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STRAINED GATE ELECTRODES IN 
SEMICONDUCTOR DEVICES 

TECHNICAL FIELD 

[0001] This invention relates generally to semiconductor 
devices, and more speci?cally to metal oxide semiconductor 
(MOS) devices having strained channel regions. 

BACKGROUND 

[0002] MiniaturiZation of metal-oxide-semiconductor 
?eld-eifect transistors (MOSFETs) has improved speed per 
formance and reduced cost per unit function of integrated 
circuits. One Way to improve transistor performance is 
through selective application of stress to the transistor 
channel region. Stress distorts or strains the semiconductor 
crystal lattice and interatomic bonding. The strain, in turn, 
a?fects the band alignment and charge transport properties of 
the semiconductor. By controlling the magnitude and dis 
tribution of stress in a ?nished device, manufacturers can 
increase carrier mobility and improve device performance. 
There are several existing approaches of introducing stress 
in the transistor channel region. 

[0003] One approach includes forming an epitaxial, 
strained silicon layer on a relaxed silicon germanium (SiGe) 
layer. Because SiGe has a larger lattice constant than Si, the 
epitaxial Si groWn on SiGe Will have its lattice stretched in 
the lateral direction, so the Si Will be under biaxial tensile 
stress. In this approach, the relaxed SiGe bulfer layer is 
referred to as a stressor that introduces stress in the channel 

region. The stressor, in this case, is placed beloW the 
transistor channel region. In another approach, a high-stress 
?lm is formed over a completed transistor. The high-stress 
?lm distorts the silicon lattice thereby straining the channel 
region. 
[0004] One problem facing CMOS manufacturing is that 
NMOS and PMOS devices require di?ferent types of stress 
in order to achieve increased carrier mobility. For example, 
a biaxial, tensile stress increases NMOS performance 
approximately tWofold. HoWever, for a PMOS device, such 
a stress yields almost no improvement. With a PMOS 
device, a tensile stress improves performance When its 
perpendicular to the channel, but it has nearly the opposite 
e?fect When it is parallel to the channel. Therefore, When a 
biaxial, tensile ?lm is applied to a PMOS device, the tWo 
stress e?fects almost cancel each other out. 

[0005] Workers are aWare of these problems. Therefore, 
neW CMOS manufacturing techniques selectively address 
PMOS and NMOS devices. An NMOS fabrication method 
includes using tensile ?lms to improve carrier mobility. A 
PMOS fabrication method includes using substrate struc 
tures that apply a compression stress to the channel. One 
PMOS method includes selective application of a SiGe layer 
into the source/drain regions. Another method uses modi?ed 
shalloW trench isolation (STI) structures that compress the 
PMOS channel. 

[0006] The use of additional materials, hoWever, adds 
further processing steps and complexity to the manufactur 
ing process. Therefore, there remains a need for improving 
the carrier mobility of both NMOS and PMOS devices 
Without signi?cantly adding to the cost or complexity of the 
manufacturing process. 
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SUMMARY OF THE INVENTION 

[0007] These and other problems are generally solved or 
circumvented, and technical advantages are generally 
achieved by preferred embodiments of the present invention 
that provide methods and structures for introducing stress 
and strain into semiconductor devices in order to improve 
charge carrier mobility. 

[0008] Embodiments of the invention provide a semicon 
ductor device and a method of manufacture. A preferred 
embodiment of the invention includes forming a tensile 
strained channel region in an NMOS device and a compres 
sive strained channel region in a PMOS device. 

[0009] One embodiment comprises forming an interme 
diate structure, Wherein the intermediate structure comprises 
a ?rst active region, a second active region, a ?rst gate 
electrode layer over the ?rst active region, and a second gate 
electrode layer over the second active region. Embodiments 
may further comprise converting the ?rst gate electrode 
layer to an amorphous portion and a polycrystalline portion, 
and forming a capping layer over the intermediate structure. 
The ?rst and second gate electrode layers are recrystalliZed 
so that an average crystal grain siZe of the ?rst recrystalliZed 
layer is less than an average crystal grain siZe of the second 
recrystallized layer. The cap layer may be removed after the 
recrystalliZing. The ?rst and second gate electrode layers are 
patterned to form a ?rst gate electrode over the ?rst active 
region and a second gate electrode over the second active 
region, Wherein the ?rst and second gate electrodes have 
different intrinsic stresses. 

[0010] Another embodiment of the invention provides a 
semiconductor structure. The structure comprises a ?rst gate 
electrode over a ?rst active region and a second gate 
electrode over a second active region. Preferably, the ?rst 
gate electrode comprises one of an amorphous gate electrode 
and a polycrystalline gate electrode. In another embodiment, 
the ?rst gate electrode is an amorphous gate electrode, and 
the second gate electrode is a polycrystalline gate electrode. 
In an embodiment, the ?rst active region includes a tensile 
strained region under the ?rst gate electrode. The second 
active region may include a compressive strained region 
under the second gate electrode. 

[0011] Another embodiment of the invention provides a 
semiconductor device. The device comprises a ?rst gate 
electrode over a ?rst active region and a second gate 
electrode over a second active region. The ?rst gate elec 
trode comprises a ?rst plurality of crystal grains having a 
?rst average grain siZe, and the second gate electrode 
comprises a second plurality of crystal grains having a 
second average grain siZe. Preferably, the ?rst average grain 
siZe is less than the second average grain siZe. 

[0012] In still another embodiment, the semiconductor 
device may comprise an NMOS device and a PMOS device, 
each device comprising a source/drain region in a substrate, 
a channel region in the substrate betWeen the source/drain 
region, and a polycrystalline gate electrode over the channel 
region. Preferably, an average crystal grain siZe of the 
NMOS polycrystalline gate electrode is less than an average 
crystal grain siZe of the PMOS polycrystalline gate elec 
trode. The NMOS polycrystalline gate electrode may be a 
material having an intrinsic compressive stress that causes a 
tensile strain in the NMOS channel region. The PMOS 



US 2007/0108529 A1 

polycrystalline gate electrode may comprise a material hav 
ing an intrinsic tensile stress that causes a compressive strain 
in the PMOS channel region. 

[0013] In embodiments of the invention, the second 
recrystallized layer comprises a plurality of crystal grains 
having a columnar growth orientation, and the ?rst recrys 
tallized layer comprises a plurality of crystal grains having 
an equiaxed groWth orientation. The ?rst recrystallized layer 
may comprise a ?rst portion on a second portion, Wherein an 
average crystal grain size of the ?rst portion is less than an 
average crystal grain size of the second portion. 

[0014] Embodiments may further include adding a stres 
sor to the gate electrode stack. The embodiments include 
forming a ?rst stressor having an intrinsic compressive 
stress under the ?rst gate electrode, and forming a second 
stressor having an intrinsic tensile stress under the second 
gate electrode. 

[0015] Note that although the term layer is used through 
out the speci?cation and in the claims, the resulting features 
formed using the layer should not be interpreted as only a 
continuous or uninterrupted feature. As Will be clear from 
reading the speci?cation, the layer may be separated into 
distinct and isolated features (e.g., active regions or device 
fabrication regions), some or all of Which comprise portions 
of the semiconductor layer. 

[0016] Additional features and advantages of embodi 
ments of the invention Will be described hereinafter, Which 
form the subject of the claims of the invention. It should be 
appreciated by those skilled in the art that the speci?c 
embodiments disclosed might be readily utilized as a basis 
for modifying or designing other structures or processes for 
carrying out the purposes of the present invention. It should 
also be realized by those skilled in the art that such equiva 
lent constructions and variations on the example embodi 
ments described do not depart from the spirit and scope of 
the invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] 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: 

[0018] FIGS. 1a and 1b are cross-sectional vieWs ofa gate 
electrode layer according to embodiments of the invention; 

[0019] FIGS. 2a and 2b are cross-sectional vieWs of an 
amorphization implant according to embodiments of the 
invention; 

[0020] FIGS. 3a-3d are cross-sectional vieWs illustrating a 
capping layer and gate electrode layer recrystallization 
according to embodiments of the invention; 

[0021] FIGS. 4a-4b are cross-sectional vieWs illustrating 
crystal grains in gate electrodes according to embodiments 
of the invention; 

[0022] FIG. 5 is a cross-sectional vieW ofa CMOS device 
according to the embodiments of the invention; and 

[0023] FIGS. 6a and 6b are cross-sectional vieWs illus 
trating additional stressors incorporated Within gate elec 
trodes according to embodiments of the invention 
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[0024] Corresponding numerals and symbols in the dif 
ferent ?gures generally refer to corresponding parts unless 
otherWise indicated. The ?gures are draWn to clearly illus 
trate the relevant aspects of the preferred embodiments and 
are not necessarily draWn to scale. To more clearly illustrate 
certain embodiments, a letter indicating variations of the 
same structure, material, or process step may folloW a ?gure 
number. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0025] The making and using of the presently preferred 
embodiments are discussed in detail beloW. It should be 
appreciated, hoWever, that the present invention provides 
many applicable inventive concepts that can be embodied in 
a Wide variety of speci?c contexts. The speci?c embodi 
ments discussed are merely illustrative of speci?c Ways to 
make and use the invention, and do not limit the scope of the 
invention. The interrnediated stages of manufacturing a 
preferred embodiment of the present invention are illustrated 
throughout the various vieWs and illustrative embodiments 
of the present invention. 

[0026] This invention relates generally to semiconductor 
device fabrication and more particularly to structures and 
methods for strained transistors. The present invention Will 
noW be described With respect to preferred embodiments in 
a speci?c context, namely the creation of PMOS and NMOS 
transistors. It is believed that embodiments described herein 
Will bene?t other applications not speci?cally mentioned. 
Therefore, the speci?c embodiments discussed are merely 
illustrative of speci?c Ways to make and use the invention, 
and do not limit the scope of the invention. 

[0027] ShoWn in FIG. 1a is a schematic cross-sectional 
diagram of the semiconductor integrated circuit microelec 
tronic device at an early stage in its fabrication in accord 
With the preferred embodiments of the invention. The inter 
mediate device includes a substrate 101, Which may com 
prise Si, Ge, SiGe, GaAs, GaAlAs, InP, GaN, or combina 
tions thereof. In addition to bulk Wafers, the substrate 101 
may also comprise silicon on insulator (SOI) technology. 
The substrate 101 preferably comprises a p-doped, (100) 
silicon Wafer. The substrate 101 includes ?rst 103a and 
second 103!) active regions suitable for forming different 
semiconductor devices. Further included Within the second 
active region 1031) is a doped Well region 105, Which is of 
opposite P or N polarity than the substrate 101 Within the 
?rst active region 103a. 

[0028] An isolation structure, such as a shalloW trench 
isolation (STI) region 121, may be formed Within the 
substrate 101 to isolate active regions. STI regions 121 are 
formed using conventional thermal groWth methods and 
isolation region deposition and patterning methods. In FIG. 
1, the ?rst active region 10311 is laterally adjacent the second 
active region 1031) for ease of illustration only and is not 
intended to limit embodiments of the invention. 

[0029] Formed over the active regions 103 is a gate 
dielectric layer 130. The gate dielectric 130 may include a 
thermally groWn silicon oxide having a thickness from about 
6 to 100 A, and more preferably less than about 20 A. In 
other embodiments, the gate dielectric 130 may include a 
high-k dielectric having a k-value substantially greater than 
about 7. Possible high-k dielectrics include Ta2O5, TiO2, 
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A1203, ZrO2, HfO2, Y2O3, L2O3, and their aluminates and 
silicates. Other suitable high-k gate dielectrics may include 
hafnium-based materials such as HfO2, HfSiOX, HfAlOX. 

[0030] A layer of gate electrode material 133 is formed 
over the gate dielectric 130 layer. The gate electrode mate 
rial 133 may comprise metals, metal alloys, metal-contain 
ing materials, polysilicon (polycrystalline silicon), and poly 
cide (doped polysilicon/metal silicide stack) gate electrode 
materials. Preferably, the gate electrode material 133 com 
prises chemical vapor deposition (CVD) polysilicon 
betWeen about 100 and 10,000 angstroms thick and more 
preferably betWeen about 500 and 2,000 angstroms. The 
gate electrode material 133 may further include about 1E20 
cm-3 dopant of polarity opposite the channel region of the 
corresponding MOS device to be formed therefrom. Such 
doping advantageously provides for enhanced off current 
(Io?) performance, enhanced drain saturation current (Idsat) 
performance and possibly enhanced short channel effect 
(SCE) performance of a ?eld effect transistor (FET) device 
formed employing a gate electrode formed from the pat 
terned ?rst gate electrode material layer 133. 

[0031] FIG. 1b illustrates an alternative embodiment of 
the invention Wherein an optional glue layer 135 is formed 
betWeen the dielectric layer 130 and the gate electrode 
material 133. The glue layer 135 promotes adhesion betWeen 
adjacent layers. It may be formed by CVD of poly silicon, 
amorphous silicon, TiN, Ti, Ta, TaN, or combinations 
thereof. 

[0032] Turning noW to FIG. 2a, there is shoWn the inter 
mediate structure of FIG. 111 after further processing accord 
ing to embodiments of the invention. A patterned masking 
layer 225 formed over the second active region 103b, 
thereby leaving the ?rst active region 103a exposed. The 
masking layer 225 may comprise a photo resist, an anti 
re?ective coating (ARC), a hard mask, or combinations 
thereof. 

[0033] An amorphization implant, Which is symbolized by 
arroWs 230, is performed next. The amorphization implant 
230 may be a conventional beam-line ion implantation 
process, a plasma immersion ion implantation (PIII), or 
another ion implantation process knoWn and used in the art. 
The implant 230 depth in the gate electrode material 133 is 
preferably from about 100 to 5000 angstroms and more 
preferably from about 500 to 1000 angstroms at a concen 
tration of preferably from about 1E19 to 1E22 atoms/cm2 
and more preferably from about 1E20 to 1E21 atoms/cm2 
using In, B, Sb, C, BF2, or O atoms. Other preferred implant 
species may include As, P, N, Ge, Ar, Kr, or combinations 
thereof. 

[0034] As shoWn in FIG. 2a, the amorphization implant 
230 converts a portion of the gate electrode material over the 
?rst active region to an amorphous gate electrode material 
133a. Because the amorphization implant 230 does not fully 
penetrate the gate electrode material 133, a portion 133!) of 
the gate electrode material underlying the amorphous gate 
electrode material 13311 is unaffected by the amorphization 
implant 230. 

[0035] In an alternative embodiment of the invention 
shoWn in FIG. 2b, the amorphization implant 230 implant 
fully penetrates the layer of gate electrode material 133. 
Therefore, the gate electrode material over the ?rst active 
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region 10311 is essentially fully converted into a layer of 
amorphous gate electrode material 133a. 

[0036] Turning noW to FIG. 3a, a capping layer 235 is 
formed over the structure illustrated in FIG. 2a. The capping 
layer 235 is preferably comprised of a nitrogen-containing 
material such as silicon nitride, carbon doped silicon nitride, 
or more preferably silicon oxynitride (SiON). Suitable depo 
sition methods include loW pressure CVD (LPCVD), atomic 
layer deposition (ALD), PECVD, or RTCVD. By adjusting 
deposition parameters and precursor composition, the cap 
ping layer is preferably formed as a loW-stress ?lm having 
an intrinsic stress <<10l0 dyne/cm2, and more preferably z0 
dyne/cm2. The deposition temperature is preferably beloW 
about 600° C. to avoid recrystallization of the amorphous 
gate electrode layer 133a and more preferably betWeen 
about 350° C. and 550° C. The thickness of the capping layer 
235 is preferably betWeen about 100 and 1000 angstroms 
and more preferably betWeen about 200 and 500 angstroms. 

[0037] As used herein, recrystallizing refers to the process 
that converts a polycrystalline material having a ?rst grain 
size to a polycrystalline material having a second grain size. 
Recrystallizing may also refer to the conversion of an 
amorphous material to a polycrystalline material. 

[0038] Next, Without removing the capping layer 235, an 
annealing process 245 recrystallizes the gate electrode mate 
rial as shoWn in FIG. 3b. The anneal 245 is preferably 
performed at about 600° C. to 1000° C. and more preferably 
at about 700° C. to 950° C. using a rapid thermal anneal 
(RTA) or a spike anneal for at least about 3 seconds, or a 
furnace anneal for about less than about 1 hr. The annealing 
process 245 may further include an ambient atmosphere 
such as nitrogen. 

[0039] As shoWn in FIG. 3b, the annealing process 245 
forms a ?rst, second, and third recrystallized region, 1330, 
133d, 133e, of gate electrode material. The ?rst recrystal 
lized region 1330 is proportional in size to the pre-anneal 
amorphous region, Which is symbolized by dashed line in 
FIG. 3b. HoWever, because crystal grain groWth may have a 
directional component, the ?rst recrystallized region 1330 
may be larger or smaller than the pre-anneal amorphous 
region. The second recrystallized region 133d lies substan 
tially under the ?rst crystallized region 1330. Together, the 
?rst and second recrystallized regions, 1330 and 133d, lie 
substantially over the ?rst active region 10311 of the substrate 
101. 

[0040] In preferred embodiments of the invention, the 
capping layer 235 stabilizes the solid phase structure of the 
pre-anneal gate electrode material. That is, if the pre-anneal 
gate electrode is amorphous, the capping layer 235 stabilizes 
the amorphous phase. If the pre-anneal material is polycrys 
talline, the capping layer 235 stabilizes the polycrystalline 
phase. Therefore, during recrystallization, grain groWth 
Within the recrystallized gate electrode material, 1330, 133d 
and 133e, preferably proceeds from the gate oxide layer 130 
toWards the capping layer 235. Preferably, the third recrys 
tallized region 133e lies over the second active region 1031) 
of the substrate, and it also lies substantially adjacent the 
?rst and second recrystallized regions, 1330 and 133d. 

[0041] In embodiments of the invention, a thickness, d1, 
of the ?rst recrystallized region 1330 is preferably less than 
a thickness, d2, of the second recrystallized region 133d. 
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More preferably, d1 is between about 0.5*d2 and 0.2*d2. In 
other embodiments of the invention, d1 is betWeen about 
200 and 450 A. In still other embodiments of the invention, 
the ?rst and second recrystallized regions, 1330 and 133d, 
comprise nano-grain polysilicon. The nano-grain polysilicon 
may have a crystal grain size of about 10 nm or less in an 
embodiment of the invention. 

[0042] In other embodiments of the invention, d1 is 
approximately 0 nm. Such an embodiment corresponds to 
the situation Where the amorphous region is initially very 
thin and/or grain growth from the underlying polycrystalline 
region dominates the recrystallization. In yet still other 
embodiments, d2 is approximately 0 nm. Such an arrange 
ment may correspond to the further processing of the 
embodiment illustrated in FIG. 2b, Wherein the layer of gate 
electrode material over the ?rst active region is fully con 
verted to an amorphous layer (133a, FIG. 2b). 

[0043] Further details of the grain structure Within the 
?rst, second, and third recrystallized regions 1330, 133d, 
133e are illustrated in FIG. 30. In a preferred embodiment of 
the invention, the third recrystallized electrode material 
133e comprises a columnar polycrystalline structure. The 
?rst and second recrystallized electrode materials, 1330 and 
133d, may comprise a non-columnar polycrystalline grain 
structure. More preferably, the ?rst recrystallized region 
1330 comprises a ?rst equiaxed grain structure 254, and the 
second recrystallized region 133d comprises a second equi 
axed grain structure 256. 

[0044] In the embodiment illustrated in FIG. 30, columnar 
grain boundaries 252 are aligned substantially parallel With 
the groWth axis of the substrate 101. For example, if the 
substrate 101 has a (1,0,0) groWth axis, the columnar groWth 
axis may also be substantially aligned in a [1,0,0] direction, 
as shoWn in FIG. 30. In other embodiments (not shoWn), the 
columnar grain boundaries 252 may be inclined or even 
perpendicular to the groWth axis of the substrate 101. 

[0045] In the embodiment illustrated in FIG. 30, the mean 
size of the ?rst equiaxed grains 254 is less than the mean size 
of the second equiaxed grains 256, and the mean size of both 
of these grains is smaller than the mean size of the columnar 
grains 252. While the interfaces betWeen the plurality of 
recrystallized regions are illustrated as sharp, straight lines, 
one skilled in the art recognizes that this is for ease of 
illustration only. One so skilled understands that said inter 
faces may be irregularly shaped and not clearly de?ned. 

[0046] Yet another alternative preferred embodiment of 
the invention, the grain structure of the recrystallized gate 
electrode material is schematically illustrated in FIG. 3d. In 
this embodiment, the gate electrode material is comprised of 
tWo regions, Which may be labeled as a fourth 133f and a 
?fth 133g electrode material region. The grain structure of 
the fourth and ?fth electrode material regions, 133f and 
133g, is schematically represented by hexagons; hoWever, 
amorphous materials are Within the scope of embodiments 
of the invention. The fourth region 133f is formed over the 
?rst active region 103a, and the ?fth region 133g is formed 
over the second active region 1031). In an embodiment, the 
forth and ?fth regions, 133f and 133g, comprise recrystal 
lized regions, Which may have a columnar or an equiaxed 
grain orientation, or a combination thereof. Preferably, an 
average grain size 262 Within the fourth region 133f is 
smaller than an average grain size 264 Within the ?fth region 
133g. 
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[0047] In an embodiment, the grain structure of the fourth 
region 133f comprises an amorphous material. This elec 
trode material may be formed by processing the intermediate 
structure illustrated in FIG. 2b according to embodiments of 
the invention. In this embodiment, the capping layer (see 
e.g., 235, FIG. 3a) stabilizes the amorphous gate electrode 
material (133a, FIG. 2b). The capping layer serves as a 
nucleation barrier, thereby substantially limiting recrystalli 
zation upon further processing. Therefore, the fourth elec 
trode material 133f in FIG. 3d is recrystallized as described 
above, While the ?fth electrode material 133 g is amorphous. 

[0048] As described above, other embodiments of the 
invention (not illustrated) may further include a glue layer 
(see e.g., 135FIG. 1b) interposed betWeen the recrystallized 
gate electrode materials, 133f and 133 g, and the gate dielec 
tric 130. The glue layer advantageously promotes adhesion 
betWeen the recrystallized gate electrode materials, 133f and 
133g, and the underlying gate dielectric 130. 

[0049] Turning noW to FIG. 4a, there is illustrated a pair 
of gate electrode stacks formed after the further processing 
of the intermediate structure shoWn in FIG. 3d. Formed over 
the ?rst active region 10311 is a ?rst gate electrode stack 267 
comprising a portion of the fourth recrystallized gate elec 
trode material 133f that is patterned to form a ?rst polycrys 
talline gate electrode 269. Formed over the second active 
region 1031) is a second gate electrode stack 268 comprising 
a portion of the ?fth recrystallized gate electrode material 
133g that is patterned to form a second polycrystalline gate 
electrode 270. 

[0050] The average grain size of the ?rst gate electrode 
269 is preferably smaller than the average grain size of the 
second gate electrode 270. Preferably, the difference in the 
average grain size is greater than about 2 nm, and more 
preferably greater than about 10 nm. The grain distribution 
Within the ?rst and second gate electrodes, 269 and 270, may 
be Widely distributed or mono-dispersed, randomly oriented, 
columnar or equiaxed, or combinations thereof. 

[0051] In further keeping With embodiments of the inven 
tion, the respective grain size of each gate electrode induces 
a corresponding strain effect within an underlying substrate 
portion. Continuing With FIG. 4a, underlying the ?rst gate 
electrode stack 267 there is formed Within the ?rst active 
region 103a ?rst strain region 271. Underlying the second 
gate electrode stack 268 there is formed Within the second 
active region 1031) a second strain region 273. Because the 
average grain size of the ?rst gate electrode 269 is smaller 
than the average grain size of the second gate electrode 270, 
the ?rst strain region 271 is advantageously more tensile (or 
less compressive) than the second strain region 273. Pref 
erably, the ?rst strain region 271 is tensile, and the second 
strain region 273 is compressive. 

[0052] By alloWing for the selective control of the gate 
electrode crystal grains, embodiments of the invention pro 
vide methods and structures that are optimized for the 
fabrication of NMOS and PMOS transistors. In the embodi 
ment illustrated in FIG. 4a, the preferred means of optimi 
zation comprises a difference in average crystal grain size. 
Other embodiments, as illustrated beloW, further enhance 
control of the strain Within NMOS and PMOS regions. 

[0053] Turning noW to FIG. 4b, there is illustrated a pair 
of gate electrode stacks formed after the further processing 
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of the intermediate structure shown in FIG. 30. In the 
embodiment of FIG. 4b, the ?rst gate electrode 269 prefer 
ably comprises a ?rst and second sub-layer of patterned gate 
electrode material. In keeping With embodiments provided 
above, the tWo layers comprise the ?rst and second layers of 
recrystallized gate electrode material, 1330 and 133d. The 
second gate electrode 270 preferably comprises a patterned 
layer of the third recrystallized gate electrode material 133e. 
As described above, the average grain size of the ?rst gate 
electrode 269 is preferably less than the second gate elec 
trode 270. 

[0054] As shoWn in FIG. 4b, the ?rst gate electrode 269 
may comprise equiaxed grains, and the second gate elec 
trode may comprise columnar grains. Such an arrangement 
of grains is preferred, but not required of embodiments of 
the invention. For example, the ?rst, second, and third 
recrystallized layers of gate electrode material, 1330, 133d, 
133e, may independently comprise grains that are Widely 
distributed or mono-dispersed, randomly oriented, columnar 
or equiaxed, or combinations thereof. Most preferably, hoW 
ever, the average crystal grain size of the ?rst gate electrode 
269 is less than the average crystal grain size of the second 
gate electrode 270. In further keeping With embodiments of 
the invention provided above, the ?rst strain region 271 is 
preferably more tensile (less compressive) than the second 
strain region 273. 

[0055] In order to further control the stress/strain distri 
bution, embodiments may further include using implant 
dopants, Which may induce or inhibit nucleation, grain 
groWth, and recrystallization. Typically, a gate electrode 
having an intrinsic compressive/tensile stress induces the 
opposite stress (i.e. tensile/compressive) Within the substrate 
underlying the gate electrode. For example, a gate electrode 
having an intrinsic tensile stress of about 4.50E9 dyne/cm2 
may induce a compressive stress in the channel region of 
approximately the same magnitude. In other embodiments, 
a gate electrode having an intrinsic tensile/compressive 
stress of about 2500 MPa may induce a corresponding 
channel strain in the range of about compressive/tensile 
1.5%. 

[0056] Turning noW to FIG. 5, the intermediate structures 
of FIGS. 4a and 4b may be completed according to con 
ventional semiconductor fabrication methods, Which may 
include several of the folloWing steps. For example, com 
pleting the intermediate structure of FIG. 411 may include 
forming a CMOS device comprising an NMOSFET 301 in 
the ?rst active region 103a and a PMOSFET 304 in the 
second active region 1031). The capping layer (235, FIG. 4a) 
is removed by etching using an acid such as HF, H3 P04, or 
by using a dry etch. 

[0057] Using the gate electrodes, 269 and 270, as a mask, 
lightly doped source/drain (LDS/LDD) regions are formed 
in the substrate 101 to a depth betWeen about 100 and 1000 
angstroms and preferably betWeen about 200 and 400 ang 
stroms. An N-LDS/LDD region 307 is formed by ion 
implanting phosphorus or arsenic dopant ions from about 
1*10 ions/cm2 to about 5*10l4 ions/cm2 at an energy from 
about 30 keV to about 80 keV. After annealing the concen 
tration of phosphorus or arsenic dopant in the LDS/LDD 
regions 307 is from about 5*10l6 atoms/cm3 to about 1* l019 
atoms/cm3. 
[0058] BetWeen the N-LDS/LDD regions 307 there is an 
NMOS channel region 330. Preferably, the NMOS channel 
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region 330 lies Within the ?rst strain region 271. More 
preferably, the ?rst strain region 271 comprises a tensile 
stress that is aligned substantially betWeen the N-LDS/LDD 
regions 307. 
[0059] A P-LDS/LDD region 308 is formed by ion 
implanting boron or boron di?uoride, BF2, With a dose from 
about 1* 1013 ions/cm2 to about 5*10l4 ions/cm2 at an energy 
from about 15 keV to about 50 keV. After annealing the 
concentration of boron dopant in the P-LDS/LDD region 
308 is about 5*10l6 atoms/cm3 to about 1*10l9 atoms/cm3. 
Preferably, the PMOS channel region 331 lies Within the 
second strain region 273. 

[0060] Formed on sideWalls of the gate electrodes 269 and 
270 are sideWall spacers 315. The sideWall spacers 315 are 
a dielectric, such as CVD silicon oxide. Using the gate 
electrodes 269 and 270 and also sideWall spacers 315 as a 
mask, heavily doped source/drain regions are formed. 
[0061] Heavily doped P+ doped source/drain regions 319 
in N-Well 105 are self-aligned With gate electrode 270 and 
sideWall spacers 315. The P+ source/drain regions 319 
extend beloW the P- lightly doped LDS/LDD regions 308. 
The P+ regions source/ drain regions may be implanted With 
a dose of boron dopant in a range from about 1*10l4 ions/“n2 
to about 1*10l6 ions/cm2 at an energy from about 10 keV to 
about 80 keV. After annealing, the concentration of boron 
doparlist in the regions 319 is preferably betWeen about 
5*10 atoms/cm3 and 5*102O atoms/cm3. 
[0062] Heavily doped N+ doped source/drain regions 317 
are formed in the ?rst active area 103a and self-aligned With 
gate electrode 269 and also With sideWall spacers 315. The 
heavily doped N+ source/drain regions 317 preferably 
extend beloW the P- lightly doped LDS/LDD regions 307 as 
shoWn in FIG. 5. The heavily doped N+ source/drain 317 
regions may be ion implanted With a dose of phosphorus or 
arsenic dopant from about 1*10l4 ions/“n2 to about 1*10l6 
ions/c1112 at an energy from about 10 keV to about 80 keV. 
After annealing, the concentration of phosphorus or arsenic 
dopant in the source/ drain regions 317 is preferably betWeen 
about 5*10l8 atoms/cm3 to about 5*102O atoms/cm3. 

[0063] One skilled in the art Will recognize that embodi 
ments of the invention may be integrated With other methods 
and structures suitable for strained channel transistors. For 
example, shalloW trench isolation (STI) structures may 
induce stress in n-channel and p-channel transistors sepa 
rately. A ?rst isolation trench may include a ?rst liner, and 
a second isolation trench may include a second liner. The 
liners may comprise a suitable stress layer material, and it 
may be used to modulate channel stress. For example, in 
modulating the channel stress may include implanting the 
liner With ions removed. A liner may be modi?ed in some 
but not all of a plurality of trenches. 

[0064] For example, yet another embodiment of the inven 
tion may comprise incorporating a stressor 410 as shoWn in 
FIG. 6a. The stressor 410 may comprise a Well-de?ned layer 
betWeen the gate dielectric layer 130 and the gate electrode 
405. In such an embodiment, a thickness of the stressor 410 
is preferably at least about 25% a thickness of the gate 
electrode 405. In other embodiments, not illustrated, the 
stressor may not be a distinct layer, but it may comprise a 
material dispersed throughout of the gate electrode 405. As 
shoWn in FIG. 6b, still other embodiments may further 
include a glue layer 135 interposed betWeen the stressor 410 
and the gate dielectric 130. 



US 2007/0108529 A1 

[0065] Continuing With FIGS. 6a and 6b the stressor 410 
may comprise a material having an intrinsic tensile or 
compressive stress. In other embodiments, it may comprise 
a conductive material or a dielectric. Suitable compressive, 
conductive stressors 410 may comprise amorphous silicon 
or SiGe. Suitable tensile, conductive stressors 410 may 
comprise NiSi, CoSi2, or poly Si. Suitable dielectric stres 
sors 410, Which are tensile or compressive depending on 
deposition method or stoichiometry, may comprise SiN, 
SiC, and/or oxides. 

[0066] Another strained semiconductor method that may 
be integrated With embodiments includes forming a stressor 
such as a stress layer formed over NMOS and PMOS 
devices to induce a strain in the channel region. For 
example, a highly tensile stress/strain ?lm is knoWn to 
induce a tensile channel stress/strain. Likewise, a highly 
compressive stress/strain ?lm is knoWn to induce a com 
pressive channel stress/ strain. Embodiments of the invention 
may further include depositing a uniform stress ?lm over a 
device, such as a CMOS device and thereafter modulating or 
adjusting an appropriate stress property of the ?lm in order 
to achieve a desired channel stress. 

[0067] One modulating treatment may comprise local 
stress relaxation by ion bombardment or implantation using, 
for example, germanium, silicon, xenon, argon, oxygen, 
nitrogen, carbon, or germanium, and combinations thereof. 
Other treatments may include changing the composition 
(e.g., oxidation and/or nitridation) of the stress layer using, 
for example, a process such as thermal, plasma, oZone, UV, 
a steam oxidation, a steam environment, and/or combina 
tions thereof. Other treatment methods may include ?lm 
densi?cation using, for example, a Zone treatment, e-beam 
curing, UV curing, laser treatment (either With or Without an 
absorption or re?ection capping layer). 

[0068] Although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, substitutions and alterations can be made 
herein Without departing from the spirit and scope of the 
invention as de?ned by the appended claims. Moreover, the 
scope of the present application is not intended to be limited 
to the particular embodiments of the process, machine, 
manufacture, and composition of matter, means, methods 
and steps described in the speci?cation. As one of ordinary 
skill in the art Will readily appreciate from the disclosure of 
the present invention, processes, machines, manufacture, 
compositions of matter, means, methods, or steps, presently 
existing or later to be developed, that perform substantially 
the same function or achieve substantially the same result as 
the corresponding embodiments described herein may be 
utiliZed according to the present invention. Accordingly, the 
appended claims are intended to include Within their scope 
such processes, machines, manufacture, compositions of 
matter, means, methods, or steps. 

What is claimed is: 
1. A semiconductor structure comprising: 

a ?rst gate electrode over a ?rst active region, Wherein the 
?rst gate electrode comprises one of an amorphous gate 
electrode and a polycrystalline gate electrode; and 

a polycrystalline gate electrode over a second active 
region. 
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2. The semiconductor structure of claim 1, Wherein the 
?rst gate electrode comprises an amorphous gate electrode, 
and the ?rst active region comprises a tensile strained region 
under the amorphous gate electrode. 

3. The semiconductor structure of claim 2, Wherein the 
second active region comprises a compressive strained 
region under the polycrystalline gate electrode. 

4. The semiconductor structure of claim 1, Wherein the 
?rst gate electrode comprises an amorphous gate electrode, 
and the second gate electrode comprises a plurality of crystal 
grains having an equiaxed orientation. 

5. The semiconductor structure of claim 1, Wherein the 
?rst gate electrode comprises an amorphous gate electrode, 
and the second gate electrode comprises a plurality of crystal 
grains having a columnar orientation. 

6. A semiconductor device comprising: 

a ?rst gate electrode over a ?rst active region, the ?rst gate 
electrode comprising a ?rst plurality of crystal grains 
having a ?rst average grain siZe; and 

a second gate electrode over a second active region, the 
second gate electrode comprising a second plurality of 
crystal grains having a second average grain siZe, 
Wherein the ?rst average grain siZe is less than the 
second average grain siZe. 

7. The semiconductor device of claim 6, further compris 
ing a tensile strain in the ?rst active region and a compres 
sive strain in the second active region. 

8. The semiconductor device of claim 7, further compris 
ing a ?rst stressor having an intrinsic compressive stress 
under the ?rst gate electrode, and a second stressor having 
an intrinsic tensile stress under the second gate electrode. 

9. The semiconductor device of claim 8, Wherein a 
stressor thickness is at least about 25% of a gate electrode 
thickness. 

10. The semiconductor device of claim 6, Wherein the ?rst 
plurality of crystal grains comprises grains having one of 
columnar and equiaxed orientation and the second plurality 
of crystal grains comprises grains having the other of a 
columnar and an equiaxed orientation. 

11. The semiconductor device of claim 6, Wherein the ?rst 
and second plurality of crystal grains independently com 
prise grains having a columnar or a equiaxed orientation. 

12. The semiconductor device of claim 6, Wherein the ?rst 
plurality of crystal grains comprises grains having an equi 
axed groWth orientation. 

13. The semiconductor device of claim 12, Wherein the 
?rst plurality of crystal grains comprises a ?rst portion on a 
second portion, Wherein an average crystal grain siZe of the 
?rst portion is less than an average crystal grain siZe of the 
second portion. 

14. The semiconductor device of claim 13, Wherein the 
?rst portion comprises crystal grains having one of a colum 
nar and an equiaxed orientation and the second portion 
comprises the other of columnar and equiaxed. 

15. The semiconductor device of claim 6, further com 
prising a gate dielectric layer under the ?rst and second gate 
electrodes, and a glue layer under the gate dielectric layer. 

16. The semiconductor device of claim 15, Wherein the 
glue layer comprises a material selected from the group 
consisting essentially of poly silicon, amorphous silicon, 
TiN, Ti, Ta, TaN, and combinations thereof. 
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17. The semiconductor device of claim 6, further com 
prising a gate dielectric layer under the ?rst and second gate 
electrodes, and a stressor over the gate dielectric layer. 

18. The semiconductor device of claim 17, Wherein the 
stressor comprises a material selected from the group con 
sisting essentially of amorphous silicon, polysilicon, SiGe, 
NiSi, CoSi2, SiN, SiC, an oxide, and combinations thereof. 

19. The semiconductor device of claim 6, Wherein the ?rst 
and second gate electrodes comprise a material selected 
from the group consisting essentially of polysilicon, and a 
metal-containing material. 

20. The semiconductor device of claim 6, Wherein the ?rst 
gate electrode comprises a material selected from the group 
consisting essentially of As, P, N, Ge, Ar, Kr, and combi 
nations thereof. 

21. The semiconductor device of claim 6, the Wherein the 
?rst average grain siZe is at least 2 nm less than the second 
average grain siZe. 

22. A semiconductor device comprising: 

an NMOS device and a PMOS device, each device 
comprising a source/drain region in a substrate, a 
channel region in the substrate betWeen the source/ 
drain region, and a polycrystalline gate electrode over 
the channel region; 
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Wherein an average crystal grain siZe of the NMOS 
polycrystalline gate electrode is smaller than an aver 
age crystal grain siZe of the PMOS polycrystalline gate 
electrode. 

23. The semiconductor device of claim 22, Wherein the 
NMOS polycrystalline gate electrode comprises a material 
having an intrinsic compressive stress. 

24. The semiconductor device of claim 23, Wherein the 
NMOS polycrystalline gate electrode causes a tensile strain 
in the NMOS channel region. 

25. The semiconductor device of claim 22, Wherein the 
PMOS polycrystalline gate electrode comprises a material 
having an intrinsic tensile stress. 

26. The semiconductor device of claim 25, Wherein the 
PMOS polycrystalline gate electrode causes a compressive 
strain in the PMOS channel region. 

27. The semiconductor device of claim 22, Wherein the 
NMOS and the PMOS polycrystalline gate electrode inde 
pendently comprise a material selected from the group 
consisting essentially of silicon, germanium, and combina 
tions thereof. 


