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Despite engineering and cost challenges, 32nm node 

IC manufacturing within reach

MATERIALS

There are no insurmountable obstacles 
foreseen for scaling high-volume manufacturing to the 32nm node for 
logic in 2009. Though this transition will primarily be an extension of 
45nm technology, significant challenges remain to be resolved. No disrup-
tive technologies such as new substrates, biaxial stress, or double gates 
will be needed; instead, 32nm will continue to use silicon, uniaxial stress, 
and planar transistors. The equipment industry can therefore focus on 
material innovations and manufacturability, particularly in the transistor 
region where most of the significant changes are occurring. New mate-
rials and integration methods will be needed to achieve a reliable and 
manufacturable 32nm node technology. 

E xecutiv e OVE RVIE W

T
he fourth generation of uniaxial stress inducing films on 
planar transistors (first generation introduced at the 90nm 
node) will debut with the 32nm logic technology node. 
Nitride stressors for both NMOS and PMOS devices should 

reach >3GPa compressive and over >2GPa tensile stress for blanket 
film depositions. 

Unique integration techniques would enable most of this stress 
to be transferred to the channel of the device [1,2]. Embedded 
silicon germanium in closer proximity to the channel with >30% 
Ge concentration is required to meet the performance needs of the 
PMOS devices [3,4].

The NMOS device most likely would not use embedded SiC 
processing, but employ recessed and raised silicon source/drain to 
overcome the external resistance issues resulting from the narrow 
dimensions of this technology node [5]. Strain needs to be integrated 
with the new high-k and metal gate stacks. 

This transition requires the introduction of a hafnium-based 
dielectric, replacement of a P+ poly with a metal of compatible work 
function and replacement of N+ poly with a metal of compatible 
work function.

Introducing strain in the silicon for performance gains is based on 
carrier mobility and the direction of the current flow in the channel 
of the device. The “longitudinal” and “transverse” components of the 
effective mass are modulated by the degree and method of inducing 
strain on the device channel:

	     1     2             4m* = [ — (——) + (——) ] 
-1

	    6    ml                mt 			 
(1)

Since electrons and holes respond differently to 
this strain, this presents different choices on how 
to best enhance the electron and hole mobility for 
the 32nm node generation. 

With the application of strain to silicon, the 
conduction band splits (degeneracy is removed). 
The difference in energy levels causes the repopu-
lation of electrons to the lower-energy sub-bands 
with low in-plane effective mass (in the case of 
tensile strain). Additionally, the back scattering 
of electrons is reduced giving a higher electron 
velocity, and electron lifetime increases due to this 

reduction of back scattering. As a result of these two factors, electron 
mobility is significantly improved. Also upon the application of strain, 
the valence band of silicon warps and degeneracy between light-hole 
and heavy-hole is removed. The majority of holes will now occupy the 
light-hole band (in the case of compressive strain). As a result of this 
factor, effective mass is reduced, thus hole mobility increases. 

Neither electron nor hole mobilities saturate with continuous 
increase of stress in the channel of the device up to the 32nm 
technology node [2]. Today, dielectrics with >1.5GPa tensile and 
>2.8GPa of compressive stress are routinely used at several steps 
in the process flow in high-volume manufacturing [1]. Combined 
with other stressors, the dielectrics introduce >1GPa of uniaxial 
compressive and tensile stress in the channel of MOSFETs. 

Dielectrics with >2GPa tensile and >3.5GPa of compressive stress 
will be introduced in the 32nm node and will continue to insert a 
significant amount of uniaxial stress to the channel of an NMOS 
and PMOS device, respectively. Stress films are used in a variety 
of processes such as STI, contact etch stop, pre-metal dielectrics, 
removable films for stress memorization techniques, spacers, and 
even salicidation (Table 1). 

State-of-the-art uniaxial strained silicon technologies in high-
volume manufacturing include significant breakthroughs in toolsets, 
unit-processes, and unique integration approaches. For 32nm, two 
integration methods are expected to induce strain in the channel 
of the planar devices: dual stress liner (DSL), which integrates 
compressive and tensile nitride films [1] combined with tensile 
stress induced through STI, PMD, and stress memorization, and 
embedded epitaxial films in the source/drain [2,3]. The epitaxial films 
include epitaxial SiGe processing with >30% Ge concentration in 
closer proximity to the channel for PMOS, while tensile stress and 
a recessed source/drain with raised silicon will be implemented for Reza Arghavani, Hichem M’saad, Applied Materials, Santa Clara, California USA
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TABLE 1.   Roadmap of stressors

Lithography node 45nm 32nm

Device Planar Planar

Gate length 35-45nm 25-30nm

Lithography method 193nm immersion lithography or 193nm dry 
lithography with double exposure/patterning

193nm immersion lithography with double 
exposure/patterning

Poly ½ pitch 80nm 55nm

STI width, AR 120nm, 2.2 110nm, 2.2

Contact ½ pitch 75nm 50-60nm

Spacer width 20nm 10-15nm

Polarity P N P N

Stress-inducing PECVD nitride  
Blanket film stress 
Stress transferred to the channel  
Mobility gain

Ion bombardment  
-3.2GPa 
-440MPa 

1.35x

Photon-assisted  
1.7GPa 
240MPa 

1.2x

Ion bombardment  
-3.5GPa 
-500MPa 

1.5x

In development  
2.2GPa 
280MPa 

1.3x

Source/drain heteroepitaxy  
Ge% (PMOS), C% (NMOS) 
Stress transferred to the channel  
Mobility gain

30% Ge 
-1.5GPa 

2.5x

N/A
35% Ge 
-1.7GPa 

2.7x

N/A

Tensile oxide (STI/PMD)  
Blanket film stress 
Stress transferred to the channel  
Mobility gain

N/A
200MPa 
100MPa 

1.1x

N/A
200MPa 
100MPa 

1.1x

Additivity (all stressors)  
Stress transferred to the channel 
Mobility gain

-1.9GPa 
3.4x

 
340MPa 

1.3x
>|-3.0GPa| 

~4.0x
380MPa 

1.4x

Other stressors N/A Stress memorization, sidewall 
spacer, source/drain silicide

N/A Stress memorization, sidewall 
spacer, source/drain silicide

NMOS. Figure 1 shows results for NMOS devices with high tensile 
nitride. Figure 2 shows a cross section SEM of a PMOS device with 
both high compressive nitride and embedded SiGe (eSiGe), illus-
trating the additivity concept [6].

Transistor parasitic resistances
Current material processes will transfer enough stress to the channel 
of a MOSFET device to increase electron and hole mobility and meet 
the 32nm node logic performance goals. The improved mobility gain 
will transfer into enhanced device performance, given that parasitic 
external resistances are minimized [4,5]. These external resistances 
are the result of junctions, salicidation, and contact processing. A 
variety of processes such as millisecond-annealing are being offered 
to address the external resistance.

For the 32nm node, the poly-silicon critical dimension (CD) will 
be ~30nm with a contacted-gate-pitch of ~120nm. Initial calculations 
and modeling show that the external resistance of the MOS device 
would match that of the channel resistance [5]. Figure 3 shows the 
components of the total external resistance. 

External resistance reduction starts with ultra-shallow junctions. 
Minimizing both the Schottky barrier height between silicide and 
silicon, as well as the contact resistance also help. PVD Ni(Pt) for metal 
deposition together with in-situ clean can significantly reduce the PMOS 
contact resistance. Low-resistance tungsten contact plugs are deposited 
with an integrated PVD/CVD liner/barrier followed by an integrated 
ALD/CVD tungsten nucleation and fill to extend tungsten contacts 
to 32nm node. Advanced anneal and raised source/drain epitaxial 
deposition techniques ensure ultra shallow junctions (Table 2).

Figure 1. NMOS transistor on-state current increases further with photon-assisted stress- 
inducing nitride layer.
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TABLE 2.   External resistance components and unit processes

RExternal 
Component

Process steps 45nm process 32nm process

PMOS NMOS PMOS NMOS

RC  
Contact plug 
resistance 

Pre-clean  
Liner/barrier 
Nucleation 

Fill

In-situ reactive dry 
PVD Ti/ MOCVD TiN 

ALD W 
CVD W

In-situ reactive dry  
PVD Ti/ MOCVD TiN 

ALD W 
CVD W

In-situ reactive dry  
PVD Ti/Low RC TiN 

ALD W 
CVD W

In-situ reactive dry  
PVD Ti/ Low RC TiN 

ALD W 
CVD W

RCSD   
Silicide to S/D 
contact resistance

Pre-clean 
Metal deposition 

Epi

In-situ reactive dry 
NiPt (5%) 

eSiGe (30%)

In-situ reactive dry
NiPt (5%)

In-situ reactive dry
NiPt (10%) 

eSiGe (35%)

In-situ reactive dry
NiPt (10%)

RS/D  
Deep S/D 
junction

 Epi eSiGe (30%)  N/A eSiGe (35%) Raised Si S/D

RSDE  
S/D extension 

 Implantation 
 Activation anneal 

 Epi

Beamline 
Spike anneal 
eSiGe (30%)

Beamline 
Spike anneal

Plasma immersion 
Millisecond anneal 

eSiGe (35%)

Plasma immersion 
Millisecond anneal 

Raised Si S/D

ROv Accumulation 
under gate overlap

 Implantation 
 Epi

Halo/tip implant 
eSiGe (30%)

Halo/tip implant Halo/tip implant 
eSiGe (35%)

Halo/tip implant

Source/drain

Silicide

Gate
Gate

dielectric Spacer

Contact
plug

Silicide Silicide

STI

RCSD

RC

RS/D
RSDE

Rov

Rchannel
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High-k and metal-gates
The industry is diverging in two different unique methods of 
integrating the gate stack for the first time [3,7]. One method features 
two different dielectrics and one electrode, the so-called dipole field 
method through a gate first integration. The other method uses 
two different metal work functions and one dielectric through a 
damascene integration.

The 90nm node technology saw the debut of the final scaled gate 
oxynitride at 1.2nm. Although this dielectric had a gate leakage 
>30A/cm2 at the desired operating voltages, the 65nm logic node 
continued with the identical gate stack [8]. To increase the thickness 
of the gate dielectric (and reduce gate leakage) with no capacitance 
penalty, oxynitride must be replaced with a higher dielectric constant 

material [8,9]. This is because the equivalent oxide thickness (EOT) 
of a dielectric is inversely proportional to its dielectric constant. 

High-k/metal-gate implementation requires three new materials 
(Fig. 4). The damascene integration requires a material with high 
dielectric constant for the dielectric, a metal whose work function 
is the same as poly NMOS (4.2eV) and another metal whose work 
function is the same as poly PMOS (5.2eV) [9]. The dipole field 
method requires a dielectric that can tune the Vth the same as poly 
NMOS [10], a dielectric that can tune the Vth the same as poly PMOS 
[11], and a mid-gap metal. 

Atomically smooth interfaces are essential in high-k and metal-
gate processing as most metal-based high-k dielectric materials such 

Figure 2. For a 90nm node PMOS transistor with embedded SiGe stressor in the source/drain, 
and high compressive stress nitride liner, on-state current improvement from the two stressors  
individually is 21%, while both provide >55% improvement [6].

32nm node

Figure 3. Components of external resistance in an MOS device.



SiONSiON
HfO2

Work function metal
Two different
dielectrics,

one electrode

Two work
function

metals, one
dielectric

Dielectric cap layer

Poly

TiN

HfO2

Damascene integration
(test flow)

Metal gate

Fill
Capacitance

Voltage

No hump
(1-100kHz)

0805SSTarghavaniF4

TABLE 3.    Interconnect process flow to enable 32nm technology node

Cross-sectional 
schematic

Process steps 45nm process 32nm process

• PECVD dielectric etch stop deposition 
• Low k deposition (+ dielectric cap)  
• (PVD metal) hard mask deposition 

• PECVD SiCN (k=4.0) etch stop 
• �PECVD p-SiOC (k=2.5) ULK  

with UV cure
• PVD TiN metal hard mask

• PECVD SiCN (k=3.5) etch stop
• �PECVD p-SiOC (k=2.2) ULK  

with UV cure
• PVD TiN metal hard mask

• Hard mask pattern and etch 
• �Dual Damascene dielectric etch and  

post-etch clean

• �Track, 193nm immersion scanner (or 
dry 193nm with double patterning) 

• Metal etch, low damage ash 
• �Low damage dielectric etch and  

post-etch wet clean

• �Track, 193nm immersion litho with 
double exposure/patterning 

• Metal etch, low damage ash 
• �Low damage dielectric etch and  

post-etch wet clean

• �PVD barrier and PVD Cu seed 
deposition

• ECP Cu gapfill

• PVD Ta(N) barrier and Cu seed
• ECP Cu gapfill

• �Reduced thickness PVD Ta(N) barrier 
and Cu seed

• ECP Cu gapfill

 • �Cu and barrier CMP,  
post-CMP clean 

• �PECVD dielectric barrier  
deposition

• �3-step slurry CMP (copper bulk, 
copper clear, barrier clear)

• Post-CMP cleans, vapor dry
• PECVD SiCN (k=4.0) Cu barrier

• �3-step slurry CMP (copper bulk, 
copper clear, barrier clear) 

• Post-CMP cleans, vapor dry 
• PECVD SiCN (k=3.5) Cu barrier

0805SSTarghavaniF8a
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as HfO2 degrade the channel mobility [8,9,12]. The interface could 
be controlled by inserting an ultra-thin layer of oxynitride (SiON) 
prior to high-k material deposition. High mobility is expected from 
an integrated gate dielectric stack of SiON interface and HfO2 high-k/
metal-gate with an atomically smooth interface.

Interconnect challenges
Reduction of RC delay remains the key driver in lowering the effective 
interlayer dielectric constant for reduced capacitance between the 
wire lines [13,14]. While beneficial, the introduction of copper wires 
at the 130nm node to reduce the line resistivity in combination with 

SiOF interlayer dielectrics proved inadequate for significant signal 
delay improvement at 90nm node. Thus, the 90nm node debuted a 
SiCOH-based low-k dielectric with an effective bulk k~3.1, integrated 
together with copper wires via a dual-damascene process.

The components of interconnect delay defined by the product of 
line resistance and capacitance can be approximated as [14]:

		        4L2     L2
τ = RC = 2рkE0  ( —— + —— )		       P

2       T2 	 (2)

where r in this equation is the metal resistivity (bulk copper and the 
barrier), k is the dielectric constant (effective dielectric constant from 
all the dielectrics between the copper lines), e0 is the permittivity in 
vacuum, L is the metal wire length, P is the metal wire pitch, and T 
is the metal wire thickness. Each successive generation of technology 
nodes has the option of increasing the metal aspect ratio to reduce 
the line resistance. This, however, increases the line capacitance and 
needs to be accounted for in the balance for overall RC delay. 

At the 32nm node, Metal 1 and Metal 2 pitches are estimated 
to be near 100nm with aspect ratios of 1.7 and 2.3, respectively.  
To continue improving the signal delay compared to that of the 45nm 
node, an effective dielectric constant of ~2.5 (requiring a low-k bulk 
dielectric constant of k~2.2) is ideal. PECVD-based low-k films have 
already been developed with k~2.2 and are currently undergoing 
reliability and packaging tests.

Dielectrics, etch and cleans. PECVD-based low-k (bulk k~2.2) 
with UV-assisted curing technology has been developed for the 
32nm technology node. Integration of this film with Cu at the 32nm 
technology node, however, faces a few key challenges (Table 3). 

Figure 4. Two methods of high-k/metal-gate integration include: dipole field using two  
different dielectrics and one electrode through a gate-first integration, and two different metal 
work functions but one dielectric through a damascene integration.
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Minimum feature size (nm) (half pitch)

Dry litho

Immersion
litho (water)

Numerical aperture, NA

With double
exposure/
patterning

32nm node

45nm node

ArF (193nm)

EUV (13.5nm)

32nm node

Dielectric barriers must be developed that are compatible with 
PECVD-based bulk dielectric of k~2.2. Ultra-thin carbon-based 
barriers with k~4.0 have been in production for 45nm node products. 
Further dielectric constant reduction is possible by optimizing the 
carbon content of the film and reduced film thicknesses would make 
such a family of films suitable for the 32nm node. 

Etch process integration of the 32nm dielectric stack would 
start with the main trench etch, followed by an over-etch [15]. The 
over-etch stops at the SiCN-based etch stop layer over Cu lines. The 
main etch chemistry is a combination of argon and oxygen ions to 
sputter-etch the film. Flourine-based chemistries are then followed 
to dissociate the Si-O and CH3 compounds of the low-k dielectric. 
To maintain CD uniformity and protect the sidewalls, the via etch 
processes use various polymer-containing chemistries with the etch 
terminating on top of the etch stop layer. 

The remaining residues from the post-etch step are removed via an 
oxygen containing ash step. If not fully optimized at the 32nm node, 
this step can cause damage to a few atomic layers of the low-k dielectric 
resulting in reliability and line leakage issues and poor adhesion to 
the Cu barrier. 

A wet chemistry post-ash step marks the final clean process. This step 
removes the remaining inorganic residues and the copper-oxide together 
with cleaning the surfaces, thus preparing the surface of Cu and sidewalls 
of the trench and via for the Cu barrier deposition. In general, the wet 
clean chemistries use fluoride-based solvents. Figure 5 shows a cross-
sectional image of a multilevel integrated Cu/low-k interconnect [16].

Metallization. The electrical resistivity ( ) of Cu is partly deter-
mined by intrinsic components such as impurities and the internal 
grain structure of lines. The main contribution to line resistivity, 
however, arises from extrinsic geometry factors such as sidewall 
scattering. At the 32nm node, the resistivity of Cu increases dramati-
cally due to sidewall scattering of electrons [17]. With constant line 
height, resistivity of ~2.5μΩ-cm at 100nm linewidth increases to nearly 
2.9μΩ-cm at 40nm linewidth [17]. Thus the key concern is the extend-
ibility of Ta/TaN/Cu [18] to the 32nm 
technology node with regard to filling the 
targeted <100nm pitch trenches without 
voids and also meeting the net resistivity 
targets. Void-free Ta/TaN barrier together 
with copper seed and electroplating have 
already been developed that meet the 32nm 
node targets [19].

The toolsets required for interconnect 
metallization are highly ionized Physical 
Vapor Deposition (PVD) for conformal 
Ta(N) barrier deposition and low overhang 
Cu seed deposition. Electrochemical 
Plating (ECP) is used to fill the damascene 
lines with Cu. 

Planarization. Cu CMP at the 32nm 
node, similar to that of 45nm technology, 
starts with bulk Cu polish [20]. This is 
followed by an over-polish. The process 
must then remove the Ta and TaN barrier. 

A capping layer is deposited to protect the low-k ~2.2 material from 
scratches and cracking during the CMP step. To further protect 
the dielectric, CMP downforce must be significantly reduced. The 
removal rate with low downforce can be improved by enhanced 
rotation speed in the tool.

Lithography challenges
The 32nm node targets an isolation half-pitch of ~90nm and physical 
gate length of 30nm. Poly half-pitch is roughly targeted at 50nm and 
contact-to-gate half-pitch at 60nm. Metal 1 is targeted at a half-pitch 
of 50nm with an aspect ratio approaching 2. The minimum feature 
size, or the half-pitch, that can be patterned by optical lithography 
is governed by the Rayleigh Equation:

 	 	     λ0  d = k1 ——
	   NA 		  (3)

where λ0 is the illumination wavelength, NA is 
the numerical aperture of the lens, and k1 is a 
constant that measures the “degree of difficulty” 
of patterning. 

In conventional 193nm ArF dry lithography, a 
k1 value >0.3 ensures optimal imaging. Increasing 
NA by using high-index fluids (immersion lithog-
raphy) or high-index lens elements extends 193nm 
ArF to smaller feature patterning (Fig. 6). Another 
method to extend 193nm ArF is to use a lower k1 
factor, which can be achieved by adjusting the 
process integration. 

Figure 7 illustrates generic process flows 
for double-exposure and double-patterning 
integration, which can both provide k1 <0.2 
capability. Whereas conventional lithography 
can result in pitch P0 with lines P0/2, these 

Figure 6. Minimum feature size for 32nm technology node can be achieved by combining 
193nm (ArF) immersion lithography with double-exposure or double-patterning.

Figure 5. Cross-sectional image of multi-level Cu/low-k  
interconnect (k=2.5), with pitch=200nm [16]. ©2005 IEEE
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techniques can halve the pitch and resolve lines equivalent to P0/4. 
Double-exposure uses two resist exposures to define the layout prior 
to resist development. In double-patterning, the photoresist is coated 
twice and the exposure and development steps are repeated to pattern 
the underlying hard mask. 

Two lithography options currently used for 45nm technology 
node manufacturing [3,21,22] are double-exposure with dry 193nm 

ArF and a single exposure water-based 193nm ArF immersion 
lithography. Neither wet single-exposure nor dry double-exposure 
might meet the printing requirements of the 32nm technology node. 
Immersion lithography combined with either dual-exposure or 
double-patterning is able to meet these requirements. 

Conclusions
The 32nm technology node for logic will likely remain on planar CMOS 
transistors. It would use high-k and metal-gates with the fourth gener-
ation of stressor films. For the first time, external resistance would 
rival the transistor channel resistance, and innovation in salicidation, 
junctions, and contact are required to reduce the overall external resis-
tances. Cu/low-k interconnect with bulk k~2.2 and a lower-k etch-stop 
layer would further reduce the interconnect capacitance to meet the 
32nm node back-end of the line performance requirements.    ■
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Figure 7. General process flows for double-exposure and double-patterning schemes.


