
(19) United States 
US 20090065877A1 

(12) Patent Application Publication (10) Pub. No.: US 2009/0065877 A1 
TSUCHAKI (43) Pub. Date: Mar. 12, 2009 

(54) SEMICONDUCTOR DEVICE AND METHOD 
FOR MANUFACTURING THE SAME 

(76) Inventor: Masakatsu TSUCHIAKI, Tokyo 
(JP) 

Correspondence Address: 
FINNEGAN, HENDERSON, FARABOW, GAR 
RETT & DUNNER 
LLP 
901 NEW YORKAVENUE, NW 
WASHINGTON, DC 20001-4413 (US) 

(21) Appl. No.: 12/146,620 

(22) Filed: Jun. 26, 2008 

(30) Foreign Application Priority Data 

Sep. 12, 2007 (JP) ................................. 2007-236710 

10a 13a 9a 

4 N-4TS 
2. ET | 4/ 

Publication Classification 

(51) Int. Cl. 
HOIL 29/00 (2006.01) 
HOIL 2/336 (2006.01) 

(52) U.S. Cl. ................. 257/410; 438/197; 257/E29.001; 
257/E21409 

(57) ABSTRACT 

A semiconductor device includes: a first MOSFET including: 
first source and drain regions formed at a distance from each 
other in a first semiconductor region; a first insulating film 
formed on the first semiconductor region between the first 
Source region and the first drain region; a first gate electrode 
formed on the first insulating film; a first sidewall insulating 
film formed at side portions of the first gate electrode; a first 
single-crystal silicon layer formed on each of the first source 
and drain regions, and having at least an upper-face made of 
a 111 plane; a first NiSilayer formed at least on the first 
single-crystal silicon layer, and having a portion whose inter 
face with the first single-crystal silicon is on the 111 plane 
of the first single-crystal silicon layer and a part of the portion 
of the first NiSilayer being in contact with the first sidewall 
insulating film; and a first TiN film being in contact with the 
portion of the first NiSilayer on the 111 plane of the first 
single-crystal silicon. 
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SEMCONDUCTOR DEVICE AND METHOD 
FOR MANUFACTURING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is based upon and claims the ben 
efit of priority from prior Japanese Patent Application No. 
2007-236710 filed on Sep. 12, 2007 in Japan, the entire con 
tents 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 having MOSFETs and a method for manufacturing the 
semiconductor device. 
0004 2. Related Art 
0005. The advent of ultrahigh-speed and high-functional 
ity semiconductor devices had spurred rapid evolution of an 
information-oriented and knowledge-intensive Society into a 
global web of high-speed communication networks, as exem 
plified by the ubiquitous presence of radiofrequency cellular 
or “mobile' phones in daily lives. Naturally, the world-wide 
spread of such social transformation, as well as an insatiable 
quest for more efficient and convenient life-styles, demands 
yet higher-speed operation of ever-shrinking semiconductor 
devices being integrated on a much larger scale, to realize a 
system-on-chip versatile architecture which provides almost 
every conceivable functionality. 
0006. As a matter of course, to meet the above demand, the 
physical dimensions of principal components of a large scale 
integration (LSI) circuit, i.e., metal insulator semiconductor 
field effect transistors (MISFETs), or more specifically, 
metal oxide semiconductor field effect transistors (MOS 
FET’s), have to be reduced accordingly. 
0007 Unfortunately, however, further miniaturizing the 
MOSFET dimensions while speeding-up its operation 
becomes increasingly a difficult task to achieve. In fact, as 
explained below, various technical difficulties arise from this 
attempt. 
0008. One of such difficulties arises from sharp decrease 
of threshold voltage with the downscaling or shrinkage of the 
channellength of the MOSFET (i.e., reduction of the physical 
length of the gate electrode), widely known as the short chan 
nel effect. When the threshold voltage comes to depend on the 
physical gate length, even a slight process variation during the 
gate electrode formation results in uncontrollable deviation in 
the threshold voltage. Of course, a MOSFET with an unin 
tended threshold voltage, when it is very different from the 
designed value, gives rise to erratic device operations which is 
incompatible with the original intention of the device and 
may well totally impair the proper functionality of the entire 
circuit. 
0009. Obviously, in order to obtain a large number of 
coherent and identical MOSFETs, the short-channel-effect 
induced strong dependence of the threshold Voltage on the 
physical gate length is extremely detrimental. The resultant 
intolerance of even a minute process deviation during the 
device fabrication makes it very difficult to manufacture effi 
ciently an electric circuit composed of a great number of 
uniform and densely-packed elements, such as a dynamic 
random access memory (DRAM). 
0010. In view of its physical mechanism, this short chan 
nel effect is a result of distortion of an electric potential near 
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the central portion of the channel region induced by electric 
fields at source/drain (S/D) electrodes. As the channel length 
decreases, the influence of S/D electric fields comes to reach 
the central portion of the channel, allowing premature chan 
nel currents to flow between S/D electrodes even when the 
gate Voltage is below the intended value (i.e., reducing the 
threshold voltage). 
0011. As widely recognized, by making the p-n junctions 
that forms S/D regions (i.e., S/D p-n junctions) shallower, the 
short channel effect can be avoided. However, simply making 
the S/D p-n junctions very shallow inevitably results in unac 
ceptable increase in the electrical resistances of the S/D elec 
trodes. The resistance increase impedes high-speed transmis 
sion of electrical signals through the MOSFET, thereby, 
totally dashing the original intention of miniaturizing the 
MOSFET dimensions to speed-up its operation. 
0012. One of the best ways of reducing the S/D electrode 
resistance is silicidation (i.e., compound formation between 
silicon and metal Substance) of upper parts of S/D p-n junc 
tions. The metal species that could be used for this purpose 
includes cobalt (Co), titanium (Ti) and nickel (Ni). However, 
of these metals, Ni is the primary choice for the silicidation of 
fine structures employed by today's ULSI technology. This is 
because it is free from adverse line-width effects (i.e., resis 
tivity increase of silicide layers when they are formed on 
narrow lines). 
0013. In addition, the silicidation reaction between Si and 
Nican be completed at a temperature as low as 450° C., which 
is much lower than the CoSi formation temperature (i.e., 
800° C.). Moreover, this low temperature thermal treatment 
produces a layer of NiSi, which has a very low resistivity. 
Applying thermal processing at a higher temperature of about 
750° C. causes an unfavorable phase transition of the NiSi 
layer into a layer of NiSi, that has a higher electrical resis 
tivity than that of NiSi. Thus, naturally, it is this NiSilayer of 
low resistance that is typically used for ULSI devices. 
0014. Unfortunately, however, NiSi is not a problem-free 
option. In fact, its thermal stability is the greatest concern of 
the NiSi technology. In general, after having formed the low 
resistance NiSilayer, it is indispensable to perform thermal 
processing at 500° C. for about 90 minutes, for example, in 
order to establish good electrical contact between the NiSi 
layer and a metal substance formed thereon. However, even 
this moderate thermal processing (i.e., at 500° C. for 90 min) 
is found to trigger a substantial burst of Ni atoms from the 
NiSilayer deep into the Si substrate, even reaching a depth of 
about 140 nm, though it is done at a temperature well below 
the phase transition temperature (as disclosed by M. Tsu 
chiaki, Jpn. J. Appl. Phys. Vol. 43, p. 5166 (2004), for 
example). 
0015. Of course, the Ni atoms that infiltrated deeply into 
the Si substrate form gap states in the forbidden band of Si, 
thereby assisting or promoting leakage generation. Since this 
Ni burst into the Si substrate is an intrinsic characteristic of 
NiSi, it proceeds unavoidably whenever NiSi and Si are in 
physical contact at an elevated temperature. Obviously, once 
Such gap states are formed at the S/D junctions, Substantial 
leakage currents flow through the junctions into the Si Sub 
strate, and eventually, an intended functionality of the device 
will be completely lost (e.g., loss of data memorized in 
DRAM cells). 
0016. In order to solve the aforementioned problems, an 
elevated source drain method has been commonly utilized. In 
this method, semiconductor layers are selectively formed (for 
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example, silicon is grown) on Surface portions of a semicon 
ductor substrate where source and drain electrodes are to be 
formed. Because the surfaces of this additionally formed 
semiconductor layers are higher than the original semicon 
ductor Surface (i.e., the Surface where a channel is to be 
formed), pnjunction depths of the source and drain regions 
are shallow relative to the original semiconductor Surface, but 
deep relative to the newly formed Surfaces, securing the 
enough depth of the electrode while Suppressing the short 
channel effects. Such a selective silicon growth can be 
achieved by using an epitaxial growth method. 
0017 Unfortunately, however, the thickness of the selec 
tively grown silicon layer tends to decrease when it nears the 
gate electrode. Accordingly, the shortest distance between the 
additional surface (where the metal is to be deposited) and the 
junction depth is predetermined at this portion adjacent to the 
gate electrode. Thus, no matter how thick the selectively 
grown silicon layer is made at the other portions, its ability to 
block the leakage generation is not enhanced. 
0018. As described above, shrinkage of the MOSFETs 
dimensions requires commensurate shallowing of the Source 
and drain junctions. At the same time, to secure high speed 
operation, silicidation of the source and drain regions is nec 
essary. 
0019. However, for silicidation of shallow junctions (e.g., 
Source/drain extension regions next to the gate electrode), the 
high-speed diffusion of metal atoms from the silicide causes 
Substantial junction leakage current. The leakage is so devas 
tating that metal compound formation on the source/drain 
extension regions is practically prohibited. 
0020. Without silicidation, however, the electric resis 
tance around the source/drain extension regions becomes 
very high, causing a large potential drop at these portions. 
Since Voltages applied to the Source/drain electrodes are 
largely wasted, they cannot induce Sufficient channel cur 
rents. Obviously, a MOSFET with high-speed operation can 
not be obtained without silicidation of the source? drain exten 
Sion regions. 
0021. Therefore, to prevent generation of junction leakage 
current due to silicidation of the shallow source? drain exten 
sion regions, it is necessary to develop a new method for 
Suppressing infiltration of metallic atoms from the silicide 
layer into the Substrate in the region adjacent to the gate 
electrode. 

SUMMARY OF THE INVENTION 

0022. The present invention has been made in view of 
these circumstances, and an objective thereof is to provide a 
semiconductor device and a method for manufacturing the 
semiconductor device without silicidation-induced current 
leakage. 
0023. A semiconductor device according to a first aspect 
of the present invention includes: a silicon Substrate including 
a first semiconductor region of a first conductivity type; and a 
first MOSFET including: first source and drain regions of a 
second conductivity type formed at a distance from each other 
in the first semiconductor region; a first insulating film 
formed on a portion of the first semiconductor region, the 
portion being located between the first source region and the 
first drain region; a first gate electrode formed on the first 
insulating film; a first sidewall insulating film formed at side 
portions of the first gate electrode; a first single-crystal silicon 
layer formed on each of the first source and drain regions, and 
having at least an upper-face made of a 111 planes; a first 
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NiSilayer formed at least on the first single-crystal silicon 
layer, and having a portion whose interface with the first 
single-crystal silicon layer is on a 111 plane of the first 
single-crystal silicon layer and a part of the portion of the first 
NiSilayer being in contact with the first sidewall insulating 
film; and a first TiN film being in contact with the portion of 
the first NiSilayer on the 111 plane of the first single 
crystal silicon layer. 
0024. A semiconductor device according to a second 
aspect of the present invention includes: a silicon Substrate 
including a first semiconductor region of a first conductivity 
type; and a first MOSFET including: first source and drain 
regions of a second conductivity type formed at a distance 
from each other in the first semiconductor region; a first 
insulating film formed on a portion of the first semiconductor 
region, the portion being located between the first source 
region and the first drain region; a first gate electrode formed 
on the first insulating film; a first sidewall insulating film 
formed at side portions of the first gate electrode; a first 
single-crystal silicon layer formed on each of the first source 
and drain regions, and having a plurality of first grooves that 
reach the first source and drain regions, each sidewall of the 
first grooves being made of a 111 plane; a first NiSilayer 
formed at least on the 111 sidewalls of first grooves in the 
first single-crystal silicon layer; and a first TiN film being in 
contact with the first NiSilayer on the 111 sidewalls. 
0025. A semiconductor device according to a third aspect 
of the present invention includes: a silicon Substrate including 
a first semiconductor region of a first conductivity type; and a 
first MOSFET including: first source and drain regions of a 
second conductivity type formed at a distance from each other 
in the first semiconductor region; a first insulating film 
formed on a portion of the first semiconductor region, the 
portion being located between the first source region and the 
first drain region; a first gate electrode formed on the first 
insulating film; a first sidewall insulating film formed at side 
portions of the first gate electrode; a first single-crystal silicon 
layer formed on each of the first source and drain regions; a 
first NiSilayer formed on the first single-crystal silicon layer, 
an interface between the first single-crystal silicon layer and 
the first NiSilayer being on 111 planes of the first single 
crystal silicon layer; and a first TiN film being in contact with 
the first NiSilayer. 
0026. A semiconductor device according to a fourth 
aspect of the present invention includes: a channel region 
formed into a wall-like plate-shaped single-crystal silicon 
layer on an insulating film, whose shape is defined by a pair of 
first opposing side planes and a pair of second opposing side 
planes; a source region formed on the insulating film, whose 
shape is defined by a pair of third opposing side planes and a 
pair of forth opposing side planes; the third side planes being 
Si{111 planes and one of the forth opposing side planes 
being connected to one of the first opposing side planes of the 
channel region; a drain region formed on the insulating film, 
whose shape is defined by a pair of fifth opposing side planes 
and a pair of sixth opposing side planes; the fifth opposing 
side planes being Si 111 planes and one of the sixth oppos 
ing side planes being connected to the other side plane of the 
first opposing side planes of the channel region; a pair of gate 
insulating films on a pair of second opposing side planes of 
the channel region; a gate electrode straddling over a pair of 
second opposing side planes of the channel region via the pair 
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of insulating films; a NiSilayer formed on each Si{111} face 
of the source and drain regions; and a TiN film being in 
contact with the NiSilayer. 
0027. A method for manufacturing a semiconductor 
device according to a fifth aspect of the present invention 
includes: forming a gate insulating film on a silicon Substrate; 
forming a gate electrode on the gate insulating film; forming 
Source and drain regions on the silicon Substrate, with the gate 
electrode being used as a mask; additionally forming a silicon 
layer selectively on the Source and drain regions, whose Sur 
faces are Si{111 at both sides of the gate; forming a NiSi 
layer at lease on the Si{111 planes; and forming a TiN film 
on the NiSilayer on the Si{111 planes. 
0028. A method for manufacturing a semiconductor 
device according to a sixth aspect of the present invention 
includes: forming a gate insulating film on a silicon Substrate; 
forming a gate electrode on the gate insulating film; forming 
Source and drain regions on the silicon Substrate, with the gate 
electrode being used as a mask, depositing a silicon layer on 
the Source and drain regions; forming a first carbon-contain 
ing silicon layer on a horizontal Surface of the silicon layer; 
thermally oxidizing the silicon layer, removing the first car 
bon-containing silicon layer; forming a plurality of grooves in 
the silicon layer, whose sidewalls are made of Si{111} 
planes; forming a NiSilayer on each sidewall of the grooves; 
and forming a TiN film over the NiSilayer on each sidewall of 
the grooves. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0029 FIG. 1 is a Weibull plot of areal leakage levels over 
312 large junctions (i.e., 1x1 mm square junctions) at vari 
ous depths for Si(100) substrates: 
0030 FIG. 2 is a Weibull plot of areal leakage levels over 
312 large junctions (i.e., 1x1 mm square junctions) at vari 
ous depths for Si(110) substrates: 
0031 FIG. 3 is a Weibull plot of areal leakage levels over 
312 large junctions (i.e., 1x1 mm square junctions) at vari 
ous depths for Si(111) substrates: 
0032 FIG. 4 is an emission microscopy image showing 
light emission from a junction with NiSilayer formed on 
Si{111}; 
0033 FIG. 5 is a typical cross-sectional TEM image of an 
emission point of the NiSilayer of FIG. 4; 
0034 FIG. 6A is a top-view SEM image offine linear NiSi 
layers formed on Si{111}; 
0035 FIG. 6B is a cross-sectional view of a contact hole 
having a TiN film formed thereon in the structure shown in 
FIG. 6A: 
0036 FIG. 6C is an enlarged view of a NiSi region on 
which a TiN layer is directly stacked (i.e., the white-dot 
pattern in the structure shown in FIG. 6A); 
0037 FIG. 7 is a top-view SEM image of fine linear NiSi 
layers formed on Si{100); 
0038 FIG. 8 is a top-view SEM image of fine linear NiSi 
layers formed on Si{110}; 
0039 FIG.9 shows XRD spectra of NiSilayers formed on 
Si{100, Si{110}, and Si{111}; 
0040 FIGS. 10 to 18 are cross-sectional views showing 
the procedures for manufacturing a semiconductor device 
according to a first embodiment; 
0041 FIG. 19 is a cross-sectional view showing a proce 
dure for manufacturing a semiconductor device according to 
a first modification of the first embodiment; 

Mar. 12, 2009 

0042 FIG. 20 is a cross-sectional view showing a proce 
dure for manufacturing a semiconductor device according to 
a second modification of the first embodiment; 
0043 FIGS. 21 to 28 are cross-sectional views showing 
the procedures for manufacturing a semiconductor device 
according to a second embodiment; 
0044 FIG. 29 is a cross-sectional view showing a proce 
dure for manufacturing a semiconductor device according to 
a first modification of the second embodiment; 
0045 FIG. 30 is a cross-sectional view showing a proce 
dure for manufacturing a semiconductor device inaccordance 
with a second modification of the second embodiment; 
0046 FIGS. 31 to 35 are cross-sectional views showing 
the procedures for manufacturing a semiconductor device 
according to a third embodiment; 
0047 FIG. 36 shows a top view of the semiconductor 
device at one stage of manufacturing according to the third 
embodiment; 
0048 FIGS. 37A to 40B are cross-sectional views show 
ing the procedures for manufacturing a semiconductor device 
according to the third embodiment; 
0049 FIGS. 41 to 44 are cross-sectional views showing a 
procedure for manufacturing the semiconductor device 
according to a fourth embodiment; 
0050 FIG. 45 is a bird’s-eye perspective view of the semi 
conductor device at one stage of manufacturing according to 
the fourth embodiment; 
0051 FIG. 46 is a cross-sectional view showing a proce 
dure for manufacturing the semiconductor device according 
to the fourth embodiment; and 
0052 FIGS. 47(a) to 47(c) are top views of Finstructures 
of semiconductor devices according to the fourth embodi 
ment. 

DETAILED DESCRIPTION OF THE INVENTION 

0053. It has been found by the present inventor that even a 
moderate thermal processing at 500° C. for 90 min can gen 
erate Substantial leakage through junctions, even though the 
junction depths are much deeper than the silicide film. None 
theless, the post-silicide annealing is indispensable to secure 
good electrical contact between the NiSilayer and a metal 
Substance thereon via a very small opening (i.e., contact 
hole). 
0054. It should be also noted that this leakage is generated 
during annealing at a temperature well below the phase tran 
sition temperature from NiSi to NiSi i.e., 750° C. 
0055. Furthermore, from an in-depth research to elucidate 
influences of the substrate crystal orientation on the thermal 
stability of the NiSi films, the present inventor has also found 
that the thermally-induced junction leakage can be Sup 
pressed totally by appropriately forming the NiSi films on a 
specific crystal plane of silicon when a particular film is 
further stacked over the NiSi films. 
0056. In the following, this crucial discovery to the present 
invention will be explained in detail, with reference to some 
of the accompanying figures and the drawing. 
0057 First, several cautions should be made on the termi 
nology to be used hereafter. A crystallographically equivalent 
plane to a (abc) plane will be expressed by {abc}—for 
example, a 100 plane for a (100) plane, {110 for (110), 
and 111 for (111). A surface parallel to a {abc} plane may 
be denoted by a {abc} surface for short. In addition, a crystal 
direction that is equivalent crystallographically to a XyZ 

Page 33 of 48



US 2009/0065877 A1 

direction is represented by a <XyZ> direction; for example, a 
<100> direction for 100, and <110> for 110. 

Substrate Orientation Dependence of Junction Leakage Cur 
rent 
0058. In order to investigate the leakage currents from the 
NiSi films, pfnjunctions with various depths were fabricated 
on Si substrates having a 100 plane, a 110 plane, and a 
{111} plane as principal surfaces (to be denoted as Si(100), 
Si(110), Si(110) substrates, for short, respectively). Sputter 
deposition of a nickel (Ni) film and ensuing rapid thermal 
annealing (RTA) in a nitrogen gas at 450° C. prompted 30 
nm-thick nickel silicide (NiSi) formation over the junctions. 
After completion of the silicide layers, these silicided junc 
tions were further annealed at 500° C. for 90 min in N, to 
gauge impacts of the heat stimulus. The temperature ramping/ 
quenching rates were set to be 100° C. per minute. After this 
post-silicide annealing, leakage currents through the junc 
tions of various depths, X, were carefully measured. 
0059 FIG. 1 shows a Weibull plot of areal leakage levels 
over 312 large junctions (i.e., 1x1 mm square junctions) at 
various depths for Si(100) substrates. For reference, the data 
observed without NiSilayers (No Silicide) is also shown. 
0060. In this plot, the leakage levels are expressed in loga 
rithmic scale in the abscissa. The ordinate axis indicates InG 
In(1-F)), where, “F” represents the fraction of junctions with 
leakage levels equal to or Smaller than the corresponding 
value of the abscissa and “In' is the natural logarithm. 
0061 Similarly, FIG.2 shows a Weibull plot of areal leak 
age levels over 312 large junctions (i.e., 1x1 mm square 
junctions) at various depths for Si(110) substrates. 
0062. Likewise, FIG.3 shows a Weibull plot of areal leak 
age levels over 312 large junctions (i.e., 1x1 mm square 
junctions) at various depths for Si(111) substrates. 

Regarding NiSi Layer on Formed 100 Plane 
0063 As shown in FIG. 1, with the decrease of the junc 
tion depth x, the junction leakage increases while maintain 
ing virtually vertical Weibull plots. In other words, as the 
junction depth becomes Smaller, Substantial leakage is gen 
erated uniformly in all the junctions without exception. This 
proves leakage generation by numerous Small leakage 
sources. Obviously, due to Ni atoms diffused into the Si 
Substrate, a large number of Small gap states are formed, 
facilitating generation of leakage current (as disclosed by M. 
Tsuchiaki in Jpn. J. Appl. Phys. Vol.43, p. 5166 (2004), for 
example). 

Regarding NiSi Layer on Formed 110 Plane 
0064. As shown in FIG. 2, with the decrease of the junc 
tion depth x, the junction leakage increases while maintain 
ing virtually vertical Weibull plots, just like the case for the 
previous Si(100) substrates. Thus, also for Si(110) substrates, 
a large number of small gap states must have been formed by 
Ni atoms diffused into the Si substrate, thereby facilitating 
leakage generation. 

Regarding NiSi Layer on Formed 111 Plane 
0065 Strikingly, however, the way of leakage generation 
in the Si(111) substrates is totally different from that in the 
Si(100) and Si(110) substrates, the Weibull plots have specific 
non-linear structure, bended around the middle portions. 
They can be decomposed into upper tilted parts and lower 
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vertical parts. With the decrease of the junction depth x, the 
length of the upper parts increases, whereas lower parts 
remain to be aligned on a common vertical line. 
0066. This means that, in some junctions (as represented 
by the lower vertical part of the Weibull plot), no excess 
leakage is generated at all by the NiSilayer. On the other 
hand, in the other junctions (as represented by the uppertilted 
part of the Weibull plot), substantial leakage is generated by 
the NiSilayer. 
0067. The stochastic nature of this leakage generation 
indicates leakage generation by a small number of sporadic 
but highly destructive leakage sources. 
0068 Such random and devastating leakage can be gener 
ated by deep protrusion of silicide layer into Si substrate 
(commonly referred to as silicide spike). 

Emission Microscopy 
0069. In order to confirm the above-speculated leakage 
generation by silicide spikes, the leaky junctions on Si(111) 
are analyzed by emission microscopy. More specifically, by 
applying a high reverse bias to the junctions, light emission 
from those samples was monitored. 
0070. As shown in FIG.4, the analysis revealed very local 
ized light emission, pointing to concentrated leakage genera 
tion at specific isolated spots. Obviously, intense flows of 
accelerated carriers through the localized points have emitted 
photons through carrier-scattering or radiative-recombina 
tion. 

ITEM Analysis 

(0071. In order to secure conclusive evidence of the leak 
age generator on Si (111), the light emitting spots were inves 
tigated with a transmission electron microscope (TEM). 
0072 FIG. 5 shows a typical cross-sectional TEM image 
of the emission points. Evidentially, the silicide layer takes 
irregular structure, protruding into the silicon Substrate. 
0073. The chemical composition of the protrusion (i.e., 
silicide spike) was analyzed by EDX (Energy Dispersive 
X-ray Spectroscopy). It is found that the silicide spike is made 
of NiSi phase. 
0074. It entails that the Si{111} is a very singular plane, on 
which phase transition from NiSito NiSi can proceed even at 
a temperature as low as 500° C. The phase transition and 
associated restructuring of the silicide layer must have 
invoked mass transport of Ni atoms, resulting in occasional 
protrusions (“silicide spikes”) into the substrate. An excellent 
lattice matching between Si{111} and NiSi{111 may have 
contributed to the emergence of this peculiar phenomenon on 
Si{111}. 
(0075. It should be also noted here that, when a NiSilayer 
is formed on Si{100 or Si{110}, the phase transition from 
NiSito NiSi has never been observed at such a low tempera 
ture. 

0076 Now it is clear that the mechanism of leakage gen 
eration strongly depends on the crystal orientation of the Si 
substrate, on which the NiSilayer is formed. 
0077. For NiSilayers on Si{100 or Si{110}, infiltration 
of Ni atoms into the Si Substrate and associated numerous 
gap-states formation is the root cause of the leakage. 
0078 For NiSi layers on Si{111, however, premature 
phase transition and associated silicide spike formation is the 
fundamental origin of the leakage. 
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007.9 Here, it should be emphasized that, as exemplified 
by the alignment of the lower parts of the Weibull plots to a 
common vertical line (see FIG. 3), NiSi on Si{111} is free 
from numerous gap-states formation due to deep ingression 
of Niatoms into the Si substrates. Otherwise, the lower parts 
of the Weibull plots should have shifted rightward with the 
decrease of the junction depth, much like the Weibull plots of 
Si(100) and Si(110) substrates (see FIGS. 1 and 2). This 
means that, as long as the formation of silicide spikes is 
prevented, leakage generation on Si{111} can be totally Sup 
pressed. 

Dependence of Silicide Spike Generation on Film Stack 
Structure 
0080 Besides the direct observation of the leakage-gen 
erating silicide spikes, we further discovered that the forma 
tion of silicide spikes can be prevented by stacking an appro 
priate film on the NiSilayer formed on Si{111}. 
0081 FIG. 6A shows a top-view SEM (Scanning Electron 
Microscope) image of fine linear NiSi layers formed on 
Si{111. Polygonal patterns randomly scattering in the NiSi 
layers correspond to Surface asperity induced by Silicide 
spikes. Arrays of white dots indicate contact holes to the NiSi 
layers. 
0082 FIG. 6B explains a cross-section of one of the con 
tact holes. After a NiSilayer was formed, a SiN layer and a 
SiO layer were deposited on the NiSilayer, and a contact 
hole reaching the NiSilayer was drilled through the SiO, 
layer and the SiN layer. Subsequently, a TiN layer was formed 
entirely over the exterior surface, and the resultant structure 
was subjected to 500° C. thermal processing for 90 minutes. 
0083. As can be seen from FIGS. 6A and 6B, a large 
number of silicidespikes were formed in the NiSilayer region 
on which the SiN layer was directly stacked over the NiSi 
layer, but no silicide spikes were formed in the NiSilayer 
region on which the TiN layer was directly stacked over the 
NiSilayer (i.e., within the contact holes, see within the white 
dots). 
0084 FIG.6C is an enlarged view of a NiSilayer region on 
which a TiN layer is directly stacked over the NiSilayer (the 
white-dot pattern). Evidentally, as long as the TiN layer is 
stacked on the NiSilayer, surface deformation due to spikes is 
not observed at all. 
0085. Such clear dependence of the spike formation on the 
contact hole pattern proves, on the other hand, spike forma 
tion posterior to the contact hole formation, (i.e., during 500 
C. thermal processing), negating spike formation during sili 
cidation reaction. 
I0086. In addition, it is found that the advantage of stacking 
the TiN layer on the silicide layer is a unique property exclu 
sively observable on the NiSilayer formed on Si{111}. 
I0087 FIGS. 7 and 8 show top-view SEM images of fine 
linear NiSilayers formed on Si{100 and Si{110}, respec 
tively. 
0088. In fact, deformation of the NiSilayers and associ 
ated irregular black patters are clearly visible irrespective of 
the presence of the contact holes (i.e., within the white dots). 
0089. As previously stated, the way of leakage generation 
in the Si(100) and Si(110) substrates is totally different from 
that in the Si(111) substrates. For NiSilayers on Si{100 or 
Si{110}, infiltration of Ni atoms into the Si substrate and 
associated numerous gap-states formation was the root cause 
of the leakage. Thus, the irregular black patters in the SEM 
images must correspond to disappearance of the NiSilayers 
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due to substantial Niin-diffusion into the substrates. Notably, 
this substantial Ni in-diffusion proceeds regardless of the 
presence of the TiN layer stacked over the NiSilayer. 

Crystal Alignment of NiSi Layers 
0090. In order to identify the physical origin of this unique 
advantage of TiN over NiSi on Si{111}, first, XRD (X-Ray 
Diffraction) analysis was carried out to analyze the crystal 
orientations of the NiSilayers. 
(0091. As can be seen from FIG.9, on Si(100), the presence 
of various XRD peaks indicates rather random alignment of 
polycrystalline NiSi. Stacking a TiN layer on this NiSilayer 
does not increase the thermal stability of the film. 
0092 Unlike Si(100), on Si (110), NiSi is highly oriented. 
NiSi(112) seems by far to be the most favored orientation. 
However, again, stacking a TiN layer on this NiSilayer does 
not increase the thermal stability of the film. 
(0093. Similar to Si(110), NiSi is also highly oriented on 
Si(111). Except NiSi(111) peak corresponding to the exist 
ence of spikes, only NiSi(200) peak is observed. This means 
that the NiSi on Si{111} is made up of a crystal or poly 
crystals whose {100 planes are aligned to be parallel to the 
Si{111 plane. Hereinafter, this crystal alignment of the NiSi 
layer will be simply referred to as an alignment in the NiSi 
(200) direction, for short. 
0094. It should be noted that, on this particular NiSi align 
ment in the NiSi(200) direction, stacking of a TiN layer 
improves thermodynamic stability of the NiSilayer, thereby, 
preventing silicide spike formation. As stated above, without 
spikes, leakage generation on Si{111} can be totally Sup 
pressed. 
(0095. In practice, this beneficial effect of TiN can be 
exploited as follows. 
I0096. With an elevated source drain method, Si{111 sur 
face can be formed in regions adjacent to an gate electrode 
over the the extension regions. Then, a NiSilayer is formed on 
Si{111}. Subsequently, gate sidewalls made of TiN are fur 
ther stacked on the NiSilayer. 
(0097. Since TiN suppresses infiltration of Ni atoms from 
the silicide layer into the substrate in the region adjacent to the 
gate electrode, generation of junction leakage current can be 
prevented. With leakage-free silicidation over the source/ 
drain extension regions, ultrahigh-speed MOSFETs can be 
realized. Improved thermal stability of the NiSilayer also 
enables to establish excellent electric contacts to the wiring 
metal through sufficient annealing. 
0098. Alternatively, the extension regions and the source/ 
drain regions themselves may be made of Si{111 planes and 
a NiSilayer can be formed on the extension regions and the 
source/drain regions. A TiN layer is further stacked on the 
NiSilayer, so as to obtain a ultrahigh-speed, leakage-free and 
thermally robust MOSFETs with excellent electric contacts 
with the wiring metal. 
(0099. The following is a detailed description of preferred 
embodiments of the present invention. 

First Embodiment 

0100. A semiconductor device in accordance with a first 
embodiment of the present invention is now described. The 
semiconductor device of this embodiment includes comple 
mentary MOSFETs (C-MOSFETs) each having an elevated 
source/drainstructure formed on the 100 plane of Si. In this 
semiconductor device, Si{111 planes are formed in regions 

Page 35 of 48



US 2009/0065877 A1 

adjacent to the gate electrode, and a NiSilayer is formed on 
the Si{111 planes. A gate sidewall made of TiN is further 
stacked on the NiSilayer. 
0101 This embodiment realizes a high-speed C-MOS 
FET structure with virtually leakage-free silicided shallow 
Source/drain diffusion layers and excellent electric contacts 
with wiring metals through improved thermal stability. 
0102 Referring now to FIGS. 10 to 18, a method for 
manufacturing the semiconductor device of this embodiment 
is described. 

(0103 First, as shown in FIG. 10, shallow trenches for 
device isolation are formed in a semiconductor Substrate, 2. 
made of p-type single-crystal silicon having a (100) plane as 
a principal surface. The trenches are then filled with insulat 
ing film Such as silicon oxide film, so as to form device 
isolating regions 4. With the device isolating regions 4, a 
device region 5 for an n-MOSFET and a device region 6 for a 
p-MOSFET are demarcated. This structure can be obtained 
by effective known techniques. More specifically, the silicon 
Substrate 2 having those device isolating regions 4 can be 
obtained, for example, by forming the trenches in the sub 
strate Surface with lithography and RIE (reactive ion etching), 
depositing insulating film on the substrate surface by CVD 
(chemical vapor deposition), and planarizing the Substrate 
surface by CMP (chemical mechanical polishing). 
0104. As shown in FIG. 11, a p-type well region 7 in the 
n-MOSFET formation region 5 and an n-type well region 8 in 
the p-MOSFET formation region 6 are formed by effective 
known techniques such as ion implantation and heat treat 
ment. A gate insulating film Such as an oxynitride film of e.g., 
5 nm in film thickness is formed on the entire surface of the 
Substrate 2 by an effective conventional technique such as a 
thermal oxynitridation technique. A gate electrode film Such 
as a polysilicon film of e.g., 20 nm in film thickness is depos 
ited over the gate insulating film by an effective conventional 
technique such as CVD. After forming photoresist masks by 
lithography, the gate electrode film and the gate insulating 
film material are patterned by RIE or the like, so as to form a 
gate insulating film 9a and a gate electrode 10a on the p-type 
well region 7, and a gate insulating film 9b and a gate elec 
trode 10b on the n-type well region 8. The gate electrodes 10a 
and 10b are formed along the <110> direction of Si. 
0105. The n-type well region 8 and the gate electrode 10b 
are then covered with a photoresist. Using the gate electrode 
10a together with the photoresist as masks, n-type impurity 
ions are implanted into the p-type well region 7. So as to form 
n-type extension regions 11a and 11b with shallow junction 
depths (see FIG.11). The photoresist is then removed, and the 
p-type well region 7 and the gate electrode 10a are next 
covered with a photoresist. Using the gate electrode 10b 
together with the photoresist as masks, p-type impurity ions 
are implanted into the n-type well region 8, so as to form 
p-type extension regions 12a and 12b with shallow junction 
depths. The photoresist is then removed (see FIG. 11). In this 
embodiment, the n-type extension regions 11a and 11b are 
formed before the p-type extension regions 12a and 12b are 
formed. However, the p-type extension regions 12a and 12b 
may be formed before the n-type extension regions 11a and 
11b are formed. 
0106 A silicon nitride (SiN) film of e.g., 10 nm in film 
thickness is then deposited on the entire surface by CVD. 
After that, a carbon film of e.g., 30 nm in film thickness is 
deposited so as to cover the silicon nitride film by a sputtering 
technique, for example. Anisotropic etching Such as RIE is 
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then performed to form SiN gate sidewalls 13a and carbon 
gate sidewalls 14a on both sides of the gate electrode 10a, and 
SiNgate sidewalls 13b and carbon gate sidewalls 14b on both 
sides of the gate electrode 10.b (see FIG. 12). 
0107 The n-type well region 8 and the gate electrode 10b 
are next covered with a photoresist. N-type impurity ions are 
implanted into the p-type well region 7. So as to form n-type 
diffusion layers 15a and 15b having larger junction depths 
than the n-type extension regions 11a and 11b (see FIG. 12). 
At this point, n-type impurity ions are implanted into the gate 
electrode 10a. The photoresist is then removed, and the 
p-type well region and the gate electrode 10a are next covered 
with a photoresist. P-type impurity ions are implanted into the 
n-type well region 8, so as to form p-type diffusion layers 16a 
and 16b having larger junction depths than the p-type exten 
sion regions 12a and 12b. The photoresist is then removed 
(see FIG. 12). At this point, p-type impurity ions are 
implanted into the gate electrode 10b. In this embodiment, the 
n-type diffusion layers 15a and 15b are formed before the 
p-type diffusion layers 16a and 16b are formed. However, the 
p-type diffusion layers 16a and 16b may beformed before the 
n-type diffusion layers 15a and 15b are formed. The n-type 
diffusion layer 15a and the n-type extension region 11a form 
one of the n-type source? drain regions, such as the n-type 
source region. The n-type diffusion layer 15b and the n-type 
extension region 11b form the other one of the n-type source/ 
drain regions, such as the n-type drain region. The p-type 
diffusion layer 16a and the p-type extension region 12a form 
one of the p-type source/drain regions, such as the p-type 
source region. The p-type diffusion layer 16b and the p-type 
extension region 12b form the other one of the p-type source/ 
drain regions, such as the p-type drain region. 
0.108 Subsequent rapid thermal annealing activates the 
implanted impurities. Through this heat processing, the dif 
fusion layers 15a, 15b, 16a, and 16b could reach as deep as 50 
nm from the surface of the silicon semiconductor substrate 2, 
for example. 
0109 The gate sidewalls 14a and 14b formed with the 
carbon film are then selectively removed by exposing to oxy 
gen plasma. 
0110. Next, as shown in FIG. 13, an additional single 
crystals silicon layer 17a is formed over the extension region 
11a and the diffusion layer 15a. An additional single crystals 
silicon layer 17b is also formed over the extension region 11b 
and the diffusion layer 15b. An additional single crystals 
silicon layer 18a is formed over the extension region 12a and 
the diffusion layer 16a. An additional single crystals silicon 
layer is also formed over the extension region 12b and the 
diffusion layer 16b. With the epitaxial growth method, those 
additional silicon layers 17a, 17b, 18a, and 18b can be 
obtained, e.g., by providing SiHCl gas at a flow rate of 300 
cm/min, HCl gas at a flow rate of 200 cm/min, and Higas at 
a flow rate of 10000 cm/min at 10 Torr and 800° C. Each of 
the additional silicon layers 17a, 17b, 18a, and 18b is 
designed to have a thickness of approximately 50 nm. 
I0111. However, since epitaxial growth on Si{111} is 
slower than that on Si{100, Si{111 facet planes 19a, 19b, 
20a, and 20b develop in the regions adjacent to the gate 
electrodes, as shown in FIG. 13. The epitaxial layers also 
grow in the horizontal direction at the boundaries with the 
device isolating regions 4, and come to extend over the device 
isolating regions 4. Obviously, these additional silicon layers 
17a, 17b, 18a, and 18b form parts of the source/drain elec 
trodes. Because the source/drain electrodes are made to par 
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tially extend over the device isolating regions 4, the capacitive 
coupling with the Substrate 2 can be reduced, securing higher 
speed device operation in this embodiment. Although not 
explicitly shown in FIG. 13, it should be understood that 
additional silicon layers are also formed on the gate elec 
trodes 10a and 10b. During the epitaxial growth, a conductive 
impurity may be incorporated in the Supply gases so as to 
make additional silicon layers conductive. Alternatively, it is 
also possible to additionally implant impurity ions. Ofcourse, 
the additional silicon layers may beformed before formation 
of the diffusion layers 15a, 15b, 16a, and 16b, and diffusion 
layers may be formed together with the doping of the addi 
tional silicon layers. 
0112 Subsequently, Ni is deposited on the entire surface 
by an effective conventional technique such as a sputtering 
technique, so as to form a Nilayer having a film thickness of 
12 nm, for example. If necessary, a capping-layer made of a 
metal material such as Ti or TiN may be further deposited 
over the Nilayer. The semiconductor substrate is then sub 
jected to rapid thermal processing in a nitrogen atmosphere at 
450° C. for 30 seconds, for example. Silicidation reaction 
proceeds exclusively where the Niand the silicon are in direct 
contact. Unreacted Ni is selectively wet-etched in a liquid 
mixture of sulfuric acid and hydrogen peroxide. The Tior TiN 
capping-layer is also completely removed by the wet-etching. 
Therefore, it should be understood that, by this self-aligning 
silicide formation (i.e., SALICIDE method), the TiN layer 
can not remain at this stage. 
0113. As a result, NiSilayers 21a and 21b are formed on 
the additional silicon layers 17a and 17b, and a NiSilayer 21c 
is formed on the gate electrode 10a, as shown in FIG. 14. 
Also, NiSilayers 22a and 22b are formed on the additional 
silicon layers 18a and 18b, and a NiSilayer 22c is formed on 
the gate electrode 10b. NiSilayers are of course formed also 
on the Si{111 facet planes 19a, 19b, 20a, and 20b. 
0114. As shown in FIG. 15, a Tinitride (TiN) film is then 
deposited over the entire surface by an effective conventional 
technique Such as a sputtering technique or a CVD technique 
utilizing an organic compound containing Ti and N (TDMA 
(Tetrakis-DiMethyl-Amino-titanium, for example). Ensuing 
RIE or the like selectively leaves the TiN film on both sides of 
the gate electrodes 10a and 10b, to form TiNgate sidewalls 
23a, 23b, 24a, and 24b. It is preferable that the film thickness 
of the TiN film is adjusted so that the gate sidewalls 23a, 23b, 
24a, and 24b cover the NiSilayers formed on the Si{111 
facet planes 19a, 19b, 20a, and 20b. Meanwhile, the unnec 
essary portions of the TiN film can be readily removed by 
making use of lithography and wet-etching. 
0115. Obviously, adjacent to the gate electrodes 10a and 
10b, the NiSilayers 21a, 21b, 22a, and 22b are formed on the 
Si{111 planes. Accordingly, the corresponding portions of 
NiSi are oriented in the NiSi(200) direction, and thus, free 
from numerous gap-states formation due to deep ingression 
of Niatoms into the Si Substrates. Furthermore, since the TiN 
films are stacked over those NiSi portions, the improved 
thermodynamic stability of the NiSilayer prevents silicide 
spike formation around the critical regions adjacent to the 
gate electrodes, even if thermal processing at 500° C. is 
performed hereafter. This means that junction leakage can be 
effectively suppressed eventhough the NiSilayers are formed 
over the very shallow junctions of the extension regions 11a, 
11b, 12a, and 12b. 
0116. In addition, the metallic materials (i.e., NiSi and 
TiN) over the extension regions 11a, 11b, 12a, and 12b, 
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reduce electric resistance of these portions, preventing waste 
ful electric potential drop, and therefore, allowing sufficient 
channel current to flow through the extension regions into the 
NiSilayers 21a, 21b, 22a, and 22b. Thus, MOSFETs with 
high-speed operation can be realized. 
0117. Of course, each of the NiSilayers formed on the 
Si{100 planes is located far above the junction. Accordingly, 
junction leakage due to infiltration of Ni atoms into the Si 
substrate is effectively suppressed. 
0118. Needless to say, the NiSi layers on the Si{111 
planes at the boundaries with the device isolating regions 4 
are located over the device isolating regions 4. The distance 
from the NiSi layers to the junctions is also large. Thus 
leakage from these portions can be prevented. 
0119) Next, as shown in FIG. 16, an interlayer insulating 
film 26 is deposited on the entire surface. The interlayer 
insulating film 26 may be a stack of a thin silicon nitride film 
and a silicon oxide film, for example. Then, contact holes 27a, 
27b, 28a, and 28b are drilled through the interlayer insulating 
film 26, to expose the NiSilayers 21a, 21b, 22a, and 22b, by 
known techniques such as lithography and RIE. Here, it is 
preferable to perform the contact-hole RIE in two steps. First 
etching should be selective removal of the silicon oxide film 
of the interlayer insulating film26, using the underling silicon 
nitride film as an etching-stopper. Subsequent short-time 
etching of the remaining thin silicon nitride film can avoid 
excessive plasma damage inflicted on the bottom of the con 
tact holes. The quick completion of the second etching also 
prevents deep encroachment of the contact holes into the 
isolation insulators, even when the bottoms of the contact 
holes accidentally fall upon the device isolating regions due 
to misalignment of the contact-hole patterns to the source 
drain regions. Resulting process tolerance for less accurate 
alignment of contact-hole patterns to the NiSilayers enables 
easy contact formation (i.e., “borderless contact formation') 
and improves manufacturability of the devices. Accordingly 
the production costs can be reduced. 
I0120 Naturally, as an etching stopper, the silicon nitride 
film should be dense, uniform and conformal to the exterior 
Surfaces of very fine structures of advanced semiconductor 
devices. If the silicon nitride film is porous and of low integ 
rity, it cannot function as a barrier layer or an etching stopper 
layer. If the silicon nitride film is inhomogeneous, it cannot 
cope with fine structures of advanced semiconductor devices. 
To obtain a dense and uniform silicon nitride film, the chemi 
cal vapor deposition (CVD) method with a Supply gas con 
taining SiCl, and NH or the atomic layer deposition (ALD) 
method using SiHCl and NH is preferred to the plasma 
enhanced CVD (PECVD) method, though PECVD allows 
low temperature formation. 
I0121. In this embodiment, thermal stability of the NiSi 
layers in the extension regions is improved with the TiN 
layers stacked over them. Accordingly, a dense and uniform 
silicon nitride film can be readily formed using CVD or ALD 
at a film formation temperature of 500° C. or higher. 
I0122) Then, as shown in FIG. 17, the NiSilayers 21a, 21b, 
22a, and 22b at the bottoms of the contact holes are exposed 
to a plasma containing NF, to clean the surfaces of the NiSi 
layers 21a, 21b, 22a, and 22b. To prevent harmful impurities 
and unnecessary materials to reach the source-drain regions, 
a layer of barrier metal, such as a Tilayer 30 having a thick 
ness of e.g., 5 nm, is formed over the entire Surface of the 
semiconductor Substrate 2 by a sputtering technique. Subse 
quently, heat treatment is carried out in a nitrogen atmosphere 
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at 500° C., for example, to establish excellent electric con 
tacts with the NiSilayers 21a, 21b, 22a, and 22b. With the 
help of Ti’s strong tendency to chemical reduction, thin oxide 
films, that inevitably form on air-exposed surfaces of the NiSi 
layers, can be broken off and removed, resulting in the excel 
lent electrical contacts. 

0123. It should be repeated here that a heat treatment at 
approximately 500°C. is normally necessary for this purpose. 
At a lower temperature, the thin oxide films on the surfaces of 
the NiSilayers cannot be broken off and removed. 
0.124. In this embodiment, thanks to the improved thermal 
stability attained by the NiSilayers on Si{111} with TiN 
over-layers, excellent electric connections can be achieved 
through sufficient heat treatment at 500° C. or higher without 
generation of leakage current. Otherwise, without the benefits 
of the present invention, due to poor thermal stability of the 
NiSilayer, the heat treatment temperature has to be strictly 
limited below 500° C. so as to prevent diffusion and infiltra 
tion of the Ni atoms into the Si Substrate. As a result, the 
contact resistance of the Source? drain regions remains high, 
lowering the yield of successful electric wiring. Thus, the 
advantages of the formation of the silicide will be completely 
lost. 

0125. Next, as shown in FIG. 18, the contact holes are 
filled up with a wiring metal 32, such as W. making use of 
effective known techniques such as CVD and CMP. After 
that, a silicon oxide film 33 is deposited as an interlayer 
insulating film. Grooves to accommodate wiring materials 
are then formed in the silicon oxide film 33 by known tech 
niques such as lithography and RIE. The grooves are then 
filled with wiring materials such as Cu wires 34 (the dama 
scene method). An insulating film Such as a silicon oxide film 
35 is further deposited over the wires 34. If necessary, a 
multilayer wiring structure may be formed, and dicing, 
mounting and packaging processes are carried out to com 
plete the semiconductor device. 
0126. In the present embodiment, the NiSilayers 21a, 21b, 
22a, and 22b are formed on the Si{111 facet planes of the 
single-crystal silicon layers 17a, 17b, 18a, and 18b in regions 
adjacent to an gate electrode over the extension regions (i.e., 
in the regions that have the Smallest junction depth). The gate 
sidewalls made ofTiN are further stacked over the NiSilayer. 
Stacking of the TiN layer improves thermodynamic stability 
of the NiSilayer, thereby, preventing silicidespikeformation. 
Without spikes, leakage generation can be totally Suppressed. 
0127 Thus, a high-speed C-MOSFET with leakage-free 
silicided shallow source/drain diffusion layers and excellent 
electric contacts with wiring metals can be realized. 
0128. In this embodiment, the following effects can be 
achieved: 

0129 (a) When additional silicon layers are selectively 
formed on the Source? drain regions including the extension 
regions, Si{111 facet planes can be automatically formed in 
the regions adjacent to the gate electrode where the junction 
depth is Smallest. 
0130 (b) Since the additional silicon layers forming parts 
of the source/drain electrodes are made to partially extend 
over the device isolating regions 4, the capacitive coupling 
with the substrate 2 can be reduced, and a higher-speed device 
operation can be achieved. 
0131 (c) Since the NiSilayers are formed on Si{111 and 
oriented in the NiSi(200) direction in the regions having the 
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Smallest junction depth, they are free from leakage generation 
by numerous gap-states formed through deep ingression of Ni 
atoms into the Si Substrates. 
(0132 (d) Since the TiN layers are stacked over the NiSi 
layers oriented in the NiSi(200) direction in the regions hav 
ing the Smallest junction depth, the improved thermodynamic 
stability of the NiSilayer prevents silicide spike formation 
around the critical regions adjacent to the gate electrodes, 
even if thermal processing at 500°C. is performed. Thus, the 
junction leakage can be effectively suppressed even though 
the NiSilayers are formed over the very shallow junctions of 
the extension regions. 
(0.133 (e) Since the metallic materials (i.e., NiSi and TiN) 
over the extension regions reduce electric resistance of these 
portions, sufficient channel current is allowed to flow through 
the extension regions into the NiSilayers. Thus, MOSFETs 
with high-speed operation can be realized. 
0.134 (f) Thanks to the improved thermal stability attained 
by the NiSilayers on Si{111} with TiN over-layers, excellent 
electric connections can be achieved through heat treatment 
at 500° C. or higher without generating leakage current. 
0.135 (g) Thanks to the improved thermal stability 
attained by the NiSilayers on Si{111} with TiN over-layers, 
a dense and uniform silicon nitride film that is suitable for a 
barrier layer or an etching stopper layer can be readily 
formed. 
I0136. Although a pair of C-MOSFETs have been 
described in this embodiment, the above described manufac 
turing method may be implemented in a structure including 
more than two devices, and may be implemented selectively 
in a group of devices forming a part of a semiconductor 
device. 
0.137 Also, only a part of the upper portion of each gate 
electrode is silicided in this embodiment. However, this 
embodiment may be applied to a case where each gate elec 
trode is fully silicided (Fully-Silicided Gate). 

(First Modification) 
0.138 FIG. 19 is a cross-sectional view of a semiconductor 
device in accordance with a first modification of this embodi 
ment. The semiconductor device of this modification includes 
ann-MOSFET, and this n-MOSFET has the same structure as 
the n-MOSFET of the C-MOSFET of the first embodiment. 

0.139. The same effects as those of the first embodiment 
can be achieved by this modification. Although the semicon 
ductor device of this modification includes an n-MOSFET, 
the semiconductor device may include a p-MOSFET, instead 
of the n-MOSFET, and this p-MOSFET may have the same 
structure as the p-MOSFET of the C-MOSFET of the first 
embodiment. Such a semiconductor device can also achieve 
the same effects as those of the first embodiment. 

(Second Modification) 
0140 FIG.20 is a cross-sectional view of a semiconductor 
device in accordance with a second modification of this 
embodiment. The semiconductor device of this modification 
is the same as the semiconductor device of the first modifi 
cation shown FIG. 19, except that the gate has a MONOS 
(Metal-Oxide-Nitride-Oxide-Semiconductor) Structure. 
More specifically, the gate of the semiconductor device in 
accordance with this modification has a structure that has a 
gate insulating film 9a formed on the channel portion of the 
silicon substrate 2 between the source regions 11a and 15a 
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and the drain regions 11b and 15b, a charge storage film 36 
Such as a nitride film formed on the gate insulating film 9a, a 
block insulating film 37 such as an oxide film formed on the 
charge storage film 36, and a control gate electrode 38 made 
of a material Such as polysilicon formed on the block insu 
lating film 37. It is also possible to form a NiSilayer 22c on 
the control gate electrode 38, as in the first modification. This 
modification can also achieve the same effects as those of the 
first embodiment. 

Second Embodiment 

0141 Next, a semiconductor device in accordance with a 
second embodiment of the present invention is described. The 
semiconductor device of this embodiment includes C-MOS 
FETs each having an elevated source/drain structure formed 
on a Si{110 plane. Grooves having Si{111 sidewalls are 
formed in the source/drain regions, and NiSi layers are 
formed on the Si{111 sidewalls. Sidewalls made of TiNare 
further formed to cover the NiSilayers. 
0142. This embodiment also realizes a high-speed 
C-MOSFET structure with virtually leakage-free silicided 
shallow source/drain diffusion layers and excellent electric 
contacts with wiring metals through improved thermal stabil 
ity. 
0143 Referring now to FIGS. 21 to 28, a method for 
manufacturing the semiconductor device of this embodiment 
is described. 

0144 First, the procedures of the first embodiment illus 
trated in FIGS. 10 to 12 are carried out on a p-type single 
crystal silicon semiconductor substrate 42 having a Si(110) 
plane as the principal Surface. The carbon gate sidewalls 14a 
and 14b in FIG. 12 are selectively removed by exposing to 
oxygen plasma. 
0145. In this embodiment, the channel direction (the 
direction of the current flow) is aligned in the Si 1-11 direc 
tion. It is known that by applying mechanical stress to a 
channel portion aligned along Si 1-11, the hole mobility in 
the p-MOSFET can be improved effectively (as disclosed by 
H. C. H. Wang, et al. in IEDMTech. Dig. pp. 67-70, 2006, for 
example). 
0146. As shown in FIG. 21, a silicon film is then deposited 
conformally on the entire surface by an effective conventional 
technique Such as CVD. Removing unnecessary portions 
using e.g., lithography and RIE leaves silicon films 44a and 
44b over the MOSFET structures and also on the device 
isolating regions 4. The silicon films 44a and 44b remain over 
the silicon nitride gate sidewalls 13a and 13b and the upper 
portions of the gate electrodes 10a and 10b. Although the 
additionally formed silicon film may be amorphous, it can be 
readily turned into crystals consistent with the lattice struc 
ture of the Substrate through an appropriate thermal process 
ing. Parts of the silicon films 44a and 44b will serve as source 
and drain electrodes. Since they can be made to partially 
extend over the device isolating regions 4, the capacitive 
coupling with the Substrate 42 can be reduced, and a higher 
speed device operation can be achieved in this embodiment. 
0147 The substrate 42 is then exposed to a carbon-con 
taining plasma. Carbon-containing plasma can be generated 
by an effective conventional technique. The Supply source of 
carbon may be any source that can provide carbon into 
plasma. For example, a carbon-containing plasma can be 
obtained by Supplying a gas, Such as CF, CHF, CC1, or CH, 
into plasma. If there is a carbon-containing Substance, such as 
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a photoresist, on the Substrate, carbon can be released from 
the carbon-containing Substance through ion bombardment 
in the plasmas. 
0.148. In general, plasma develops a positive potential with 
respect to the Surroundings, so as to Sustain its plasma state. 
As a result, an electric field is generated in Such a direction as 
to attract positively-charged particles Vertically toward the 
Surrounding Substances. Accordingly, the positively-charged 
carbon particles in the plasma impinge vertically on the sili 
con films 44a and 44b. Of course, the vertically-impinging 
carbon particles are to be incorporated only into horizontal 
(i.e., parallel to the substrate) surfaces of the silicon films 44a 
and 44b. On the other hand, the vertical surfaces of the silicon 
films remain carbon-free. As a result, carbon-containing sili 
con layers 45a, 45b, and 45c are formed only on the horizon 
tal portions of the surface of the silicon film 44a, and carbon 
containing silicon layers 46a, 46b, and 46c are formed only 
on the horizontal portions of the surface of the silicon film 44b 
(see FIG. 21). Since acceleration energy of conventional 
plasma is less than 1 KV, the thickness of each of the carbon 
containing silicon layers 45a, 45b, 45c., 46a, 46b, and 46c is 
confined within several nanometers. The carbon concentra 
tion of 1 atomic 96 or higher would be enough for the follow 
ing purpose. 
014.9 Then, the above structure is thermally oxidized. As 
disclosed by the inventor in U.S. Pat. No. 6,271,566, the 
carbon-containing silicon layers 45a, 45b, 45c., 46a, 46b, and 
46c are resistant against oxidation. Accordingly, as shown in 
FIG.22, only the vertical portions of the silicon films 44a and 
44b at the gate sidewall are completely oxidized into silicon 
oxide films 47a and 47b, whereas un-oxidized portions 
remains in the horizontal silicon films on the source/drain 
regions 11a, 11b, 12a, 12b, 15a, 15b, 16a, and 16b, and on 
also the gate electrodes 10a and 10b. By removing the 
remaining carbon-containing silicon layers 45a, 45b, 45c, 
46a, 46b, and 46c and their oxides using, e.g., RIE, the struc 
ture shown in FIG. 22 can be obtained. As stated earlier, 
through heat stimulus during the thermal oxidation, the sili 
con films 44a and 44b can be turned into crystals consistent 
with the substrate 42. 
0150. Next, grooves 48 along the gate electrodes 10a and 
10b are formed in the silicon films 44a and 44b by lithography 
and RIE or the likes. It should be noted here that the sidewalls 
of the grooves 48 are made up of Si{111}. The substrate 42 is 
exposed again to carbon-containing plasma in the same man 
ner as described above with reference to FIG. 21. As a result, 
carbon-containing silicon layers 49 are formed exclusively on 
the horizontal surfaces of the silicon films 44a and 44b as 
shown in FIG. 23. 
0151. Subsequently, atoms, such as Ar., are injected 
obliquely. The tilted Arbombardment sputter-etches the car 
bon-containing silicon layers only on the upper-most hori 
Zontal surfaces. Here, the incident direction of the Aratoms is 
set to be perpendicular to the channel direction, and the inci 
dent angle is adjusted so that the Ar atoms do not reach the 
bottom portions of the grooves 48. As a result, the carbon 
containing silicon layers 49 remain only on the bottom por 
tions of the grooves 48. 
0152. As disclosed in U.S. Pat. No. 6,271,566, when the 
carbon-containing silicon layers 49 are thermally oxidized, 1 
to 2-nm thick carbon-containing silicon oxide layers 50 with 
excellent resistance against HF wet-etching are formed. 
Accordingly, by oxidizing the structure and Subsequently 
dipping the resultant structure in a diluted HF solution of 
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200:1 concentration, the HF-resistant carbon-containing sili 
con oxide layers 50 remain only on the bottom portions of the 
grooves 48, as shown in FIG. 24. Here, it should be noted that 
the carbon-containing silicon oxide layers 50 can be formed 
selectively, without resorting to a lithography technique. 
0153. Next, Ni is deposited over the entire exterior sur 
faces of the structure by an effective conventional technique 
Such as a sputtering technique, so as to form a Nilayer having 
a film thickness of 12 nm, for example. If necessary, a cap 
ping-layer made of a metal material Such as Ti or TiN may be 
further deposited on the Nilayer. The semiconductor sub 
strate is then Subjected to rapid thermal processing in a nitro 
gen atmosphere at 450° C. for 30 seconds, for example. 
0154 Silicidation reaction proceeds exclusively where the 
Niand the silicon are in direct contact. Then, the unreacted Ni 
is selectively wet-etched in a liquid mixture of sulfuric acid 
and hydrogen peroxide. The Ti or TiN capping-layer is also 
completely removed by the wet-etching. Therefore, by this 
self-aligning silicide forming method (SALICIDE method), 
the TiN layer does not remain at this stage. 
(O155 As a result, NiSilayers 52a and 52b are formed on 
the uppermost horizontal faces and also on the Si{111 side 
walls of the grooves in the single-crystal additional silicon 
film 44a, and NiSilayer 52c is formed on the portion of the 
silicon film 44a over the gate electrode 10a, as shown in FIG. 
25. Likewise, NiSi layers 53a and 53b are formed on the 
uppermost horizontal faces and also on the Si{111 sidewalls 
of the grooves in the single-crystal additional silicon film 44b, 
and NiSilayer 53c is formed on the portion of the silicon film 
44b over the gate electrode 10b. Of course, the NiSilayers 
52a, 52b, 53a, and 53b formed on Si{111} are oriented in the 
NiSi(200) direction. 
0156 Here, the width of each of the grooves 48 should be 
adjusted to a value equivalent to or less than the film thickness 
of each of the additional silicon films 44a and 44b. With such 
adjustment, the total area of the interfaces between the NiSi 
and Si in the Source? drain regions becomes larger than the 
horizontally projected area of the source/drain regions. 
Therefore, the contact resistance between the NiSilayers and 
the Source/drain regions can be reduced than that of the con 
ventionally silicided MOSFET. 
(O157. As shown in FIG. 26, a Tinitride (TiN) film is then 
deposited over the entire surface by an effective conventional 
technique Such as a sputtering technique or a CVD technique 
utilizing an organic compound containing Ti and N (TDMA, 
for example). Ensuing RIE or the like selectively leaves the 
TiN film in the grooves over the source/drain regions. Of 
course, TiN sidewalls 54a and 54b are formed over the NiSi 
layers 52a, 52b, 53a, and 53b on Si{111. The film thickness 
of the deposited TiN layer should be adjusted to a value 
equivalent to or greater than the width of each groove. By 
doing so, the TiN films 54a and 54b can be left to fill up the 
grooves after a RIE process. Also, unnecessary portions of the 
TiN film can be readily removed by making use of wet 
etching with a liquid mixture of Sulfuric acid and hydrogen 
peroxide. 
0158. Obviously, the NiSilayers formed on Si{111 side 
walls of the grooves in the single-crystal additional silicon 
layers over the Source/drain regions and the extension regions 
are oriented in the NiSi(200) direction, and thus, free from 
numerous gap-states formation due to deep ingression of Ni 
atoms into the Si substrates. Furthermore, since the TiN films 
are deposited on the NiSilayers, the improved thermody 
namic stability of the NiSilayer prevents silicide spike for 
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mation around the critical extension regions, even if thermal 
processing at 500°C. is performed hereafter. This means that 
junction leakage can be effectively suppressed even though 
the NiSilayers are formed over the very shallow junctions of 
the extension regions. 
0159. In addition, the metallic materials (i.e., NiSi and 
TiN) over the extension regions reduce electric resistance of 
these portions, preventing wasteful electric potential drop, 
and therefore, allowing sufficient channel current to flow 
through the extension regions into the NiSi layers. Thus, 
MOSFETs with high-speed operation can be realized. 
0160 Of course, each of the NiSilayers formed on the 
Si{110 planes is located far above the junction. Accordingly, 
junction leakage due to infiltration of Ni atoms into the Si 
substrate is effectively suppressed. 
0.161 Next, as shown in FIG. 27, an interlayer insulating 
film 56 is deposited on the entire surface. The interlayer 
insulating film 56 may be a stack of a thin silicon nitride film 
and a silicon oxide film, for example. At this stage, the silicon 
nitride film is better to have internal stress. If the silicon 
nitride film layer retains compressive stress in the channel 
direction, the mobility of the holes in the p-MOSFET is 
greatly improved, and the device operation speed can be 
increased. 

(0162. Then, contact holes 57a, 57b, 58a, and 58b are 
drilled through the interlayer insulating film 56, to expose the 
NiSilayers, by known techniques such as lithography and 
RIE. Here, it is preferable to perform the contact-hole RIE in 
two steps. First etching should be selective removal of the 
silicon oxide film of the interlayer insulating film 56, using 
the underling silicon nitride film as an etching-stopper. Sub 
sequent short-time etching of the remaining thin silicon 
nitride film can avoid excessive plasma damage or the like to 
the bottom of the contact holes. The quick completion of the 
second etching also prevents deep encroachment of the con 
tact holes into the isolation insulators even when the bottoms 
of the contact holes 57a, 57b, 58a, and 58b accidentally fall 
upon the device isolating regions due to misalignment of the 
contact-hole patterns. Resulting process tolerance for less 
accurate alignment of contact-hole patterns to the NiSilayers 
enables easy contact formation (i.e., “borderless contact for 
mation') and improves manufacturability of the devices. 
Accordingly the production costs can be reduced. 
0163 Naturally, as an etching stopper, the silicon nitride 
film should be dense, uniform and conformal to the exterior 
Surfaces of very fine structures of advanced semiconductor 
devices. If the silicon nitride film is porous and of low integ 
rity, it cannot function as a barrier layer or an etching stop 
layer. If the silicon nitride film is inhomogeneous, it cannot 
cope with fine structures of advanced semiconductor devices. 
To obtain a dense and uniform silicon nitride film, the chemi 
cal vapor deposition (CVD) with a Supply gas containing 
SiCl, and NH or the atomic layer deposition (ALD) using 
SiHCl and NH is preferred to the plasma enhanced CVD 
(PECVD), though PECVD allows low temperature forma 
tion. 

(0164. In this embodiment, the NiSi layers with the TiN 
layers stacked thereon in the extension regions have excellent 
thermal stability. Accordingly, a dense and uniform silicon 
nitride film can be readily formed using CVD or ALData film 
formation temperature of 500° C. or higher. 
(0165. Then, as shown in FIG. 27, the NiSilayers at the 
bottoms of the contact holes are exposed to a plasma contain 
ing NF, to clean the surfaces of the NiSilayers. Then, to 
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prevent harmful impurities and unnecessary materials to 
reach the source-drain regions, a layer of barrier metal. Such 
as a Tilayer 60having a thickness of e.g., 5 nm, is formed over 
the entire surface of the semiconductor substrate by a sput 
tering technique. Subsequently, heat treatment is carried out 
in a nitrogen atmosphere at 500° C., for example, to establish 
excellent electric contacts with the NiSilayers. With the help 
of Ti’s strong tendency to chemical reduction, thin oxide 
films, that inevitably form on air-exposed surfaces of the NiSi 
layers, can be broken off and removed, resulting in the excel 
lent electrical contacts. 
0166 Next, as shown in FIG. 28, the contact holes are 
filled up with a wiring metal film such as a W film 62, making 
use of effective known techniques such as CVD and CMP. 
After that, a silicon oxide film 64 is deposited as an interlayer 
insulating film. Grooves to accommodate wiring materials 
are then formed in the silicon oxide film 64 by known tech 
niques such as lithography and RIE. The grooves are then 
filled with wiring materials such as Cu wires 66 (the dama 
scene method). An insulating film Such as a silicon oxide film 
68 is then further deposited over the upper portions of the 
wires 66. If necessary, a multilayer wiring structure may be 
formed, and dicing, mounting and packaging processes are 
carried out to complete the semiconductor device. 
0167. In this embodiment, the NiSilayers are formed on 
the Si{111 planes in the regions that have the smallest junc 
tion depth in the vicinity of the gate electrodes, and TiN is 
further deposited on the NiSilayers. Stacking of the TiN layer 
improves thermodynamic stability of the NiSilayer, thereby, 
preventing silicide spike formation. Without spikes, leakage 
generation can be totally suppressed. 
(0168 Thus, a high-speed C-MOSFET with virtually leak 
age-free silicided shallow source/drain diffusion layers and 
excellent electric contacts with wiring metals can be realized. 
0169. In this embodiment, the following effects can be 
achieved: 
(0170 (a) Since the NiSilayers are formed on Si{111 and 
oriented in the NiSi(200) direction in the regions having the 
Smallest junction depth, they are free from leakage generation 
by numerous gap-states formed through deep ingression of Ni 
atoms into the Si substrates. 
(0171 (b) Since the TiN layers are stacked on the NiSi 
layers oriented in the NiSi(200) direction in the regions hav 
ing the Smallest junction depth, the improved thermodynamic 
stability of the NiSilayer prevents silicide spike formation 
around this critical regions, even if thermal processing at 500 
C. is performed. Thus, the junction leakage can be effectively 
suppressed even though the NiSilayers are formed over the 
very shallow junctions of the extension regions. 
0172 (c) Since the metallic materials (i.e., NiSi and TiN) 
over the extension regions reduce electric resistance of these 
portions, sufficient channel current is allowed to flow through 
the extension regions into the NiSilayers. Thus, MOSFETs 
with high-speed operation can be realized. 
0173 (d) Thanks to the improved thermal stability 
attained by the NiSilayers on Si{111} with TiN over-layers, 
excellent electric connections can be achieved through heat 
treatment at 500° C. or higher without generating leakage 
Current. 

0.174 (e) By applying mechanical stress to the channel 
portion aligned along Si 1-11, the hole mobility in the 
p-MOSFET can be effectively improved. 
0175 (f) As the width of each of the grooves is adjusted to 
a value equivalent to or less than the film thickness of each of 
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the additional silicon films, the total area of the interfaces 
between the NiSi layers and the source/drain regions 
becomes larger than the horizontally projected area of the 
Source/drain regions, thereby, the contact resistance between 
the NiSilayers and the source/drain regions can be reduced. 
0176 (g) By making use of a carbon-containing plasma 
and oblique ion bombardment, the HF resistant carbon-con 
taining silicon oxide layers can be selectively formed only at 
the bottom portions of the grooves, without resorting to a 
lithography technique. 
(0177 Although a pair of C-MOSFETs have been 
described in this embodiment, the above described manufac 
turing method may be implemented in a structure including 
more than two devices, and may be implemented selectively 
in a group of devices forming a part of a semiconductor 
device. Also, only a part of the upper portion of each gate 
electrode is silicided in this embodiment. However, this 
embodiment may be applied to a case where each gate elec 
trode is fully silicided (Fully-Silicided Gate). 
0.178 Further, the channel direction (the direction of the 
current flow) is aligned in the Si1-11 direction in this 
embodiment. However, it is of course possible to align the 
channel direction along some other direction. In that case, the 
direction along which the grooves extend in the single-crystal 
additional silicon films in the Source? drain regions with 
Si{111 sidewalls may not be parallel to the gate electrode 
direction, but the effects of the present invention can also be 
achieved. 

(First Modification) 

0.179 FIG.29 is a cross-sectional view of a semiconductor 
device in accordance with a first modification of this embodi 
ment. The semiconductor device of this modification includes 
ann-MOSFET, and this n-MOSFET has the same structure as 
the n-MOSFET of the C-MOSFET of the Second embodi 
ment. 

0180. The same effects as those of the second embodiment 
can be achieved by this modification. Although the semicon 
ductor device of this modification includes an n-MOSFET, 
the semiconductor device may include a p-MOSFET, instead 
of the n-MOSFET, and this p-MOSFET may have the same 
structure as the p-MOSFET of the C-MOSFET of the second 
embodiment. Such a semiconductor device can also achieve 
the same effects as those of the second embodiment. 

(Second Modification) 

0181 FIG.30 is a cross-sectional view of a semiconductor 
device in accordance with a second modification of this 
embodiment. The semiconductor device of this modification 
is the same as the semiconductor device of the first modifi 
cation shown FIG. 29, except that the gate has a MONOS 
structure. More specifically, the gate of the semiconductor 
device in accordance with this modification has a structure 
that has a gate insulating film 9a formed on the channel 
portion of the silicon substrate 2 between the source regions 
11a and 15a and the drain regions 11b and 15b, a charge 
storage film 36 such as a nitride film formed on the gate 
insulating film 9a, a block insulating film 37 such as an oxide 
film formed on the charge storage film 36, and a control gate 
electrode 38 made of a material such as polysilicon formed on 
the block insulating film 37. It is also possible to form the 
silicon film 44a and the NiSilayer 52c on the control gate 
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electrode 38 made of polysilicon, as in the first modification. 
This modification can also achieve the same effects as those 
of the second embodiment. 

Third Embodiment 

0182 Next, a semiconductor device in accordance with a 
third embodiment of the present invention is described. The 
semiconductor device of this embodiment includes C-MOS 
FETs each having an elevated Source? drain structure on a 
DSB (Direct Silicon Bonding) substrate. An n-MOSFET is 
formed on a Si(100) plane of the DSB substrate whereas a 
p-MOSFET is formed on a Si(110) plane of the DSB sub 
strate. An example of a DSB substrate is disclosed by C. Y. 
Sung, et al. in IEDMTech. Dig. pp. 235-238, 2005. By mak 
ing use of the DSB substrate, the mobility of both MOSFETs 
of the respective polarities can be maximized. The Si{111 
planes are formed in the source/drain regions, NiSilayers are 
formed on those planes, and TiN films are further stacked on 
the NiSilayers. 
0183 This embodiment realizes a high-speed C-MOS 
FET structure with virtually leakage-free silicided shallow 
Source/drain diffusion layers and excellent electric contacts 
with wiring metals through improved thermal stability, and 
also with optimum carrier mobility of both MOSFETs of the 
respective polarities. 
0184 Referring now to FIGS. 31 to 40B, a method for 
manufacturing the semiconductor device of this embodiment 
is described. 
0185. First, as shown in FIG. 31, a p-type single-crystal 
silicon semiconductor substrate 73 havinga (100) plane as the 
principal Surface is bonded directly onto the principal Surface 
of a p-type single-crystal silicon semiconductor Substrate 72 
having a (110) plane as the principal Surface. 
0186. After treating the surfaces of both substrates in, e.g., 
a diluted HF solution, both Surfaces are pressed against each 
other tightly and annealed in, e.g., an Aratmosphere. During 
the annealing, chemical bonds form between dangling Si 
atoms on the Surfaces, and the two Substrates can be bonded to 
each other. 
0187. The Si(100) substrate 73 is then thinned down by a 
conventional technique such as CMP. So as to form a single 
crystal silicon semiconductor layer 74. 
0188 Next, shallow trenches through the silicon semicon 
ductor layer 74 down to the silicon semiconductor substrate 
72 are formed. The shallow trenches are then filled with an 
insulating film Such as a silicon oxide film, so as to form 
device isolating regions 4. These device-isolating regions 
demarcate a device region 5 for an n-MOSFET and a device 
region 6 for a p-MOSFET, as shown in FIG. 32. 
0189 Subsequently, the single-crystal silicon semicon 
ductor layer 74 in the p-MOSFET region 6 is made amor 
phous by selective ion bombardment into the p-MOSFET 
formation region with e.g., Ar ions, as shown in FIG. 33. 
Then, the amorphous layer is recrystallized referring to the 
lattice structure of the underlying Si(110) substrate through 
an appropriate thermal processing. As a result, the amorphous 
semiconductor layer in the p-MOSFET formation region 6 is 
turned into a crystal consistent with the Si(110) substrate 72. 
Of course, its surface orientation is converted to Si(110). On 
the other hand, the Surface of the single-crystal silicon semi 
conductor layer 74 in the n-MOSFET formation region 5 
remains to be Si(100). Thus, a DSB substrate is realized. 
0190. The procedures of the first embodiment illustrated 
in FIGS. 10 to 12 are then carried out on the DSB substrate, so 
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as to form a p-type well region 7, an n-type well region 8, gate 
insulating films 9a and 9b, gate electrodes 10a and 10b, SiN 
gate sidewalls 13a and 13b, carbon gate sidewalls 14a and 
14b, shallow diffusion layers of extension regions 11a, 11b, 
12a, and 12b, and diffusion layers of Source/drain regions 
15a, 15b, 16a, and 16b. The carbon gate sidewalls 14a and 
14b in FIG.12 are selectively removed by exposing to oxygen 
plasma, to realize the structure shown in FIG.34 is obtained. 
(0191). As shown in FIG. 35, additional silicon layers 17a, 
17b, 18a, and 18b are then formed over the the diffusion layer 
of the extension regions and the Source? drain regions. With 
the epitaxial growth method, those additional silicon layers 
17a, 17b, 18a, and 18b can be obtained, e.g., by providing 
SiHCl at a flow rate of 300 cm/min, HCl at a flow rate of 
200 cm/min, and H at a flow rate of 10000 cm/min at 10 
Torr and 800° C. Each of the additional silicon layers 17a, 
17b, 18a, and 18b is designed to have a layer thickness of 
approximately 50 nm. 
0.192 FIG. 36 shows a top view of the semiconductor 
device at this stage. In the figure, the crystal orientations are 
also denoted. As can be seen from FIG. 36, the gate electrode 
10a of then-MOSFET is formed along the Siz110> direction, 
and the gate electrode 10b of the p-MOSFET is formed along 
the Siz100> direction. It should be noted that the hole mobil 
ity is maximum along Si-110> (as disclosed by H. Irie, et al., 
in IEDM Tech. Dig. pp. 225-228, 2004, for example). 
0193 FIGS. 37A and 37B are cross-sectional views of the 
semiconductor device, cut along the lines A-A and B-B of 
FIG. 36. As shown in FIG. 37A, Si{111} facets 19a, 19a, 
19b, and 19b of the additional silicon layers 17a and 17b run 
along the gate electrode of the n-MOSFET. As shown in FIG. 
37B, slanted Si{111 facets 20b, and 20b of the additional 
silicon layers 18a and 18b run along the channel direction of 
the p-MOSFET. 
0194 Then, as correspondingly shown in FIGS. 38A and 
38B, a silicon oxide film 76 is deposited on the entire surface, 
and slit-like openings 77 are formed along the channel direc 
tion in the silicon oxide film on the p-MOSFET source/drain 
regions. Slits are not formed on Si{111 facets 20b, and 20b. 
0.195 The resulting semiconductor substrate is then 
immersed in a potassium hydroxide (KOH) solution. A KOH 
Solution etches Si, but its etching speed strongly depends on 
the crystal orientation. The etching along Si-111 > is much 
slower than the etching along the other crystalline orienta 
tions. Accordingly, after the etching, a number of V-shaped 
grooves 79 with slanted Si{111 sidewalls 78 develop along 
the channel direction at the slits-like openings in the addi 
tional silicon layers 18a and 18b. Subsequent wet-etching in 
HF solution removes the silicon oxide film 76, resulting in the 
Structure illustrated in FIGS. 39A and 39B. 
0196) Next, Ni is deposited on the entire surface by an 
effective conventional technique Such as a sputtering tech 
nique, so as to form a Nilayer having a film thickness of 12 
nm, for example. If necessary, a capping-layer made of a 
metal material such as Tior TiN may be further deposited on 
the Nilayer. The semiconductor substrate is then subjected to 
rapid thermal processing in a nitrogen atmosphere at 450° C. 
for 30 seconds, for example. Silicidation reaction proceeds 
exclusively where the Niand the silicon are in direct contact. 
Then, the unreacted Ni is selectively wet-etched in a liquid 
mixture of sulfuric acid and hydrogen peroxide. The Tior TiN 
capping-layer is also completely removed by the wet-etching. 
(0197) A Tinitride (TiN) film is further deposited over the 
entire Surface by an effective conventional technique Such as 
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a sputtering technique or a CVD technique utilizing an 
organic compound containing Ti and N (TDMA, for 
example). Ensuing RIE or the like leaves the portions of the 
TiN film on the NiSi layers over the Si{111 facets and 
sidewalls. The RIE process may be shorter than the RIE 
process in the first embodiment. Of course, unnecessary por 
tions of the TiN film can be readily removed by making use of 
lithography as well as wet-etching with a liquid mixture of 
Sulfuric acid and hydrogen peroxide. 
0198 As a result, NiSilayers 21a and 21b are formed on 
the additional silicon layers 17a and 17b, a NiSilayer 21c is 
formed on the gate electrode 10a, a NiSilayer 22b is formed 
on the additional silicon layer 18b, as shown in FIGS. 40A 
and 40B. Although not shown in the drawings, NiSilayers are 
also formed on the additional silicon layer 18a and the gate 
electrode 10b. In addition, the TiNgate sidewalls 23a and 23b 
are formed between the NiSilayers on the Si{111 facets and 
the gate electrode. TiN films 80a, 80b, and 81 are also formed 
on the NiSilayers on Si{111 facets and sidewalls. 
(0199. In this structure, the NiSi layers are formed on 
Si{111} in the portions of the extension regions. Accordingly, 
the corresponding portions of NiSi are oriented in the NiSi 
(200) direction, and thus, free from numerous gap-states for 
mation due to deep ingression of Ni atoms into the Si Sub 
strates. Furthermore, since the TiN films are deposited on 
those NiSiportions, the improved thermodynamic stability of 
the NiSilayer prevents silicide spike formation around the 
critical regions adjacent to the gate electrodes, even if thermal 
processing at 500°C. is performed hereafter. This means that 
junction leakage can be effectively suppressed even though 
the NiSilayers are formed over the very shallow junctions of 
the extension regions. 
0200. In addition, the metallic materials (i.e., NiSi and 
TiN) over the extension regions reduce electric resistance of 
these portions, preventing wasteful electric potential drop, 
and therefore, allowing sufficient channel current to flow 
through the extension regions into the NiSi layers. Thus, 
MOSFETs with high-speed operation can be realized. 
0201 Of course, each of the NiSilayers formed on the 
Si{100 planes is located far above the junction. Accordingly, 
junction leakage due to infiltration of Ni atoms into the Si 
substrate is effectively suppressed. 
0202 Furthermore, the total area of the interfaces between 
NiSi and Si in the source/drain regions of the p-MOSFET 
becomes larger than the horizontally projected area of the 
Source/drain regions. Therefore, the contact resistance 
between the NiSilayers and the source/drain regions can be 
reduced than that of the conventionally silicided MOSFET. 
0203 For completion of the device, the procedures of the 

first embodiment illustrated in FIGS. 16 to 18 are carried out 
to form contact holes reaching the Source/drain regions 
through an interlayer insulating film. Each of the contact 
holes is filled up with an electric wiring Substance, and metal 
wires are formed. If necessary, a multilayer wiring structure 
may be formed, and dicing, mounting and packaging pro 
cesses are carried out to complete the semiconductor device. 
0204. In this embodiment, the n-MOSFET channel is 
formed on the Si(100) plane whereas the p-MOSFET channel 
is formed on the Si(110) plane. With this arrangement, the 
mobility of both MOSFETs of the respective polarities can be 
maximized. Of course, the NiSilayers are formed on the 
Si{111 planes at least around the regions of the smallest 
junction depth. TiN is further deposited on the NiSilayers. 
Stacking of the TiN layer improves thermodynamic stability 
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of the NiSilayer, thereby, preventing silicidespikeformation. 
Without spikes, leakage generation can be totally Suppressed. 
(0205 Thus, a high-speed C-MOSFET with virtually leak 
age-free silicided shallow source/drain diffusion layers, 
excellent electric contacts with wiring metals and with opti 
mum carrier mobility of both MOSFETs of the respective 
polarities can be realized. 
(0206. Although a pair of C-MOSFETs have been 
described in this embodiment, the above described manufac 
turing method may of course be implemented in a structure 
including more than two devices, and may be implemented 
selectively in a group of devices forming a part of a semicon 
ductor device. 
0207. Further, the channel direction is aligned along 
Si-110> in this embodiment. However, it is of course pos 
sible to align the channel direction along some other direc 
tion. In that case, the direction along which the Si{111}- 
bounded V-shaped grooves are formed may not be 
perpendicular to the gate electrode, but the effects of this 
embodiment can also be achieved. 
0208 Also, only a part of the upper portion of each gate 
electrode is silicided in this embodiment. However, this 
embodiment may be applied to a case where each gate elec 
trode is fully silicided (Fully-Silicided Gate). 

Fourth Embodiment 

0209 Next, a semiconductor device in accordance with a 
fourth embodiment of the present invention is described. The 
semiconductor device of this embodiment is a Fin-MOSFET 
structure formed on a SOI substrate. In this structure, Si{111} 
planes are formed in the source/drain regions, and NiSilayers 
are formed on the Si{111 of the source/drain regions. TiN 
films are further stacked on the NiSilayers. 
0210. With this arrangement, leakage generation by 
numerous gap-states due to ingression of Ni atoms into the 
channel region can be avoided. Thus, an increase in OFF 
current can be prevented. Also, improved thermodynamic 
stability of the NiSilayer prevents silicide spike formation, 
even if thermal processing at 500° C. is performed. Thus, 
excellent electric contact with the wiring metal can be 
secured. 
0211. An example of a Fin-MOSFET structure is dis 
closed by X. Huang, etal, in IEEEED vol. 48, p. 880 (2001), 
for example. 
0212 Referring now to FIGS. 41 to 47(c), a method for 
manufacturing the semiconductor device of this embodiment 
is described. 

0213 First, as shown in FIG. 41, a silicon nitride film 104, 
for example, is formed by an effective conventional tech 
nique, such as CVD, on a SOI substrate 100, that is composed 
of a lower silicon substrate 101, a silicon oxide film 102 
thereon, and a single-crystal silicon layer (SOI layer) 103 
having a Si{110 plane as the upper surface. Then, by an 
effective conventional technique such as a lithography tech 
nique, photoresist masks 105a and 105b are formed on the 
silicon nitride film 104. 
0214 With the use of the photoresist masks 105a and 
105b, the SOI layer 103 is patterned into a shape shown in 
FIG. 42 by RIE or the like. After removing the photoresist 
masks, silicon layers 103a and 103b with thin wall-like plate 
shapes (i.e., fin-shapes) having practically vertical Si{111} 
sidewalls are formed. At this stage, patterned silicon nitride 
films 104a and 104b remain on the silicon layers 103a and 
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103b. It should be understood that FIG. 42 is a cross-sectional 
view of the fin-structure, cut along the thickness direction of 
the fins. 

0215. As shown in FIG. 43, thermal oxide films 106 of 
e.g., 2 nm in film thickness are then formed as gate insulating 
films over the fin sidewalls of the silicon layers 103a and 
103b. Subsequently, a polysilicon film 108 is deposited over 
the entire Surface by e.g., CVD and then planarized by e.g., 
CMP. A silicon nitride film 110 is further deposited over the 
polysilicon film 108 by CVD or the like, and planarized by 
CMP or the like. 

0216) Next, by an effective conventional technique such as 
a lithography technique, an etching mask (not shown) is 
formed on the silicon nitride film 110. The etching mask is 
formed along the direction perpendicular to the thickness 
direction of the fin-shaped walls 103a and 103b (i.e., a direc 
tion within the cross-sectional plane in FIG. 43). Since the 
polysilicon film 108 and the silicon nitride film 110 are made 
flat, the lithography for the etching mask is relatively easy. 
0217. Then, by making use of the etching mask, the silicon 
nitride film 110 and the polysilicon film 108 are etched aniso 
tropically with an effective conventional technique such as 
RIE. After removal of the etching mask, polysilicon gate 
electrodes 108 are formed so as to straddle over the fin-shaped 
silicon layers 103a and 103b. Prior to the formation of the 
gate electrodes, conductive impurities may of course be intro 
duced into the portions of the polysilicon film 108 by effective 
known techniques such as a lithography technique and anion 
implantation technique. 
0218. A silicon nitride film is then deposited by an effec 
tive conventional technique Such as CVD, and etched aniso 
tropically by an effective conventional technique such as RIE. 
so as to leave the silicon nitride sidewalls 112 at the both sides 
of the gate electrodes 108 as shown in FIG. 44. FIG. 44 is a 
cross-sectional view of the structure cut along the line A-A of 
FIG. 43. 

0219. The anisotropic etching should be performed thor 
oughly, so that the silicon nitride film 112 does not remain at 
the sides of the fin-shaped silicon layers 103a and 103b. 
0220. The exposed gate insulating films 106 on the both 
sides of the fin-shaped silicon layers 103a and 103b are 
removed with a HF solution or the like as shown in FIG. 45. 
FIG. 45 is a bird’s-eye perspective view of the structure 
obtained at this stage. 
0221 Next, using the gate electrodes as masks, conductive 
impurity Such as n-type impurity AS ions are injected side 
ways into the exposed source/drain regions of the fin-shaped 
silicon layers 103a and 103b. The impurity is then diffused 
uniformly along the thickness direction of the source/drain 
regions of the fins, and electrically activated. 
0222. Then, Ni film 114 is deposited on the entire surface 
by an effective conventional technique Such as Sputtering, so 
as to form a Nilayer having a film thickness of 12 nm, for 
example. If necessary, a capping-layer made of a metal mate 
rial such as Tior TiN may be further deposited on the Nilayer. 
The semiconductor substrate is then subjected to rapid ther 
mal processing in a nitrogen atmosphere at 450° C. for 30 
seconds, for example. Silicidation reaction proceeds exclu 
sively in the exposed source? drain regions of the Fin-shaped 
silicon layers 103a and 103b. Then, the unreacted Niis selec 
tively wet-etched in a liquid mixture of sulfuric acid and 
hydrogen peroxide. At this stage, it should be noted that, the 
Ti or TiN capping-layer is also completely removed by the 
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wet-etching. As a result, NiSi layers 114a and 114b are 
formed on both Si{111 sidewalls of the source/drain 
regions. 
0223) A Ti nitride (TiN) film is then deposited over the 
entire Surface by an effective conventional technique Such as 
a sputtering technique or a CVD technique utilizing an 
organic compound containing Ti and N (TDMA, for 
example). Ensuing RIE or the like leaves the TiN sidewalls 
over the NiSilayers 114a and 114b on both Si{111 sidewalls 
of the source/drain regions of the fin-shaped silicon layers 
103a and 103b, as shown in FIG. 46. Of course, unnecessary 
portions of the TiN film can be readily removed by making 
use of lithography as well as wet-etching. FIG. 46 is a cross 
sectional view of the Fin-structure, cut along the thickness 
direction of the fins (or along the line B-B of FIG. 44). 
0224. In this structure, the NiSilayers are formed on both 
Si{111 sidewalls of the source/drain regions. Accordingly, 
the corresponding portions of NiSi are oriented in the NiSi 
(200) direction, and thus, free from numerous gap-states for 
mation due to ingression of Ni atoms into the fin-shaped 
silicon layers 103a and 103b. Therefore, an increase in OFF 
current can be avoided. 

0225. Also, since the silicides are formed on both side 
walls of the source/drain regions, the interfacial area between 
the NiSilayers and the source/drain regions per unit channel 
width (in the present case, the channel width being the fin 
height) becomes twice as large as the corresponding value in 
a conventional MOSFET. Therefore, the contact resistance 
between the NiSilayers and the source/drain regions can be 
reduced. 
0226. Moreover, the TiN sidewalls stacked over the NiSi 
layers on Si{111 sidewalls of the source/drain regions 
improves thermodynamic stability of the NiSilayer. There 
fore, even if thermal processing over 500° C. is performed 
later, agglomeration of the NiSi layers and silicide spike 
formation can be prevented. Absence of the agglomeration 
ensures that the very thin fin-shaped silicon layers remain 
intact after a thermal treatment. Thermal integrity of the NiSi 
layers deters detrimental total consumption of the thin fin 
shaped silicon layers by NiSi, due to agglomeration-induced 
localized thickening of the NiSi layer. Since the channel 
current can flow smoothly in and out of the entire source/drain 
regions without encountering Such pinching points by thick 
ening silicide layers, the entire interface between Si and NiSi 
can function as a proper contact and the contact resistance can 
be kept at a low value. In addition, the absence of the agglom 
eration prevents an increase in sheet resistance of the NiSi 
layers, which is otherwise inevitable due to thermal deforma 
tion of the NiSilayers into disconnected islands. 
0227 Furthermore, in the fin-FET structure, the thin chan 
nel silicon layers are sandwiched by the gate electrodes via 
the gate insulating films, so as to form a so-called double-gate 
MOSFET structure. With this arrangement, interfaces at both 
sides of the fin-shaped silicon layers function as channels. In 
addition, by quantum interference between left and right 
inversion layers, the degeneracy in electron States of the Si 
conduction band can be readily removed, so that only high 
speed electrons are induced in the channels. Because the 
channel mobility increases, the driving force of the MOSFET 
is expected to increase accordingly (i.e., double or more, as 
disclosed by M. Shoji, et al. in J. Appl. Phys. P. 2722 (1999), 
for example). 
0228. For completion of the device, the procedures of the 

first embodiment illustrated in FIGS. 16 to 18 are carried out 
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to form contact holes reaching the Source/drain regions 
through an interlayer insulating film. Each of the contact 
holes is filled with an electric wiring substance, and metal 
wires are formed. If necessary, a multilayer wiring structure 
may be formed, and dicing, mounting and packaging pro 
cesses are carried out to complete the semiconductor device. 
0229. In the present embodiment, Si{111 planes are 
formed in the source/drain regions, and NiSi layers are 
formed on the Si{111} in the source/drain regions. TiN films 
are further stacked on the NiSilayers. With this arrangement, 
leakage generation by numerous gap-states due to ingression 
of Niatoms into the channel region can be avoided. Thus, an 
increase in OFF current can be prevented. Also, improved 
thermodynamic stability of the NiSilayer prevents agglom 
eration and silicide spike formation, even if thermal process 
ing at 500° C. is performed. Thus, excellent electric contact 
with the wiring metal can be secured. 
0230. Although polysilicon is used for the gate electrodes 
in this embodiment, it is of course possible to use some other 
metal material. Also, the portions of the nitride film located on 
the gate electrodes made of polysilicon may be removed, and 
the upper portions of the polysilicon gate electrodes or the 
entire polysilicon gate electrodes may be silicided. Further, 
the gate siliciding process may be carried out separately from 
the process of siliciding the Source? drain electrodes, or may 
be carried out at the same time as the process of siliciding the 
Source/drain electrodes. 
0231 Prior to the silicidation of the source/drain regions 
of this embodiment, additional silicon layers may be selec 
tively grown on the Source? drain electrodes, so as to increase 
the thickness of the source? drain electrodes. 
0232 Although one MOSFET is formed with two Fin 
silicon layers in this embodiment, it is of course possible to 
form one MOSFET with one Fin. It is also possible to form a 
MOSFET structure having more than two Fins. Although the 
manufacture of an n-MOSFET of one polarity has been 
described in this embodiment, it is of course possible to form 
a p-MOSFET in the same manner as described above, and it 
is apparent that the above described method may be used in 
the manufacture of a C-MOSFET semiconductor device. 
0233. Although each fin has a linearly straight shape in 

this embodiment, it is possible to employ any of the shapes 
illustrated in FIGS. 47(a), 47(b), and 47(c). A Si(110) sub 
strate has Si{100, Si{110 and Si{111 as vertical planes. 
Therefore, while keeping the normal directions of the side 
walls of the source/drain regions to Si-111 >, the normal 
direction of the channel plane can be SiC 111 > as shown in 
FIG. 47(a), Siz100> as shown in FIG. 47(b), or Siz110> as 
shown in FIG. 47(c). FIGS. 47(a), 47(b), and 47(c) are top 
views of Finstructures. 
0234. Also, the silicidation of the source/drain electrodes 
of the present invention may be applied not only to fin struc 
tures but also to conventional SOI-MOSFETs that do not have 
Finstructures. 
0235. As described so far through the above embodiments, 
the present invention has the following advantages: 
0236 (1) Since the NiSilayers are formed on Si{111 and 
oriented in the NiSi(200) direction at least in the regions 
having the Smallest junction depth, they are free from leakage 
generation by numerous gap-states formed through deep 
ingression of Ni atoms into the Si substrates. 
0237 (2) Since the TiN layers are stacked on the NiSi 
layers oriented in the NiSi(200) direction in the regions hav 
ing the Smallest junction depth, the improved thermodynamic 
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stability of the NiSilayer prevents silicide spike formation 
around the critical regions adjacent to the gate electrodes, 
even if thermal processing at 500°C. is performed. Thus, the 
junction leakage can be effectively suppressed even though 
the NiSilayers are formed over the very shallow junctions of 
the extension regions. 
0238 (3) Since the metallic materials (i.e., NiSi and TiN) 
over the extension regions reduce electric resistance of these 
portions, sufficient channel current is allowed to flow through 
the extension regions into the NiSilayers. Thus, MOSFETs 
with high-speed operation can be realized. 
0239 (4) Thanks to the improved thermal stability 
attained by the NiSilayers on Si{111} with TiN over-layers, 
excellent electric connections can be achieved through suffi 
cient heat treatment at 500° C. or higher without generating 
leakage current. 
0240 (5) Thanks to the improved thermal stability 
attained by the NiSilayers on Si{111} with TiN over-layers, 
a dense and uniform silicon nitride film that is suitable for a 
barrier layer or an etching stopper layer can be readily 
formed. 

0241 Further, in a case where additional silicon layers are 
selectively formed on the Source/drain regions including the 
extension regions of the substrate having the Si{100 plane as 
the principal surface as in the first embodiment, the following 
advantages are achieved: 
0242 (6) When additional silicon layers are selectively 
formed on the Source? drain regions including the extension 
regions, Si{111} facet planes can be automatically formed in 
the regions adjacent to the gate electrode where the junction 
depth is Smallest. 
0243 (7) Since the additional silicon layers forming parts 
of the source/drain electrodes are made to partially extend 
over the device isolating regions, the capacitive coupling with 
the Substrate can be reduced, and a higher-speed device 
operation can be achieved. 
0244 Also, in a case where additional silicon layers are 
selectively formed on the Source/drain regions including the 
extension regions of the substrate having the Si{110 plane as 
the principal surface, and grooves having Si{111 sidewalls 
are formed as in the second embodiment, the following 
advantages are achieved: 
0245 (8) By making use of a carbon-containing plasma 
and oblique ion bombardment, the HF resistant carbon-con 
taining silicon oxide layers can be selectively formed only at 
the bottom portions of the grooves, without resorting to a 
lithography technique. 
0246 (9) As the width of each of the grooves is adjusted to 
a value equivalent to or less than the film thickness of each of 
the additional silicon films, the total area of the interfaces 
between NiSi and Si in the source/drain regions becomes 
larger than the horizontally projected area of the source/drain 
regions, thereby, the contact resistance between the NiSilay 
ers and the source/drain regions can be reduced. 
0247 (10) By applying mechanical stress to the channel 
portion aligned along Si 1-11, the hole mobility in the 
p-MOSFET can be improved effectively. 
0248. Furthermore, as in the third embodiment, an 
n-MOSFET is formed on the Si(100) plane in a DSB sub 
strate, and ap-MOSFET is formed on the Si(110) plane in the 
DSB substrate. With this structure, the mobility of both MOS 
FETs of the respective polarities can be maximized. At the 
same time, 
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0249 (11) By making use of crystal-orientation-depen 
dent Si etching in a potassium hydroxide (KOH) solution, 
V-shaped grooves with slanted Si{111 sidewalls are readily 
formed in the additional silicon layers over the source/drain 
regions including the extension regions. Accordingly, the 
total area of the interfaces between the NiSilayers and the 
Source/drain regions becomes larger than the horizontally 
projected area of the Source? drain regions, thereby, the con 
tact resistance between the NiSilayers and the source/drain 
regions can be reduced. 
0250) Further, as in the fourth embodiment of the present 
invention, when Fin-FETs, with thin wall-like plate-shape 
silicon layers (i.e., fins) on a SOI substrate and gate electrodes 
straddling over them, are formed, the source/drain regions 
can be made to have Si{111 sidewalls, and NiSilayers can 
beformed on the Si{111}. TiN films can be further stacked on 
the NiSilayers. With this arrangement, the following advan 
tages can be obtained: 
0251 (12) The NiSilayers are formed on both Si{111 
sidewalls of the source/drain regions. Accordingly, the corre 
sponding portions of NiSi are oriented in the NiSi(200) direc 
tion, and thus, free from numerous gap-states formation due 
to ingression of Ni atoms into the fin-shaped silicon layers. 
Therefore, an increase in OFF current can be avoided. 
0252 (13) The TiN sidewalls over the NiSi layers on 
Si{111 sidewalls of the source/drain regions improves ther 
modynamic stability of the NiSi layer. Therefore, even if 
thermal processing over 500° C. is performed later, agglom 
eration of the NiSilayers and silicide spike formation can be 
prevented. Absence of the agglomeration ensures nonexist 
ence of accidental total consumption of the silicon layers due 
to agglomeration-induced localized thickening of the NiSi 
layer. Without Such pinching points by thickening silicide 
layers, the entire interface between NiSi and Si can function 
as a proper contact and the contact resistance can be kept at a 
low value. 

0253 (14) The absence of the agglomeration also prevents 
an increase in sheet resistance of the NiSilayers, which is 
otherwise inevitable due to thermal deformation of the NiSi 
layers into disconnected islands. 
0254 (15) Since the silicides are formed on both sidewalls 
of the source/drain regions, the interfacial area between the 
NiSi layers and the Source? drain regions per unit channel 
width becomes twice as large as the corresponding value in a 
conventional MOSFET. Therefore, the contact resistance 
between the NiSilayers and the source/drain regions can be 
reduced. 

0255 (16) Both interfaces on the left and right sides of the 
fin-shaped silicon layers function as channels. Also, by quan 
tum interference between left and right inversion layers, the 
degeneracy in electron states of the Siconduction band can be 
readily removed, so that only high-speed electrons are 
induced in the channels. Accordingly, the channel mobility 
and the driving force of the MOSFET increase significantly. 
0256 Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, the inven 
tion in its broader aspects is not limited to the specific details 
and representative embodiments shown and described herein. 
Accordingly, various modifications may be made without 
departing from the spirit or scope of the general inventive 
concepts as defined by the appended claims and their equiva 
lents. 
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What is claimed is: 
1. A semiconductor device comprising: 
a silicon Substrate including a first semiconductor region of 

a first conductivity type; and 
a first MOSFET comprising: 
first source and drain regions of a second conductivity type 

formed at a distance from each other in the first semi 
conductor region; 

a first insulating film formed on a portion of the first semi 
conductor region, the portion being located between the 
first source region and the first drain region; 

a first gate electrode formed on the first insulating film; 
a first sidewall insulating film formed at side portions of the 

first gate electrode: 
a first single-crystal silicon layer formed on each of the first 

Source and drain regions, and having at least an upper 
face made of a 111 plane; 

a first NiSilayer formed at least on the first single-crystal 
silicon layer, and having a portion whose interface with 
the first single-crystal silicon layer is on the 111 plane 
of the first single-crystal silicon layer and a part of the 
portion of the first NiSilayer being in contact with the 
first sidewall insulating film; and 

a first TiN film being in contact with the portion of the first 
NiSilayer on the 111 plane of the first single-crystal 
silicon layer. 

2. The device according to claim 1, wherein: 
the first single-crystal silicon layer has a facet made of a 

{111} plane in contact with the first sidewall insulating 
film; 

the first NiSilayer is formed at least on the facet of the first 
single-crystal silicon layer; and 

the first TiN film is disposed between the first NiSilayer on 
the facet of the first single-crystal silicon layer and the 
first sidewall insulating film. 

3. The device according to claim 1, wherein the first semi 
conductor region has a surface that is a {100 plane of silicon. 

4. The device according to claim 1, wherein: 
the first NiSilayer formed on the 111 plane of the first 

single-crystal silicon layer is made of a single crystal or 
poly-crystals; and 

the NiSi{100 plane of each crystal grain of the first NiSi 
layer formed on the 111 plane of the first single 
crystal silicon layer is parallel to the 111 plane of the 
first single-crystal silicon layer. 

5. The device according to claim 1, further comprising 
a device isolating region Surrounding the first semiconduc 

tor region, 
wherein the first single-crystal silicon layer extends over 

the device isolating region. 
6. The device according to claim 1, wherein the first source 

and drain regions each include a first diffusion layer that is 
formed adjacent to the gate electrode, and a second diffusion 
layer that is formed at a longer distance from the gate elec 
trode than the first diffusion layer and has a greater junction 
depth than the first diffusion layer. 

7. The device according to claim 1, wherein the first gate 
electrode includes a charge storage film that is formed on the 
first insulating film, a block insulating film that is formed on 
the charge storage film, and a control gate electrode that is 
formed on the block insulating film. 
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8. The device according to claim 1, wherein: 
the silicon Substrate further includes a second semiconduc 

tor region of the second conductivity type being device 
isolated from the first semiconductor region; and 

the device further includes a second MOSFET formed in 
the second semiconductor region, and the second MOS 
FET comprising: 

second source and drain regions of the first conductivity 
type formed at a distance from each other in the second 
semiconductor region; 

a second insulating film formed on a portion of the second 
semiconductor region, the portion being located 
between the second source region and the second drain 
region; 

a second gate electrode formed on the second insulating 
film; 

a second sidewall insulating film formed at side portions of 
the second gate electrode: 

a second single-crystal silicon layer formed on each of the 
second source and drain regions, and having at least an 
upper-face made of a 111 plane; 

a second NiSilayer formed at least on the 111 plane of 
the second single-crystal silicon layer, and having a por 
tion whose interface with the second single-crystal sili 
con layer is on the 111 plane of the second single 
crystal silicon layer and a part of the portion of the 
second NiSilayer being in contact with the second side 
wall insulating film; and 

a second TiN film being in contact with the portion of the 
second NiSi layer on the 111 plane of the second 
single-crystal silicon layer. 

9. The device according to claim 8, wherein: 
the second NiSilayer formed on the 111 plane of the 

second single-crystal silicon layer is made of a single 
crystal or poly-crystals; and 

the NiSi{100 plane of each crystal grain of the second 
NiSilayer formed on the 111 plane of the second 
single-crystal silicon layer is parallel to the 111 plane 
of the second single-crystal silicon layer. 

10. A semiconductor device comprising: 
a silicon Substrate including a first semiconductor region of 

a first conductivity type; and 
a first MOSFET comprising: 
first Source and drain regions of a second conductivity type 

formed at a distance from each other in the first semi 
conductor region; 

a first insulating film formed on a portion of the first semi 
conductor region, the portion being located between the 
first source region and the first drain region; 

a first gate electrode formed on the first insulating film; 
a first sidewall insulating film formed at side portions of the 

first gate electrode; 
a first single-crystal silicon layer formed on each of the first 

Source and drain regions, and having a plurality of first 
grooves that reach the first source and drain regions, 
each sidewall of the first grooves being made of a 111} 
plane; 

a first NiSilayer formed at least on the 111 sidewalls of 
first grooves in the first single-crystal silicon layer; and 

a first TiN film being in contact with the first NiSilayer on 
the 111 sidewalls. 

11. The device according to claim 10, wherein the first 
semiconductor region has a surface that is a 110 plane of 
silicon. 

17 
Mar. 12, 2009 

12. The device according to claim 10, wherein a carbon 
containing silicon oxide layer is formed at a bottom portion of 
each of the first grooves. 

13. The device according to claim 10, wherein: 
the silicon Substrate further includes a second semiconduc 

tor region of the second conductivity type being device 
isolated from the first semiconductor region; and 

the device further includes a second MOSFET formed in 
the second semiconductor region, and the second MOS 
FET comprising: 

second source and drain regions formed at a distance from 
each other in the second semiconductor region; 

a second insulating film formed on a portion of the second 
semiconductor region, the portion being located 
between the second source region and the second drain 
region; 

a second gate electrode formed on the second insulating 
film; 

a second sidewall insulating film formed at side portions of 
the second gate electrode: 

a second single-crystal silicon layer formed on each of the 
second source and drain regions, and has at least an 
upper-face made of a 111 plane; 

a second NiSilayer formed at least on the 111 plane of 
the second single-crystal silicon layer, and having a por 
tion whose interface with the second single-crystal sili 
con layer is on the 111 plane of the second single 
crystal silicon layer and a part of the portion of the 
second NiSilayer being in contact with the second side 
wall insulating film; and 

a second TiN film being in contact with the portion of the 
second NiSi layer on the 111 plane of the second 
single-crystal silicon layer. 

14. The device according to claim 13, wherein: 
the second NiSilayer formed on the 111 plane of the 

second single-crystal silicon layer is made of a single 
crystal or poly-crystals; and 

the NiSi{100 plane of each crystal grain of the second 
NiSilayer formed on the 111 plane of the second 
single-crystal silicon layer is parallel to the 111 plane 
of the second single-crystal silicon layer. 

15. A semiconductor device comprising: 
a silicon Substrate including a first semiconductor region of 

a first conductivity type; and 
a first MOSFET comprising: 
first source and drain regions of a second conductivity type 

formed at a distance from each other in the first semi 
conductor region; 

a first insulating film formed on a portion of the first semi 
conductor region, the portion being located between the 
first source region and the first drain region; 

a first gate electrode formed on the first insulating film; 
a first sidewall insulating film formed at side portions of the 

first gate electrode: 
a first single-crystal silicon layer formed on each of the first 

Source and drain regions; 
a first NiSilayer formed on the first single-crystal silicon 

layer, an interface between the first single-crystal silicon 
layer and the first NiSilayer being on 111 planes of the 
first single-crystal silicon layer, and 

a first TiN film being in contact with the first NiSilayer. 
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16. The device according to claim 15, wherein: 
the first MOSFET is a p-MOSFET: 
the first semiconductor region has a surface that is a 110 

plane of silicon; 
the silicon Substrate further includes a p-type second semi 

conductor region being device-isolated from the first 
semiconductor region and having a Surface that is a 
{100 plane of silicon; and 

the device further includes an n-MOSFET formed in the 
second semiconductor region, the n-MOSFET compris 
1ng: 

n-type second source and drain regions formed at a dis 
tance from each other in the second semiconductor 
region; 

a second insulating film formed on a portion of the second 
semiconductor region, the portion being located 
between the second source region and the second drain 
region; 

a second gate electrode formed on the second insulating 
film; 

a second sidewall insulating film formed at side portions of 
the second gate electrode: 

a second single-crystal silicon layer formed on each of the 
second source and drain regions, and having at least an 
upper-face made of a 111 plane; 

a second NiSilayer formed at least on the second single 
crystal silicon layer, and having a portion whose inter 
face with the second single-crystal silicon layer is on the 
{111 plane of the second single-crystal silicon layer 
and a part of the portion of the second NiSilayer being 
in contact with the second sidewall insulating film; and 

a second TiN film being in contact with the portion of the 
second NiSi layer on the 111 plane of the second 
single-crystal silicon layer. 

17. The device according to claim 15, wherein: 
the first NiSilayer formed on the 111 plane or planes of 

the first single-crystal silicon layer is made of a single 
crystal or poly-crystals; and 

the NiSi{100 plane of each crystal grain of the first NiSi 
layer formed on the 111 plane of the first single 
crystal silicon layer is parallel to the underlying Si{111} 
plane of the first single-crystal silicon layer. 

18. A semiconductor device comprising: 
a channel region formed into a wall-like plate-shaped 

single-crystal silicon layer on an insulating film, whose 
shape is defined by a pair of first opposing side planes 
and a pair of second opposing side planes; 

a source region formed on the insulating film, whose shape 
is defined by a pair of third opposing side planes and a 
pair of forth opposing side planes, the third opposing 
side planes being Si{111} planes and one of the forth 
opposing side planes being connected to one of the first 
opposing side planes of the channel region; 

a drain region formed on the insulating film, whose shape 
is defined by a pair of fifth opposing side planes and a 
pair of sixth opposing side planes, the fifth opposing side 
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planes being Si 111 planes and one of the sixth oppos 
ing side planes being connected to the other side plane of 
the first opposing side planes of the channel region; 

a pair of gate insulating films on a pair of second opposing 
side planes of the channel region; 

a gate electrode straddling over a pair of second opposing 
side planes of the channel region via the pair of insulat 
ing films; 

a NiSilayer formed on each Si{111 face of the source and 
drain regions; and 

a TiN film being in contact with the NiSilayer. 
19. A method for manufacturing a semiconductor device, 

comprising: 
forming a gate insulating film on a silicon Substrate; 
forming a gate electrode on the gate insulating film; 
forming Source and drain regions on the silicon Substrate, 

with the gate electrode being used as a mask; 
additionally forming a silicon layer selectively on the 

Source and drain regions, whose surfaces are Si 111 at 
both sides of the gate; 

forming a NiSilayer at lease on the Si{111 planes; and 
forming a TiN film on the NiSilayer on the Si{111} planes. 
20. A method for manufacturing a semiconductor device, 

comprising: 
forming a gate insulating film on a silicon Substrate; 
forming a gate electrode on the gate insulating film; 
forming Source and drain regions on the silicon Substrate, 

with the gate electrode being used as a mask; 
depositing a silicon layer on the source and drain regions; 
forming a first carbon-containing silicon layer on a hori 

Zontal surface of the silicon layer; 
thermally oxidizing the silicon layer; 
removing the first carbon-containing silicon layer; 
forming a plurality of grooves in the silicon layer, whose 

sidewalls are made of Si{111 planes; 
forming a NiSilayer on each sidewall of the grooves; and 
forming a TiN film over the NiSilayer on each sidewall of 

the grooves. 
21. The method according to claim 20, further comprising: 
forming a second carbon-containing silicon layer on the 

upper Surfaces of the groove-carved silicon layer and 
also on the bottoms of the grooves; 

removing the second carbon-containing silicon layer from 
the regions other than the bottoms of the grooves 
through oblique ion injection; 

oxidizing the second carbon-containing silicon layers left 
at the bottoms of the grooves into carbon-containing 
silicon oxide layers; and 

removing thermal oxides fromed on the exterior surfaces of 
the grooves using a HF solution while maintaining the 
carbon-containing silicon oxide layers at the bottoms of 
the grooves. 
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