Meeting challenges for

GATE STACK ENGINEERING

engineering the gate stack

Precise interfacial layer control and
film compositional control are needed to extend SiON
layers with high nitrogen content for 32nm node
high-performance (HP) logic devices, as well as when
Hf-based films at the 65nm node are introduced for
low standby-power (LSTP) logic devices. Using XPS and
EM-probe analysis, quick, full-wafer mapping of chemi-
cal composition and electrical gate-leakage characteris-
tics of both the gate dielectric film and interfacial layer
are possible. Atomic vapor deposition (AVD) achieves
hafnium-based gate dielectrics with the precision of ALD
at the throughput of MOCVD. Ge-channel formation
by infusion doping could provide the channel-mobility
improvements needed for continued CMOS scaling with-
out using Ge wafers.

:1ON gate diclectrics can be extended to the 32nm node

for HP and 45nm-node low operating-power (LOP) logic
evices through nitrogen composition engineering in the
30-40% level to achieve a k value above 6, as demonstrat-
ed through a nitride/oxide stack structure. This level of nitrogen
compositional control reduces gate leakage by three to four orders-
of-magnitude compared to SiO,. LSTP logic devices require four
orders-of-magnitude reduction in gate leakage at the 65nm node,
which is right at the limit for SiON with a k value of 7. There-
fore, some companies will introduce Hf-based dielectrics such as
HfSiON with a k value between 9 and 11. At the 32nm node, LSTP
logic devices require five orders-of-magnitude reduction in gate
leakage, necessitating k values >20 with much higher HF content
and no more than two monolayers of interfacial oxide layer.

Extending SiON to the sub-45nm node
'The industry switched from pure $iO , gatedielectrictolightly nitrided
oxides for logic devices as the gate thickness scaled below 2.2nm at the
180nm node to prevent boron penetration from the p+ poly-gate elec-
trode using thermal nitridation of oxide ( TN-O). Pure Si0, hasa k
value f 3.9; however, heavy doping with nitrogen increases the kvalue
toward Si,N, (k = 7.8) and reduces gate leakage (Fig. 1) [1].

Today, heavily nitrogen-doped oxynitrides (SiON) used through
the 90nm node are formed by either thermal nitridation (TN-Q)
or plasma nitridation (PN-O) of an 5i0, oxide layer with nitrogen
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compositional engineering up to a few percent. Nitrogen pile-up
at the Si0,/Si interface is observed with TN-O, while no pile-up
occurs with PN-O, but plasma-induced surface damage has been
reported and must be avoided [2]. However, Ludsteck et al. just
reported high nitrogen-content SiON films >50% grown by rapid
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Figure 1. Influence of nitrogen content on a) dielactric constant (k value) and
b) leakoge current [3].
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thermal nitridation (RTN) without N pile-up and four orders-of-
magnitude reduction in gate leakage. Increasing the nitrogen dop-
ing content to 16% increases the k value to 5.5 and reduces gate
leakage by 30x [3]. This is close to the 100x improvement shown
in Fig. 1b (0.3A/cm? vs. 0.15A/cm?) [1].

Also, SION with 30% nitrogen has a k value of 6 and a ~1000x
reduction in gate leakage (I.), as shown in Fig, 1b [3]. These high lev-
elsof N concentration can be achieved using either an oxide/nitride
(OQ/N) or nitride/oxide (N/O) stack dielectric structure in combina-
tion with re-oxidation and/or re-nitridation processing steps.

Blosse et al. reported a 10x reduction in I, for an N/O stack struc-
ture compared to TN-O [4]. Matsushita et al. also reported using a
re-nitrided, oxidized nitride stack structure (N/O/N/O) to reduce Ig
by three orders-ot-magnitude compared to SiO,, achieving a 0.75nm
equivalent oxide thickness (EOT) with I, = 92A/cm? that satisfies
45nm-node HP logic devices, with possible extension to the 32nm
node [5]. The authors reported that SiO, has excellent interfacial prop-
erties but alow dielectric constant (k= 3.9) and poor gate leakage, while
Si;N, has poor interfacial properties but higher dielectric constant
(k="7.8) and excellent gate leakage (three to five orders-of-magnitude
reduction). Referring to Fig. 1b, this N/O/N/O stack structure would
correspond to a N content >19% and 300x reduction in leakage.

Uniform Non“—anif.{.)rm
Figure 2. Comparison of SION a) thickness uniformity (158 at <1,0% uniformity) to
b) compositional uniformity (1.1x10'® atoms/em at 8.66% uniformity).

The ideal SiON stack structure, therefore, is ALD Si,N,
(0.8nm)/two monolayers of low-temperature (600°C) thermal
oxide (<0.4nm)/Si substrate for an EOT of <0.8nm, Since EOT
Tion(3.9/k) to achieve an EOT = 0.7nm, if k = 5, then Ty =
0.89nm; if k = 6, then T\ = 1.07nm; and if k = 7, then Toon =
1.25nm. Bohr reported that Intel will not scale its SiON gate below
an EOT of 1.2nm going from the 90nm node to the 65nm node due
to gate-leakage constraints at 100A/cm?, keeping the overall chip
power at tolerable levels [6]. Other HP logic companies also say they
will extend SiON dielectrics below the 45nm node [7].

I

SiON film characterization

The key to extending SiON is precise N compositional control. A
49-point wafer mapping by x-ray photoelectron spectroscopy (XPS)
fora 1.5nm SiON gate is shown in Fig. 2. The SiON film-thickness
uniformity was good at <1% (Fig. 2a), but the N compositional uni-
formity was poor at 8.66%, as shown in Fig. 2b. N compositional
variation across the wafer due to the PN-Q process directly corre-
lates to device threshold-voltage (V) variation across the wafer. It
was determined that the sensitivity of N content on V, for pMOS
devices is 45mV/%N and for nMOS devices is 15mV/%N [8].
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Figure 3. Spectrum of SiON from in-fine XPS metralogy system.

Good linearity between initial oxide thickness and increasing
N content (dose) was also observed, but the slopes of the lines were
different. Using a plasma nitridation system for control doping with
nitrogen, a 4x10"/cm? dose of N increased the thickness by 0.8nm
for a 0.55nm-thick initial oxide wafer, while a 1.6nm-thick initial
oxide wafer had an increase of only 0.4nm.

Metrology technology overview

The wafer maps of composition measurements were made with a new,
in-line, compositional metrology system based on XPS, which device
makers are rapidly adopting. Used in the laboratory for decades, XPS
has emerged as the optimal method for measuring semiconductor
ultrathin films for thickness and composition. The present tool is an
automated and recipe-driven in-line metrology system.

XPS is conceptually very simple. Low-energy x-rays illuminate
a surface, penetrating it to a few microns in depth. The atoms com-
prising the material absorb the x-rays, and in many cases the atom
will eject an electron. The electron is emitted with an energy that
is proportional to the binding energy of the electron to the atom.
Because the binding energy is a characteristic of the atom and its
chemical state, measuring the number of electrons at a specific
energy will provide the fundamental composition information of
the material.

A typical SiON spectrum is depicted in Fig. 3. Photoelectrons
from Si are at a binding energy near 100eV. This region contains
information from Si atoms in the substrate Si as well as from Siin the
film, separated by the difference in binding energy states of atoms in
those different chemical states. Nitrogen, oxygen, and carbon are also
contained in the measured spectrum. From these spectral features,
the composition and thickness of the film can be determined.

Rapid gate-leakage measurements can be achieved using special
elastic material probes, called EM-probes. This technique usesan EM-
probe to make a temporary electrical contact to the film of interest,
allowing immediate measurement of electrical data without having to
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ngineering the gate stack continued from page 46

3.0nm and 0.52nm, respectively. So very thin HfSiON films
with excellent compasitional control are required. Because the

3 Lar LSTE deposition thickness is 0.07nm/cycle, the 1.5nm HfSION film
Technology EOT [ EOT [ EOT I could be formed by MOCVD or ALD (~21 ALD cycles), while
node(nm)  (nm) (A/em?)  (nm) (A/em?)  (nm) (A/em?)  the 0.26nm film would require four ALD cycles.
90 1l ABERI08 © 15 2 29 . Bl From the 2003 ITRS, the targeted EOTs and gate leakages
& gos gae * 12 5 T & B for HP, LOP, and LSTP logic devices are listed in the table for
the 90-22nm nodes [10].
45 078 19x10° 09 11 14 B8.0x10%° Hf-based gate dielectrics will first be introduced at 65nm in
% Mgt s Uhs i 44 7 2006 for LS]'"P logic devices in Japan, in order to achievean EOT
of 1.bnm with an I of <2.3x102A/cm?, This can be accom-
22 Giar eIttt 07 a1 1.0 0.25 plished with HfSION or HfSiO deposited by PVD, MOCVD,
b ot i or ALD, though there are concerns regarding surface damage

wait until final test. A different version of the probe is separately opti-
mized for capacitance voltage measurements,

Good correlation with MOS transistors was demonstrated
by Olsen et al. [9]. Both wafer-mapping and diameter-scan mea-
surements are possible with the EM-probe technique; a 39-point
diameter scan is shown in Fig. 4 for a PN-O film with an EOT =
1.3nm, where a 3x variation in [, was observed between 1-3x10°°A
(0.05-0.15A/cm?). This could represent a N content fluctuation from
13-18% derived from Fig. 1b,

Hf-based gate dielectrics

Pure HFO, has a kvalue of 26, and depending on the interfacial-oxide
layer thickness, a five to nine orders-of-magnitude reduction in gate
leakage compared to SiO, can be achieved. The most promising high-
kdielectric material for the industry is Hf-based, and the k value var-
ies from alow of 6 to a high of 26 depending on the film’s Hf content
and other impurities. For example, nitrided Hf silicate (HfSiON) has
ak value from 9-11. The relationship between EOT, dielectric thick-
ness (T ), and dielectric constant (k) is shown below.

EOT=T

interfacial oxide

+EOT 0y o where EOT, o\ = T,(3.9/k) (1)

An EOT of 1.4nm is the target for the 45nm-node LSTP appli-
cation; 0.9nm is the target for LOP. If the interfacial oxide is kept
at 0.8nm to maintain good channel/surface mobility, that leaves
EOThigh- i = 0.6nm and 0.Inm for LSTP and LOP applications,
respectively. With a k value of 10, Ty;.,, = 1.5nm and 0.26nm for
LSTP and LOP applications, respectively; if k = 20, then Thighct=

A0 g

T
&
<
> 1x102
o
® 1.0+
8
S 10E6
(=]
2
@ 10F8
= 10

EOT (A)

Figure 5. Incrensing Hf content (21-100%) and & velue (6—20) ta reduce leakage ond scale
EOT [15],
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using the PVD technique.

There also have been contradictory reports when comparing
MOCVD and ALD Hf-based films. Some researchers at Sclete have
reported no differences between MOCV D HfSiON and ALD HfAIO
films [11], while others at Selete have shown up to 10x improvement
in I, when switching from MOCVD to ALD for HfSiON [12]. A pos-
sible explanation for this is the Hf and Si source materials used for
the work. Selete also reported a 100x reduction in I, when switch-
ing from HfCl to HFTEMA for HfAIO films [13]. An additional
10x reduction in [, was observed for ALD HfAIO by eliminating
the N content [14]. Kim et al. of Samsung reported excellent carrier

of ) o.4.50m HIO, film and b) a thin 0.43nm interfaciol oxide layer.

mobilities and I, value of 5x10*A/cm? at 1.3nm EOT with ALD
HfSIO films, engineering the sequencing between Hf and Si chemi-
cal precursors [15].

For low Hf-content films, and thus a low k value, the Hf-dielec-
tric film thickness will be between 1-2nm; therefore, precise con-
trol of deposition is required for compositional control. Ideally, ALD
control with CVD rates is desired. This has been achieved using a
new MOCVD technique called AVD. Typically, this results in lin-
ear deposition of HfO, at 0.06nm/injection pulse every 1/3 of a sec-
ond for a deposition rate of 0.18nm/sec. Varying the pulse ratio of
the precursors changes the Hf composition in the film. Results from
using this AVD technique to deposit Hf films with & values of 6, 11,
14, and 20 with films of 21%, 44%, 70%, and 100% Hf are shown in
Fig. 5 for leakage vs. EOT. For an EOT of 2nm, increasing the Hf
content from 21% to 100% reduces leakage by more than four orders-
of-magnitude [16].

One of the critical issues in scaling Hf-based dielectrics is reduc-
ing the interfacial oxide layer without degrading surface channel
mobility. This interfacial oxide layer can dominate gate-leakage

continued on page 50
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degradation as EOT scales below 1.2nm for these Hf-based oxides.
Using in situ hydrogen baking prior to high-k (ZrO) deposition
totally eliminated the interfacial oxide, realizing a 0.4nm EOT with
<I1x10794 /cm? I; [17). Without this interfacial oxide layer, how-
ever, a delay in deposition/growth and spotty nucleation for both
MOCVD and ALD Hf-based films occurs [18, 19].

Besides limiting EOT scaling, the interfacial oxide layer also affects
channel mobility; reducing the interfacial oxide from 1.2nm to 0.8nm
thereby reduces mobility by a factor of two from 150cm?/Vs to 75cm?/
Vs [20]. This sandwiched interfacial-oxide layer can easily be charac-
terized by XPS in a single measurement, as illustrated in Fig. 6 fora
4.5nm HfO, film with a 0.43nm interfacial oxide layer. Therefore, XPS
can be used to measure the thickness and composition of multilayer
stack structures due to the high information content in the spectra
of most films. The sensitivity to ultrathin interfacial layers is one key
application of this capability.

In XPS, film thickness is determined by observing the attenuation
of photoelectron intensities. In a single-layer film on a Si substrate,
the thickness of the film can be quantified by observing the loss of
photoelectron signal from the Si substrate’s Si atoms. The attenua-
tion is a function of the thickness and composition of the material
above the substrate. Once the constituent atoms in the overlayers
are determined (via XPS), the thickness is determined by applying
a physical model. This attenuation behavior is a well understood and
invariant physical phenomenon.
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Figure 7. Improving pMOS mobilty through SiGe for SDE by a) SEG or b) Ge-nfusion doping.

Channel-mobility enhancements

As mentioned earlicr, the use of high-k gate dielectrics results in
severe channel-mobility degradation because the interfacial-oxide
layer thickness is reduced. Therefore, along with the introduction
of Hf-based gate dielectrics, channel-mobility enhancement tech-
niques are required. A few years ago, the industry was excited about
global strained Sion SiGe epitaxy, but that has disappeared primarily
because its benefits diminish as L_scales below 0.2pm [21]. Other rea-
sons include costs, defect levels, strain durability, and i ncompatibility
with pMOS devices, driving the industry to adopt various localized,
process-induced strained-Si techniques instead.

The desired strain directions for nMOS are biaxial-tensile, while for
pMOS theyare uniaxial-compressive. So starting at the 90nm node, the
industry used the shallow-trench isolation device structure to induce
compressive strain; nitride-capping layers around the gate stack struc-
tures to induce tensile and/or compressive strain; and selective SiGeB
epi elevated source/drain structures to induce compressive strain in
the channel for pMOS devices [21]. Improved versions of these various

continued on page 53



& Engineering the gate stack continued from page 50

Gate electrode

improved pMOS devices with Ge wafers has
been reported by several groups, but nMOS
devices have not shown any improvement
[25, 27]. One proposed explanation for this

techniques and their combinations will con- 3) Spacer

tinue to be used for the 65nm and 45nm nodes. Dilectiic

Figure 7 shows two new approaches that

improve the compressive strain in the chan-

nel for pMOS devices using SiGeB for source/ b)

drain extension (SDE) formation by either

selective epi growth (SEG) or Ge-infusion 5 Spa;er
Dielectric

doping [22, 23]. This replaces traditional
ultralow-energy boron implantation because

Ge-infusion doping ~ gate

by Saraswat is the poor activation of n-type
dopants in Ge material [25]. To avoid the
Ge nMOS problem, Shang et al. proposed
Ge SEG formation in pMOS device regions
only by UHVCVD [27].

Sacrificial

boron doping is included with the SiGe depo-
sition or infusion process. There are limits,
however, to using localized strained-Si tech-
niques to improve channel mobility beyond
1.5%, but the 2003 ITRS states that an improvement >2x will be
needed by 2007 [10]. For this reason, the industry has begun study-
ing Ge CMOS devices to take full advantage of the potential 2.6x
improvement in electron mobility and 4.2x improvement in hole
mobility [24].

Results for gate-dielectric leakage on Ge wafers are similar to
Si as reported in [17]: The film without an interfacial layer has the
lowest gate leakage, but there are some other issues if the interfacial
layer is missing [25]. GeQ, is scluble in water and GeO, will desorb
from the surface at low temperatures (>430°C); therefore, prior to
high-k dielectric deposition, this surface oxide is not present, result-
ing in single crystalline ZrO deposition by ALD [26].

Ifa GeON surface layer is first formed, however, then this inter-
facial layer remains, resulting in amorphous ZrO film. Achieving

Figure 8. nMOS Ge-channel formation by Ge-infusion
processing with replocement gote mask flow.

An alternative to Ge SEG is Ge-infusion
directly into the channel region. This led to
improvements to the ALD HfSIO gate leak-
age by a factor of two from 0.07A/cm? to
0.04A/cm?, or EOT reduction from 1.46nm to 1.28nm, along with
good pMOS device characteristics but poor nMOS device charac-
teristics. Ge-infusion can also solve the dopant activation problem
for nMOS Ge devices, By using the replacement gate mask flow, Ge-
channels can be formed directly in the nMOS channel regions, avoid-
ing the nSDE and nS/D regions (Fig. 8).

Conclusion

SiON gate dielectrics can be scaled to the sub-45nm node with an
EOT of 0.7nm while maintaining gate leakage <100A/cm? for HP
logic devices. LSTP logic devices will start to use Hf-based dielec-
trics at the 65nm node, though devices using SiON with nitrogen
content >30% could delay the switch until the 45nm node, LOP
logic devices will extend SiON to the 45nm node.
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& Engineering the gate stack continued from page 53

Success in using these dielectric materials depends on 1) precise
interface and interfacial layer control and 2) precise film deposition
and compositional control. To accomplish these goals requires full-
wafer metrology mapping techniques that provide quick chemical
and electrical characterization of dielectric films and interfacial lay-
ers. Techniques such as using XPS for compositional and multilayer
film thickness analysis and EM-probe measurement for gate leak-
age are needed.

It was observed that film compositional uniformity is key in realiz-
ingacross-wafer device electrical uniformity. For Hf-based dielectrics,
MOCVD HfSiON may be short-lived and used for only one or two
nodes at the 65nm or 45nm node, while ALD and AVD Hf-rich dielec-
trics can be extended well beyond the 22nm node with the compaosi-
tional uniformity and control needed to engineer the k value between
20-26, and gate leakage reduction by more than five orders-of-mag-
nitude compared to 8i0,. Ge-infusion daping for pMOS SiGe SDE
formation with compressive channel strain and direct Ge-channel
formation for Ge CMOS devices could provide the channel mobility
improvements needed for continued scaling — without the problems
of using Ge watfers for CMOS devices below the 45nm node. |
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