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SEMICONDUCTOR DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Divisional of and claims the 
bene?t of priority under 35 U.S.C. §l20 from US. Ser. No. 
10/997,939, ?led Nov. 29, 2004, and claims the bene?t of 
priority under 35 U.S.C. §ll9 from prior Japanese Patent 
Applications No. 2003-407658, ?led Dec. 5, 2003; and No. 
2004-334711, ?led Nov. 18, 2004, the entire contents of both 
of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a semiconductor 
device including a ?eld effect transistor. 

[0004] 2. Description of the Related Art 

[0005] In order to achieve high functionality of integrated 
circuits, elements forming the integrated circuits, that is, 
MISFETs (Metal-Insulator-Semiconductor Field Effect 
Transistors) and CMISFETs (Complementary-MISFETs) 
need to have high performance. The MISFET is a metal 
insulator-semiconductor ?eld effect transistor and the 
CMISFET is a complementary metal-insulator-semiconduc 
tor ?eld effect transistor. Basically, high performance of 
these elements has been achieved according to scaling laW. 
HoWever, various problems have recently arisen due to the 
limitations of material properties. To describe one of the 
foregoing problems, there is a problem that it is dif?cult to 
control the threshold voltage of a MISFET. 

[0006] Under the present circumstances, the threshold 
voltage is controlled by the impurity concentration of chan 
nel regions. HoWever, if the foregoing method is employed, 
carrier mobility is reduced; for this reason, the on/olf char 
acteristic of the MISFET is degraded. A fully-depleted 
MISFET is given as the method of achieving high perfor 
mance of the MISFET except for scale-doWn. HoWever, the 
threshold voltage control for the MISFET is not achieved 
according to the method of controlling the impurity concen 
tration in channel only. 

[0007] In vieW of the foregoing reason, threshold voltage 
is currently attempted to control by using the Work function 
of gate electrode materials. In the coming technical genera 
tion, as Well as in the current one, different Work functions 
are required betWeen gate electrodes of n-type and p-type 
MISFETs, and it is needed that the polycrystalline silicon 
gate electrodes be replaced With metal electrodes to loWer 
the resistance of the gate electrodes. HoWever, if quite 
different gate electrode materials are used, the manufactur 
ing method becomes complicated, and the cost increases. 
For this reason, the folloWing method of controlling the 
Work function has been proposed. According to the method, 
the same kind of compounds having different composition 
and concentration are used as the gate electrodes of n-type 
and p-type MISFETs, and thereby, the Work function is 
controlled. 

[0008] For example, various methods given beloW have 
been reported. One is a method of controlling the Work 
function using the composition ratio of Ru and Ta of an 
RuTa alloy (see Jaehoon Lee et al., IEDM Tech. Dig., 2002 
p. 359-362). Another is a method of using the composition 
ratio of NiSi and CoSi of (NiCo)Si (see I. KedZierski et al., 
IEDM Tech. Dig., 2002 p. 247-250). Another is a method of 
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using each impurity concentration of B, P and As contained 
in NiSi (see the same as above). Another is a method of 
using the composition ratio of Si and Ge of SiGe (see JPN. 
PAT. APPLN. KOKAI Publication No. 2002-43566). 

[0009] The gate electrode material is required to have a 
stable correlation betWeen the composition of the material or 
variations of dopant concentration and the Work function. 
The condition is satis?ed, and thereby, the control of the 
Work function is improved With respect to the required 
threshold voltage. In devices including both n-type and 
p-type MISFETs on the same substrate, the variable range of 
the Work function preferably includes each range required 
for these n-type and p-type MISFETs. In this Way, it is 
possible to prevent complication of the manufacturing 
method and an increase of the cost. HoWever, the foregoing 
methods do not meet the requirements described above. 

[0010] More speci?cally, the correlation is given betWeen 
the metal composition of the RuTa alloy and the Work 
function. HoWever, heat resistance is loW, and the Work 
function irregularly varies by heat treatment of about 5000 
C. or more at least. Thus, the correlation is thermally 
unstable. In addition, the heat treatment is carried out, and 
thereby, Ru or Ta of the gate electrode dilfuses into the 
channel region. As a result, there is a problem that the on/olf 
characteristic of the MISFET is degraded. 

[0011] The compound (NiCo)Si has no stable correlation 
betWeen the composition ratio of Ni: Co and the Work 
function. The variable range of the Work function is narroW, 
that is, about 0.2 eV. 

[0012] The compound NiSi has a correlation betWeen each 
impurity concentration of B, P and As contained therein and 
the Work function. The variable range of the Work function 
is su?icient With respect to fully-depleted MISFET devices. 
HoWever, the variable range of the Work function is insuf 
?cient to obtain a suf?ciently loW threshold voltage in a bulk 
MISFET device, Which is not the fully-depleted MISFET 
device. 

[0013] If SiGe is used as the gate electrode material, a 
correlation is given betWeen the composition ratio of Si and 
Ge and the Work function. HoWever, the variable range of 
the Work function is about 4.7 eV to about 5.2 eV. As a result, 
the compound SiGe is applied to a p-type MISFET only in 
the current technical generation. 

[0014] Therefore, it is greatly desired to realiZe a device 
having a stable correlation betWeen variation of gate elec 
trode material and Work function, in the devices having both 
n-type and p-type MISFETs on the same substrate. In other 
Words, it is desired in the device to realiZe a semiconductor 
device including a gate electrode, Which has a variable range 
of a Work function including a range required for both n-type 
and p-type MISFETs. 

BRIEF SUMMARY OF THE INVENTION 

[0015] According to a ?rst aspect of the invention, there is 
provided a semiconductor device Which comprises: 

[0016] 
[0017] an n-type semiconductor device and a p-type semi 
conductor device, each being formed on the silicon sub 
strate, the n-type semiconductor device including: 

[0018] an n-channel region formed on a surface of the 
silicon substrate; 

a silicon substrate; 
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[0019] an n-type source region and an n-type drain region 
formed opposite to each other on a surface of the silicon 
substrate interposing the n-channel region therebetWeen; 

[0020] a ?rst gate insulator formed on the surface of the 
n-channel region betWeen the n-type source region and the 
n-type drain region; and 

[0021] a ?rst gate electrode formed on the ?rst gate 
insulator, and including a compound of a metal element M 
and a ?rst group-IV semiconductor element Si H Gea, Where 
0 i a i l, 

[0022] 
[0023] a p-channel region formed on a surface of the 
silicon substrate; 

[0024] a p-type source region and a p-type drain region 
formed opposite to each other on a surface of the substrate 
interposing the p-channel region therebetWeen; 

[0025] a second gate insulator formed on the surface of the 
p-channel region betWeen the p-type source region and the 
p-type drain region; and 

[0026] a second gate electrode formed on the second gate 
insulator, and including a compound of the metal element M 
and a second group-IV semiconductor element Sil_C Geo, 
Where Oécél, a#c. 

the p-type semiconductor device including: 

[0027] According to a second aspect of the invention, 
there is provided a semiconductor device Which comprises: 

[0028] 
[0029] an n-type semiconductor device and a p-type semi 
conductor device, each being formed on the silicon sub 
strate, 

[0030] 
[0031] an n-channel region formed on a surface of the 
silicon substrate; 

[0032] an n-type source region and an n-type drain region 
formed opposite to each other on a surface of the silicon 
substrate interposing the n-channel region therebetWeen; 

[0033] a ?rst gate insulator formed on the surface of the 
n-channel region betWeen the n-type source region and the 
n-type drain region; and 

[0034] a ?rst gate electrode formed on the ?rst gate 
insulator, and including a compound of a metal element M 
and a ?rst group-IV semiconductor element Sil_a_b Gea Cb, 
Where Oéaé l, 0§b§0.02, and 0§a+§ l, 

[0035] 
[0036] a p-channel region formed on a surface of the 
silicon substrate; 

[0037] a p-type source region and a drain region formed 
opposite to each other on a surface of the silicon substrate 
interposing the p-channel region there-betWeen; 

[0038] a second gate insulator formed on the surface of the 
p-channel region betWeen the p-type source region and the 
p-type drain region; and 

[0039] a second gate electrode formed on the second gate 
insulator, and including a compound of the metal element M 

a silicon substrate; 

the n-type semiconductor device including: 

the p-type semiconductor device including: 
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and a second group-IV semiconductor element Sil_c_d1 GeC 
Cd, Where Oécél, 0§d§0.02, 0§c+d§l, a¢c and at least 
one of b and d#0. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0040] FIG. 1 is a cross-sectional vieW schematically 
shoWing a CMISFET according to a ?rst embodiment of the 
present invention; 

[0041] FIG. 2 is a cross-sectional vieW schematically 
shoWing a CMISFET according to a modi?cation embodi 
ment 1 of the ?rst embodiment; 

[0042] FIG. 3 is a cross-sectional vieW schematically 
shoWing a CMISFET according to a modi?cation embodi 
ment 2 of the ?rst embodiment; 

[0043] FIGS. 4A to 4C are graphs to explain the relation 
ship betWeen NiGe ratio and dose dependency of Work 
function With respect to impurity seeds according to a fourth 
embodiment; 

[0044] FIGS. 5A and 5B are schematic vieWs shoWing 
interface electric dipoles Without Ge and With Ge formed 
respectively When B is doped to gate electrodes 8 and 15 in 
the fourth embodiment; 

[0045] FIG. 6 is a graph to explain the relationship 
betWeen Work function value of Ni(SiGe) and ?lm thickness 
of gate insulator When the B-doped NiGe ratio is 0% and 
30% in the fourth embodiment; 

[0046] FIG. 7 is a cross-sectional vieW schematically 
shoWing a CMISFET according to a ?fth embodiment of the 
present invention; 

[0047] FIG. 8 is a schematic vieW shoWing the correlation 
betWeen threshold voltage and Work function in the CMIS 
FET according to the ?fth embodiment; 

[0048] FIG. 9 is a schematic vieW shoWing the correlation 
betWeen Work function and MGe ratio in a gate electrode of 
the CMISFET according to the ?fth embodiment; 

[0049] FIG. 10 is a schematic vieW shoWing the correla 
tion betWeen Work function and MGe ratio in a gate elec 
trode of the CMISFET according to the ?fth embodiment; 

[0050] FIG. 11 is a schematic vieW shoWing the correla 
tion betWeen experimentally obtained Work function of 
Ni(SiGe) and MGe ratio used in a gate electrode of the 
CMISFET according to the ?fth embodiment; 

[0051] FIGS. 12A to 12D are cross-sectional vieWs step 
Wise shoWing a ?rst method of manufacturing the CMISFET 
according to the ?fth embodiment; 

[0052] FIGS. 13A to 13D are cross-sectional vieWs step 
Wise shoWing a second method of manufacturing the CMIS 
FET according to the ?fth embodiment; 

[0053] FIGS. 14A to 14D are cross-sectional vieWs step 
Wise shoWing a third method of manufacturing the CMIS 
FET according to the ?fth embodiment; 

[0054] FIG. 15 is a perspective vieW schematically shoW 
ing a CMISFET according to a modi?cation embodiment of 
the ?fth embodiment; and 
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[0055] FIGS. 16A to 16D are perspective views stepwise 
showing a method of manufacturing the CMISFET accord 
ing to the modi?cation example of the ?fth embodiment. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0056] Embodiments of the present invention will be 
described below with reference to the accompanying draw 
ings. The same reference numerals are used to designate 
identical components in the following embodiments, and the 
overlapping explanation is omitted. The drawings are sche 
matic views prepared for further clarifying the explanation 
of the invention and obtaining its understanding. The shape, 
dimensions and ratio shown in the drawings are different 
from the actual device. In carrying out the invention, these 
features may be changed in design in view of the following 
description and publicly known techniques. 
[0057] In the following embodiments, a CMISFET having 
threshold voltage of about 0.2V required for the sub-30 nm 
technical generation is given as an explanatory example. 
However, the present invention is not limited to the forego 
ing CMISFET, and is applicable to the device given below. 
The device includes n- and p-MISFETs formed on the same 
substrate, and has a work function different between these 
MISFETs because the threshold voltages required for both 
approximate to each other. For example, a system LSI 
having a memory and logic circuit embedded on the same 
chip is given as the device, and the foregoing features are 
required. Likewise, the embodiments are applicable to a 
MISFET using other gate dielectrics in place of Si oxides. 

First Embodiment 

[0058] A CMISFET according to the ?rst embodiment will 
be described below with reference to FIG. 1. As shown in 
FIG. 1, an n-MISFET 2 and a p-MISFET 3 are formed on a 
p-type silicon substrate 1 in a state of being isolated from an 
isolation region 4. 

[0059] First, the n-MISFET 2 will be explained below. A 
p-well 5 (p-type impurity region) is formed on the p-type 
silicon substrate 1. The center of the upper portion of the 
p-well 5 is formed with an n-channel region 6. The n-chan 
nel region calls a region formed with an n-channel when gate 
voltage is applied. A ?rst gate insulator 7 is formed on the 
n-channel region 6, and a ?rst gate electrode 8 is formed on 
the ?rst gate insulator 7. The ?rst gate electrode 8 is 
interposed between ?rst gate sidewall insulators 9. A pair of 
n-type source/drain regions 10 (n-type highly-doped impu 
rity region) is formed on the opposite position via the 
n-channel region 6 on the p-well 5. The upper portion of the 
n-type source/drain region 10 is formed with a pair of ?rst 
contact electrodes 11. In the manner described above, the 
nMISFET 2 is formed on the p-well 5. 

[0060] In contrast, the p-MISFET 3 is formed having the 
same elements as above except that the conductivity type is 
different. More speci?cally, n-well 12 (n-type impurity 
region), p-channel region 13, second gate insulator 14 and 
second gate electrode 15 are formed. Further, second gate 
sidewall insulators 16, p-type source/drain regions 17 
(p-type highly-doped impurity region) and second contact 
electrodes 18. 

[0061] Each of the ?rst and second contact electrodes 11 
and 18 is connected via interconnect. In this way, n-MISFET 
2 and p-MISFET 3 form a CMISFET, which has the comple 
mentarily functions. 
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[0062] A compound M(SiGe) of metal element M and 
group IV semiconductor element SiGe is used as the mate 
rial of the ?rst and second gate electrodes 8 and 15. The 
M(SiGe) is a mixed crystal compound of metal silicide MSi 
and metal ger'manide MGe. The MGe ratio to MSi in the 
M(SiGe) has an arbitrary value from 0 to 100% as well as 
the material of the ?rst and second gate electrodes 8 and 15. 
However, the composition is different between the gate 
electrodes 8 and 15. More speci?cally, the material of the 
gate electrode 8 is M(Si1_a Gea) (Oéaé l), and the material 
ofthe gate electrode 15 is M(Si1_C Geo) (Oécé l). The MGe 
ratios a and c (MGE ratio in M(SiGe)) of both electrodes are 
different (a#c). 

[0063] According to the ?rst embodiment, the work func 
tions of MSi and MGe are values intrinsic to material. In the 
work function range of both compounds MSi and MGe, the 
MGe ratio has a stable correlation with the work function. 
Thus, Ge is doped to at least one gate electrode, and thereby, 
the work function of individual gate electrodes is arbitrarily 
controlled to a certain value. The gate electrode material 
M(SiGe) has high heat resistance; therefore, the work func 
tion is not variable under heat treatment lower than the 
temperature described later. The cause of in?uencing the 
work function is the gate electrode material M(SiGe) having 
the depth from the interface to several nm, and not part of 
impurity segregated from the interface with gate insulator. 
Thus, a desired work function is obtained, and also, varia 
tions from there are small as compared with the work 
function control using impurity only. As seen from the 
foregoing features, the correlation between the MGe ratio 
and the work function is stable. Therefore, the gate electrode 
material M(SiGe) is applicable to a desired threshold voltage 
because the work function is controlled using the MGe ratio. 
Although described in detail in the following fourth embodi 
ment, the MGe composition (a or c) of only one gate 
electrode is set to 0, and thereby, the work function is 
controllable in a wider range if B is doped in particular. 

[0064] According to the ?rst embodiment, the gate elec 
trode material using M(SiGe) has a variable range of the 
work function including the range required for both n- and 
p-MISFETs. Therefore, the CMISFET of this embodiment is 
formed using the same kind of compounds with respect to 
the gate electrode materials of n-MISFET 2 and p-MISFET 
3. This serves to prevent the complication of the method of 
manufacturing the CMISFET of this embodiment and an 
increase of cost. 

[0065] According to the ?rst embodiment, if the range of 
a¢c¢0 is given in the MGe composition, M(SiGe) is formed 
out of SiGe by heat treatment at low temperature. This 
contributes to low temperature of the manufacture process, 
and is preferable in view of device design and manufactur 
ing process. 

[0066] According to the ?rst embodiment, no phenom 
enon happens such that constitutive elements of the com 
pound M(SiGe) di?‘use to channel regions. Therefore, there 
is no problem that the on/olf characteristic of MISFET is 
degraded. 
[0067] The metal element M is an element whose silicide 
having metallically conductive characteristic, and selected 
from elements such as V, Cr, Mn, Y, Mo, Ru, Rh, Hf, Ta, W, 
Ir, Co, Ti, Pt, Pd, Zr, Gd, Dy, Ho and Er. The metal element 
M is properly selected in accordance with the threshold 
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voltage required for various technical generations and tem 
perature conditions of manufacturing process. 

[0068] For example, if the threshold voltage is set to about 
0.2V required for the sub-30 nm technical generation, it is 
preferable to use metals given beloW. For fully-depleted 
MISFET, the metals have a Work function of metal silicide 
positioning around the center of the band gap of Si; in other 
Words, Ni, Ti, Ta, Zr, Co, W, V, Mo and Ir are given. For bulk 
MISFET devices, the metals have a Work function of metal 
silicide positioning around the edge of the band gap of Si, in 
other Words, Pd, Pt and Er, are given. Elements such as Ni, 
Pd, Pt, Ti, Zr, Er and Ta are given as metal element M for 
forming M(SiGe) having high heat resistance. 

[0069] The heat resistance of Ni(SiGe), Pd(SiGe), 
Pt(SiGe), Ti(SiGe)2 and Zr(SiGe)2 Will be explained beloW. 
The compound Ni(SiGe) is formed by mixing NiGe into 
NiSi, thereby preventing the formation of NiSi2 phase. The 
NiSi2 phase has higher resistivity than NiSi and is formed at 
a temperature of about 750° C. in Ni/ Si system. Addition of 
Ge for NiSi prevents the formation of NiSi2 at the tempera 
ture higher than 750° C. Therefore, the compound Ni(SiGe) 
has heat resistance of about 750° C. at least. In the com 
pound Pd(SiGe), the loWer the MGe ratio is, the higher the 
heat resistance becomes. Therefore, the compound Pd(SiGe) 
has heat resistance of about 600° C. or more and about 750° 
C. or less. In the compound Pt(SiGe), PtSi has features of 
segregating and depositing Ge by heat treatment of about 
750° C. or more. Therefore, the compound Pt(SiGe) has heat 
resistance of about 700° C. The compounds Ti(SiGe)2 and 
Zr(SiGe)2 have heat resistance of about 750° C. Referring to 
Er and Ta, melting point and eutectic point of ErGeX having 
the composition Ge>Er and Ta3Ge5 are 1387° C. and 1100° 
C., respectively. Therefore, the elements Er and Ta are 
excellent in heat resistance, and Si is added (doped) to them, 
and thereby, the heat resistance is further improved. 

[0070] Although a difference is made depending on the 
kind of the metal element M, it is generally excellent in 
matching of actually used material and manufacturing pro 
cess to satisfy the conditions a§0.3 and c203. 

[0071] For example, if the compound Ni(SiGe) is used, 
NiSi has a Work function smaller than NiGe; therefore, the 
larger the NiGe ratio becomes, the more increased the Work 
function is. As a result, the NiGe ratio a of the ?rst gate 
electrode 8 of the n-MISFET 2 is smaller than the NiGe ratio 
c of the same of the p-MISFET 3, that is, the relation c>a is 
established. As described later, the NiGe ratio of Ni(SiGe) 
and the Work function have a stable correlation in a range 
from about 4.6 eV or more and about 5.1 eV or less at least. 

[0072] Si, SiGe, Ge, strained Si or other channel region 
materials are used as the foregoing n- and p-channel regions 
6 and 13. Incidentally, impurity may be properly doped. In 
this Way, it is possible to complementarily control the 
threshold voltage using impurity concentration of the chan 
nel region. 

[0073] For example, metal and metal silicide is given as 
the material of the ?rst and second contact electrodes 11 and 
18. It is preferable to use metal silicide MSi formed of the 
same metal element M as the M(SiGe) used for the ?rst and 
second gate electrodes 8 and 15 in vieW of the manufactur 
ing process. 
[0074] Silicon oxide ?lm, high dielectric constant material 
?lm or mixed material ?lm of these are given as the ?rst and 
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second gate insulators 7 and 14. In this case, the high 
dielectric constant material ?lm has a dielectric constant 
(permeability) higher than the silicon oxide ?lm. For 
example, metal silicate (material in Which metal ion is doped 
to silicon oxide) such as Zr silicate and Hf silicate is given 
as the high dielectric constant material ?lm. Besides, Si3N4, 
A1203, Ta2O5, TiO2, La2O5, CeO2, ZrO2, HfO2, SrTiO3 and 
Pr2O3 are given as the high dielectric constant material ?lm. 
Required materials are properly selected in accordance With 
MISFETs of various technical generations. It is preferable in 
the sub-30 nm technical generation that the equivalent oxide 
thickness is less than 2 nm. 

[0075] The isolation region 4 is used for isolating elements 
such as MISFETs from others, and formed using insulating 
materials such as SiO2. 

[0076] TWo modi?cation embodiments 1 and 2 of the ?rst 
embodiment Will be described beloW. 

[0077] According to the modi?cation embodiment 1, the 
CMISFET of the ?rst embodiment is applied to a Schottky 
source/drain CMISFET. The CMISFET according to the 
modi?cation embodiment 1 Will be described in the points 
different from the ?rst embodiment With reference to FIG. 2. 

[0078] As illustrated in FIG. 2, the place and function of 
the n-type source/drain region 10 and the ?rst contact 
electrode 11 shoWn in FIG. 1 are replaced With a ?rst 
source/drain electrode 19. Likewise, the place and function 
of the p-type source/drain region 17 and the second contact 
electrode 18 shoWn in FIG. 1 are replaced With a second 
source/drain electrode 20. 

[0079] Metal silicide is used as the material of the ?rst and 
second source/drain electrodes 19 and 20. Considering the 
manufacturing process, it is preferable to used the same 
metal element M as the M(SiGe) used for the ?rst and 
second gate electrodes 8 and 15, that is, MSi. In vieW of the 
performance of the CMISFET, it is preferable to properly 
select metal silicide having loW Schottky barrier With 
respect to each of n-MISFET 2 and p-MISFET 3. For 
example, it is preferable to use the folloWing rare earth metal 
silicide having a loW Schottky barrier With respect to elec 
trons as the material of the ?rst source/drain electrode 19 of 
the n-MISFET 2. More speci?cally, rare earth metal silicide 
such as, GdSi2, DySi2, HoSi2 and ErSi2 are given. It is 
preferable to use noble metal silicide having a loW Schottky 
barrier With respect to holes as the material of the ?rst 
source/drain electrode 20 of the n-MISFET 3. More speci? 
cally, noble metal silicide such as PdSi and PtSi are given. 

[0080] According to the modi?cation embodiment 1, it is 
possible to control the threshold voltage of the CMISFET 
using the MGe ratio of the gate electrode M(SiGe), like the 
?rst embodiment. The Schottky-source/drain CMISFET 
according to the modi?cation example 1 is applicable as a 
ballistic transport device. The ballistic transport device must 
take loW substrate impurity concentration; for this reason, it 
is desired to carry out threshold voltage control using a gate 
electrode. Therefore, it is effective in particular to use the 
gate electrode of the modi?cation embodiment 1. 

[0081] According to the modi?cation embodiment 2, the 
second gate electrode 15 of the p-MISFET 3 of the ?rst 
embodiment has a stacked layer structure given beloW. More 
speci?cally, the second gate electrode 15 is formed of a 
M(SiGe) layer 1511 and a highly-doped polycrystalline SiGe 
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layer 15b. A CMISFET according to the modi?cation 
embodiment 2 Will be described in the points different from 
the ?rst embodiment With reference to FIG. 3. 

[0082] As depicted in FIG. 3, the second gate electrode 15 
of the p-MISFET 3 shoWn in FIG. 1 is formed into a 
multi-layer structure, Which comprises top and bottom lay 
ers. That is, the top layer is a M(SiGe) layer 15a; on the other 
hand, the bottom layer is a high B concentration polycrys 
talline SiGe layer 15b. 

[0083] According to the modi?cation embodiment 2, the 
Work function of the second gate electrode 15 of the p-MIS 
FET 3 determines depending on the bottom layer, that is, 
high B concentration polycrystalline SiGe layer 15b. Thus, 
a particularly preferable M of M(SiGe) is selected as the 
material of the ?rst gate electrode 8 of the n-MISFET 2. This 
serves to increase the degree of freedom in the selection of 
M(SiGe). The high B concentration polycrystalline SiGe is 
variable in a Work function range adaptable to the p-MIS 
FET, that is, a range from about 4.7 eV or more to about 5.2 
eV or less based on the Ge ratio (ratio of Ge in SiGe). The 
polycrystalline SiGe has B solubility higher than polycrys 
talline Si. Therefore, B is doped at high concentration as 
compared With other impurities, so that depletion of gate 
electrode is prevented. In addition, B in the compound SiGe 
does not segregate from the interface only, but is uniformly 
distributed in crystal. Thus, this serves to reduce the in?u 
ence on the Work function by variations of impurity con 
centration. 

[0084] According to the modi?cation embodiment 2, the 
M(SiGe) layer 1511 is formed as the top layer of the second 
gate electrode 15. In this Way, speci?c resistance is reduced 
as compared With the case Where the gate electrode is 
formed of a highly doped polycrystalline SiGe single layer. 
It is preferable that the highly doped polycrystalline SiGe 
layer 15b is formed thin in the light of the reduction of 
speci?c resistance. It is preferable that the thickness of the 
M(SiGe) layer 1511 is equal to the height of the gate electrode 
8 in vieW of the manufacturing cost. 

[0085] As shoWn in the manufacturing process described 
later, Ni is deposited to the polycrystalline SiGe to form a 
compound Ni(SiGe). In this case, impurity is previously 
doped to a portion functioning as the highly doped poly 
crystalline SiGe layer 15b. In the process of forming the 
compound Ni(SiGe), the ?lm thickness of Ni is controlled so 
that the Ni(SiGe) layer is formed thinner than the thickness 
of second gate electrode of the p-MISFET 3. In this manner, 
the highly doped polycrystalline SiGe layer 15b is formed. 

Second Embodiment 

[0086] A CMISFET according to the second embodiment 
Will be described beloW in the point different from the ?rst 
embodiment. The CMISFET of the second embodiment is 
based on the same technical concept as the CMISFET of the 
?rst embodiment. HoWever, the second embodiment differs 
from the ?rst embodiment in that C is doped to the gate 
electrode. Therefore, the CMISFET of the second embodi 
ment has the same cross-sectional structure as the ?rst 
embodiment. Thus, the CMISFET of the second embodi 
ment Will be described beloW With reference to FIG. 1. 

[0087] A compound M(SiGeC) of metal element M and 
group IV semiconductor element SiGeC is used as the 

Oct. 4, 2007 

material of the ?rst and second gate electrodes 8 and 15. In 
the composition, group IV semiconductor elements, that is, 
Ge and C are solid-soluble in at least one gate electrode. 
More speci?cally, the material of the ?rst gate electrode 8 is 
M(Sil_a_b GeaCb) (Oéaél, 0§b§0.02, 0§a+b§l). The 
material of the second gate electrode 15 is M(Sil_C_d1 GeCCd) 
(Oécé l, Oédé 0.02, 0§c+d§ l). The MGe ratios (a and c) 
of both electrodes are different, and any one of MC ratios (b 
and d) takes a limited value (a#c or either b or d#0). 

[0088] According to the second embodiment, the gate 
electrode material M(SiGeC) has improved heat resistance 
as compared With M(SiGe). Thus, if both gate electrodes 
contain C in the CMISFET of the second embodiment, the 
CMISFET is applicable to the manufacturing process requir 
ing heat treatment at higher temperature. 

[0089] According to the second embodiment, C contained 
in M(SiGeC) compensates strain by Ge having an atomic 
radius larger than Si. Therefore, the compound of metal and 
group IV semiconductor element is further stabiliZed. Inci 
dentally, it is found that about 1% C compensates about 10% 
strain of Ge. 

[0090] According to the second embodiment, C contained 
in M(SiGeC) has an effect of preventing the diffusion of 
impurity B. Therefore, if B is doped, the compound of metal 
and group IV semiconductor element is kept at high impurity 
concentration after high heat treatment is carried out. 

[0091] According to the second embodiment, the MC ratio 
is controlled, and thereby, it is possible to complementarily 
control the Work function. The MC ratio (MC ratio in 
M(SiGeC)) is Within the foregoing range, and thereby, C is 
solid-soluble in the gate electrode With excellent crystallin 
ity. 

[0092] Ifa compound Sil_b Cb (0§d§0.02) of metal ele 
ment M and group IV semiconductor element SiC is used as 
the gate electrode material, the folloWing effects Will be 
expected. More speci?cally, the diffusion of impurity B is 
prevented, and the Work function is complementarily con 
trolled. 

[0093] The second embodiment may be carried out in 
combination With the foregoing ?rst embodiment or third to 
?fth embodiments described later. 

Third Embodiment 

[0094] A CMISFET according to the third embodiment 
Will be described in the point different from the ?rst embodi 
ment. The CMISFET according to the third embodiment has 
features given beloW. More speci?cally, several metal ele 
ments are used as M of the gate electrode material M(SiGe) 
of the CMISFET according to the ?rst embodiment, and the 
M(SiGe) has the same crystal structure. Therefore, the 
CMISFET of the third embodiment has the same cross 
sectional structure as the ?rst embodiment. Thus, the CMIS 
FET of the third embodiment Will be described beloW With 
reference to FIG. 1. 

[0095] A compound M(SiGe) of metal element M and 
group IV semiconductor element is used as the material of 
the ?rst and second gate electrodes 8 and 15, like the ?rst 
embodiment. In this case, M is tWo or more metal elements 
selected from Ni, Pd and Pt, or Ti and Zr. 
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[0096] The following is an explanation about Ni, Pd and 
Pt. According to the third embodiment, the foregoing mixed 
crystal compound has an effect of making strain compen 
sation by controlling NiSiGe ratio, PdSiGe ratio or PtSiGe 
ratio. Therefore, the compound of metal and group IV 
semiconductor element is further stabiliZed. The elements 
Ni, Pd and Pt have the relation Ni<Pd<Pt in their atomic 
radius. For example, if the NiSiGe ratio is set larger While 
the PtSiGe ratio is set smaller in NiPt(SiGe), stain compen 
sation is made because Ge has an atomic radius larger than 
Si. 

[0097] According to the third embodiment, each Work 
function of the foregoing NiSiGe, PdSiGe or PtSiGe is a 
value intrinsic to material. Therefore, the foregoing NiSiGe 
ratio, PdSiGe ratio or PtSiGe ratio have a stable correlation 
With the Work function in their Work function range. As a 
result, it is possible to complementarily control the Work 
function using NiSiGe ratio, PdSiGe ratio or PtSiGe ratio. 
For example, the Work function of NiSi is about 4.6 eV, and 
the Work function of PtSi is about 4.8 eV. Thus, the PtSiGe 
ratio is enhanced if it is desired to obtain a Work function 
larger than the variable range of the Work function of 
Ni(SiGe). 
[0098] The foregoing compounds Ni(SiGe), Pd(SiGe) and 
Pt(SiGe) have an orthorhombic MnP crystal structure. Thus, 
the crystal structure is unchanged With a change of the M 
composition ratio, that is, NiSiGe ratio (NiSiGe ratio in 
M(SiGe)), PdSiGe ratio (PdSiGe ratio (PdSiGe ratio in 
M(SiGe)) or PtSiGe ratio (PtSiGe ratio in M(SiGe)). There 
fore, the mixed crystal compounds such as Ni(SiGe), 
Pd(SiGe) and Pt(SiGe) are stable. 

[0099] Likewise, Ti(SiGe)2 and Zr(SiGe)2 have strain 
compensation effect, and the Ti(SiGe)2 ratio and the 
Zr(SiGe)2 ratio have a stable correlation With the Work 
function. Incidentally, Ti(SiGe)2 and Zr(SiGe)2 have an 
orthorhombic SiZZr crystal structure. These Ti(SiGe)2 and 
Zr(SiGe)2 have a relation of Ti<Zr in their atomic radius. 

Fourth Embodiment 

[0100] A CMISFET according to the fourth embodiment 
Will be described in the point different from the ?rst embodi 
ment. The CMISFET according to the fourth embodiment 
differs from the ?rst embodiment in that As, P or B is doped 
to the gate electrode of the CMISFET of the ?rst embodi 
ment. Therefore, the CMISFET of the fourth embodiment 
has the same cross-sectional structure as the ?rst embodi 
ment. Thus, the CMISFET of the fourth embodiment Will be 
described beloW While referring to FIG. 1. 

[0101] According to the fourth embodiment, a compound 
M(SiGe) doped With As, P or B is used as the material of the 
?rst and second gate electrodes 8 and 15. FIGS. 4A to 4C 
shoW the relationship betWeen impurity dose and Work 
function With respect to impurity seeds in the case Where 
When a NiGe ratio is 0%, 10% and 15% in a compound 
Ni(SiGe). According to Ge addition, it can be seen that a 
variable range of the Work function by impurity is Widened 
to the value, Which is impossible in the case of NiSi (i.e., 
Ge=0%). In particular, if B is doped, the Work function has 
a variable range of 0.4 eV at the maximum betWeen the 
presence and absence of Ge. This is because an electric 
dipole formed on the interface is modulated by addition of 
Ge. 
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[0102] FIGS. 5A and 5B each shoW interface electric 
dipoles formed When B is doped to the ?rst and second gate 
electrodes 8 and 15. FIG. 5A shoWs the case doped Without 
Ge; on the other hand, FIG. 5B shoWs the case doped With 
Ge. In the interface of FIG. 5A, SiiB bonding is mainly 
made; hoWever, in the case of Ge addition, NiiB bonding 
is mainly made as seen from FIG. 5B. This can be readily 
understood from the relationship of binding energy. In other 
Words, the direction of the interface electric dipole is 
inverted; for this reason, Work function modulating effect by 
B segregated from the interface is inverted depending on the 
presence or absence of Ge. The foregoing inversion enables 
to Widen the Work function variable range as compared With 
the case Where the MGe composition is 0%. In order to 
invert the interface electric dipole resulting from B by the 
doped Ge, Ge concentration higher than B concentration is 
required. More speci?cally, an MGe ratio of at least 5% or 
more to MSi is required in B doping concentration used 
generally. 
[0103] FIG. 6 shoWs a Work function of Ni(SiGe) When a 
B-doped NiGe ration is 0% and 30%. This is obtained from 
gate insulator ?lm thickness dependency of ?atband voltage 
of a MIS capacitor. In a loW composition area such that the 
NiGe ratio is 30% or less, a variable range of 10.2 eV or 
more is given around 4.65 eV required for the fully-depleted 
MISFET device. The foregoing range is the maximum 
modulation range using the same impurity element. In 
addition, the Ge composition is further enhanced, and the 
amount of doped B is controlled, and thereby, the Work 
function is variable (modulated) in a range from 4.2 eV to 
5.1 eV. Therefore, it is possible to readily provide a variable 
range required for devices other than the fully-depleted 
MISFET device. 

[0104] As described in the second embodiment, C has the 
effect of preventing diffusion. Therefore, it is further pref 
erable to dope B to the compound M(SiGeC). 

Fifth Embodiment 

[0105] A CMISFET according to the ?fth embodiment 
Will be described in the point different from the ?rst embodi 
ment With reference to FIGS. 7 to 11. 

[0106] The CMISFET according to the ?fth embodiment 
is formed in a manner that the CMISFET according to the 
?rst embodiment is applied to a fully-depleted SOI (silicon 
On Insulator) MISFET device. Therefore, the CMISFET of 
the ?fth embodiment shoWn in FIG. 7 has the same cross 
sectional structure as the ?rst embodiment. Thus, the CMIS 
FET of the fourth embodiment Will be described beloW 
While properly referring to FIG. 1. 

[0107] As illustrated in FIG. 7, a silicon oxide ?lm 21 is 
formed on a p-type silicon substrate 1. The folloWing 
regions, that is, n-source/drain region 10, n-channel region 
6, p-source/drain region 17, p-channel region 13 are formed 
on the silicon oxide ?lm 21. These regions are formed of a 
single crystal Si layer. In the manner described above, an 
SOI structure is formed. In addition, n-MISFET 2 and 
p-MISFET 3 are isolated from each other via an isolation 
region 4 on the center of the silicon oxide ?lm 21. Thus, the 
same structure as shoWn in FIG. 1 is employed. In this Way, 
a fully-depleted SOI-CMISFET is formed. 

[0108] The single crystal layer comprising the foregoing 
n-source/drain region 10, n-channel region 6, p-source/drain 
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region 17, p-channel region 13 is an active region of the 
fully-depleted SOI-CMISFET. The layer thickness is pref 
erably more than 5 nm and less than 10 nm. A region 
combining the n-source/drain region 10 and the n-channel 
region 6 is equivalent to the p-Well 5 of the ?rst embodiment. 
On the other hand, a region combining the p-source/drain 
region 17 and the p-channel region 13 is equivalent to the 
n-Well 12 of the ?rst embodiment. 

[0109] When the gate electrode of the fully-depleted SOI 
CMISFET poWers off, these channel regions are all 
depleted. In the foregoing fully-depleted SOI-CMISFET, it 
is dif?cult to control the threshold voltage value using 
impurity concentration of the channel regions only. For this 
reason, the threshold voltage is controlled using the Work 
function of the gate electrode in the present stage. 

[0110] FIG. 8 is a chart shoWing the correlation betWeen 
threshold voltage and Work function of gate electrode in loW 
substrate impurity concentration suitable for the fully-de 
pleted SOI-CMISFET according to the ?fth embodiment. As 
seen from FIG. 8, if a metal material having Fermi level in 
mid-gap (Work function: about 4.64 eV) is used as the gate 
electrode material, the fully-depleted MISFET has a thresh 
old voltage of about 0.4 eV. HoWever, the fully depleted 
SOI-CMISFET requires a threshold voltage of about 0.2 eV 
if the sub-30 nm technical generation is given as the target. 
In order to obtain the threshold voltage of about 0.2 eV, it 
can be seen that the folloWing condition must be satis?ed. 
More speci?cally, the n-MISFET 2 requires a gate electrode 
material having a Work ?lnction of about 4.4 eV. In contrast, 
the p-MISFET 3 requires a gate electrode material having a 
Work function of about 4.8 eV. 

[0111] The folloWing is a description of the correlation 
betWeen the Work function and MGe ratio of M(SiGe) on 
metal M having a Work function of MSi larger than that of 
MGe. FIG. 9 is a schematic vieW shoWing the correlation 
betWeen the Work function and the MGe ratio of M(SiGe) on 
metal M having a Work function of MSi larger than that of 
MGe in the ?fth embodiment. As seen from FIG. 9, the 
folloWing control is carried out. More speci?cally, the 
material of the ?rst gate electrode 8 of the n-MISFET 2 
requiring the threshold voltage of about 4.4 eV takes an 
MGe ratio X. In contrast, the material of the second gate 
electrode 15 of the p-MISFET 3 requiring the threshold 
voltage of about 4.8 eV takes an MGe ratio Y. 

[0112] FIG. 10 is a schematic vieW shoWing the correla 
tion betWeen the Work function and the MGe ratio of 
M(SiGe) on metal M having a Work function of MSi smaller 
than that of MGe in the ?fth embodiment. The same control 
as above is carried out With respect to the metal M having 
a Work function of MSi smaller than that of MGe shoWn in 
FIG. 10. 

[0113] As described above, the correlation betWeen the 
MGe ratio of M(SiGe) and the Work function is previously 
investigated. The MGe ratio is taken so that each gate 
electrode material of n-MISFET 2 and p-MISFET has a 
desired Work function. In this Way, it is possible to simply 
form gate electrodes having different Work function. 

[0114] The correlation betWeen MGe ratio of M(SiGe) 
(MGe ratio in M(SiGe)) and the Work function Will be 
described beloW With reference to FIG. 11. 

[0115] Metals such as Ni, Pt, Ta and Er Were used as the 
gate electrode material to form a MISFET having MSi and 
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MGe gate electrodes. Thereafter, a Work function Was 
obtained from the capacitance-voltage characteristic. The 
composition of MSi and MGe is changed, and thereby, a 
change of the Work function of Ni With respect to the 
composition change of Ge of M(SiGe) Was shoWn in FIG. 
11. In these materials, MSi has a Work function loWer than 
that of MGe. As seen from FIG. 11, a stable correlation is 
given betWeen the NiGe ratio of Ni(SiGe) and the Work 
function in a range from about 4.6 eV or more to about 5.1 
eV in Ni(SiGe). From the result, it can be seen that the same 
correlation as Ni has Will be obtained betWeen the Work 
function and the MGe ratio With respect to other M, Where 
MSi and MGe have the same crystal structure as NiSi and 
NiGe. 

[0116] A CMISFET Will be manufactured referring to 
FIG. 11 and FIG. 4. For example, the folloWing n-type and 
p-type fully-depleted SOI-MISFETs are given. More spe 
ci?cally, the n-type and p-type fully-depleted SOI-MISFETs 
have a gate oxide ?lm having a ?lm thickness of about 1 nm 
and substrate impurity concentration 5><l0l6 cm_3. In the 
n-type and p-type fully-depleted SOI-MISFETs, the folloW 
ing gate electrodes are required in order to obtained a 
threshold voltage of about 0.2 eV. The gate electrodes 
individually need to have Work functions of about 4.4 eV 
and about 4.75 eV. 

[0117] In order to manufacture the foregoing CMISFET, 
the compound Ni(SiGe) having 10% NiGe ratio is used as 
the material of the ?rst gate electrode 8 of the n-MISFET 2. 
On the other hand, the compound Ni(SiGe) having 60% 
NiGe ratio is used as the material of the second gate 
electrode 15 of the p-MISFET 3. In this case, the CMISFET 
is manufactured via a process of doping impurity to the ?rst 
electrode 8 With concentration l><l0l6 cm_2. For example, P 
is used as the impurity seed. 

[0118] The ?rst to third methods of manufacturing the 
CMISFET according to the ?fth embodiment Will be 
described beloW With reference to FIGS. 12A to 12D to 
FIGS. 14A to 14D. For convenience of explanation, 
Ni(SiGe) is used as the gate electrode material, and a silicon 
thermal oxide ?lm is used as the gate insulator. The numeri 
cal values given in the folloWing description are set on the 
assumption of the sub-30 nm technical generation. 

[0119] The ?rst method of manufacturing the fully-de 
pleted CMISFET device shoWn in FIG. 7 Will be described 
beloW With reference to FIGS. 12A to 12D. According to the 
?rst method, polycrystalline SiGe having different Ge ratio 
is deposited on each of n-MISFET 2 and p-MiSFET. In this 
Way, the NiGe ratio is controlled. 

[0120] As shoWn in FIG. 12A, a p-type silicon substrate 1 
is ?rst formed using the conventional SOI substrate forma 
tion process and the shalloW trench isolation (STI) process 
as the isolation process. Then, a silicon oxide ?lm 21 is 
formed thereon, and further, a single crystal Si layer is 
formed in a state of being isolated via an isolation region 4. 

[0121] Next, p-Well 5 (p-type impurity region) and n-Well 
12 (n-type impurity region) each having a depth of about 14 
nm are formed according to ion implantation. Thereafter, the 
surface of the p-Well 5 and the surface of the n-Well 12 are 
formed With ?rst and second gate insulators 7 and 14 having 
a thickness of about 1 nm, respectively. 

[0122] Thereafter, polycrystalline SiGe 22 is deposited on 
the p-Well 5 to have a thickness of about 30 nm in combi 








