aspect of the present disclosure is to pro-
vide a method for manufacturing the stacked gate structure.
The method for manufacturing the stacked gate structure
comprises the following steps. A semiconductor layer is pro-
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vided having a first surface and a second surface; a plurality of
hafnium oxide layers and lanthanum oxide layers are formed
on the first surface of the semiconductor layer; a composite
oxide layer of a gate dielectric is formed by conducting rapid-
thermal annealing of the hafnium oxide layers and the lan-
thanum oxide layers; a gate electrode layer is formed on the
gate dielectric, an ohmic contact layer is formed in contact
with the second surface of the semiconductor layer; and a
back metal layer is formed in contact with the ohmic contact
layer, but not with the semiconductor layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more complete understanding of the present
invention, and the advantages thereof, reference is now made
to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0011] FIG. 1 is a cross-sectional view of a stacked gate
structure 100 according to one embodiment of the present
disclosure;

[0012] FIG. 2A to 2G are cross-sectional views of making
a stacked gate structure according to one embodiment of the
present disclosure;

[0013] FIG. 3Aisa line chart of gate voltage to the capaci-
tance value of the gate dielectric layer according to one
embodiment of the present disclosure, in which the horizontal
axis is gate voltage (V), and the vertical axis is capacitance
per unit area (mF/cm?);

[0014] FIG. 3B is a line chart of gate voltage to the capaci-
tance value of the gate dielectric layer according to one
embodiment of the present disclosure, in which the horizontal
axis is gate voltage (V), and the vertical axis is capacitance
per unit area (mF/cm?);

[0015] FIG. 4A isa SEM photograph (left) and an elemen-
tal distribution diagram (right) of a conventional stacked gate
structure, in which the scale is 2 nm; and

[0016] FIG. 4B is a SEM photograph (left) and an elemen-
tal distribution diagram (right) of the stacked gate structure
according to one embodiment of the present disclosure, in
which the scale is 5 nm.

DETAILED DESCRIPTION

[0017] Thestacked gate structure and the method for manu-
facturing the same of the embodiments are discussed in detail
below, but not limited the scope of the present disclosure. The
same symbols or numbers are used to the same or similar
portion in the drawings or the description. And the applica-
tions of the present disclosure are not limited by the following
embodiments and examples, which the person in the art can
apply in the related field.

[0018] The present disclosure provides a stacked gate
structure using high-k materials as a gate dielectric, and a
method for manufacturing thereof. In which, the gate dielec-
tric comprises a composite oxide layer composed of lantha-
num oxide (La,0;) and hafhium oxide (HfO,).

[0019] Table 1 lists the dielectric coefficients and energy
band-gap values (Eg) of the conventional oxides. Since alu-
mina (Al,O,) has good energy band-gap value and dielectric
coeflicient higher than silicon oxide, it is normally applied to
the I1I-V semiconductor device. Hafnium oxide (HfO,) has
the dielectric coefficient of 25 and the energy band-gap value
of up to 57 eV. And lanthanum oxide (La,0,) has the higher
dielectric coefficient of 30 and the energy band-gap value of
43 ¢eV.
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TABLE 1
Hafnium oxide Lanthanum oxide  Alumina
Metal Oxide (HfO,) (La,03) (AL,O3)
Dielectric 25 30 8-11.5
coefficient (k)
Energy band-gap 5.7 4.3 6.65
value (eV)

[0020] FIG. 1 is a cross-sectional view of a stacked gate
structure 100 according to one embodiment of the present
disclosure. In FIG. 1, the semiconductor layer 120 is posi-
tioned on the substrate 110. The gate dielectric 130 is posi-
tioned on the semiconductor layer 120, in which the gate
dielectric 130 comprises a composite oxide layer composed
of lanthanum oxide (La,0;) and hafnium oxide (HfO,). And
the gate electrode layer 140 is positioned on the gate dielectric
130. According to one embodiment of the present disclosure,
the substrate 110 further comprises the back metal layer 112,
and the ohmic contact layer 114 is interposed between the
back metal layer 112 and the semiconductor layer 120.

[0021]  According to one embodiment of the present disclo-
sure, the semiconductor layer 120 is III-V semiconductor.
According to other embodiments of the present disclosure,
the material of the semiconductor 120 comprises Indium
gallium arsenide (InGaAs), indium arsenide (InAs), indium
aluminum arsenide (InAlAs), indium phosphide (InP), gal-
lium arsenide (GaAs), indium antimonide (InSb), indium
gallium antimonide (InGaSb), gallium nitride (GaN) or alu-
minum gallium arsenide (AlGaAs)

[0022] According to one embodiment of the present disclo-
sure, the dielectric coefficient of the gate dielectric 130 is
higher than 27. According to another one embodiment of the
present disclosure, the thickness of the gate dielectric 130 is
about 4 nm to 15 nm, preferably about 6 nm to 12 nm, and
more preferably about 8 nm to 10 nm.

[0023] According to one embodiment of the present disclo-
sure, the material of the gate dielectric layer 140 is selected
from the group of nickel (Ni), gold (Au), to titanium (Ti),
platinum (Pt), copper (Cu), aluminum (Al), tantalum nitride
(TaN), and combinations thereof.

[0024] According to one embodiment of the present disclo-
sure, the stacked gate structure 100 is used for capacitors or
field effect transistors.

[0025] FIG. 2A to 2@ are cross-sectional views of making
a stacked gate structure according to one embodiment of the
present disclosure. First, the semiconductor layer 210 is pro-
vided, and has the first surface 211 and the second surface
212, shown as FIG. 2A. Then, a plurality of hafnium oxide
layers and lanthanum oxide layers is formed on the first
surface of the semiconductor layer, in which the hafnium
oxide layers and the lanthanum oxide layers are alternatively
stacked. According to one embodiment of the present disclo-
sure, a hafnium oxide layer 2224 is formed on the first surface
211 of the semiconductor layer 210, and then a lanthanum
oxide layer 224a is formed on the hafnium oxide layer 2224,
in this order to form an oxide layer 220q alternatively stacked
with a plurality of hafnium oxide layers 2224 and lanthanum
oxide layers 224a, shown as FIG. 28. According to another
one embodiment of the present disclosure, a lanthanum oxide
layer 2224 is formed on the first surface 211 of the semicon-
ductor layer 210, and then a hafhium oxide layer 2245 is
formed on the lanthanum oxide layer 2226, such that an oxide
layer 2205 is alternatively stacked with sequential multiple
lanthanum oxide layers 2225 and hafnium oxide layers 2245,
shown as FIG. 2C.
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[0026] InFIG. 2B or FIG. 2C, the method for forming the
oxide layer 220a or 2205 comprises remote plasma CVD
(RPCVD), plasma enhanced CVD (PECVD), atomic layer
deposition (ALD), MOCVD, MBE, PVD, sputtering or other
methods known in the art.

[0027] According to one embodiment of the present disclo-
sure, the thickness of the hafhium oxide 2224 or 2245 is 0.5
nm to 2.0 nm. According to another one embodiment of the
present disclosure, the thickness of the hafnium oxide 222a or
224515 0.8 nm to 1.5 nm.

[0028] According to one embodiment of the present disclo-
sure, the thickness of the lanthanum oxide 2244 or 222515 0.5
nm to 2.0 nm. According to another one embodiment of the
present disclosure, the thickness of the lanthanum oxide 224a
or222bis 0.8 nm to 1.5 nm.

[0029] InFIG. 2D, by a post-deposition annealing (PDA),
the oxide layer 2204 or 2205 of FIG. 2B or 2C interacts with
the first surface 211 of the semiconductor layer 210, so as to
form a composite oxide layer. In which, the composite oxide
layer is used as gate dielectric 220. According to one embodi-
ment of the present disclosure, the thickness of the gate
dielectric 220 is about 4 nm to 15 nm, preferably about 6 nm
to 12 nm, and more preferably about 8 nm to 10 nm, so as to
maintain low interface state density (D,,) and thinner equiva-
lent oxide thickness (EOT). According to another one
embodiment of the present disclosure, the temperature of the
post-deposition annealing to form the composite oxide layer
is about 500° C.

[0030] InFIG.2E, the gate electrode layer 230 is formed on
the gate dielectric 220. According to one embodiment of the
present disclosure, the gate electrode layer 230 is composed
of nickel (Ni), gold (Au), titanium (Ti), platinum (Pt), copper
(Cu), aluminum (Al), tantalum nitride (TaN), or combina-
tions thereof by the E-gun process.

[0031] Then, the ohmic contact layer 240 is formed to
contact with the second surface 212 of the semiconductor
layer210, shown as FIG. 2F. According to one embodiment of
the present disclosure, the material of the ohmic contact layer
240 comprises indium phosphide (InP).

[0032] In FIG. 2G, the back metal layer 250 is formed in
contact with the ohmic contact layer 240, but not with the
semiconductor layer 210, so as to form the stacked gate struc-
ture 200. According to one embodiment of the present disclo-
sure, the material of the back metal layer 250 is selected from
the group of gold (Au), germanium (Ge), nickel (Ni), and
combinations thereof.

[0033] Table 2 exhibits the comparison of the embodiments
in the present disclosure, including the effect of the oxide
composition of different gate dielectric and thermal anneal-
ing temperature for the stacked gate structure.

TABLE 2
Capaci-
tance Interface
Oxide Thermal  equivalent state
composition  annealing  thickness Diffu- density
of gate temperature  at 1kHz sivity (D, x10"*
dielectric cC) (nm) (%) cm2eV7h
Comparative  Hafnium 500 2.7 5.1 24.0
Example 1  oxide (total
thickness
of 8 nm)
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TABLE 2-continued

Capaci-
tance Interface
Oxide Thermal  equivalent state
composition  annealing  thickness Diffu- density
of gate  temperature at1kHz sivity (D,,x10!!
dielectric °C) (nm) (%) em %V
Embodiment  Hafnium 400 — — 251.0
1 oxide S00 2.2 35 7.2
(0.8 nm)/ 550 22 35 9.5
lanthanum
oxide
(0.8 nm) x 5
(total
thickness
of 8 nm)
Embodiment Lanthanum 400 23 4.2 29.2
2 oxide 500 2.3 2.8 9.7
(0.8 nm)/ 550 25 42 17.7
hafnium
oxide
(0.8 nm) x 5
(total
thickness
of 8 nm)

[0034] In Comparative Example 1, the oxide layer of the
gate dielectric is hafnium oxide, and the total thickness of
which is 8 nm. The gate dielectric is formed by post-deposi-
tion annealing at 500° C., and the capacitance equivalent
thickness at 1 kHz of 21 nm, the diffusivity of 5.1%, and the
interface state density (D,,) of 24.0x10* ecm™2eV™!,

[0035] InEmbodiment 1, the oxide composition of the gate
dielectric is shown as FIG. 2B. The hafnium oxide layer is
firstly formed on the semiconductor layer, and then the lan-
thanum oxide layer is formed on the hafnium oxide layer, in
this order to form a composite oxide layer staggered and
stacked by 5 hafnium oxide layers and 5 lanthanum oxide
layers. In which, hafnium oxide (thickness of 0.8 nm per
layer) and lanthanum oxide (thickness of 0.8 nm per layer) are
101ayers, and the total thickness is 8 nm. From Table 2, in the
composite oxide layer of Embodiment 1 under post-deposi-
tion annealing at 500° C., the gate dielectric has the lowest
interface state density (7.2x10** cm™2 eV™1), the capacitance
equivalent thickness at 1 kHz of 2.2 nm, and the diffusivity of
3.5%.

[0036] InEmbodiment 2, the oxide composition of the gate
dielectric is shown as FIG. 2C. The lanthanum oxide layer is
firstly formed on the semiconductor layer, and then the
hafnium oxide layer is formed on the lanthanum oxide layer,
in this order to form a composite oxide layer alternatively
stacked with five lanthanum oxide layers and five hafnium
oxide layers. In which, lanthanum oxide (thickness 0of 0.8 nm
per layer) and hafnium oxide (thickness of 0.8 nm per layer)
are ten layers, and the total thickness is 8§ nm. From Table 2,
in the composite oxide layer of Embodiment 2 under post-
deposition annealing at 500° C., the gate dielectric has the
lowest interface state density (9.7x10™ cm™2eV™!), the
capacitance equivalent thickness at 1 kHz of 2.3 nm, and the
diffusivity of 2.8%.

[0037] Comparing the Comparative Example 1, Embodi-
ment 1 and Embodiment 2 on Table 2, the gate structures
made of the oxides all have lower interface state density (D,,),
so as to enhance the performance of semiconductor elements.
However, compared to Comparative Example 1, Embodi-
ment 1 and 2 all have the lower diffusivity. Although the
energy band-gap value of lanthanum oxide is lower than

Jun. 5, 2014

hafnium oxide, the gate structure, formed by the composite
oxide layer in the present disclosure composed of hafnium
oxide and lanthanum oxide, has the lower diffusivity than that
of the gate structure formed by hafnium oxide only, and not
easily disperse into the semiconductor layer. Thus, the semi-
conductor elements have higher electrical stability. Other-
wise, Embodiment 1 and 2 also have thinner capacitance
equivalent thickness at 1 kHz, so as to reduce the total thick-
ness of the semiconductor elements. And the results of
Embodiment 1 and 2 are shown that, the formation order of
hafnium oxide and lanthanum oxide has no effect on the
diffusivity of the composite oxide layer in the present disclo-
sure.

[0038] FIG. 3A isa line chart of gate voltage to the capaci-
tance value of the gate dielectric layer according to one
embodiment of the present disclosure, in which the horizontal
axis is gate voltage (V), and the vertical axis is capacitance
per unit area (mF/cm?). And FIG. 3B is a line chart of gate
voltage to the capacitance value of the gate dielectric layer
according to one embodiment of the present disclosure, in
which the horizontal axis is gate voltage (V), and the vertical
axis is capacitance per unit area (mF/em?). FIGS. 3A and 38
have similar relationship between gate voltage and capaci-
tance, and this result shows that the formation order of
hafnium oxide and lanthanum oxide has no significant effect
on the electrical relationship of the stacked gate structure.

[0039] FIG. 4A is a SEM photograph (left) and an elemen-
tal distribution diagram (right) of a conventional stacked gate
structure, in which the scale is 2 nm. FIG. 4B is an SEM
photograph (left) and an elemental distribution diagram
(right) of the stacked gate structure according to one embodi-
ment of the present disclosure, where the scale is 5 nm.
Compared with FIG. 4A, the element distribution of the
stacked gate structure in FIG. 4B is more concentrated. This
result is shown that the elements of gate dielectric do not
easily disperse to semiconductor layer, and the elements of
semiconductor layer do not also disperse to gate dielectric.
The stacked gate structure in FIG. 4B has the best structural
stability, so as to enhance the performance of semiconductor
elements.

[0040] Although embodiments of the present disclosure
and their advantages have been described in detail, they are
not used to limit the present disclosure. It should be under-
stood that various changes, substitutions and alterations can
be made herein without departing from the spirit and scope of
the present disclosure. Therefore, the protecting scope of the
present disclosure should be defined as the following claims.

1. A stacked gate structure of a transistor, comprising;
a substrate;
a semiconductor layer positioned on the substrate;

a gate dielectric layer positioned on the semiconductor
layer, wherein the gate dielectric layer comprises a com-
posite oxide layer composed of lanthanum oxide
(La,05) and hafnium oxide (HfO,); and

a gate electrode layer positioned on the gate dielectric
layer.

2. The stacked gate structure of claim 1, wherein the semi-
conductor layer is a I1I-V semiconductor.

3. The stacked gate structure of claim 1, wherein the mate-
rial of the semiconductor layer comprises Indium gallium
arsenide (InGaAs), indium arsenide (InAs), indium alumi-
num arsenide (InAlAs), indium phosphide (InP), gallium ars-
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enide (GaAs), indium antimonide (InSb), indium gallium
antimonide (InGaSh), gallium nitride (GaN) or aluminum
gallium arsenide (AlGaAs).
4. The stacked gate structure of claim 1, wherein the dielec-
tric constant of the gate dielectric layer is greater than 27.
5. The stacked gate structure of claim 1, wherein the thick-
ness of the gate dielectric layer is in a range of 4 nm to 15 nm.
6. The stacked gate structure of claim 1, wherein the thick-
ness of the gate dielectric layer is in a range of 6 nm to 12 nm.
7. The stacked gate structure of claim 1, wherein the mate-
rial of the gate electrode layer is selected from the group
consisting of nickel (Ni), gold (Au), titanium (Ti), platinum
(Pt), copper (Cu), aluminum (Al), tantalum nitride (TaN), and
a combination thereof.
8. A method for manufacturing a stacked gate structure of
a transistor, comprising the steps of:
providing a semiconductor layer having a first surface and
a second surface;
forming a plurality of hafnium oxide layers and lanthanum
oxide layers on the first surface of the semiconductor
layer;
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conducting rapid thermal annealing of the hafnium oxide
layers and lanthanum oxide layers to form a gate dielec-
tric layer having a composite oxide layer;

forming a gate electrode layer on the gate dielectric layer;

forming an ohmic contact layer in contact with the second

surface of the semiconductor; and

forming a back-metal layer in contact with the ohmic con-

tact layer, but not with the semiconductor layer.

9. The method of claim 8, wherein the hafnium oxide layers
and lanthanum oxide layers are alternatively stacked on the
first surface of the semiconductor.

10. The method of claim 8, wherein the thickness of the
hafnium oxide layers is in a range of 0.5 nm to 2.0 nm.

11. The method of claim 8, wherein the thickness of the
hafnium oxide layers is in a range of 0.8 nm to 1.5 nm.

12. The method of claim 8, wherein the thickness of the
lanthanum oxide layers is in a range of 0.5 nm to 2.0 nm.

13. The method of claim 8, wherein the thickness of the
lanthanum oxide layers is in a range of 0.8 nm to 1.5 nm.

* ok %k k%



