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Challenges of Process Technology in 32nm Technology Node
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Abstract: According to the international technology roadmap for semiconductors (ITRS),32nm technology node will be
introduced around 2009. Scaling of CMOS logic devices from 45 to 32nm node has come across significant barriers.
Overcoming these pitch-scaling induced barriers requires integrating the most advanced process technologies into product
manufacturing. This paper reviews and discusses new technology applications that could be potentially integrated into
32nm node in the following areas:extension of immersion lithography,mobility enhancement substrate technology.metal/
high-k (MHK) gate stack, ultra-shallow junction (USJ) and other strain enhancement engineering methods, including
stress proximity effect (SPT), dual stress liner (DSL), stress memorization technique (SMT), high aspect ratio process
(HARP) for STI and PMD,embedded SiGe (for pFET) and SiC (for nFET) source/drain (S/D) using selective epitaxial
growth (SEG) method, metallization for middle of line (MOL) and back-end of line (BEOL) ,and ultra low-k (ULK) in-
tegration.
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1 Introduction

As predicted by the Moore’s law, the past half-
century witnessed the rapid progress of the integrated
circuit (IC) due to the interaction of technology push
and market pull. Currently in the world, state-of-the-
art 90nm/65nm IC technology has already entered in-
to mass production. Recently, Intel Corporation has
moved on to the leading-edge 45nm technology node
and successfully put it into CPU development, mark-
ing the industrialization of this node. Simultaneously,
companies are on their way to researching and devel-
oping the 32nm and beyond CMOS technology.

In China,mass production of the 45nm CMOS IC
will be turned into reality as a result of industrializa-
tion within one or two years. On the other hand,
research and development of 32nm and beyond tech-
nology needs the close cooperation of industries, uni-
versities,and research institutes with great efforts to
realize mass production and form core competencies.,
thus enhancing our strength and sustainable develop-
ment in IC technology. In this paper,we will review
the key points of 32nm technology node.

With the encroachment of 2009, as shown in
Fig. 1, the resolution (half pitch) will approach
50nm, where 32nm technology node will be intro-
duced. However, due to this aggressive scaling, the
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deficits for device performance will become more se-
vere. Some techniques used in previous generations
will still be effective for device performance improve-
ment, such as some strain enhancement methods, in-
cluding SPT"", DSL'™ , and SMT", but more critical
techniques will likely become employed,such as doub-
le patterning™*~*', direct silicon bonding (DSB)!*~%,
hybrid orientation bulk substrate, metal/high-k
(MHK) gate stack™ ', SiC S/D for nFET", two-
step like SEG SiGe S/DM% 1 millisecond anneals for
USJ,new metallization technology,and new ULK ma-
terials. By incorporating these creative techniques into
the product line,confidence for delivering 32nm tech-
nology node on time should be rebuilt. This paper tries
to provide a platform for reviewing all possible
process technologies used for 32nm node and will be
organized as follows:Section 2 is about 32nm possible

Fig.1 2006 ITRS Roadmap (From Ref.[1])
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Table 1 Design rules from 65nm to 32nm technology node
Tech node 65nm 45nm 32nm
AAL/S 80/100 60/80 45/55
GT L/S 60/120 40/100 35/65
CT L/S 90/110 60/80 40/60
M1l L/S 90/90 60/80 45/55

lithography solutions (i.e. double patterning) ;in Sec-
tion 3,hybrid orientation bulk substrate,fabricated by
DSB method, will be reviewed;for Section 4 ,different
MHK gate stacks and mechanisms for flat band volt-
age (V) roll-off™* ) will be introduced;in Section
5.different stress enhancement methods will be stat-
ed,but with more focus on SiGe;Section 6 will discuss
potential techniques used for USJ; In Section 7, new
metallization technology for MOL and BEOL will be
introduced; ULK integration will be introduced in
Section 8;Conclusions are in Section 9.

2 Possible lithography solutions for 32nm
node-double patterning

Design rules for some critical layers at 32nm node
are listed in Table 1, where the pitch is 100nm, L
means the length of the feature,and S is the space be-
tween features. By applying these design rules, one
SRAM unit cell size could be as small as 0. 125,m".
Possible lithography solutions for this small pitch
have been studied since dry 193nm lithography be-
came relatively mature several years ago'®’ . Currently
there are five basic lithography horses running for the
mass production race: (1) EUV lithography; (2) im-
mersion DP (double patterning); (3) SP/DP; (4) E-
beam technology; and (5) High refractive flux im-
mersion. In the view of 32nm node manufacturing,the
two most promising approaches are EUV and immer-
sion DP. Extreme ultraviolet lithography (EUV) was
believed to be one of them,since the resolution (R) is
determined by
A
NA
where A is the wavelength, NA is the numerical aper-
ture,and k,; is the measure for system capability. For
EUV., is ~13. 5nm,so the resolution requirement for
32nm node can be met. However, its progress is far
behind schedule,and its timely delivery is under seri-
ous question right now. ArF (1=~ 193nm) immersion
lithography with water-based 1. 35NA was introduced
at 45nm node. At this high NA and with state of art
k1=0. 35 (the physical limit for single exposure k;=

B =k = (D

0.25)"), the 50nm resolution requirement for 32nm
node was barely reached, but no practical process win-
dow was left. Thus, using high-index immersion li-

thography with achievable 1. 55NA is also under seri-
ous examination. Right now,lots of work about corre-
sponding photoresists ( PR) and lens materials still
need to be done, and even if these issues have been
taken care of., high-index immersion lithography is a
one-generation solution, and its extendibility to next
generation will be a problem. Thus, for 32nm node,
double patterning becomes a potential bridge between
lithography and
EUV. By sacrificing manufacturing throughput and
cost of ownership (CoO) ,double patterning could ef-
fectively reduce k;, by half, and requirements for

standard water-based immersion

32nm node will all be met. Basically, double pattern-
ing splits a pattern into two separate, less dense pat-
terns. Some problems come after this pattern split-
ting, including overlay and overlay-affected CD".
For double patterning at 32nm node, the overlay re-
quirement is somewhere between 1.5 and 3nm, about
10% of the CD.

Different schemes for double patterning have
been explored®*, including double exposure/double
ctch (as shown in Fig. 2(a)),single coat/single etch
(as shown in Fig. 2(b)), double coat/single etch (as
shown in Fig. 2 (¢)), and spacer self-aligned double
patterning (as shown in Fig. 2(d)). Not all of these
four are plausible right now. For schemes shown in
Figs. 2(b) and 2(c),introduction of new materials is
the key concern. The scheme shown in Fig. 2(b) needs
a memory-free photoresist, and the scheme shown in
Fig. 2(c) needs a photoresist with freezing ability, but
these materials are still at research status. The scheme
shown in Fig. 2 (a) is widely known, but suffers a
large number of process steps (two masks, two expo-
sures,and two etches) and high cost. The spacer self-
aligned double patterning scheme,shown in Fig. 2(d) ,
is another mature manufacturing scheme, with compa-
rable cost to the one shown in Fig. 2 (a). Based on
available information, the scheme shown in Fig. 2(a)
could be the most promising candidate for double pat-
terning lithography application.

3 DSB hybrid orientation bulk substrate

Holes and electrons are known to have the high-
est mobility on (110) and (100) silicon, respective-
ly**' /It is highly desirable to have a hybrid orienta-
tion bulk substrate such that each type of carrier has
the most optimized crystal orientation to achieve the
highest mobility. For 32nm node, such a substrate
might be needed to compensate for other stress tech-
nologies’ performance degradation due to the aggres-
sive pitch scaling. A hybrid orientation technology
using direct silicon bonding (DSB) for bulk CMOS is
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Fig.2 Different schemes of double patterning (From Ref.[4])
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(a) Double exposure/double etch; (b) Single

coat/single etch; (¢) Double coat/single etch; (d) Spacer self-aligned double patterning

demonstrated™®” . DSB substrate is prepared by direct-
ly bonding a Si film onto a Si substrate with a differ-
ent crystal orientation. The fabrication process® is
shown in Fig. 3. For now, a structure of a (110) Si
film on (100) Si substrate is explored. A cross-section
TEM picture with high shown in

Fig. 4", from which we can see that great interfacial

resolution 1is

quality is achieved.

(110) Si + (100) Si
(a)
(110)si | Bonding
_ interface (110) Si
100 si | (100) Si
(b) ©

Fig.3 DSB hybrid orientation bulk substrate (a) (110) bonded
wafer and (100) substrate wafer; (b) Direct bonding of the two wa-
fers; (¢) Removal of the (110) Si substrate (From Ref.[7])

Fig.4 TEM picture for DSB hybrid orientation bulk substrate
(From Ref.[7])

There exist two integration schemes for the ap-
plication of DSB technology'®™®'; the first is to finish
crystal orientation conversion by solid phase epitaxy
(SPE) before the shallow-trench-isolation (STI),
which is named SPE-before-STI, as shown in Fig. 5;
the second is to form STI before orientation conver-
sion by SPE, which is named STI-before-SPE, as
shown in Fig. 6. For SPE-before-STI, during the SPE
process, defective regions will form between the
(110> and (100) regions, as demonstrated in Fig. 7
(a).The size of the defective regions are strongly de-
pendent on the bonded film thickness,which is a criti-
cal knob for device performance control*'. These de-
fect regions could be removed by following STI in a
self-aligned process,as demonstrated in Fig. 7(b). For

T

(110) (110)
LA 4 YV VY
p-well  n-well  p-well p-well n-well  p-well
Handle wafer p-Si(100) Handle wafer p-Si(100)
(a) (b)
nFET pFET nFET

| (110) |
p-well  n-well  p-well
Handle wafer p-Si(100) Handle wafer p-Si(100)
(© (d)

Fig.5 SPE-before-STI (From Ref.[8]) (a) Mask pFET re-
gions; (b) Amorphize nFET regions; (¢) nFET regions conver-
sion to (100) by SPE;(d) STI formation
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Fig.6 STI-before-SPE (From Ref.[8])
(b) Amorphize nFET regions; (¢) nFET regions conversion to
(100) by SPE;(d) Process flow continues

nFET pFET  nFET

Handle wafer p-Si(100)
(d)

(a) STI formation;

STI-before SPE. defects could also form at the STI
trench edge, as shown in Fig. 7(c), but these defects
can be eliminated by changing the notch orientation
between the bonded film and corresponding sub-
strate'® . By optimizing the DSB technology process.,
DSB hybrid orientation substrate could be very effec-
tive for mobility enhancement,and also all 32nm node
ground rules can be met™® .

4 Metal/high-k gate stacks

With the technology node proceeding, further
gate oxide scaling cannot meet the tunneling leakage
requirement, although corresponding terminal volta-
ges are also lowered. In order to meet the gate leakage
requirement, from 45nm node, high-k materials have
been introduced without
thickness. Using high-k , we could have continuous e-
quivalent oxide thickness (EOT) scaling, but with

compromising electrical

thicker dielectrics physical thickness ( T, ). This is
due to the fact that the EOT of a dielectric is inverse-

ly proportional to its dielectric constant™*’ .
Defects  Defects
(110) I(110) I
p-well n-well p-well | = p-well ™ [ o well
Handle wafer p-Si(001) Handle wafer p-Si(001)
(a) (b)

Defects Defects

(111)
p-well n-well
Handle wafer p-Si

©

(111)
p-well

Fig.7 (a), (b) Defect regions removal using STI in SPE-
before-STI scheme; (¢) Defects formation in STI-before-SPE
scheme (From Ref.[9])
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High-k & PDA (500~700C)

Metal deposition

Metal CMP

2nd PMD

Fig.8 Gate last process flow for MHK gate stack (From Ref.
[26])

EOT = (=2

)T s (2)

€high-k
where epgni s the high-k permittivity,and eso, is the
SiO, permittivity.eSio2 is much smaller than ey« - thus
Thignx 1s much thicker and a reduction of gate leakage
current is achieved. Hafnium-based dielectric (HfO, ,
k =25; HfSiO/HfSiON, k = 15) is the most promising
high-k candidate. Regardless of the possibility that
32nm low power may not adopt MHK technology for
manufacturing,there is almost no doubt that 32nm ge-
neric technology needs MHK inevitably for gate leak-
age reduction. For 32nm node, high-k gate dielectrics
with k >20 is necessary for EOT continuous scaling
<20. 9nm'*

Thermal stability is always a concern for the
MHK gate stack'®’. In order to take care of this con-
cern,a gate last process is employed where MHK dep-
osition is done after S/D activation anneals such that
MHK is not exposed to high temperatures. Sony, as
shown in Fig. 8, proposed a typical flow for this gate
last process'®!, where SiGe S/D is also integrated.
Corresponding MHK schematic configurations are
shown in Fig. 9,where a HfO, /HfSi, /TiN/W stack is
used for nFET and a HfO,/TiN/W stack is used for
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TiN W HfSi, TiN done, and an interface dipole model was pro-
posed™® . In this model, metal gate WF on high-k
Silicide IO, (Pmn.crt.nignk ) 18 determined not only by intrinsic dipole
S/D induced shift CeAlinc) and extrinsic dipole induced
(100) sub. (100) or (110) sub. shift (eA§Yinc) at the high-k/SiO, interface but also
P g
(a) nFET (b) pFET . .
by the metal work function on SiO, ($y,.c.si0, ) » as fol-
Fig.9 Schematic diagrams for MHK gate stacks made from lows ™/,

gate last process flow (From Ref.[26]) (a) nFET gate stack

configuration; (b) pFET gate stack configuration

pFET. In this gate last process sequence, a standard
process up to 1lst PMD deposition and CMP is per-
formed. Then, the MHK gate trench is formed by
dummy gate removal. After the removal, an ALD-
HfO, layer is deposited,followed by a post-deposition
anneal (PDA) at 500 ~700C . Thereafter, metal gate
depositions are respectively done for nFET and
pFET.

By inserting the capping layer or other threshold
voltage ( V) (or flat-band voltage ( Vi, )) tuning
techniques'*'"* /', MHK gate stacks with high thermal
stability can be achieved using a conventional gate
first process flow* %!, A general gate first process
for making these MHK gate stacks is shown in
Fig. 10, which could enable us to have full flexibility
to fabricate different configurations of MHK gate
stacks. In this flow. after the formation of the 1st
hard mask on nFET,the 1st high-k and metal gate on
pFET can be removed by either dry or wet etching
methods dependent on gate material selections. Then,
the 2nd high-k and metal gate are deposited on
pFET. The 2nd hard mask is deposited and patterned
to remove the 2nd high-k and metal gate on nFET.
After the separation of high-k and metal gate on the
nFET and pFET regions, a poly cap layer is deposi-
ted,which is followed by a gate stack dry etch. There-
after,a normal process sequence will resume.

Usually, MHK gate stack configurations for
nFET and pFET are different. A stack of HfO, /0. 1~
2nm La or Mg containing cap layer/TiN/Poly-Si for
nFET"" and a stack of HfSiO/AIN cap layer/Poly-Si
for pFET"* were reported by IBM. Similarly, SE-
MATECH proposed a HfTiSiON'*' ( or HfLa-
SiON") /metal stack for nFET and a HfSiO/MAIN
(M = Ta, Ti, Mo, W)™ stack for pFET. The reason
for different gate stack configurations is not only to
get thermal stability, but also to get different band
edge (BE) work functions (WF) for nFET (WF ~
4eV) and pFET (WF~5. 2e V)% respectively, such
that V (or Vy,) for each type of MOSFET could be at
a rcasonable value. In order to have an appropriate V,
(or Vy,) design,a thorough understanding of the Vi,
shift is strongly required. A lot of work has been

¢m.cff<high-k = ¢m.cff.SiOZ + eAidr;}gl“cSic + eAg)i(;()gl‘;Sic (2)
where the values for eAln™ and eAgme™ could be ei-
ther positive or negative. The sign is determined by
the dipole pointing direction. If the dipole points to
high-k ,the sign for the shift is negative, because it is
similar to putting some electrons into the Fermi Sea.
Thus,the Fermi level is raised. If the dipole points to
SiO; , the opposite will happen. The value for an in-
trinsic dipole is determined by the MHK gate stack
material selections. For example, if Al,O,/HfO, is
used as high-k ,the intrinsic dipole will point to SiO, ,
and a positive shift will be expected, but if Y,0s/
HfO, is used as high-k ,the intrinsic dipole will point
to high-k,and a negative shift will be expected. Ex-
trinsic dipole value is related to oxygen vacancy gen-
eration at different situations, including different
annealing conditions. A schematic band diagram un-
derstanding for this model is shown in Fig. 11. This
figure shows that by setting the values of intrinsic and
extrinsic dipoles properly, ¢, cir.nignx could be tuned to
the target value. Although this model explains most
cases for Vy, roll-off in MHK gate stacks, there are
some exceptions in which Fermi level pinning at the
metal gate and high-k interface need to be taken into
account.

S  Different carrier mobility enhance-
ment technologies

Starting from 45nm technology node, different
stress technologies for mobility enhancement have
been widely employed. Various stress silicon technolo-
gies have been developed from 90nm technology node
since 2001'%'%1-#~3] = The mobility improvement
budgets with different kinds of stress technologies are
compared in Table 2. Of all the available stress tech-
nologies, the most effective mobility enhancement for
pMOS is selective epi-growth (SEG) SiGe S/D. Since
the data in the table is from 65/45nm, we are aware
that some mobility enhancement may be even better
in 32nm node as the critical size shrinks down.

For the stress liner technique, the improvement
of the device performance is determined by the liner
stress level, thickness of the liner,and liner proximity
to the channel. By using DSL,the device performance
for nFET and pFET can be improved together. A
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Poly-Si capping

Fig.10 A general gate first process flow(From Ref.[28]) (1) 1st metal gate and high-k deposition; (2) 1st hard
mask formation;(3) 1st metal gate and high-k removal on PFET regions; (4) 2nd metal gate and high-k deposi-
tion; (5) 2nd hard mask deposition and patterning; (6) 2nd metal gate and high-k selective removal; (7) Hard mask
removal; (8) MHK gate stack formation

SiO,
Sio, J
™\
Y,0,/HfO,
AlLO,/HfO,
. 1
PR T — g S (2) Negative shift
L v ¢ due to "extrinsic dipole"
(2) Negative shift -
due to "extrinsic dipole" ?
l = ideal E, — presees  idleal
i
(1) Negative shift

(1) Positive shift
due to "intrinsic dipole"

due to "intrinsic dipole"

(a) (®)

Fig.11 V,/Vy, tuning mechanism schematic understanding (From Ref.[19]) (a) Configuration for negative
extrinsic dipole and positive intrinsic dipole at high-k/SiO, interface; (b) Configuration for negative extrinsic di-
pole and negative intrinsic dipole at high-k/SiO, interface

schematic demonstration for DSL is shown in Fig. 12  stress technique for nFET performance improve-
(a)"*', where a tensile nitride liner is used for nFET  ment"*). The process flow for SMT is schematically
and a compressive liner is used for pFET. In Fig. 12  demonstrated in Fig. 13. After nFET poly pre-amor-
(b);a schematic diagram for SPT is shown. This fig-  phization implantation (PAI), a high tensile (>
ure shows that stress liners are deposited after the re- 1. 5GPa) nitride liner is deposited,as shown in Fig. 13

moval of the spacer 2. By doing so, the liners become Spacer 1 Spacer 1
Spacer 2

Compressive
nitride liner

more proximate to the channel, and more stress can Spacer 2

be introduced into the channel, further enhancing the
device performance'’’ . For pFET with SPT,drive cur-
rent improvements of 20% for isolated and 28% for
nested devices are reported. SMT is another advanced

(a)
Spacer 1 Spacer 1

Table 2 Comparison of improvement budget among some stress Tensile Compressive
nitride nitride liner
technologies liner
nMOS PMOS
Stress memorization technique 7% ~15% none
Single tensile nitride layer 10% ~19% none
Dual stress liner 10% ~11% 18% ~20% (b)
Stress proximity technique none 20% Fig.12 (a) Schematic diagram for DSL; (b) Schematic dia-
eSiGe none 20% ~65% gram for SPT with DSL (From Ref.[2])
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Fig.13 Schematic process flow demonstration for SMT (From
Ref.[3]
and pFET; (b) Selective removal of stress liner on pFET; (¢c) After

(a) High tensile stress liner deposition on both nFET
S/D activation anneal,remove stress liner left on nFET

(a).In order to alleviate the stress induced perform-
ance degradation on pFET, the tensile stress liner on
pFET is selectively removed,as shown in Fig. 13(b).
After S/D activation anneal, the stress liner on nFET
is also stripped,as shown in Fig. 13(c), but after this
activation anneal process, the stress is already trans-
ferred and memorized in the channel. As reported,
more than a 15% current drivability improvement for
nFET can be achieved using SMT.

There are some other stress improvement tech-
niques,such as STI and PMD (pre-metal dielectric)
gap-fill processes™ "
high-density plasma chemical vapor deposition (HDP-
CVD) is used for STI and PMD gap-fill. However, as
geometries scale to 45nm and 32nm nodes, gap-fill

. Right now, for 65nm node,

process becomes more challenging due to the inherent
high aspect ratio (AR) for STI and PMD. Thus, a
high AR gap-fill process (HARP) is proposed. HARP
could provide void-free gap-fill for STI < 30nm (>
10 : 1 AR) and PMD<{10nm (>6 : 1 AR),which can
meet the requirements for 32nm node. But for STI
gap-fill, HARP is strongly dependent on the profile of
an RIE etched STI trench,and it is required that the
STI sidewall slope should be > 87" and no double
slope exists. The gap-fill film used for HARP is sub-
atmospheric chemical vapour deposition (SACVD)
oxide, which is O;/TEOS based. HARP film, in na-
ture,is tensile (for as deposited film, the stress level
~ 200MPa)™ . Due the two-dimensional stress geom-

etry effects™"”

,the device performance for both nFET
and pFET could be enhanced at the same time. It is

reported that compared with HDP-CVD STI and

T ST, &
Fig.14 TEM picture for shape SiGe S/D (From Ref.[44])

PMD gap-fill. HARP gap-fill for STI and PMD can
enhance drive current 11% and 18% for nFET and

99401 " One additional benefit for

pFET, respectively
this HARP process is that it is plasma free, thus the
damage to the underlying films is minimized.

SiGe S/D is an effective way to introduce com-
pressive uni-axial strain into the channel for
pFETMS1441:42] " Eor 32nm node, this technique will
continue to be employed. The profile of SiGe S/D will
strongly affect the strain level introduced into the
channel™® 44 SiGe S/D with shape has been re-
ported**). A cross-section TEM picture for this 3
shape SiGe S/D is shown in Fig. 14. This shape is real-
ized using RIE recess etching first,as shown in Fig. 15
(a), then Si implantation is employed to amorphize
the recessed bottom,as shown in Fig. 15(b) . Thereaft-
er, the wet etching method with strong selectivity
along the (111) Si crystal plane is used, thus > shape
SiGe S/D is formed. For 32nm technology node, more
strain in the channel is needed. It is likely that X
shape SiGe S/D cannot fulfill this requirement, so a
two-step like SiGe S/D profile is proposed''*. Fig-
ure 16 is a cross-section TEM picture for such a SiGe
S/D profile. The process flow to make such a two-step
like SiGe S/D profile is shown in Fig. 17,from which
it can be seen that after the offset spacer,a shallower
step is first formed, then, with the help of a dummy
spacer,a deeper step is formed. Using this two-step
like SiGe S/D profile,a 100% drive current improve-
ment for pFET was reported-*!.

Although the SiGe S/D profile is a critical factor
in control,the Si,-, Ge, SEG process is also very im-
portant™*J . Ge composition, x, can be controlled
during this growth process. Normally for 45nm node,
x is around 0.25, but for 32nm node, an x value
around 0. 3 seems necessary,since a greater x intro-
duces more strain into the channel. Generally,a SiGe/
Si heterostructure is at a metastable state and tends to
relax itself during heat treatment by forming defects
in the form of misfit dislocations, stacking faults,and
so on. These defects could exist in SiGe S/D or at the
SiGe/Si substrate interface. These defects could incur
detrimental problems,such as enhancing dopant diffu-
sion,degrading current drivability due to strain relax-
ation,and so on. Thus,a high quality SEG SiGe layer



1644 SR S NI %29 %
RIE recess etch
Gate formation
Y Halo implant
Poly Offset spacer SiN
SDE recess RIE=~ A
() Si Dummy sidewall
S/D recess RIE \
Dummy sidewall strip
¥ In oped SiG
S n situ B doped SiGe
Spike RTA
l l l l l l }} l l l l l l Spacer formation
A
Ni SALICIDE
Fig.17 Process flow for fabricating two-step like SiGe S/D
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Wet etch

[/W/l///]

111 facets

(a) RIE recess
etch; (b) Implantation to amorphize recessed bottom; (¢c) Wet

Fig.15 = shape SiGe S/D formation process

etching method with strong selectivity along (111) crystal plane
used

is necessary to minimize these defects and improve
the introduced strain in the channel. This can be real-

Fig.16 TEM picture for two-step like SiGe S/D (From Ref.
[14D

(From Ref.[14])

ized by taking care of a few points. One of them is in
situ low temperature wet pre-cleaning, using diluted
HF before SiGe SEG'®'. This pre-cleaning removes
interfacial impurities such as O and C,and could also
recover the plasma damage induced by RIE. The qual-
ity of the SEG SiGe layer is also dependent on the re-
cessed shape,specifically the recessed crystal plane. It
was reported that SiGe epitaxial morphology is de-
graded on Si (110) substrate, but significantly im-
proved on (100) substrate'*® . Good selectivity control
of the epitaxial growth process is another aspect that
needs to be taken care of. Optimizing the flow rate of
HCI, which is used in the growth process,could ensure
this selectivity.*® One more thing that could be con-
trolled during this SiGe SEG process is the Ge profile
in SiGe S/D. This could be realized by changing the
Ge containing precursor flow ratio,and it is reported
that a graded Ge composition in SiGe S/D with an op-
timized Ge profile could introduce more strain into
the channel,and an extra 15% drive current enhance-
ment over a non-graded SiGe S/D was reported-'" .
One more benefit for this kind of graded Ge profile is
to inhibit dopant diffusion and provide a broader heat
process window'"®. Another thing could be taken care
of during this epi growth process is germanosili-
cide'®’ . Usually a sacrificial Si only cap layer on top
of SiGe is used to suppress Ge out diffusion during the
silicidation process, and this cap layer could be real-
ized by in situ growth right after SiGe growth. In a
word,successful SiGe SEG control is the decisive fac-
tor for whether this stress technique is effective or
not.

Another potential application for SiGe is for
nFET,which is called reverse embedded SiGe (Rev.e-
SiGe)™ . A TEM demonstration picture for this
structure is shown in Fig. 18. The SiGe island is com-
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Fig.18 TEM picture for nFET with Rev. e-SiGe (From Ref.

[51]) Region 1 is Sisregion 2 is SiGe.

pressively embedded under the Si channel, and the
channel,thus, will be under tensile strain. The strain
level in the channel is modulated by a few parame-
ters™’,such as the thickness of the Si channel and the
thickness and width of the SiGe island. The fabrica-
tion process for this Rev.e-SiGe is schematically dem-
onstrated in Fig. 19. As shown in Fig. 19(a) ,substrate
with epitaxial SiGe/Si is first prepared, and then,
STI, gate patterning, and spacer formation follow, as
shown in Fig. 19(b). Figure 19(c) shows RIE etched
S/D regions, which are followed by Si SEG,as shown
in Fig. 19 (d). nFET performance with this Rev. e-
SiGe can be greatly improved, with 40% mobility en-
hancement and 15% drive current improvement-""" .
For 32nm node,in order to maintain the necessa-
ry strain level in the channel, other methods need to
be incorporated, including SiC S/D"*' for nFET. A
straightforward approach to fabricate SiC S/D is to
use RIE to recess S/D.,and thereafter, SiC gas-phase
SEG follows. Similar to SiGe S/D, the SiC SEG
process is also very critical. The process flow is dem-
onstrated in Fig. 20. Another approach is to directly
dope S/D regions using the cluster ion implantation
technique or the PAI integrated C implantation tech-
nique''?’. The cluster ion implantation technique gets
its name from the new implantation species it uses.

Fig.19 Fabrication process for nFET with Rev. e-SiGe (From
Ref.[51]) (a) Epitaxial SiGe/Si growth; (b) STI formation,
gate patterning and spacer formation;(¢) S/D RIE;(d) Si SEG

Fig.20 SiC S/D formation using SEG (From Ref.[13]) (a)
nMOS substrate; (b) S/D RIE; (¢) SiC S/D SEG

These species are in the form of a large ion cluster.
Usually,they are B;s Hy,» C;H; . and so on. After the
implantation process, solid phase epitaxial growth
(SPE) follows. The process flow is shown in Fig. 21.
For SiC S/D,even a relatively small C concentration
(1~2at%) at substitutional sites can induce a high
stress level in the channel, ~ 0. 7GPa.

6 Ultra-shallow junction (USJ)

With the scaling of the entire transistor,the S/D
junction will also become shallower. For 32nm tech-
nology node, the USJ depth, X;, should be in the
range of 12~15nm with sheet resistance (R,) <1kQ/
[]"°". Usually, a shallow junction is achieved by low
energy and high current implantation with Si or Ge
PAI. Additional carbon implantation is also frequent-
ly used to get USJ,which could change the Si material
properties such that dopant diffusion during subse-
21 However, low
energy USJ implantation will lower the manufactur-
ing throughput. In order to compensate for this, the
cluster ion implantation technique may be used. Due
to the large size of the species used in cluster ion im-
plantation, the implantation process is seclf-amor-
phized, and thus, no more PAI is needed. Further-

quent anneal steps could slow down

more, much higher energy could be used during this

Cluster I/I;PAI,doping I/1,C 1/1
SPE anneal

Fig.21 SiC S/D formation by SPE using cluster ion implanta-
tion or PAI integrated implantation technique (From Ref.[13])
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cluster ion implantation process. Taking these into ac-
count, the cluster ion implantation technique could
enable us to have higher productivity and a broader
process window.

For 32nm node,in order to meet the USJ require-
ments, not only new implantation techniques will be
used, but also new anneal techniques (laser anneal and
flash anneal) will be employed. These anneals are also
called millisecond anneals,and their peak temperature
is in the range 1300 ~ 1400C, which is Si sub-melt
temperature. Although they are called millisecond an-
neals, the peak temperature dwell time could range
from milliseconds to nanoseconds. For 32nm node, the
peak temperature dwell time is likely to be in the mi-
crosecond range. By using millisecond anneal tech-
niques,dopant diffusion will be suppressed.,but the ac-
tivation rate will be dramatically increased. Millisec-
ond anneal compatibility with an MHK gate stack was
also studied™"'. Good MHK gate stack reliability was
achieved, but the carrier mobility was still degraded
by the anneal due to the interface defects generation.
The degradation could be recovered by an optimized
post-metallization anneal. The compatibility of milli-
second anneal with SiGe S/D was also studied™ . It
was reported that relaxation-free SiGe after millisec-
ond anneal was preserved, and a 10% drive current
increment was achieved.

Si recess (Si loss) under S/D extensions can
change the USJ profile and, thus, increase the exten-
sion resistance and degrade the device performance.
The recess could occur during some process steps,such
as wet or dry cleans, photoresist strip, activation an-
neals, and so on. For 32nm node, Si loss per step
should be smaller than 0.03nm"* . In order to achieve
this, low temperature and low concentration chemi-
cals should be used for wet cleans, and photoresist
stripping with non-fluorine plasma chemistries is also
necessary.

7 New metallization technology for MOL

and BEOL

Interconnect technology has played an important
role for continuous scaling of CMOS-based microelec-
tronics products. For 32nm node, the contact stud di-
ameter is expected to be between 40 and 50nm" . In
this case,if W is still used as the filling material for
contact studs,the stud resistance is expected to double
the number of 45nm node. Replacing W with copper
is believed to reduce the mean resistance. However,
compared with other external device resistances, the
impact of switching to Cu is expected to be less than
3% . Electroplated rhodium (Rh) is proposed as an-

¥ i % 29 %
Fig.22 Cross-sectional SEM picture for W plug (From Ref.
[56 )

other solution for replacing W contact studs™™’. At
32nm node, it is difficult for the traditional CVD W
filling process to fill the vias with high AR (diameter
~ 40nm, height ~ 240nm) because center voids and
seams will form,as shown in Fig. 22. Electroplating of
Rh has similar super-conformal filling capability for
nanometer sized features with high AR as Cu. Figure
23 is the TEM picture for void-free electroplated Rh
filled vias. The successful fill for this aggressive di-
mension demonstrates the extendibility of the Rh fill
process to 32nm node or even beyond. Another main
advantage of using Rh as a fill material is that Rh
does not diffuse in Si,and therefore,no thick liner is
needed. PVD TaN or Ti with an ALD ruthenium
(Ru) seed layer could be used as the liner™. Al-
though Rh has a higher resistance than Cu,but a low-
er resistance than W, the low resistance of the Cu
filled contact stud will be offset by the necessarily
thick and robust liner stack. Using optimized annea-
ling conditions, the contact stud resistance using Rh
could be reduced to 1.5 or 3X lower™’ than current
CVD W contact studs. However, Rh is a noble metal
with exceptional chemical resistance. Thus, the devel-
opment of the CMP process, with aggressive abrasives

Annealed

40nm

20_nm

Fig.23 Cross-sectional TEM picture for electroplated Rh plug
(From Ref.[56])
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(b) Void growth rate comparison for different liners (From
Ref.[57])

(a) EM test data for baseline liner and Ru liner ones;

and oxidizers,is the key challenge for the integration
of Rh.

Electroplated Cu with a PVD TaN/Ta liner and a
Cu seed layer has been successfully implemented in
many BEOL schemes for years. With the scaling of
the technology nodes, scaling of the thickness of the
liner and the seed layer is also required to maximize
Cu volume and reduce corresponding resistance. At
this point, Ru was proposed as a promising substitute
liner material for BEOL Cu integration'**"'. Cu has
good adhesion to Ru, and the Ru-Cu system is ther-
mally stable and reported to be immiscible and also
has lower resistance. It was reported that using an
ALD TaN/ ALD Ru liner (followed by a PVD Cu
seed layer or other options) ,thinner liner thickness is
needed and more room for Cu could be spared.and a
4% performance gain is achieved™® . Electromigration
(EM) and stress-induced voids (SIV) test results for
the PVD TaN/ CVD Ru liner, compared with PVD
TaN/Ta baseline liner control, are shown in Figs. 24
(a) and 24(b) , which indicate that good reliability for
the Ru liner could be achieved.

At 32nm node,due to the increase of the current
density, narrow Cu line reliability performance will
become a key concern™® . In order to enhance the EM
performance, self-aligned barriers (SAB) on top of
Cu lines are proposed as an effective solution for
32nm node or even beyond™ ®’'. Cu line surface

Dense capping layer 0

Fig.25 (a) Post-CMP Cu metal level; (b) CuO removal and
surface activation; (¢) Si riched precursor; (d) NH; plasma
treatment (From Ref.[60])

treatments and selective deposition on top of Cu lines
are the two distinguished SAB approaches. The Cu
surface treatment or modification approach (referred
as the CuSiN process) is developed for its direct com-
patibility with existing PE-CVD processes. The inte-
gration process for this approach is shown in
Fig. 25" . First. native Cu oxide is removed and the
surface is activated using H,-based cleaning plasma,as
shown in Fig. 25(b). Second, Cu silicidation using Si-
based precursor is performed,as shown in Fig. 25(c).
Finally, nitridation with NH; plasma is done to
achieve the CuSiN SAB.as shown in Fig. 25(d). This
final nitridation step is very important,since it could
not only reduce further Si diffusion into copper under
thermal or electrical stress, but also increase the
CuSiN barrier efficiency against Cu diffusion and oxi-
dation. There are two ways to realize the approach of
SAB selective deposition on top of the Cu line, and
the general process flow for these two ways is shown
in Fig. 26"/, One way is the W-CVD process. for
which deposition selectivity is the main concern. The
other way is to use Co-based ternary compound alloys
(c. g. CoWP, CoWB. CoWPB, etc.). This electroless
deposition process also consists of Cu oxide removal
and Cu surface activation,as shown in Fig. 26(a) . This
surface activation is done by a seed solution immer-
sion. This solution is Pd rich. Pd will undergo an ex-
change reaction with oxidized Cu sites, thus more Cu
is recessed. After seeding with Pd,the CoWP capping
layer could be applied by an electroless immersion

(b)

Fig.26 (a) CuO removal and surface activation; (b) SAB dep-
osition (From Ref.[60])
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Fig.27 EM test for different capping layers (From Ref.[62])

bath. CoWP nodules will nucleate on the Pd seed and
the barrier grows auto-catalytically. The deposition
rate, compound composition, and uniformity are de-
pendent on solution parameters. Using these SAB
capping layers, the adhesion between the interface
and Cu line is strengthened, thus the EM performance
is enhanced. as shown in Fig. 27"°"). However, the
stress-migration (SM) could act differently,as shown
in Fig. 28" . From this figure.it can be seen that for
the CuSi, capping layer, the SM failure rate could be
as high as 18% , while the CoWP capping layer sup-
presses the SM failure rate. Thus, optimization of the
SAB capping layer chemistry is necessary.

8 Ultra low-k integration

Device dimension shrinkage at each generation
will raise many challenges, such as interconnect RC
delay and power consumption. Device performance
requirements continue to drive the needs for new BE-
OL materials and processes. For 32nm CMOS manu-
facturing in BEOL , the first challenge is how to fabri-
cate the ultra low k (k<C2.5) dielectrics and lower k
dielectric barriers®’. The second is how to make
thinner low resistivity Cu barriers and more confor-
mal seeds with faster gap-fill plating chemistries. The
third challenge is how to cope with low pressure and
shear force CMP with low defect slurries and post-
CMP cleans. Regarding these issues,some R&D work
has been carried on in the following areas: mechani-

20
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215 —&— CuSi cap
2 —e— SiCN
E 10 w
=
[y
s 5
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0 1 1 E 1
0 1 2 3 4

Bottom metal width/um

Fig.28 SM test for different capping layers (From Ref.[62])

cally robust porous ELK materials; low k dielectric
barriers or self-aligned barriers; iALD barriers and
seeds;faster and void-free Cu fills and plates on high-
ly resistive seeds; and low damage CMPs with low
defectivity post-CMP cleaning. All these process de-
velopments are based on process uniformity and re-
peatability to ensure the future scaling for manufac-
turing™®’ .

For 32nm node, the bulk dielectric constant k
should be in the range of 2. 1 ~ 2. 4,and the effective
dielectric constant k. should be in the range of 2. 5~
2. 8 after integration'’. There are many ways to pro-
duce such ultra low-k materials. One way is to use
porous organic spin-on dielectrics (SOD)"*®1 But the
main approach is to use plasma enhanced chemical va-
por deposition (PECVD) porogen SiOCH'*%". The
first step of this approach is to co-deposit two precur-
sors in plasma:a matrix precursor (to generate the Si-
OCH skeleton) and a porogen precursor (to generate
an organic sacrificial phase). The second step is UV
assisted post-treatment in a separate chamber to re-
move the sacrificial inclusions and generate the poros-
ity. The porosity can be tuned by the porogen amount
loaded into the co-deposited hybrid film. The UV
post-treatment (or cure) needs to be optimized to ob-
tain good balance between porosity (limited film
shrinkage) and skeleton mechanical properties. UV
cure could increase Si-O chemical bonds and reduce
Si-H/Si-CH; bonds in low-k film"**%!, Without degra-
dation of low k value, the film elastic modulus (E)
will increase with the increment of Si—O bonds. Ac-
tually, not only a UV cure was proposed for low-k
film property improvement, but laser spike anneal and
electron beam (EB) cure'™ were also proposed as po-
tential solutions. The reason for selecting UV cure is
due to its simplicity, less damage, and lower cost.
Properties of two ULK (k =2.5 and k = 2.3) made
from this UV cure approach are summarized in Table
3.

There are many integration schemes. One of
them is the single damascene (SD) scheme, but the
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Fig.29 Different DD integration schemes (From Ref.[66])

flow; (c) Flow for via-fill hybrid ULK structure

most widely used is the dual damascene (DD) scheme
due to the advantages of fewer steps and lower cost.
Even for DD, there exist many different process se-
quences.including via first,trench first,and so on'®/.
A typical via first flow is shown in Fig. 29 (a), where
via forms before the trench. A typical trench first
flow with hard mask approach is shown in Fig. 29(b).
Using this hard mask approach, ULK resist poisoning
and PR ashing damage can be minimized. In this ap-
proach,the ULK could be either uniform or hybrid. A
hybrid ULK structure composed of Polyarylene ether
(PAr) and SiOC was reported® ™). The hard masks
used in this approach could be double or even triple
layers,and here,in the picture,only flow with double-
layer hard masks is shown. Another approach with a
via-filled hybrid ULK structure is shown in Fig. 29
(c).In this approach,via in dense low-k forms first,
and the trench forms after SOD deposition.

During ULK patterning or metal barrier pre-
cleaning, properties of the sidewall and top ULK in
the range of a few nanometers from the surface will
be modified. Depending on low-k properties, some
modification can have carbon depleted at the surface,

)I%)  Thus, the surface will be-

as shown in Fig. 30 (a
come hydrophilic and ready to absorb moisture® .
This could lead to k value and reliability degradation.
But some modification could induce positive effects
on low-k surface,making it denser,and good reliabili-
ty could be achieved. This kind of modification can
serve as a pore sealing strategy. By optimizing this

sealing strategy,carbon depletion at the surface could

(a) Typical via first flow; (b) Typical trench first

be negligible, as shown in Fig. 30 (b). This sealing
modification can be realized at the last step of the
plasma process, by inserting some special gas,such as
CH,,NH; and He/H,'™ . Electron energy loss spec-
troscopy (EELS) analysis is used to study the sealing

800
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Fig. 30  TEM EELS of carbon depletion at sidewall (From
Ref.[66]) (a) Modification without pore sealing; (b) With

pore sealing
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effects,as shown in Fig. 31. Tantalum (Ta) penetra-
tion into low-k sidewalls is found for He/H, sealing
chemistry,but for CH, and NH; sealing, no penectra-
tion is found. The reliability results for CH, and NH;
sealing are also compared, as shown in Fig. 32. It is
found that CH, chemistry has better sealing effects
since it can increase carbon concentration in low-k
and preserve the hydrophobic property of low-k.
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Fig.32 Reliability results comparison for NH; and CH, (From

Ref.[74])
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Fig.33 Mechanism for ECMP (From Ref.[76])
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Some other plasma pore sealing technology using or-
ganosilane (OPT) was also reported,and perhaps bet-
ter results can be expected™’ .

For 32nm node, the requirements for Cu chemical
mechanical polishing process (CMP) on fragile ULK
become more stringent. In order to meet the stringent
design rules and compatibility with lithography depth
of focus (DOF) requirement, better topography with
a lower pressure process is necessary. The traditional
slurry approach will become more and more complex
in order to achieve a total planarization with dishing
and erosion below 20nm. An electrochemical mechan-
ical polishing process (ECMP) could be introduced at
this point as a potential solution"™* . ECMP uses an
applied electric field,instead of an oxidizer to change
metal copper to copper ions,as shown in Fig. 33/,
These ions will react with the agents on the electro-
lyte,and a passivation layer is created, which could be
removed at a very low pressure (0. 3psi). Right now,
the ECMP approach could provide direct polishing all
the way to the low-k barrier. AFM scanning results
for conventional slurry process (CONV) and ECMP
on features with different pitches (S1~S8) are shown
in Fig. 34. This figure shows that the erosion for EC-
MP is below 20nm on all features, while for CONV,
the erosion could be as high as 60nm. By employing
this new ECMP approach, not only can more process
windows for the lithography process be achieved, but
also lower sheet resistance can be achieved. However,
there are still some other challenges for ECMP appli-
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Fig.34 AFM scanning results for CONV and ECMP at differ-
ent features (From Ref.[75])
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cations in 32nm node for both economic reasons and
technical concerns about effective barrier layers re-
moval.

9 Conclusion: challenges from 45nm to
32nm node

Overall, 32nm node will continue to enjoy some
main technologies used in previous generations, such
as different kinds of strain engineering, although
some adjustments are needed. For liner stress technol-
ogy, liners with higher stress and thinner thickness
may be necessary due to the further pitch scaling of
3Z2nm node. For STI and PMD SACVD applications,
the HARP process will become much more difficult,
thus,the etched profile and gap-fill process need to be
optimized. For SiGe S/D,in order to maintain similar
strain level in the channel as 45nm node,S/D profile
optimization and Ge composition increment need ex-
tra care. Other stress enhancement technologies, such
as DSB hybrid orientation bulk substrate.SiC S/D and
Rev.e-SiGe, may be introduced for the first time at
32nm node. For USJ at 32nm node, millisecond anneal
will continue to be effective for dopant activation,al-
though more stringent requirements, such as peak
temperature dwell time, MHK gate stack reliability,
and so on, will be applied. The cluster ion implanta-
tion technique for USJ may also be newly introduced
to 32nm node. For MOL and BEOL, new metallization
technology,such as Rh and Ru, maybe employed for
the first time,and new ULK materials will be also in-
troduced.

The most fundamental changes made for the
transition from 45nm to 32nm node are the applica-
tion of immersion lithography double patterning and
the wide introduction of MHK gate stacks. Although
by 32nm node, lots of experience about immersion li-
thography will have been accumulated, many prob-
lems about double patterning,like overlay and CD re-
lated issues, will still be ahead. For 32nm low power
technology, the possibility of using soft plasma gate
oxide nitridation still exists due to the integration
process simplicity as well as for economic purposes. It
is believed that using MHK is inevitable for 32nm ge-
neric technology. For MHK gate stacks, until now,
different stack configurations have been reported.
However,no consensus on the gate stack material se-
lections has been acheived. Other problems related to
MHK gate stacks,such as V (or Vy,) roll-off, device
reliability,carrier mobility degradation and so on,are
still under serious study. It is believed that still more
efforts nced to be put into these two aspects.

From 45nm to 32nm technology node, there are

still many other challenges. Silicide to silicon contact
resistance is one of them. Due to the reduced contact
length, this contact resistance will increase. It is ex-
pected that a 4% performance penalty will be suf-
fered due to this interface resistance increase. One
possible solution for this is to use some new materials,
such as ErSi or YbSi®’ . Another possible solution is
to use dopant segregation implantation technology' ™’ .
Another concern for the contact stud is the gate to
stud capacitance as the pitch scales. A possible solu-
tion is gate height reduction"® . Although much work
needs to be done for the transition from 45nm to
32nm node,our confidence in timely 32nm node deliv-
ery has become stronger. Actually, realization of a
32nm low power foundry technology with 0.15,m?
6-T SRAM has been reported”’. A Bright future for
32nm node is before us. We should grasp opportunities
and meet the challenges. Aiming at factual demand
and doing research work systematically,we are to ac-
quire discovery and invention. The first 30 years of
the 21st century is an import transition period, partic-
ularly in China.
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