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Chapter 1
Introduction

1.1 Scaling the MOSFET

1.1.1 Motivation

The semiconductor industry strongly relies on kditg to continuously reduce the
vertical and lateral dimensions of the Silicon (B#lsed metal-oxide-semiconductor
field effect transistor (MOSFET). This scaling ofO8FETs and other devices is
following the well-known Moore’s law ([1], [2]). Tédhmotivation for this scaling is to
increase the packing density resulting in greatgegrated circuit functionality,
performance, and reduction of overall cost.

The performance of a complementary MOS (CMOS) dircan be characterized
through the dynamic response of the transistonsdiastitute the circuit, called the
switching time. When considering an ideal CMOS itesecircuit, the switching time
(1) is inversely proportional to the drive currenttbE N- and PMOS devices, as
shown in Equation 1.1. Therefore, an increase efdtive current of the MOSFET
results in an improvement of the circuit perfornanc

= f(Vpp )%(7, *+7,) (1.1)
with
C._xV C. . xV,
1= (T2 ), and 7, = (F2 ),
ION ION
where

T, andt, are the switching time of the NMOS and PMOS trstoss, respectively.
Vbp, Cox andlpy are the supply voltage, the oxide capacitancetlaadirive current,
respectively. i{/pp) is a function that depends linearly ggp.
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The reduction of the channel length and the ga#tediric thickness (inversely
proportional toC,,) of the MOSFET associated to the scaling, leadmticrease of

the drive current (Equations 1.2 and 1.3). A lond ahort channel MOSFET in the
saturation regime was assumed in Equations 1.2 8ydespectively.

W 2
Dsat = 2)( LG ><ﬂeff >((:ox ><(VG -VT ) (1.2)
I Dsat — WxCox XDsatx(VG _VT ) 1.3)

where, Ips, Hef and C,, are respectively the drain current, the effectbiyennel
mobility and the oxide capacitance (inversely prtipoal to the gate dielectric
thickness) Ly is the velocity saturationW is the channel width arld; the channel
length. Vgs and V; are respectively the gate to substrate voltage dnmod the
threshold voltage.

Various scaling methodologies have been used thrdbg past decades such as
constant electric field or constant voltage scaliGgnstant electric field scaling
method reduces all dimensions by a common factotdiéivever, while the drive
current increases by K, the supply voltage is redusvhich results to an
incompatibility of different generations. Constasupply voltage scaling method
leads to a high electric field causing short charefiects, mobility degradation,
oxide tunneling, and hot carrier degradation. Campses are currently made to
scale at different rates the dimensions of the admsviand circuits and the supply
voltage. Based on these different theories, thermational Technology Roadmap for
Semiconductors (ITRS) has set its roadmap for ¢timirlg CMOS technology nodes

[3].

1.1.2 Potential limitations

Several factors may limit the shrinking of devicieneénsions. The complexity of
integrated circuits (ICs) increases exponentidiipagh the years. This accelerates
the difficulties of designing and testing ICs thaight become a barrier to the
downscaling. Another limiting factor might be thecieased overall manufacturing
cost of such ICs. This investment is only worthehfl the revenues are larger than
the cost. However, due to the reduction of the Buppltage, the increase in
performance is slowing down through the generafiavtsich might level off the
manufacturing cost. Finally, physical and electriféects, such as the short channel
effects or the exponential increase of the gatéalga current arising in deep
submicron technologies, are increasing the cirngise. Additional spaces on the
chip have to be devoted to reduce this noise atth @omponents like decoupling
capacitances must be added. These effects malefdfeethe scaling of MOSFET
questionable. Moreover, the exponential increas¢hefgate leakage current will
limit the downscaling of MOSFET for mobile appliats that have stringent power
dissipation requirements.



1.2 Challenges to dielectric scaling

One of the key elements enabling the scaling ofMIBSFET is certainly the gate
dielectric that isolates the transistor gate frbm¢hannel. The gate dielectric plays a
fundamental role in the concept “field effect” canit(i.e. on the control of short
channel effects). The material and electrical prioge of the gate dielectric is
directly linked to the transistor performance.

Over the past decades, silicon dioxide ($ikas been the natural insulator of the Si-
based MOSFETs. The material benefits of S#be the thermal and mechanical
robustness of the film, which can withstand theraggive environments of device
fabrication and the easy processing to grow uniftirim film. The electrical benefits
arise from the barrier height of SiQabout 9 eV), which is the result of the
difference in bandgaps, being almost ideally distied between the conduction and
the valence bands for compensating the differeicéise electron and hole masses.
The interface of Si and SjOhas excellent properties allowing for high carrier
mobility, low interface states, and low trap getiera As illustrated in Table 1.1,
which is extracted from the ITRS [3], the next gatiens of Si-based MOSFETs
will require gate dielectrics with thicknesses leld.5 nm EOT (see definition in
Appendix A), both for the high performance logigphgations (like microprocessors
for personal computers) and low operating poweicl@gpplications (like wireless
applications).

EOT in nm (see Appendix A)
Low operating power

Technology Production

(nm) year High performance logic logic
130 2002 1.2-15 1.8-2.2
107 2003 1.1-14 1.6-2.0
90 2004 0.9-1.4 1.4-1.8
80 2005 0.8-1.3 1.2-1.6
70 2006 0.7-1.2 1.1-15
65 2007 0.6-1.1 1.0-1.4
50 2010 0.5-0.8 0.8-1.2
25 2016 0.4-0.5 0.6-1.0

Table 1.1: EOT for the future generations of Si-based MOSFET technologies,
including high performance logic applications and low power
applications, as from [3].

The use of ultra-thin oxide in deep submicron MOSH&ads to several issues:
- Direct tunneling current
- B penetration phenomenon in p-MOS transistors
- Polysilicon depletion
- Reliability
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For ultra-thin gate oxides (< 3 nm), the probapitf an electron to tunnel through
the entire oxide becomes significant. The gate dgek current increases
exponentially with scaling the gate dielectric Hmess: about 1 decade increase in
gate leakage current for 0.2 nm decrease in oXigdértess. This huge increase in
gate leakage current has a strong impact on poovesuenption and limits the use of
SiO, to very specific high performance applications.isThspect will be further
detailed in chapter 2 of this thesis.

Another main issue in the scaling of the gate o#idekness is the intrinsic reliability
of such films and how the oxide breakdown is reldte the device failure. Recent
research has shown that oxide breakdown does rassarily lead to device or
circuit breakdown ([4], [5]). It was shown that theliability criterion strongly
depends on the device functionality (analog/dipitahd the application (high
performance or low power). It seems that the mhowstopper for oxide thickness
scaling is the exponential increase of the gatkalga current and not the reliability
of the thin gate dielectric.

1.3 Solution to dielectric scaling

A solution to the scaling challenges is to moveatanaterial of higher relative
dielectric constanti{ or €). By implementing a highek material, the physical film
thickness can be increased (see definition of & B Appendix A). A physically
thicker dielectric film is desirable because of teduction in gate leakage current,
increased B penetration resistance, and improveg-term reliability. There are a
number of candidates being pursued as potenti&l Kigate dielectrics, including
metal oxides, and metal silicates [6]. However, ititegration of these dielectrics
into a MOS device poses a number of technologiballenges. These challenges
include:

- good thermal stability in contact with Si previegtthe formation
of thick SiQ, interfacial layer or silicide layer;

- asufficiently large energy band gap to redude &gkage current;

- low density of intrinsic defects at the Si/digtéxinterface and in
the bulk of the material to maximize carrier mdkiin the channel
and achieved the stringent requirement for tensyesiability;

- compatibility with the existing CMOS fabricatigmocess, like for
example high thermal budgets;

- and last but not least the adoption of a candidathe time frame
required by the ITRS (Table 1).

Therefore an approach that builds on the estallishelerstanding of the present
MOS dielectric materials, namely silicon nitridedasilicon dioxide, are required.
Silicon nitride (SiN,) is a strong candidate and possesses a numbeesohlle
properties for application in the ultra-thin gatelectric arena. The relative dielectric
constant is 7.5 for @\, compared to 3.9 for S{OThe SiN, film is denser than
SiO,, which makes it a better diffusion and implantriear(e.g. better B penetration
resistance). However, $8l, has the major drawback of having a poor interfaith



the underlying Si substrate resulting in high ifstee state densities. Also,3Sj
films have high bulk traps which give rise to ardiéidnal trap assisted leakage
mechanism ([7], [8]).

To leverage the benefits of;8li, and minimize the shortcomings, a hybrid approach
can be used, called oxynitride or nitrided oxidg@@N,). The ideal oxynitride film
would have the Si interface quality of $Sj@vith the increased dielectric constant and
boron pentration resistance ofsl$j, along with no channel carrier mobility
degradation and excellent reliability. The realmatof an oxynitride dielectric
enables thus an extention of the life of Si@sed semiconductor processing.

1.4 Objective and outline of the thesis

The research described in this thesis investigdiesscaling limit of nitrided gate
oxide thickness and its integration in advanced MBPBtransistors.

The motivations of this work is detailed in chap?ewhere the importance of gate
leakage current specifications is underlined. Téddkage current specifications pose
a stringent requirement on the gate dielectries Ehown that while pure gate oxide
can not meet these gate leakage specificationgsmplanitrided oxides, as an
extension of the gate oxide, can fulfill these isgments.

Still, because advanced MOSFETs require ultra-thlasma nitrided oxides,
optimization of electrical (namely Capacitance-¥gkt measurements) and physical
characterization techniques are required. Theseitems are detailed in chapter 3
and 4, respectivelylhese characterization techniques are then useptitaize ultra-
thin plasma nitrided oxides, as presented in chdpt&he impetus for improvement
has been to achieve low EOT with low gate leakageeat density Jg) while
maintaining high effective carrier mobility. Resutin the reliability of these ultra-
thin plasma nitrided oxides are summarized. Therakbility of plasma nitrided
oxide using new processes is finally discussedin@pd plasma nitrided oxides
have been then integrated in advanced N- and PNM&@Sistor process flows with a
view to maximize short channel transistors perforoea(chapter 6). In chapter 6, a
thorough study of the polysilicon gate activationdadeactivation is proposed.
Several technological changes are proposed to neithe gate activation with a
view to reduce the total electrical thickness &f ¢fate dielectric. A discussion on the
compatibility of the optimized polysilicon gate skawith the formation of ultra-
shallow junction in advanced CMOS process flowthén proposed.

Chapter 7 summarizes this thesis work. The futdrglasma nitrided oxide with
various potential CMOS architectures is finallyadissed. Views on the scalability
limit of CMOS transistors are proposed.
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Chapter 2
Impact of the gate leakage current in
sub-micron CMOS transistors

2.1 Introduction

2.1.1 Motivation

High leakage current for sub-micron CMOS technasgs becoming a significant
contributor to power dissipation of CMOS circuits \&., Lg and T, are reduced.
Leakage currents arise due to the incomplete ttfrmeb transistors in their
subthreshold region (i.e. where the gate-sourdage)Vgs, is less than the threshold
voltage,Vr).

Gate leakage is predicted to increase at a ratmasé than 108 per technology
generation, while sub-threshold (or transistorkéeg increases by arounc for
each technology generation [1]. This could resnltgate leakage becoming the
dominant contributor to leakage current.

Furthermore, minimizing power dissipation is beaognivery important because of
the large complexity of ASICs that contain potditianillions of gates [2]. Low
power dissipation/gate is thus required, preventirag the total package dissipation
level is not exceeded.

Consequently the identification of the various gatgkage components as well as
their contribution to the total power dissipatienviery important for estimation and
reduction of leakage power, especially for low-powgplications (battery-driven
equipment such as mobile phones).

This section will start with a brief description difie various leakage current
components in a sub-micron MOSFET. The gate leakagent is then thoroughly
studied as well as its impact on transistor peréoroe. N-MOSFETs will be studied
as they exhibit a worse gate leakage current sicerdoreover, the impact of the
gate leakage current on a standard 6T SRAM cell been investigated. An
estimation of the impact of the gate leakage ctireen the total standby power



dissipation on a chip is then presented, basecerextrapolation of the 0.12m
CMOS technology at Philips. Finally, some circugchniques and technological
changes are discussed with the view to reduceateelgakage current.

2.1.2 Overview of transistor leakages

Leakage currents may come in many forms includiagsistor leakage, gate leakage,
isolation related leakage and junction leakageofWhich are shown schematically
in Figure 2.1. A brief definition of the variousalkage current components is done
below. The gate leakage current component is eetailthe next section.

Gate
Gate leakage

4 A LS
Source '/ ﬁvy Q Drain

Transistor leakage

Isolation Well Isolation
related leakage related leakage

Figure 2.1: Schematic representation of leakage currents in a MOSFET

Advanced short channel MOSFETs require the use eafvily doped shallow
junctions in combination with highly doped halog feetter short channel effects
(SCE). This will create significant band-to-banartaling (BTBT) current through
the drain-well junction. This BTBT leakage has bedentified as the main
contributor of the pn junction leakage [1].

Transistor leakage (also called source-drain leal@agsubthreshold leakage) is the
main contributor to the total off-state leakagerent (or) although in sub-50 nm
transistors, its first place is seriously in contpmt with the gate and junction
leakage currents, as detailed later in this chapter

When a high drain voltage is applied to a shorinokadevice, it lowers the source
potential barrier, resulting in a decreasevef (Figure 2.2). The source then injects
carriers into the channel surface independentlyhef gate voltage and increases
exponentially the off-state leakage current. ThHfeat is known as Drain Induced
Barrier Lowering (DIBL). As presented in Figure ¢ the DIBL dramatically
increases when scaling the channel length of storsi

14
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Figure 2.2: Impact of MOSFET channel length on (a) linear V, (V=50 mV) and
(b) DIBL. A schematic of the DIBL phenomenon is shown in the inset of
Figure (b).

Shallow Trench Isolation is the only lateral is@at scheme that meets the
requirements of deep sub-micron technologies imgeof active area scaling and
topography at gate level [4]. The abrupt isolatative area transition induces an
enhanced 2-D control of the gate on the cornehefttansistor. This can lead to a
local decrease in th¥; at the channel edges, resulting in a parasitikalga path
along the lateral transistor ([5] and [6]).

Note that in sub-90 nm CMOS technologies, transigtomction and gate leakages
are dominating the total leakage current. In thiskythe impact of the gate leakage
current on the total leakage current has beenestudi

2.2 Impact of the gate leakage current on transistor
characteristics

2.2.1 Definition of the direct tunneling current

The high electric field coupled with ultra-thin gatdielectrics (<3 nm) vyields
tunneling of electrons (or holes) from the gatethte bulk or to the LDD-to-gate
overlap and vice versa. Electrons (or holes) tunhedugh a trapezoidal potential
barrier. In Figure 2.3(a) and (b), a schematic bdiadram is shown for an NMOS in
inversion and accumulation, respectively.

15
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Figure 2.3: Schematic of the band diagrams of an NMOS structure showing the
quantization effects of the substrate electron energy and the direct
tunneling of the electrons from (a) the substrate inversion layer to

the polysilicon gate (V_, is the voltage drop in the polysilicon layer

due to the polysilicon depletion effect) and (b) the substrate
accumulation layer to the polysilicon gate.

For ultra-thin oxide films, the probability for atectron (or a hole) to tunnel through
the trapezoidal barrier of the oxide becomes siganift ([7], [8]) and increases
exponentially with decreasing the oxide thicknese(Equation 2.1).

4 [2m* t
T= exp{—?/?ﬁdﬁ’z] 2.1)

whereT, m*, t,, and @, are the tunneling probability [7], the effectivass, the oxide
thickness and the barrier height respectively. paeameterdi, q andV,, represent
Planck’s constant, the electronic charge and thtenpial drop across the oxide,
respectively.

In Figure 2.4(a), the gate leakage current has besasured for various gate oxide
thicknesses. Because the gate leakage current ixponential function of the
electric field across the gate oxide (Equation,2Hg gate leakage current shows an
exponential dependence on the gate-to-sowgeg bias, as shown in Figure 2.4(a).
The dependence of the gate current on the dram (Mig) for two different oxide
thicknesses has been also investigated. For a gjaenoxide, increasing the drain
bias yields a decrease of the gate current, asrshwowigure 2.4(b). This can be
explained by the fact that higher drain voltageucss the electric field across the
gate oxide at the drain end of the channel (loWgrin Equation 2.1), therefore a
lower gate leakage current is measured under Wighlt can be also observed that
there is a strong dependenceV@g in the regimeVee<Vs<<0 V. This effect will be
further discussed in the next section.

From these observations, it can be concluded lileagate leakage of a transistor for a
given technology (i.e. a given gate dielectric khiess) is determined Bygs andVgp
biases seen by the device.
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Figure 2.4: (a) Gate leakage current measured on 10x10 um® NMOS transistors
having various gate oxide thicknesses as a function of the gate-to-
source bias (V). (b) Gate leakage current measured as a function of
V. at various V,, on NMOS transistors with a 2 or 1.4 nm gate oxide.
The channel length and width of the transistors are 5 and 10 pm,
respectively. For both figures, the bulk and source biases are set to 0'V.

2.2.2 Components of the gate direct tunneling current

The gate direct tunneling current can be divided three major components (Figure
2.5(a)): the gate-to-channég€) flowing through the source/drain extension atkea,
gate-to-bulk [gg) and the gate-to-source/drain extension overlgoms (cov, s
currents. In Figure 2.5(b), the gate leakage has Imeeasured as a function\&fs.
Three main regimes can be obsergk<Vrs, Vee<Ves<0 V, Vgs>0. The resulting
three gate leakage components have been addediagctmr MM11 modeling results
as published in [9]. It was shown that the tunmeltiate current fo¥ss<0 V consists
of lcov,sp andlgg. One can observed a kink arouxgs=Ves, Which indicates the
transition of dominance fromgoy sip andlgg. This is also confirmed in Figure 2.4(b),
where the impact ops on the gate leakage current is more pronounced for
Vee<Ves<0 V. The gate leakage current component at 0 N;dg sp For Vgs>0 V,
lgc is dominating. The respective impact of the gatkige components on the total
gate leakage current as a function of the trarrsiefyime is summarized in Table 2.1.
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Figure 2.5: (a) A schematic showing the various gate leakage components of a
MOSFET. The gate-to-source/drain overlap (Igo), the gate-to-
channel (Igo) and gate-to-bulk (Igp) currents are represented. (b)
Gate leakage current components as a function of V., for NMOS
transistor having a 2 nm gate oxide. The channel length and
width are 5 and10 um, respectively. The gate leakage components
have been added using MM11 [9].

Weak-inversion or
Accumulation

depletion Strong inversion
Ves<Vin (Vo> Vi) Viu<Vee<V, Ve Vi (Ve<V)
(VFB>VGS>V’[’)
1 GB electrons (electrons) - }
I Ge - - electrons (holes)
1 GOV, SD electrons (holes) electrons (holes) electrons (holes)

Table 2.1 The role of the different gate leakage current components as a function of
the MOSFET operation regimes. The type of carriers involved in each
gate tunneling component is mentioned for NMOST and in between
brackets for PMOST.
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2.3 Impact of gate tunneling current on the
transistor off-state behavior

lorr is the drain current when the gate, bulk and sowaltages are zero and the
drain bias is equal t¥pp. logr is influenced by the threshold voltage, the gateyth,
the channel/surface doping profile, the sourcefdjanction depth, the gate oxide
thickness and bypp.

2.3.1 Definition of the gate leakage current component in the
off-state regime

In the case of NMOS transistors in the off-stagime, both the n+ polysilicon gate
and the n+ source/drain regions are highly dopedo@ecome degenerate, resulting in
a n+/insulator/n+ MOS tunneling structures betwdsn gate and the source/drain
extension region. Its band diagram is shown in feéigu6(a). Thdgoy, sip has been
measured for NMOS transistors with two gate dielecthicknesses. It can be
observed in Figure 2.6(b) thidoy, sip increases dramatically with scaling the gate
dielectric thickness. Moreovelgoy, sip IS constant over the channel lengths range.
This indicates that, in this particular case, tloeirse/drain extension overlap is
constant over the whole channel lengths range. ifldispendency ofsoy, sip With
the channel length is no more valid if the dosehef halos is strong. Indeed, when
scaling the transistor channel length, highly dopaibs can overlap inducing a
variation of the source/drain extension overlagsWill result in a decrease tfoy,

sp for short channel devices. This variation is hosvevery small compared to the
large changes observed ligoy, sp Wwhen varying the gate dielectric thickness. A
variation in the measurement of short channel lengtould also induce small
variations inlgov, sip

Becausdgov, sip does not strongly depend on the transistor gatgthe it can be
approximated thdisov, sip is only a function of the gate leakage currentsignJc)
related to the gate dielectric and of the soured@idextension overlap lengtXdy),

as presented in Equation 2.2:

lcovsio = XovXJg (2.2)
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Figure 2.6: (a) A schematic of the band diagram of a n+ polysilicon/SiO,/n+ Si
MOS structure showing electron tunneling from the gate to the
source/drain extension (V, =0 V). (b) Overlap gate current
measured on NMOS transistors having various gate lengths and
gate dielectric thickness (1.5 and 1.75 nm) but same source/drain
overlap areas. Several NMOS transistors have been measured over
the wafer for each gate length. The width of the transistors is fixed
at 10 um.

2.3.2 Effects of the gate leakage current on the transistor off-
state behavior

lorr has been measured at various gate lengths for NMATIS plasma nitrided
oxides (Figure 2.7(a)). For long channel devidgs; is strongly dependent on the
gate dielectric thickness and is constant overghe lengths. For short channel
transistors] o is increasing exponentially as the result of unhcdied SCE (related
to the Vs roll-off phenomenon, see section 2.1.2). Note thatspread seen for the
smallest gate nitrided oxide (EOT~1.1 nm) can lebated to the non uniformity of
this dielectric over the wafer.
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Figure 2.7: (@) Drain current in the off-state regime (V =V =V, =0V, V =V =1
V) versus gate length (mask length) for NMOS transistors with
various SiON gate dielectric thicknesses ranging from 1.9 down to
1.1 nm EOT (see Appendix A). Several transistors have been
measured for each gate length. (b) Drain current versus gate current
in the off-state regime for long channel NMOS transistors
(L 10q>0-13 pm).

Gate Length (L) [Um]

The impact of the gate leakage current on the tgtalhas been investigated for the
NMOS transistors with various gate dielectric timekses. For this purpose, only
long channel transistord ¢ nas0.13 pm) have been selected in order to avoid
variations ofloer due to uncontrolled SCE. In Figure 2.7(b)g is plotted as a
function of the off-state gate leakage currégtdrp. For NMOS devices with a gate
dielectric thicker than 1.5 nm EOIllggris larger thang orr The gate leakage current
starts to dominate the tota-- for plasma nitrided oxides below 1.5 nm EOT (Fegur
2.7(b)). As already mentioned in the previous sectithe gate leakage current
component in the off-state regime {&ds=0 V) is Igov, sip that flows in the gate-to-
drain overlap region.

As a consequence, for transistors having an Wiragate dielectriclogr is no more
equal to the transistor Ieakaggf?'D) butlgoy should be added as a second important
component:

Lo = |oS'F%D GOV S/D (2.3)
wherel is the total off-state currenty>° is the transistor leakage ahgby, sip is
the overlap gate leakage currdgte is fixed for a given circuit application (e.g. hig
performance or low power).
From Equation 2.2 and considering thg{ is about 15 % of the total gate length of
the transistor [1], the impact of the relative cimition of Igoy, sp On the drive
current of the transistor at fixdgder can be estimated. In Figure 2.8(a), this impact
has been calculated, using calibrated analyticalelydor transistors having a gate
dielectric with an EOT of 1.2 nm with & of 17 Alcnf (at Ves=1 V), a transistor
gate length of 40 nm and with & specification at 18 A/um, as indicated in [1]
for the 65 nm CMOS technology node. The resuligdhas been compared to a

+1
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device with non-leaky gate dielectric. In Figuré(2), the reduction ingy as a
function of the contribution ofgoy, sp 10 lorr iS shown. An increase of the
contribution oflgoy, s to the total off-state leakage current forces erekese of the
transistor leakagdq«>", given that the total off-state current is fixdddecrease of
lo«>° results in a reduction & since the supply voltage is also fixed for eacbuti
application. The decrease\df results in a dramatic decreaséddg.

As an example, in order to limit the impact of tiete leakage current on the drive
current of short channel transistors to 5 % reductioy, s,p Should be limited to less
than 30 % of the totdlye= Note that similar results have been obtainedotber
devices (other type of applications) describedLirfgr the 65 nm node technology.

40
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Figure 2.8: (a) Impact of the relative contribution of I, to fixed I, on I
reduction (in comparison with a non leaky gate dielectric). I,
=15%XL;*J . (b) Impact of the gate current density (J) on Iy, for
NMOS devices with an overlap length of 13 or 20 nm.

The impact of the gate leakage current densgy ¢nlsov, sip has been then studied
for transistors having a gate-to-drain/source eyedf 13 or 20 nm, as presented in
Figure 2.8(b). As expected from Equation 2gy sp has a linear dependency &n
From Figure 2.8(a) and (b), requirementsJgfat a givenloer can be estimated.
Indeed, as an example, if the:r specification is set to 1 n@m, Js should be less
than 3 A/cr to maintain thdgov, sip contribution of less than 30 % to the tdigde
(i.e. to have less than 5 % degradatioqig). We will see later in this chapter that
such EOTJg requirement is impossible to meet with pure oxidge dielectrics.
Other gate dielectric materials need thereforeegantplemented to reduck. The
lorr Specification could be also increased, howevearithnot always possible for low
power applications such as portable applicatioas tbquire very loworr There is
therefore a trade-off between, high performaneeldy) and limitedl oer
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24 Consequences of excessive leakage current on
circuit

2.4.1 Impact of the gate leakage current on a 6T SRAM cell
leakage

In the previous section, it was shown that the gateeling current flowing from the
gate through the source/drain extension overlagspéasignificant part in the off-
state drain current. In this section, the impadhefgate leakage current on the total
leakage of a typical six-transistor (6T) cell uded CMOS static random-access
memories (SRAM) is studied.

The 6T SRAM cell consists of two cross-coupled CMi@&erters (T1 to T4) that
store one bit of information (i.e. function as &lg, and two n-type transistors (T5
and T6) that connect the cell to the bit lines. (peovide access to the latch), as
presented in Figure 2.9.

VDD

word line

S
N/

bit line ground bit line

Figure 2.9: A schematic of a 6T SRAM cell.

The 6T SRAM cell leakage can be calculated:
I leak_6TSRAM :(2prassx X ov XJG) + (VVI X LG XJG) + (Wdriver x| OFF +W,

driver

><>(OV XJG)

oad

+ (Vvload>< IOFF +W

load

><xov x‘]G) + (Wdriver X LG XJG) + (Wpass'IOFF +WpassxX0v x‘]G)

(2.4)
wherelea ot sramiS the leakage current in a 6T SRAM C8lhass Wariver 2Nd Wigag
are the width of the transistors T5 /T6, T1/T2 di8dT4, respectivelyXoy, Lg andJg
are the gate-to-source/drain overlap length, the d¢ength and the gate current
density, respectivelMorr is the transistor leakage and gate-to-drain opddakage
(see Equation 2.3).

The impact of); on the total SRAM cell leakage has been estimftethe CMOS
65 nm technology node. Note that for this purpdke, dimensions of the various
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transistor parameters as well as the design o6Th& RAM cell were estimated by
extrapolating typical design and library charactécs of the Philips 0.12um
technology node. Thig.a et sramhas been calculated for various gate lengthl gad
specifications. The obtainell. 6t sram have been plotted as function &, as
presented in Figure 2.10. For each varibgsand loge specification,lieak 61 sram iS
independent ofg until a certain value fads. Above this valueles 61 sramincreases
linearly with J; independently of the channel length dpgk specifications. This can
be explained by the fact that above a cerdginalue, the total leakage current of the
6T cell is dominating byg.
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Figure 2.10: Impact of J, on the total leakage of a standard 6T SRAM cell for
devices targeting the 65 nm CMOS technology node [1].

2.4.2 Impact of the gate leakage current on the total power
dissipation of a chip

Increasing the number of transistors on a chiplendécreasing their size, has been a
key factor in developing faster and faster chipgrothe decades. However, the
decrease of the transistors size results in anrexpi@l increase dfprr both due to
the transistor leakage and gate leakage, as sdée jrevious section. As a result,
the total power consumption of the chip is incregsiramatically. What is important
to point out at this stage of the discussion i¢ tha allowed power consumption is
very application dependent [1].

In this section, only portable applications will steidied. For these applications, low
power dissipation is required. In order to study plower dissipation in a chip using
advanced CMOS technologies, an extrapolation oftyip&al library and design
characteristics of Philips for the CMOS 041 technology node has been done.
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For a CMOS circuit, the total power dissipationlimes the active and standby
power dissipation (Equation 2.6). The active pohas two components: a dynamic
and a static power (Equation 2.7). The dynamic pasvéhe switching power due to

charging and discharging of load capacitance. Thécscomponent is the so-called
short-circuit power dissipation and is determingdhe leakage current through each
transistor. In the standby mode, the power disisipdas due to the standby leakage
current (Equation 2.8).

I%otal = I:)active-'- Pstandby (2-6)
where
Peive = 1><1:><C xVZ, +(I xV, )
active — 2 load DD mean”" VDD (2.7)
Patandoy = orr XVop (2.8)

andPya), Pacive aNdPsiananyare the total, the active and the standby povesihtion,
respectively. Gaq O, f and \bp are the load capacitance, the switching activitg,
operation frequency and the supply voltage, respEgt |,..niS the average short-
circuit currentloeris the cumulative leakage current due to all hamonents of the
leakage current.

An estimation of the total leakage current in apclfio be used in mobile
applications) for CMOS technologies ranging frora th12um down to the 45 nm
nodes has been made. In Figure 2.11, the activestamdlby leakage currents are
plotted as a function of the different CMOS teclogyl nodes. The exponential
increase ofls, when scaling the technology node, has a drarmapact on the total
leakage current of the chip in the standby modehdie seen in this chapter that the
transistor leakage but also the gate leakage amdigum leakage are increasing with
scaling CMOS. As we have seen for a 6T SRAM celhanprevious section, above a
certain Jg, lorr is dominated by the gate leakage current. As aemurence, the
standby power increases exponentially with the ggakage current above a certain
Jo (see Equation 2.8). The active power is also asirgy when scaling the CMOS
technology nodes. This increase can be explaingthdyncrease of g3 and f with
downscaling CMOS technologies. Although the acpesver depends strongly on
Vbp, this latter one does not scale enough to compefsathe increase in fy and

f. The ratio of the standby power over the activever has been also plotted in
Figure 2.11. This ratio is increasing dramaticadly a result of the exponential
increase ofls. It is therefore necessary to define a specificafor J; to avoid the
dramatic increase of the power consumption. Depgnain the application and
therefore on the maximum allowed power consumptionthe circuit, theJg
requirement will differ.
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Figure 2.11: Active and standby leakages trend as a function of CMOS technology
nodes for a low power application. The ratio of the two powers is
plotted on the second y axis.

It is now interesting to look at the power consupmptdue to the gate leakage
current. The power consumption due to the gatealgakan be calculated as follows:

Reak = Jg XVpp X A (2.9)

eak
where Py IS the power consumption due to gate leakage mtirdg is the gate
current density anA is the electrically active area estimated from [1]

As can be observed in Figure 2.12, the power copiam due to gate leakage
current increases exponentially with increasiag Scaling the supply voltage does
not help sufficiently in the reduction 8f..« and cannot be scaled too much due to the
increase of the transistor leakage and the perfmeaf the device. Note that this
limitation is very application dependent.
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function of J, for plasma nitrided gate dielectrics.

It is thus of first importance to realize that foture CMOS technologies, reducing
the power supply voltage does not completely stohee issue regarding the total
power consumption. There is a trade-off between gle&ormance, the power
consumption and the application.

2.5 Leakage reduction techniques

2.5.1 Leakage current reduction by circuit techniques

Low Power design has become a major concern oASIC and IC designers in
recent years because of the battery lifetime, qasily. Circuit design solutions
have been proposed to the high power dissipatisneisOnly three out of the
numerous solutions will be listed here, otherslwafound in [10]:

1. switching parts of the system off when not ire,ussing lower power
technologies and architectures.

2. using multipleVys high- and lowvr transistors are included on the same
chip. The highVr will suppress the transistor leakage while the M
transistors will achieve high performance. Theséipie Vs transistors can
be achieved by varying the implant conditions oé tsteep retrograde
channel.

3. using multiple oxides: Note that the changehim gate dielectric thickness
should be coupled to a change in gate length ofréimesistor to prevent any
severe SCE.

2.5.2 Leakage current reduction by technology changes

For further downscaling of CMOS devices targetiray | power applications,
solutions in the process can be found to limitl#akage current without drastically
changing the CMOS architecture. The solutions psepdiere to reduce the off-state
leakage seem to be the simplest to implement ior&emtional “standard” CMOS
process flow.

An obvious way to reduce the gate leakage cureetd engineer the gate dielectric.
This solution will be detailed in the next section.

The use of metal gates would eliminate polysilictapletion effects and therefore
decrease the electrical thickness of the gate aliele For a given electrical
thickness, thicker gate dielectric could be usesulting in lower gate leakage
current. This solution will be further detailedghapter 6. Furthermore, the increase
in carrier mobility (that is to say ilpy) obtained with, for example, strained Si would
enable a thicker electrical thickness to achievmilai performance as in
conventional bulk Si substrate using thinner g&téedtric.
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While this chapter is focusing on gate leakageerurcontribution to the total off-
state leakage, transistor leakage as well as pmdéakage are also important
components that need to be reduced.

One way to reduce the transistor leakage is tease thé/;. As already mentioned
in the first part of this chapter, this cannot lehiaved by increasing the channel
doping of a standard bulk Si as it will dramatigalegrade the carrier mobility in the
channel and increase the tunneling current betwesource and drain p-n junctions
with the substrate. Building the transistors onha tsilicon layer on top of an
embedded layer of insulation (silicon on insulat8fIl, technology) could be a
solution to lower the power dissipation [17]. Indeéhe thin insulator layer reduces
the current leakage to a minimum; while the thilicen substrate can be fully
depleted yielding maximum drive current and enapthre transistor to switch on and
off faster [18], [19]. Because the advantages of &@ related to speed gain and
reduced power dissipation, SOI is expected to game importance in the future
when ultra-large scale integration (ULSI) of miniated bulk CMOS becomes more
and more difficult [20], [21].

Having a more graded profile for the deep junctiaisreduce the junction leakage.
In the case of NMOS devices, the junctions are wftgn formed with Arsenic (As)
dopants. The profile of such junctions is rathemupband will therefore yield high
junction leakage. Adding a co-implantation of atey element such as Phosphorous
(P) will result in a more graded profile and theref will decrease the junction
leakage. Defects in the junctions are also enhgrjcinction leakage and should be
minimized.

As mentioned above, the list of the possible teldgical changes to lowdp g that
is described here is not exhaustive but can beegbglasily in a standard CMOS
process flow.

2.5.3 Leakage current reduction by gate dielectric
engineering

The obvious solution to reduce the gate leakageestis to increase the dielectric
constant K) of the material. This will result in a physicalilgicker film while still
having a thin EOT (see Appendix A). Therefore, ¢fa¢e leakage current will drop
significantly. In the literature, HigK- dielectrics such as Hfexhibiting a decrease
in gate leakage current of 4 orders of magnitudeoaspared to pure Sihave been
reported. However, issues with these dielectrictude the “pinning” of the Fermi-
level when used in combination with polysiliconatedes, high fixed (bulk) charge,
high interface state density and the thresholdageltinstability due to transient
charge trapping. Furthermore, it has been suggdéisaedigh-k gate dielectrics result
in lower effective mobility of inversion charges 8i-based MOSFETs because of
soft phonon scattering ([12], [13], [14] and [15]).
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Also, one important consideration regarding thedration of such high- material

in a circuit is its behavior at high frequenciesdded, theK value of a material is
measured at low frequency and it is not sure timsame value will be obtained at
high frequencies. If the higK value cannot be obtained at high frequencies, the
capacitance and therefore the performance of &msistor will be reduced [16].

As a consequence, nitrided oxides are preferred logherK gate dielectrics as a
solution to decrease the gate leakage currentoManitridation processes have been
studied yielding different nitrogen (N) concentoatin the gate dielectric layer ([24],
[25] and [26]). Plasma nitridation has been rembrs a way to introduce a high
amount of N in the dielectric [22]. A higher N cent will result in an increase of the
dielectric constant. Due to the high€of the nitrided oxide, physically thicker layer
for a given EOT, yielding a decrease in gate leakagrent. A benchmark of ttde-
EOT trend obtained for NMOS devices with a puredexa furnace nitrided oxide or
a plasma nitrided oxide is shown in Figure 2.13alh be observed that for a given
EOT, a decrease df of about a factor 10 is observed when replacipura oxide
gate dielectric with a plasma nitrided one. Becaplssma nitrided films have a
higher amount of N as compared to furnace nitrideides, a lowedg is measured
for NMOS devices with a plasma nitrided oxide. Hoer it has been reported that
the nitridation of silicon dioxide induces positifiged charges that yield a shift in a
shift of V1 ([27], [28]). Moreover, it reduces both electramdahole effective mobility

if some nitrogen atoms are located at the dieldstrbstrate interface [29].

As a conclusion, plasma nitrided oxide could bedus® an intermediate mediukh
dielectric for leakage current reduction providihgt the N concentration profile is
not localized at the gate dielectric/Si interfacénicki yield carrier mobility
degradation. Optimization of theses nitrided oxidékbe presented in chapter 5.
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Figure 2.13(a) &-EOT trend for NMOS devices with a pure oxide,raduae or
a plasma nitrided oxide.

2.6 Conclusions

The exponential increase of the gate leakage duwken scaling the gate dielectric
thickness is playing a major role in short chan@MOS transistors. The off-state
current is no more equal to the transistor (or lméshold) leakage only but also
includes the gate-to-source/drain overlap leakagkjanction leakage (mainly BBT
leakage). The impact of the gate leakage currentide power applications of
advanced CMOS technology nodes (sub-Ouh?) has been investigated. It was
shown that the gate-to-source/drain overlap leakagent component should be less
than 30 % of the total off-state current in orderprevent serious performance
degradation (on-state current degradation < 5 %).

An example of the strong dependence of the gakadeacurrent on the total leakage
of a standard 6T SRAM cell has been presentedoferdower applications [1]. It
was shown that there is a value Jdgrwhere the total cell leakage is dominated by the
gate leakage. As a consequence the power consumiptibe standby mode due to
gate leakage current increases exponentially abusel; value. The maximundg
allowed in a chip need therefore to be specifiedefich CMOS application in order
to prevent a dramatic increase of the power confompWhen scaling CMOS
technology nodes, changes in the design and ipribeess have to be implemented
to reduce the leakage as reducing the supply wigago more sufficient. There is a
trade-off between the performance, the power coptiomand the application.
Introducing a gate dielectric with a higher dieteciconstant will reduce the gate
leakage current component. It was shown that gatfealje current can be reduced by
a factor 10 when using plasma nitrided oxide redatd pure oxide gate dielectric.
Plasma nitrided oxide has been chosen as a goauhiediate “mediunkK” solution
before the introduction of highét material. This nitridation has been selected for
this thesis work to form ultra-thin nitrided oxidéhe optimization of such thin gate
dielectrics is detailed in chapter 5.
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Chapter 3
Capacitance-Voltage measurements
under high gate leakage current

3.1 Introduction

3.1.1 Motivation

It was shown in the previous chapter, that gatekalga current increases
exponentially as the gate oxide is scaled. Theaogphent of pure gate oxides by
highly nitrided oxides reduces the gate leakageeotirby a factor 10. Yet, when
scaling down the gate dielectric, the gate lealageent is increasing exponentially
exceeding 10 A/ch(at Vg1 V) for devices with plasma nitrided gate dieliest
below 1.3 nm EOT.

4E12
1.3 nm
3E12
m
‘E’ 2E12 2nm
O
1E12 |
0E+00
18 -09 0 09 18
Ve (V)

Figure 3.1: Measured capacitance {fas a function of the gate voltage for NMOS deyice
with a 2 or 1.3 nm plasma nitrided oxide as theegditlectric.



Chapter 3

Capacitance-voltage (C-V) characteristics have meeasured on NMOS transistors
having a 2 or 1.3 nm EOT plasma nitrided oxideslaswn in Figure 3.1. For the

NMOS device with thinnest plasma nitrided oxided atnerefore the leakiest,

capacitance attenuation in both inversion and aotation are observed as result of
the large direct tunneling current. C-V charactaris therefore strongly affected by

the high gate leakage current. The measured capeeitC,,) changes due to high

gate leakage current while the real intrinsic cépace is independent of the leakage
current.

C-V measurements on MOS structures are essentifikiprocess of research and
development of new CMOS generations, as they atletermining characteristic

parameters of the gate dielectric such as its tieisk (Figure 3.2(a)), fixed charge
density, and its interface state density. Furtheemthe active dopant concentration
in the polysilicon gate and in the silicon substrain be estimated from the C-V
curve, as illustrated in Figure 3.2(b) and (c)pessively. The extraction of relevant

parameters from these distorted C-V curves is thereroublesome and doubtful.

There is therefore a strong need to review the @dasurement methodology for
devices with an ultra-thin gate dielectric.

Cs (au) Cs (a.u.) Cs (a.u)
1.5 1.1 1.0

3 Gate doping Subs doping
' 0.9 i 0.8
1.1
0.9 0.7 0.6
0.7 0.5 0.4
0.5
0.3 0.2
0.3
0.1 0.1 0.0 I I I
- -2 -2 -1 0 1 2
Ve (V) Ve (V) Ve (V)
(a) (b) ()

Figure 3.2: C-V characteristics modeled by R. van LangevelilggudOS Model 11 and an
0.18 m CMOS technology: the gate dielectric thicknesg) (@s well as the
polysilicon gate and substrate doping can be easilyacted from C-V curves.

3.1.2 Chapter overview

In this chapter, the practical problems in C-V euderization arising when a MOS
capacitor shows significant gate leakage currenbutfh the gate dielectric are
discussed. This chapter starts with a descriptibthe high-frequency (HF) C-V
measurements and a discussion on the impact of lgatege current on C-V
measurements (section 3.2). Recommendations onHfReC-V measurement
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procedure are then given. Achieved C-V measurementier high gate leakage
current on various test structures are also prederin chapter 3.3, the radio
frequency (RF) C-V measurements procedure is destriand some RF C-V
characteristics are presented.

Details on the design of a test structure dedicatedhe measurement of C-V
characteristic under high gate leakage currentd@eussed in chapter 3.4. A new
layout is proposed for both HF and RF C-V measurgme

In chapter 3.5, a comparison of some models useaxttact parameters such as the
EOT is presented. Based on our present knowledg€-uf measurements, we
summarize in chapter 3.6 the best measurementguorand test structure design to
obtain reliable C-V curves of MOS structures witltraithin oxynitride gate
dielectrics. A benchmark of the HF and RF C-V chtedstics is also presented.
Recommendations for future work are finally given.

This chapter is not a general introduction to C-Fasurements. We assume that the
reader is familiar with the basic concepts of C-¥asurements. The theory of C-V
curves can be looked up in the literature: seeef@mple references [4]-[8]. In this
chapter, we focus on the additional problems cabgddakage current.
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Chapter 3
3.2 High-frequency C-V measurements

3.2.1 Measurement description

High-frequency (HF) C-V measurements are carrigdusing a probe station and an
LCR meter: HP 4284A in our case. A DC bias voltageet across the capacitor, and
a small high frequency AC signal is added to itpi€glly, the high frequency signal
has an amplitude of 10-50 mV and a frequency rarfgk0 kHz up to 1 MHz. An
LCR meter supplies the above mentioned bias, arabunes the AC component of
the current as a function of time. The amplitudetlsd AC current gives the
impedance4) of the device under test; the phase shjtl{etween the voltage and
the current oscillations indicates whether theegstevice is capacitiveg€90°),
resistive ¢=0°), or inductive ¢=-90°) in nature, as shown in Figure 3.3(a).

The accumulation part of the C-V curve is very samto that of the quasi-static
measurement; be it that slow interface states,dhanot follow the high frequency
signal, are not visible. The inversion part is oolyserved when supplies of minority
carriers are present in the form of diffusion ed{gsurce/drain edges) around the
capacitor. The substrate cannot generate and régembnority carriers fast enough
to supply the inversion charge. In Figure 3.3()igh frequency C-V curve is shown
for a NMOS gated diode (capacitor with an activeaao provide minority carriers)
with a 2 nm oxynitride gate dielectric.

wC 4E-12
A . R
accumulation inversion
3.E-12
—
Z L2212 ¢
O
(p 1E12 -
» R depletion
0.E+00 !
-2 -1 0 1 2
Ve (V)
(a) (b)

Figure 3.3:(a) Schematic of the measured impedance (Z) andepl@. (b) 1MHz high
frequency C-V curve for an NMOS gated diode withabcumulation, depletion
and inversion regions highlighted.
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3.2.2 Impact of high leakage current on C-V measurements

3.2.21 Problem description

The impact of high gate leakage current on C-V mesment is illustrated in Figure
3.4(a). C-V characteristics measured on NMOS gadeitles with thin gate
dielectrics having a gate leakage current densifyand 100 A/crh(atVes=1 V) are
compared. The capacitance for the gated diode twahleakiest (also the thinnest)
gate dielectric begins to sharply decrease in tiseraulation and inversion regions,
that is to say under strong gate bias. The medmargsponsible for the capacitance
attenuation is gate tunneling current as well aeseesistanceazg) such as the gate,
channel and bulk resistances [9-12]. The valuRgstrongly depends on the layout
of the test structure and sheet resistivity ofdgilestrate.

The tunneling conductancg), intrinsic capacitanced) andRs are defined in Figure
3.4(c) and represent an equivalent circuit modelthie MOS device under high
leakage current. However, among the equivalentitimodels available on the LCR
meter, none of them takes into account WBtAnd Rs. HF C-V measurements are
performed using the parallel circuit model (FigBré(b)) which takes into accout
but neglectsRs. Using impedance transformations, the measuredctapce C,)
and conductancéx(,) can be expressed as a functioiGpC andRs (Equation 3.3).

3E12 [ s 1LE-02
P {1 1E-04
3E-12 ]
1 LE06
2E-12 | 1 1E08 __
i f 9
: 1 1E10 g5
\'E/Z.E-lzi ] Py CM GM C G
1 1LE12
O : =
1E12 | 1 1E-14 Rs
r 1 1E-16
5E-13 | &
1 1E18
0.E+00 © 1 1E-20

(b) (c)

Figure 3.4:(a) Comparison of C-V characteristics measured dMQ$ gated diodes with
thin gate dielectrics having a gate leakage curmensity of 1 and 100 A/ém
(at Ves=1 V). Small signal equivalent circuit model of M@&pacitor: (b)
parallel measurement model and (c) model includihgnd R.
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C
Cm = 2 2212
(GR +1)? +&’C’R’
_c U*RG)*(Cw)’R/G @3
" 7 @+RG)’+(RCw)’
This relationship (3.3) indicates tha}, andC,, are affected byRs. Moreover,G and
Rs modify the measured capacitance, whatever theuémry used. If the leakage
current is high (i.eG is high), the measured capacitance is decreasitdhe effect
of Rs becomes amplified. It should be also noted thgh lgjate leakage associated
with high Rs will have an impact on the actual voltage acrbssaxide: it will be less
than the externally applied voltage. From our expental data, this difference is
marginal and therefore was not taken into accaulttiis report.
Furthermore, the LCR will not be capable to acalyateasure the capacitance if
the tunneling leakage current is too large. Indebd, dissipation factorD)), as
defined by the HP 4284A operating manual [13] whsimg the parallel equivalent

model (Figure 3.4(b)), indicates that the measurgreeror will strongly increase
when D and therefore G increase (3.4), as illustrat figure 2.2.1.2.

D= 222: and %error = 0.11/il+ Dzj (3.4)

10 ; 1LE-02
= 1 1E-04
S 8 . 1.E-06
S 3
% . : 1E-08 o
8 1 1E-10 3
= 1.E12
24 E R
8 : LE-14
Q 2 1.E-16
a 1 1E-18

0 1 1.E-20

2 -1 1 2

0
Vs (V)
Figure 3.5: Dissipation factor measured on NMOS gated diodeslai to Figure 3.4(a).

High gate leakage current increases strongly thesigiation factor and therefore
the measurement error.

As a result, high frequencies should be used tosureaMOS devices having ultra-

thin leaky gate dielectrics in order to minimize timstrumentation error. However,
an important drawback of higher frequency measungsnie the larger sensitivity to
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signal transfer loss and residual inductance. ptoblem can be solved with a radio-
frequency measurement methodology (see chapter 3.3)

3.2.2.2 Correction for parasitic elements

C-V measurement on devices with ultra-thin gatdedieic are very sensitive to

parasitic elements. Indeed, in order to reduceltecomponent (namely the gate
leakage current), small area test structures assl ygelding small measured

capacitances. As a results, parasitic elementsingrirom the measurement set-up
(e.g. cables) or/and from the test structure @gnections), are no more negligible.
The measurement of negative capacitance is theeqaeace of these parasitic
elements, as shown in figure 2.2.2.1(a).

6000
1.0E-12 /‘
5000 - e
0.0E+00 — e
— £ 4000 .
— -1.0E-12 5 o
e b S 3000 | o
O E— '/
-2.0E-12 o 2000 - L
8 J./ y = 2.0129x + 416.75
1000 _- R2=1
-3.0E-12 (
2 -1 0 1 2 0
Vs (V) 0 500 1000 1500 2000 2500

Test structure area ( pmz)
(a) (b)

Figure 3.6 : (a) C-V measurements under high gate leakage curiéegative measured
capacitances are the consequences of parasiticezlenthat are not taken into
account in the equivalent MOS schenf®gfire 3.4(b)). (b) Extracted pad
capacitance from capacitance in depletion versasghte area. The depletion
capacitance corresponds to the minimum capacitaneasured on the square
gated. The pad capacitance extracted jgs17 fF.

A parasitic element that will limit the downscaling the test structure area is the
gate-substrate capacitance, also called pad capeeitC,.9, which is in parallel
with the MOS structure (see Figure 3.7). As thee gatpacitance becomes smaller,
errors in estimating the parasitic pad capacitar@eresults in significant errors in
calculating or estimating the oxide thickness.

The pad capacitance is extracted by measuringateeaapacitance in depletion (not
affected byG) on square gated diodes with different gate atmats same pad
interconnect scheme. The measured capacitancetieglversus gate aref)(and
the pad capacitance is found from the interceph WitO axis. The capacitance in
depletion of square gated diodes was measured pad aapacitance of 417 fF was
extracted, as shown in Figure 3.6(b).
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Gate bo|

e e e R e S I S

Figure 3.7: Schematic local MOS with a parasitic pad capcitance

In order to verify this value, the pad capacitahes been estimated from a simple
calculation of the field oxide and pre-metal diglec(PMD) capacitances. For the
technology used to fabricate 40 nm transistors,fitdd oxide layer and the PMD
layer have a thickness of respectively 365 and if85The dimensions of the bond
pads are 106100 pm?. The resulted capacitances of the field oxide RKtD layers
are respectively 450 and 960 fF, which results fotal capacitance (adding the two
capacitances in series) of about 306 fF. The diffee between the measured and
estimated pad capacitances can be attributed toati@ions that can occur in the
thickness of the field oxide and PMD layer durihg fprocess. Yet, the two values
are in the sub-pico Farad regime which will linlietdownscaling of the dimensions
of the test structure needed for devices with legage gate dielectric.

It is therefore essential to minimize this parasitad capacitance, reducing its area,
working on isolated MOS structures having evenyualtriple well implant and using
an optimized MOS design to avoid uncertain coroagi(see section 3.2.5).

3.2.2.3 Corrections for external resistances (G, R,)

If the test structure is not correctly designed, emuivalent scheme taking into
account the tunneling current as well as the sedsistance should be applied to
correctly interpret the C-V measurements. Amongiowr correction models
proposed in the literature, two have been invetst@jaarefully.

— Dual frequency method [14]
A method using C-V measurements at two frequenicigsarallel mode has been
proposed [14]. This method is simply equating tlapel and accurate models
(Figure 3.4(b) and (c)); the use of two frequeneisns to extract the intrinsic oxide
capacitance(), G andRs. This method does not impose a theoretical limitttwe
choice of the two frequencies. However, the measent error increases when the
gate leakage current is increasing (see equatidnaBd the frequency range where
this method can be applied is therefore shiftingatwls higher frequencies reaching a
limit when considering the frequencies available the LCR meter (maximum
frequency is 1 MHz).
A good illustration of this problem is shown in Big 3.8 where the dual frequency
method has been applied on an NMOS device withl@aa-thin oxynitride (1.5 nm
EOT, Js=10 Alcnf atVgs=1 V) using three different frequency ranges: 1 M0
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kHz, 1 MHz — 100 kHz, 400 kHz — 100 kHz. The meeduC-V characteristics are
plotted in Figure 3.8(a), (b) and (c) with undegtinparts of the curves whebeis
below 1 or 0.1. As defined in (3.4), is a good figure of merit for the measurement
error. The measurement error is increasing withredesing the frequency yielding to
capacitance values measured with a high measuresmemt The resulted corrected
C-V curves are very different depending on the ehdsequency range and, in our
case, the obtained “corrected” C-V curves do nstiltén the expected intrinsic C-V
characteristic. We will show later that this methuaoh be successfully applied on C-
V characteristics measured at RF frequencies wifiereneasurement error is small
(chapter 3.3).
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Figure 3.8: Measured C-Vs on NMOST with a 15 A EOT gate digdetic=10 A/cnf at
Ves=1 V) at various frequencies: (a)l MHz, (b)400 af@)100 kHz. The
capacitance measurements for various D are undedlin(d) Corrected C-V
curves using the dual frequency method [11] foriwmas frequency. The
corrected C-V curve is dependent on the frequeraryges. The obtained
“corrected” C-V curves do not result in the intrisscapacitance.

— Transmission line based method (Barlage’s methd8) [

Another method, valid only in inversion, has beeoppsed by Barlage et al. [15].

Note that due to the lack of accurate fitting moiekxtract EOT in the inversion

part of the C-V curve, only th€ET,,, will be measured on the C-V obtained with

this method. This approach is based on the apjplicaif a lossy transmission line
model to the MOS transistor. The channel is partéd in segments, each segment
being a 3-component equivalent circuit as defimedigure 3.4(c). A correction
factor is calculated based on the sheet resistahtiee inversion channel (calleg
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and on the normalized tunneling impedance of thdeofcalledr;). An advantage of
this method is that the correction factor is indefmnt on the measured capacitance.
It depends only on DC measurements that are mocerae than C-V ones.
However, since the MOS structure is characterizethb parameterns andrs along
with the channel length, the model must be restricted t@®saghere the lateral
potential drop along the channel is very small careg to the gate-to-channel
voltage. If the gate leakage current, flowing aldimg lateral channel to source/drain,
produces a significant voltage drop, thieandrs become position dependent as well
as bias dependent and the problem becomes much diftioeilt. This places a
restriction on the gate length and the gate leakagent for which the model can
provide accurate correction. The channel potertied been predicted for long
channel device with high gate leakage current uM@S Model 11 (MM11) [16].
The influence of the gate leakage current on tleectl potential is not negligible for
long channel device with high leakage current,rasgnted irFigure 3.9.
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Figure 3.9: Influence of the gate current on the channel péaéwtistribution for a device
with a channel length of 0,Am and an oxide thickness of 0.8 nm, as predicted by
MM11 [16]. For Vzs=0.6 V, the gate current was §B\.

This correction method [15] has been applied on3@nd 1um channel length
NMOS transistors having various thin gate oxynéridielectrics. The calculated
characteristics af, andr exhibit similar behavior independently of the gdiedectric
(i.e. independently of the gate leakage curremt)Figure 3.10, examples of the
obtainedr; andrs characteristics are shown for various gate lengths
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Figure 3.10: Calculated (a) tunneling resistance (r) and (b) channel resistance (r_)
according to [15] on NMOS transistors with a 10, 3 and 1 um gate
length.

The calculated; is decreasing exponentially when increasing gete independently
of the channel length. This behavior can be expthloy the fact that the gate leakage
current is exponentially increasing with gate llas to direct tunneling mechanism.
Moreover, the calculateds characteristics show, as expected, an exponential
decrease at small gate biases (linear regime)wWetloby a linear decrease when the
saturation regime is reachdgl; is also independent to the channel gate length.
Although ther; and rg calculated characteristics exhibit normal behawdren
varying the gate bias, the resulting corrected citgrece is not the expected intrinsic
capacitance. For devices with a rather “thick” gaigdectric (EOT = 20 AJs=0.01
Alcm?® at Vgs=1 V), the measured and corrected capacitance®adapping, as
presented in figure 2.2.3.4(a). Indeed, the medstapacitances are already leakage-
free and therefore do not need to be correctedefilesless, it is interesting to
underline that the calculated capacitances areperd¥ent of the channel length. For
devices with ultra-thin gate dielectrics (EQT1L4 A, =10 Alcnf at V=1 V), the
calculated capacitances are not free of all extewsistance as they are no more
independent of the channel length (figure 2.2.3)4(bthe obtained “corrected” C-V
curves are still attenuated in inversion showirad they are not leakage free.
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Figure 3.11: Measured CV characteristics for NMOS devices with a (a) 20 A
(J,=0.01 A/cm’ at V=1 V) and (b) 14 A (J ;=10 A/cm’ at V =1V)
oxynitride gate dielectric. Corrected CV curves using the Barlage’s
method [12] are also plotted. (b) The obtained “corrected” C-V curves
are not leakage [ resistance free.

- MOS model 11 [16]
As discussed earlier in this section, the assumptiothe Barlage’s method that
and rg are uniform along the channel is not valid whea fate leakage current
produces a significant lateral voltage drop whighhie case of the studied ultra-thin
oxynitride films. Moreover, other external resigtas might need to be taken into
account on top of the channel and tunneling resist® To verify this hypothesis,
MOS model 11 (MM11) was used to model the capacidn inversion of a 10x10
um? NMOS with highly leaky dielectricJs=100 A/cnf atVes=1 V).
MM11 is an advanced compact model developed bypBHiL7]. It is a symmetrical,
surface-potential-based model. It includes an ateudescription for all physical
effects important for modern and future CMOS tedbgies such as gate tunneling
current [15].
First, the NMOS channel was partitioned in 10 sagsméeach segment being a 3-
component equivalent circuit similar to the oneadiégd inFigure 3.4(c)). For
each of these segments, the tunneling and sesestamgces are bias dependent. This
model is more accurate than the Barlage’s cormectiethod as it includes the
channel non uniformity under high gate leakage entrr(Figure 3.9). This
segmentation yields a decrease of the capacitang®/érsion but does not explain
the total decrease of the measured capacitan@hoag inFigure 3.12(a). When
adding an extra resistance in series with the mateinal, the modeled C-V curve is
describing the roll-off of the measured C-V obsdraeound the threshold voltage, as
illustrated inFigure 3.12(b). This extra resistance could be the gate esist
resulting from a too wide and/or to the lack ofsglaand sufficient contacts. In order
to obtain a good fit with the measured C-V curte, Yalue of this resistance was set
at 400Q which is a rather high value. Yet, for large pwesitgate bias (strong
inversion), the modeled C-V is not reproducing lrge decrease of the measured C-
V towards negative values. In order to describentbhgative values of the measured
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capacitance in strong inversion, an inductance adaed in series that could be the
result of remaining parasitic inductance (cablipgd capacitance etc...) that have
not been properly corrected. The value of this atainice was set to 400 nH, which is
a very high value and shows that de-embeddingtstes are strongly required for
these meaurements. As shownFifzure 3.12(c), the modeled and measured C-V
characteristics are well correlated in inversion.
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Figure 3.12: Measured and modeled (using MM11 where tunneling and series
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resistances are bias dependent) of C-V characteristics in inversion for
a 10x10 pum’ NMOS transistor with an ultra-thin gate dielectric
(J,=100 A/em’ at V=1 V). A transmission line model for the
MOSFET channel has been implemented: 10 segments have been
introduced (a). In order to explain the large attenuation of the
capacitance for large positive gate bias (inversion regime), a gate
resistance (b) and an inductance (c) need to be added in series.

To summarize, MM11 predicts accurately the C-V meament degradation
behavior observed under high gate leakage curiBme. non uniformity of the
channel potential under high gate leakage currémgspan important role in the
modellisation of C-V curves.

Because it can model successfully C-V characteristileaky oxide, MM11 was
finally used to simulate the full C-V curve anddorrect for parasitic elements and
external resistances. The resulted simulated CrVecteproduces nicely the intrinsic
C-V characteristic of a device with an ultra-thiraky gate dielectricJg=100 A/cnf
atVes=1 V), as presented in Figure 3.13.
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Figure 3.13: Measured and modeled (using MM11) of C-V characteristics for a
10x10 pm®> NMOS transistor with an ultra-thin gate dielectric
(J =100 A/cm’ at V =1V).

3.2.3 High frequency C-V measurement procedure

A typical cabling scheme is presented in Figure43fdr a transistor as the test
structure.

Since the measurement of devices with an ultradgRide requires very small signals
(reduced test structure area to decrease the D@aent), parasitic effects become
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non negligible. A full calibration of the measurarmeset-up is of first importance in
the measurement procedure.

High H(A—Ir Low
=W

gate

well source drain well

bulk

|

High or floating

Figure 3.14: Schematic of transistor test structure used for C-V measurements.
The chuck can be connected to the High terminal or being floating.

The basic procedure steps that should be executied f the actual C-V
measurements and whatever the test structurehafeltowing:

1) Cleaning of the probes
It is of first importance to always start a measwrat with clean probes. This will
ensure good contacts and will result in reliableé seproducible measurements.

2) Measurement of the contact resistance
Some variations in the processing might have acdimmpact on the contact
resistance (e.g. silicidation process). This rasst should be measured (e.g. on
Kelvin test structure) prior to C-V measurements sinould be below 10.cm?.

3) Calibration of the measurement set-up
In order to calibrate the LCR meter and correctgarasitic elements such as series
impedance induced by the cables and parallel piraspacitances, OPEN and
SHORT corrections are required. The cables lengibuld be kept as short as
possible and the connections should be fixed dutiegmeasurement. Also, ideally,
the needles should be handled automatically todagay variation of the parasitic
impedance of the set-up.

Some further corrections for parasitics and exterasistances might be needed
depending on the gate leakage current level artdetest structure. The presence of
dedicated OPEN/SHORT test structures or clevegdegbs on the test will prevent
extra correction for parasitic capacitance andraaleresistance. However, most of
the test structures present on current availabkkseds require a measurement of the
gate pad capacitance that should be subtractée tmé¢asured capacitance.
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3.2.4 HF C-V measurements: 1 MHz

C-V characteristics of MOS devices with ultra-thiate dielectrics have been
measured at 1 MHz (maximum frequency possible erHHR4284A) on various test
structures. The main results for each studiedstestture have been reported below.

— Square gated diodes
Figure 3.15(a) shows the layout of a square gaieded A large number of these
gated diodes have been drawn with various areasdgavcommon well and active
areas.
As mentioned in section 3.2.2.2, the large pamapiid capacitance limits the down
scaling of the area of the test structures. It fsasd that for a 5xfm?* gated diode,
the pad capacitance was already more than 40 %tedfotal measured capacitance.
Therefore the minimum area for these gated diodeststres yielding accurate C-V
measurements is 10x1Qm? For this specific test structure, accurate C-V
measurements can be obtained for NMOS devicesangidite leakage current density
below 10 A/cr (atVss 1V), as presented in Figure 3.15(b).
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2E-12 E
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0.E+00 1 1E-20

Ve (V)
(a) (b)

Figure 3.15: (a) layout of the square gated diode sructure. (b) Measured C-V and
corresponding gate leakage current (I,) characteristics for five
NMOS devices with thin oxynitride gate dielectrics. The thickness
of the oxynitride films was varied from 2 down to 1.2 nm EOT
(represented with different colors). The measurements were
performed on the 10x10 um’ gated diode test structure available on
the MINOXG maskset. Accurate C-V curves are obtained for
devices with a gate leakage current density below 10 A/cm’ at
Ve=1V.

For this test structure, the well contact was draam far from the device itself,

inducing a high resistance in accumulation. Theefdhe substrate contact was
taken at the backside of the wafer. In order taucedthe bulk resistance, epi wafers
were used. Epi wafers yield lowers R~ factor 4 decrease as compared to bulk
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substrate) resulting in a better C-V characteristicaccumulation (capacitance
attenuation starts at higher gate bias), as predent Figure 3.16. Note that the
doping concentration of the epi bulk Si was aro&r#i0'’ at/cnf in this experiment.
This bulk doping concentration could be increasedaffurther reduction of the bulk
resistance. Moreover, the bulk resistance can ladsoeduced by designing a large
amount of bulk contacts close to the device it&gE section 2.5).
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Figure 3.16: (a) R, and (b) C-V curves measured in accumulation on PMOS gated
diode having an ultra-thin gate dielectric and formed on an epi or
standard bulk wafers. R, was extracted from DC measurements on a
large (0.81 mm®) capacitor without drain edge in order to eliminate
any parallel leakage path (e.g. gate to drain leakage) which could
interfere with the measurement of R, Because of the high gate
leakage, the oxide resistance (R ) can be neglected as shown in the
equivalent circuit in the inset of the plot. C-V characteristics were
obtained from 10x10 um’® gated diode.

— 2 transistors in parallel (matching test structure)
A structure consisting of two transistors has betewlied. Each transistor has a gate

width and a gate length of 10n, yielding a total area of 20x30n? (Figure 3.17(a)).
As shown in Figure 3.17(b), accurate C-V measurésneam be measured on NMOS

transistors with a maximum gate leakage currensitebelow 10 A/crfi (at Vo1
V).
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Figure 3.17: (a) Layout of the 2-transistorsmatching structure. (b) C-V and
corresponding gate leakage current (I,) characteristics for NMOS
devices with thin oxynitride gate dielectrics. The thickness of the
oxynitride films was varied from 2 down to 1.2 nm EOT (represented
with different colors). The C-V measurements were performed on two
10x10 pm’ transistors in parallel. The gate leakage current
measurements have been performed on NMOS transistors having an
area of 40 um’. Accurate C-V curves are obtained for devices with a
gate leakage current density below 10 A/cm® at V=1 V.

— Larrays transistors
The transistors have a fixed gate width and vagightte length and are designed with
common source and well. Drain and gate are indallgucontacted, as shown in
Figure 3.18. C-V measurements have been performeldMOS transistors having
an ultra-thin oxynitride gate dielectri€ET,=20.9 A andls=5 Alcnf atVgs=1 V)
and a gate length of 10, 3 orpin, as shown in Figure 3.19(a). The normalized
capacitances are independent of the channel lengtving that for these transistors
the effect of external series resistances is nibigigThe discrepancies observed for
the C-V curve measured on the pin channel length can be attributed to an
inaccuracy of the channel length measured on tdd BEages or/and to the noise
level that becomes non negligible when measuringh semall capacitances.
However, having too large gate length will increabe gate leakage current
component which will attenuate the capacitanceshasvn in Figure 3.19(b) for an
NMOS transistor with a thin gate dielectriiz£18 Alcnt atVgs=1 V). A gate length
of 3 um was chosen to investigate the maximum gate leakagent allowed to get
accurate C-V curve using NMOS transistor as adtestture. NMOS transistors with
a gate dielectric having a maximum gate leakageentidensity of 20 A/cfyield
accurate C-V measurements, as illustrated in FigLae.
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Figure 3.18: Layout of the Larray transistors.
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Figure 3.19: C-V curves measured on NMOS transistors with a gate length of 10, 3
and 1 pm. The gate dielectric has a CET,, of (@) 20.9 A (J =5 A/ em’
atVo=1V)and (b) 19.7A at V =1V (J =18 A/cm’ at V =1V).
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Figure 3.20: C-V curves measured on NMOS transistors with a gate length of 3 um
and related gate leakage current density (J ). . The thickness of the
oxynitride films was varied from 2 down to 1.2 nm EOT (represented
with different colors). Accurate C-V curves are obtained for devices
with a gate leakage current density below 20 A /cm’.

3.3 Radio-frequency C-V measurements

3.3.1 Measurement description

As mentioned in chapter 2, the measured capacitenedfected by gate leakage
current ) and by the external resistand®s)( Increasing the frequency of the
measurement will not help iRs is high (equation 3.3). However, increasing the
measurement frequency is required to minimize tistrumentation error (equation
4).

The radio-frequency (RF) measurements are carugaio optimized test structures
(see section 3.3.3) using a Cascade probe statba aetwork analyzer (HP 8510C).
From S parameter measurements parameters are determined and open/short de-
embedding is carried out [18-20]. Figure 3.21 shaw&xample of th¥;; parameter
(gate admittance) of a NMOS device with high leakagrrent §s=50 Alcnf at
Ves=1 V). The imaginary componentsC) dominates only for a certain frequency
range, in this particular case between 20 MHz ai@@H2. Note that this effect will
not be observed if the correct measurement moded wapplied (here the
measurement circuit mod€él parallel toG was used, as described in Figure 3.4(b)).
The real component part attributed to the gate wctatice (i.e. leakage current
component) will drastically change with the gatasbi
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Figure 3.21: Measured real and imaginary components of the input admittance
of a NMOS capacitor in inversion. The device has 1872 um’ gate
area and an ultra-thin gate dielectric (J,=50A/cm’ at V=1V). (a)
the imaginary component («C) dominates only for frequencies
between 20 MHz and 2 GHz. (b) The gate bias was varied between
0.3 Vand 1.2 V in steps of 100 mV. The imaginary parts almost
overlap, but due to the exponential increase of gate leakage current
with V., the real part of Y, changes drastically.

The minimum frequency is dictated by the magnitudethe gate leakage. The
highest measurement frequency is constrained bgitternal resistancér§). When
excessive gate leakage forces the application ofriREsurement frequencielg
must therefore be reduced to a minimum to stilbwlla good measurement of
capacitance. The selection of the correct measurefreguencies is therefore crucial
and strongly depends on the test structure used. masured frequency range
should be chosen in the region wh&sds frequency independent (i.e. where the
imaginary component dominates the real one) [21§ therefore important, prior to
the actual C-V measurements, to measure the capeeitas a function of the
frequency and at several gate bias siBcand Rs will have a different behavior at
different gate bias. In Figure 3.22(a), the meabgapacitance and conductance as a
function of the frequency is presented for an NM@¥ice with an ultra-thin gate
dielectric §c=100 Alcnf atVes1 V).
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Figure 3.22: (a) Capacitance (=1ImY, | /&) and conductance (1ReY,,|) measured
on NMOS transistors with a gate length of 0.5 um and an ultra-thin
gate dielectric (J,=100 A/cm’ at V=1 V) as function of the frequency.
The measurements were done in strong accumulation (V =-2.5 V)
and strong inversion (V,=2.5 V). (b) The quality factor (Q) of the
same device was calculated for the two gate biases: V =+2.5 and —2.5
V. The peaks of the @ factor were reported in (a) and do not

correspond to the region where |ImY || [ wis flat.

As expected, the frequency range where the capaeités independent of the
frequency depends on the gate bias. However, ikesecommon frequency range
where the capacitance is independent of the fretyuenboth strong accumulation
(Ves=-2.5 V) and strong inversionV§s=2.5 V). Choosing the maximum of the
quality factor Q=1/D) does not correspond to this frequency rangellustrated in

Figure 3.22(b). Care should be taken when measutéwces with different gate
lengths since the frequency range where C will tmestant over the frequency will
shift (smaller gate length, higher frequenciesjllastrated in Figure 3.23.
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Figure 3.23: Capacitance measured in strong accumulation (V,=-2.5 V) as a
function of frequencies for NMOS transistors with an ultra-thin gate
dielectric (J,=100 A/cm2 at V =1 V). The dashed lines indicate the
lower and upper limits of the frequency range where the capacitance
is independent of the frequency.

Once the correct measurement frequencies have deected, the actual RF C-V

measurements can be performed. First, the capeeiitamrmeasured as a function of
the frequency (chosen using the method describededbBecause the measurement
model used (Figure 3.4(b)) is not accurate for meaments under high gate leakage
current (section 3.2.2), a correction RyandG should be applied to get the intrinsic
capacitance. Since the instrumentation error ig serall at RF frequencies, the dual
frequency method (see section 3.2.3) can be applied

3.3.2 RF C-V measurements

RF test structures (so called HFLarrays) have eessured and consist of two gate
fingers of variable gate width and length (Figur@43. As presented in Figure

3.25(a), after correction, the resulted C-V cur@esfrequency independent, showing
the accuracy of the method. A small variation isaoted when using smaller gate
length (0.5 mm), as shown in Figure 3.25(b). Thifecence can be attributed to an
uncertainty in estimating the physical gate lengtidl to a change in the substrate
doping: the pockets starting to influence the clehdoping.
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Figure 3.24: Layout of the HF Larray test structure
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Figure 3.25: (a) Measured and corrected capacitances for NMOS transistor with a
gate width and length of respectively 20 and 2 um and an ultra-thin
gate dielectric (J =100 A/cm® at V=1 V). The resulted corrected C-V
curves are frequency independent, proving the validity of the method.
(b) Corrected C-V curves for NMOS transistors with a gate width of
20 pum and variable gate lengths: 2, 1 and 0.5 pm.

Subsequently, RF C-V measurements on RF struciitiesnultifinger capacitors (in
order to reduce the gate resistance) with a gatéhvaif 2.6um and a gate length of
0.2 or 1pm (Figure 3.26). The total gate area on active &@eB872pum? for all
devices. Dedicated OPEN and SHORT test structusealso available. However, as
a result of an error in the SHORT structure (thertgming was not done on the
device level but on the contact one), an extradtahce has to be added in series to
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the equivalent circuit model presented in Figuré(@. This inductance could be
fitted and was found to be about 80 pH. Furthermsiree these devices had a high
well resistance the capacitance in accumulationdeapdetion could not be accurately
determined. Therefore, only the capacitance inrsiga was studied. With the four-
element model, the external resistance could asfitted, and after correcting thé
parameters for this external resistance and thasjtir inductance, the capacitance
was calculated usingC=Im(Y;)/w. Subsequently, we obtained the intrinsic
capacitance from the capacitance difference betwetmm and a 0.15 m gate ength
device, and this is shown in Figure 3.27.
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3.4 Design considerations

As mentioned in previous sectiors,andRs have a strong impact on the measured
capacitance. Some optimizations in the design eftést structure can be done to
reduce the impact of these two elements. Also, phesitic elements should be

accurately known to perform accurateetabedding.

3.4.1 Reduce external resistance

Rs has to be minimized in inversion and accumufataalling for specific design
considerations:

- In inversion
The inversion layer is the dominant external rasis¢ [17] in the inversion regime.
A wide, short capacitor has advantageous dimengmmgain the inversion charge
from the inversion layer. To keep the gate rest#daw, not too wide gates must be
designed and several contacts should be drawn idke device.

- In accumulation
In accumulation, the bulk resistance is dominatiagtraightforward way to reduce
the bulk resistance is to short the active and amelas: no STI between the well and
source/drain regions. This should be done in a sgtmcal way (well/source and
well/drain). This has however the inconvenient thlaé bulk cannot be bias
independently. In that particular case, havingttipewell contacts close to the device
can minimize the bulk resistance. Back contactiidlcm wafer easily leads to a
kQ series resistance.

3.4.2 Reduce gate conductance

The gate conductance scales linearly with the d&sicture area. As presented in
Figure 3.28(a), the impact of the gate leakageeowron the C-V characteristic is
diminishing with scaling the test structure areawdver, the area cannot be chosen
too small since the instrument precision as wethasuncertainty in the device area
will limit the scaling of the test structure.

As shown in Figure 3.28(b), the phase angle is atgwoving (=90 phase angle
obtained on a large gate bias range) when scdtiegetst structure area. Note that
this does not mean that the instrumentation esralecreasing when scaling the test
structure;,C andG scaling equally with the test structure area. Ftoenexpression of

D in (3.4), scaling the test structure area will daéngeD since bothG,, andC,, will
scale. However, when considering a more accuratevaent circuit such as the 3-
element equivalent circuit (presented in Figurd@)4D has an area dependent term
as shown in (3.5)D and therefore the instrumentation error are adsdirgy with the
test structure area.

In addition to the impact of the external resisggribe gate bond pad capacitance can
play also a role. Because the gate bond pad capaeitbecomes more and more
important when scaling the area, the test strudtokes more and more like an ideal
capacitor. This could also explain the phase amglerovement (i.e. increase)..
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Nevertheless, we believe that the main componentHis effect is the external
resistance. Unfortunately, the intrinsic devicejust as bad and therefore the
measurement will not be more accurate even thoingh phase shift angle is
increasing (dissipation factor is lower).
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Figure 3.28: (a) Measured C-V characteristics and (b) its associated phase
angles for PMOS gated diodes with various areas (ranging from
2500 down to 25 um’) having an ultra-thin oxynitride gate dielectric
(J=60A/cm’ @V =-1V).

3.4.3 Control of parasitic elements

The best way to correct for the parasitic elemé&t® perform a dembedding of
these parasitics on dedicated OPEN and SHORTttestiges. These test structures
should be design such as the parasitic elements beareasily identify and
reproducibly measured.

3.44 Design of new test structure

The layout of the C-V test structure is crucial aedermines the parasitic resistance,
capacitance and inductance. All the consideratimesitioned in the above sub-
chapters have been taken into account in the dexfign new C-V test structure,
presented in Figure 3.29. This test structure st#13f many gates connected in
parallel and connected on both ends to minimizegtite resistance. The amount of
polysilicon gate fingers, their width and lengtlostd be well chosen to achieve the
desired device area while still minimizing the gassistance Rg) [22]. Rg is
described as:
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R, U W X - 1 (3.6)
L folding factorx N

whereW andL are the width and length of the polysilicon gateérs, and\ the
number of gates.
The well, source and drain areas are shorted tomzie Rs. Care should be taken to
choose not too long gate lengths to reduce thengtaasistance. To avoid effects of
channel resistance in both inversion and accunomathe distances between
active/gate and well/gate should be minimized. &ydaamount of bulk and active
(§D) contacts are drawn at minimum distance of thecgevhe gate bondpad used
polysilicon (grounded) to shield the bondpad frdma substrate. This will strongly
reduce the pad capcitance.
Note that this structure can be designed forped RF characterization in ground-
signal-ground configuration [23]. The gate is castad to Port 1, the source/drain to
Port 2 and the well to ground. The gate is biaskievother terminals are grounded.

o Gate

® Source/Drain/Well
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Figure 3.29: (a) Cross section and (b) layout of a new MOS capacitor test structure.
The number of the polysilicon gate fingers (N) should be chosen to
both reduce the gate resistance and achieved the desired total
capacitor area.
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Dedicated SHORT and OPEN test structures shoultebigned based on the design
of Figure 3.29. The OPEN structure is designed auitithe active and polysilicon
areas and the SHORT one is done at the metal lLdadeon field.

This test structure can be used both for HF an€RFmeasurements.

3.5 Parameter extraction from C-V curves

3.5.1 Introduction

The measurement of C-V curves is targeted towahds determination of key
parameters of the MOS structure: oxide thickndss,fand voltage, fixed charge,
interface state density, substrate doping condemtraand gate depletion. The
classical C-V theory [24-30] is deficient in two imareas when applied to ultra-thin
gate oxides. Indeed, the theory must include:

— Polysilicon depletion effects

Due to the finite doping concentration and insuéfit activation of dopants in the
polysilicon gate, a depletion layer forms at thdygiticon/gate dielectric interface
when applying a gate voltage to bias the transistamonduction. This will cause a
voltage drop in the polysilicon gate [31-32]. Thelysilicon depletion will depend
both on the doping of the polysilicon gate andtmtiype of dopants. As a result, the
effective oxide thickness is increased (~3-4 A éase for current CMOS 65 nm
technology) .

— Quantum mechanical surface quantization effects
Because of the conduction band triangular like wethe surface, electron states are
a series of discrete levels above the edge of dmeluction band. From a device
viewpoint, this has two major effects:
1) For the same semiconductor inversion layer aharthe
semiconductor surface potential is larger thansata#ly predicted;
2) Charge is located further from the surface thaassically
predicted.
As a consequence, both the effective oxide thicknest A increase) and the
depletion layer charge density are increased.

3.5.2 C-V modeling methods

In order to extract MOS key parameters, varioushoes have been proposed and
some of them will be described below. In all cases,C-V curve should be leakage
and parasitic free to allow reliable parametersaekion.

There have been many models used to determineedpaimmeters based on either
analytical formulations or numerical calculatiorfsttte Poisson and/or Schroedinger
equations [33]-[43]. A comparison of some models ba found in the literature
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[44]. There is still debate as to the type of maatedimulation that is most physically
correct.

3.5.2.1 NCSU CVC model

This model uses a non linear least squares cuttiegfito the exact &/ equation
with adjustable parameters: flat band voltaygg), polysilicon doping ) and
oxide thicknessT,) [43]. This method requires to model the semicatalucharge
as a function of voltage (one energy subband cersit). The model is presently
widely used by most of SEMATECH company membergtierdetermination of the
Tox Ve, and substrate doping from the weak accumulatégime. This model is
very limited if the C-V curve is not leakage fres,shown in Figure 3.30.

1.6 1.8
14 -
15
1.2 +
I 1.2
’Lr ~—
0.8 + L
S 0.6 = >
o 0 O 06
0.4 + c
—C meas
L 0.3
0.2 —— C model
0 : 0
25 -15 05 0.5 15 25 2 1 0 1 2
Ve (V) Ve (V)
(a) (b)

Figure 3.30: C-V curves measured at 1 MHz on NMOS devices with a (a) thick (J,
<1A/em® at V=1 V) and (b) thin (J, > 1 A/em® at V=1 V) gate
dielectrics and the C-V characteristics obtained in fitting the
experimental data with the CVC model [42]. A good fit is obtained only
if the C-V curve is leakage free.

3.5.2.2 MOS Model 11

As mentioned in section 3.2.2.2, the compact mddielS model 11 (successor of
MOS model 9) is a surface-potential-based moddl [Ltallows a full fit of the C-V
curve and extraction df,,, Vg, Ssubstrate doping concentration, and gate depletio

3.5.3 Extraction of relevant parameters: comparison of
models

A comparison of the CVC and MOS model 11 (MM11) mischas been made on
parasitic and external resistances free C-V cu¢ses chapter 3.3), as presented in
Figure 3.31.
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Figure 3.31: (a) C-V curve corrected for external resistances with its simulated CV
curves using MM11 and CVC models. (b) The curve obtained by
MM11 and the related fit using the CVC model is also shown.
Whereas the CVC model results in a good fit in accumulation a large
error is observed, in inversion. Excellent fit was obtained in both
regimes (accumulation and inversion) when using MMI11. The
extracted parameters are reported in table 2.

A very good fit was obtained when using MM11 whaldarge error was observed
when applying CVC in the depletion to inversiontpafrthe GV curve. The reason

of this discrepancy could be a wrong estimation tbé polysilicon doping
concentration. However, no improvement was obsewteeh adding the polysilicon
doping concentration as a varying parameter innttoelel. Nevertheless, the two
models give reasonableET,, values as compared to the measured C-V curve, as
presented in table NCET;,, < 0.5 A).

CET,,, EOT Npoly CET,,, EOT Npoly
A A | (at.cm?) A A | (at.cm?)
c-v 20 ] ) CVC | 193 | 12.7 |1.5x10%
measured
MM11 19.9 14.7 3x1020
CvC 19.6 13 1.5x1020

MM11 19.9 14.7 3x1020

(a) )

Table 3.1: Summary of extracted parameters using CVC and MM 11 models on (a)
measured C-V curve (from Figure 3.31(a)). The polysilicon doping
concentration (N, ) is used as an input parameter. The fitting CVC
model was also applied to the C-V curve obtained with MM11 (from
Figure 3.31(b)) for better comparison of the two models (b). The CET,

parameter is measured at V. =1 V while the EOT is extracted from the

CVC or MM11 models.
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The EOT values extracted from the CVC or MM14/@itted curves as well as the
polysilicon doping levelsN,,) used as input parameters for the two models are
reported in Table 3.1. A larger polysilicon dopicgncentration (two times greater)
was needed to get a good fit with MM11 as compape@VC. From SIMS data, it
seems that 8L0?° at.cn? is the most accurate value for the n+ polysilictoping
concentration. A non negligible difference in EGTobserved when using the CVC
or MM11 models AEOT > 1 A). This shows that this parameter is \agendent on
the model used. Therefore, care should be takasing the same fitting model when
benchmarking the EOT parameter of various gatecliets.

It can be concluded that tleET;,, is a reliable parameter, assessing the electrical
thickness of the gate dielectric, that can eitreedlbectly measured from a leakage
free C-V curve or from a fitted C-V curve obtaineith CVC or MM11 models.
However, this parameter is not only sensitive tdag®ns in the physical thickness
of the dielectric film but also to changes in tlodygilicon gate activation.

3.6 Conclusions and recommendations

3.6.1 Conclusions

We have shown that standard C-V measurements (UpNiHz) on devices with
highly leaky gate dielectric yield large measuretmemors. These errors could be
minimized in two ways:

Reducing the test structure area while minimizimg ¢ontact and well resistances of
the test structureThis solution will however be limited by the instnentation
precision, the parasitic elements and the uncéytadfi the size of the device.
Parasitic elements such as the pad capacitancbecaminimized by adding a third
well (triple well type of structure). We believeatha limit will be reached for a gate
leakage current density of about 100 Alcm

Increasing the measurement frequen@ye have successfully demonstrated C-V
measurement at RF frequencies on devices withlgakage current densities up to
1000 A/cni providing excellent de-embedding and accurate ciele of the
measurement frequencies have been done. We bdlexethis method can be
extended to even leakier gate dielectrics (althaurghevant for CMOS technologies)
by decreasing the test structure area, performixcelient de-embedding and
increasing the measurement frequency range. Naie tthis technique is time
consuming and requires specific measurement set-up.

A benchmark of the two C-V measurement techniqessribed in this report have
been done on the same test structure, as preseriaglre 3.32. The device used for
this comparison was an NMOS device with two gatgdis of 20um width and 1
um length. This device has an ultra-thin gate dieile¢Js=100 A/cnf atVss1 V).
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=== RF C-V corrected using dual frequency method
=6—C-V measured at 1 MHz

C (uF/cm ?)

05 r

Ve (V)

Figure 3.32: Comparison of C-V curves measured at 1 MHz or at RF frequencies
(after applying the dual frequency method [14] to get the intrinsic
capacitance).

It can be observed that, while a strong attenuai®robserved on the -€
characteristic measured at 1 MHz, the RF C-V meakaurves result in the intrinsic
capacitance (after applying dual frequency metidad)[

Finally, a new MOS capacitor test structure is @nésd that can be used for both HF
and RF C-V measurements.

In order to benchmark the thickness parameter a-thin leaky gate dielectrics,
care should be taken in having a common:

a) C-V measurement methodology and test structesigd resulting in the
intrinsic C-V characteristic. We have shown that fmn optimized test
structure a correction for external resistance @sessary. However, the
selection of the accurate MOS equivalent schenosvadh the calculation of
the corrected capacitance is not straightforwahgret is not one MOS
equivalent circuit to be used for any test struetur

b) measurements/extraction methodology for the giitdectric thickness
parameter. For the EOT extracted parameter, satimgfmodel should be
used.
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Chapter 4
Physical characterization of ultra-thin
oxide based films

4.1 Introduction

41.1 Introduction

Because the amount and distribution of nitrogethan oxide dielectric film have a
direct impact on the device performance, precisd aocurate characterization
methods are required. The physical characterizatiosuls3.0 nm nitrided oxide
films represents an incredible challenge due toultra-thin physical thickness and
the hybrid nature of the film. Conventional matkdaaracterization techniques need
to be optimized to be applicable to MOS structwéh ultra-thin films. There are
two essential measurements enabling the optimizatfoultra-thin nitrided oxide
films:

1. The first one is the thickness measurement.afsdstrd and wide spread
thickness measurement is the ellipsometry measuntenkéowever, this
technique has a limited resolution. Moreover, stlimetry measurements
are very difficult to interpret for complex dieleics such as nitrided oxide
since the refractive index changes with the contipmsiof the film.
Transmission Electron Microscopy (TEM) is in priplei a technique which
provides the thickness of thin layers in a veryedirway. Yet, TEM
preparation and TEM analysis are relatively timastoning; as a
consequence it is not a feasible technique forelesgries of samples.
Moreover, the interpretation of TEM cross-sectiaatypes related to the
thickness of ultra-thin oxide layers (< 2 nm) ig straightforward, as it will
be shown in this chapter.

2. The second one is the characterization of the nitridation process
itself: nitrogen (N) content, N distribution and bonding
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configuration of the atoms comprised in the film. Lots of
analytical techniques are available for physical characterization of
dielectric films. Some of them are summarized in Table 4.4.1

where the
limitations are detailed.

detection limits,

depth resolution, and present

Analytical Signal Detection Informatio Re]s)oellflililon Limitations
Technique Detected Limits n depth 1
Auger Auger No chemical
Electron electrons from 0.1-1at 0.5-10 mfo?matlon; not
<1lnm applicable on non
Spectroscop near surface % nm ducti
conducting
y atoms materials
No profile
. capability, no
AFM Atomiz scale - 0.01 nm capability to
roughness distinguish N from
(0]
No profile
. capability, no N/ O
STM At"m;lc scale 0.01 nm distinction, and
roughness sample must be
conducting
Requires thickness
_ sample and
FTIR tI)nfraI:‘d 0.1-100 > 10 nm >10nm improved Signal to
absorption ppm noise (~200 nm
thick)
XPS Photoelectrons 0.01- 1 at 1-10 nm 1nm Lateral resolution
% at best 10 pm
Synchr. Photoelectrons 0.01-1at 03-10 1 nm Lateral resolution
XPS % nm <1pm
Polarization Surface
Ellipsometr state of ) 0.3 -1000 0.2 nm contamination can
y electromagneti nm ’ influence the
¢ radiation measurement
1E12 - )
SIMS Se({ondary 1E16 <1nm <1nm Not as effective on
ions at/em’ insulators
Calibration
Secondary 10" - 10" required on very
TOFSIMS  ions, atoms, t/em® < 1lnm =1nm similar reference
molecules at/em samples (matrix
effects)
Secondary and Requi tensi
TEM backscattered - - 0.1 nm equire extensive
clectrons sample preparation
RBS Backscattered 1-10at % 2-500nm 2-20nm

Difficulty in

! The best attainable depth resolution in profiigiven
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He atoms (Z<20) determining depth-
0.01-1 at % profiles in films <
(20<Z<70) 2.0 nm thick
0.001-0.01
at %
(Z>70)

Table 4.4.1: Summary table of various analytical techniques detailing the detection
limits, depth resolution, and present limitation [46].

In our study, ellipsometry, Rutherford BackscattgrSpectrometry (RBS), TEM,-X
ray Photo-electron Spectroscopy (XPS) and Time lafhE Secondary lon Mass
Spectroscopy (TOFSIMS) have been used to fully atttarize ultra-thin nitrided
oxide films. This choice is first based on the taldlity of such techniques and on
their capabilities to characterize ultra-thin lesyetndeed, with these techniques,
information on the concentration, the profile ahd themical bonding configuration
of the various elements present in ultra-thin déd oxide films are collected as well
as the physical thickness of such hybrid layers.

It is important to point out that none of these suraments have been performed
without vacuum break between the processing of ulea-thin films and the
measurements. However, care was taken to close lecoppcessing and
measurements.

Some of these techniques had to be optimized dutiigy work to enable the
characterization of ultra-thin oxide based thirmBl These techniques have been
benchmarked to each other to assess the most appeomeasurement techniques
for such thin films.

4.1.2 Chapter overview

An overview of the various physical analysis teceis (ellipsometry, XPS, RBS,
TOFSIMS and TEM) chosen to characterize ultra-thiiided oxides is given in part
2. The experimental set-up, optimized for the ctigrization of ultra-thin oxide
based layers, is detailed for each technique.

While the use of pure oxide dielectrics is limitedadvanced CMOS technologies
(sub-100 nm nodes), an ultra-thin silicon oxideifgce layer is always present prior
to any growth or deposition of material having gheir permittivity. The accurate
determination of the thickness and composition wthsultra-thin oxide films is
therefore of first importance. A thorough studyultra-thin oxide layers (0.14 — 2
nm) is therefore presented in part 3. A benchmdrKKoar analysis techniques,
namely ellipsometry, XPS, RBS and TEM, is propotmdthe determination of the
thickness of such ultra-thin oxide films.

In section 4 of this chapter, the physical propsrtdf ultra-thin plasma nitridation
oxides are presented. The N incorporation mecharnisntoncentration and depth
profile within the layer have been studied usingpsbmetry, TOFSIMS, XPS and
RBS analysis. A comparison of the N content andfilprabtained with these
techniques is shown. The thickness of the studiaghma nitrided films have been
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also measured using these techniques. For TOFSIM8ysés, a specific
concentration and depth scale calibration has beewveloped to enable the
characterization of ultrthin plasma nitrided films.

4.2 Overview of some characterization techniques

4.2.1 Ellipsometry measurement

Ellipsometry is a very sensitive non-destructiveam@ement technique that uses
polarized light to characterize thin films, surfacand material microstructure. It
derives its sensitivity from the determination bé trelative phase change in a beam
of reflected polarized light. Any physical effegthich induces changes in a
material's optical properties can be studied witlchs technique. In our work,
ellipsometry measurements are used to measurehtblenéss of ultra-thin gate
dielectrics, their uniformity, roughness as well their stoichiometry (e.g. gate
dielectric stack).

Based on ellipsometry measurements, a method s developed to estimate the
amount of N and the N profile within ultra-thin mited oxide films has been
developed. This is presented in the last part cicae2.1.

4211 Theory

Ellipsometry involves the reflection of light from surface [47], [48]. Figure 4.1
illustrates the basic principle behind ellipsometRArst, the polarization state of
incoming light is known. Plane polarized waves #ua in the plane of incidence are
referred asp-waves and plane polarized waves perpendicularh& flane of
incidence as-waves. Then the incident light interacts with Haample and reflects
from it. The interaction of the light with the salmgauses a polarization change in
the light, from linear to elliptical polarizatiofthe polarization changes, or a change
in the shape of the polarization, is then meastmednalyzing the light reflected
from the sample.
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1. Linearly polarized light
3. Elliptically polarized light

p-plane

Plane of
incidence

2. Reflect off sample

Figure 4.1: Geometry of an Ellipsometry Measurement. The ellipsometer operates
with illumination at angle of incidence near the Brewster’s angle for
best sensitivity (~76°).

Ellipsometry measures two values, P$¥) (and Delta 4), that describe this
polarization change.These values are related to the ratio of Fresrfidct®n
coefficients,Rp and Rs for p- ands- polarized light, respectivel\Rp (or R9 is the
ratio of the amplitude of the reflected wave to aimeplitude of the incident wave for
a single interface.

. R
tanye’ = 2 (4.1)
R

wheretan®is the intensity ratio of the two components, rid the phase difference
between them.

Because ellipsometry measures the ratio of twoeglit can be highly accurate and
very reproducible. The ratio is a complex numbdmnist it contains “phase”
information,4, which makes the measurement very sensitive aplicaple for ultra
thin films.

Ellipsometry does not measure optical constant§ilror thickness, howevetand
Aare functions of these characteristics. Film thedenand optical constants are thus
extracted through a model based analysis usingalpphysics (Fresnel reflection
coefficients, Snell's law, etc...) [48], [49].

4.2.1.2 Measurement set-up

Typical commercial ellipsometer systems obtain teand 4 signals indirectly
through transformations of measured intensity dggrend, unlike a reflectometer,
there is no need for an absolute reference. Siottethe intensity respondand the
phase responsé are measured, more information about the samplédeaextracted
from these signals.

The rotative polarizer configuration has been udmd many state-of-the-art
commercial ellipsometer systems, such as SOPRASRBEand KLA-Tencor’s F5.
The basic optical configuration is illustrated iiglire 4.2. The optical path consists
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of the broadband light source, two rotatable ppiag filters known as the polarizer
and the analyzer, the sample, and the spectronBteing the measurement, the
analyzer stays at a certain position and the paantiotates continuously to create
time-variant signal at the spectrometer.

source
.‘"}1(_‘(;1 rometer

polarizer
analyzer

Non-polarized
linear

linear

elliptical
i sample

Figure 4.2: Illustration of rotating-polarizer ellipsometer setup

The advantage of the rotating polarizer technigsethat it is optically and
mechanically simple. Only polarizers and focusigsks (focusing reflecting mirrors
in production configuration) are used in the lighth, and these optical elements are
relatively easy to make and characterize.

In the work performed during this thesis, the KL&#Etor F5 was used for
ellipsometry measurements.

4.2.1.3 Estimation of N content and profile in ultra-thin nitrided oxide
layers using ellipsometry measurement

An in-line technique called D2R (Delay To Reoxida)i was developed in order to
monitor the concentration of interfacial N atontsslbased on the retardation of the
oxide growth after N incorporation. In Figure 48,schematic description of the
measurement procedure is shown: reference banedSitadied wafers are first pre-
oxidized using a similar process. Subsequenthhéonitridation of the only studied
sample, the two wafers are re-oxidized using a 20dny oxidation (on silicon)
recipe. Resulting optical thickness are finally gamed and D2R is computed as:

T,-T,
D2R= x100 4.2)
T,-T,
whereT,, T; are the optical oxide thickness after nitridataord after reoxidation of
the nitrided oxide, respectively, is the optical oxide thickness after the reoxmiati
treatment on a bare Si wafer.

8C



Physical characterization of ultra-thin oxide based films

reoxidation

oxidation nitridation

Studied wafer: 3T T, Ts

reoxidation

oxidation T,
Reference wafer: ¢T1

v

Figure 4.3: Description of the process steps and corresponding optical thickness
measurements necessary to compute the so-called D2R parameter.

Note that O % D2R refers to a pure oxide interfaité silicon, 100 % D2R refers to
a pure nitride interface with silicon. We will skeger in this chapter that for ultthin
plasma nitrided oxides, the D2R parameter is ity yg&rod agreement with the total
nitrogen concentration in the film.

4.2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a notrdetsve technique that allows
to study the composition of thin films by studyibopding energies. It is also used to
measure the thickness of ultra-thin films and hasadvantage not to be sensitive to
contamination layers at the surface, contrary tdipselmetry measurement
techniques.

4.2.2.1 Definition

In this technique the surface of a sample is iatdi with soft X-rays [50]. An
interaction of the X-rays with the atoms causes ¢hg@ssion of photoelectrons,
known as the photoelectric effect. The measurecttkinenergy of the emitted
photoelectrons is given by:

K,=hu-B,-¢ (4.3

whereho is the energy of the X-ray photoB, is the binding energy of the atomic
orbital from which the photoelectron originates ahds the work function. The work

function is the minimum amount of energy an indiad electron has to gain to
escape from a particular surface.

For each and every element, there will be a chaniatit binding energy associated
with each core atomic orbital, i.e. each elemetitgiie rise to a characteristic set of
peaks in the photoelectron spectrum at kinetic géeerdetermined by the photon
energy and the respective binding energies. Theepoe of peaks at particular
energies therefore indicates the presence of dfigpelement in the sample under
study. Furthermore, the intensity of the peakselated to the concentration of the
element within the sampled region. In Figure 4d,example of a photoelectron
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spectrum from an ultrthin SiON film on Si is shown. The O1s, N1s andSpeaks
are of primary importance in the study of SiON Iayélhe Si2p peaks are the Si as
elementary Si (set at 99 eV for calibration) arel$has SiON peak.
The exact binding energy of an electron depend®nigtupon the level from which
photoemission is occurring, but also upon :

1. the formal oxidation state of the atom

2. the local chemical and physical environment
Changes in either {1} or {2} give rise to small fkiin the peak positions in the
spectrum, so-called chemical shiftSuch shifts are readily observable and
interpretable in XP spectra (unlike in Auger spachtrecause the technique :

— is of high intrinsic resolution (as core levels discrete and generally of a

well-defined energy)

— is aone electron process (thus simplifying therjprtetation)
Atoms of a higher positive oxidation state exhiéiigher binding energy due to the
extra coulombic interaction between the photo-eitlectron and the ion core. This
ability to discriminate between different oxidatistates and chemical environments
is one of the major strengths of the XPS technijue is thus very powerful in the
research of thin hybrid films such as SiON layers.
Before the photoelectrons (extracted from atomagrhethe surface, they travel a
certain distance through the matter. This distatepends on several parameters
from which two are of great influence: the initeectron energy and the nature of
the medium interacting with this electron. Whilee thlectron is traveling through
matter it can undergo inelastic collisions. Theseallisions with (target) electrons
in which energy is transferred from the photoetatthence the term inelastic. The
average distance covered by an electron betweeninsastic collisions is called
“Inelastic Mean Free Path” (IMFP). This distancen@ed as.. When the electron
undergoes a collision, its energy decreases rand@mél it contributes to the
background noise build up, at binding energies diighan the peak energy. The
photoelectrons that leave the matter without amagtie collision form the peaks.
These peaks are asymmetrical for pure metals dueotpling with conduction
electrons and symmetrical for insulators. For semdeictors the peak maybe slightly
asymmetrical, which is only visible when the measuents are done with a high
energy resolution. The observed peak width is a@otion of the natural line width,
the width of the X-ray line that created the phégoton line, and the instrumental
resolution.
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Figure 4.4: Survey of photoelectron spectrum of SiON on Si. The Si2p peaks are
detailed in the inset of the figure. Four peaks are measured: the
elementary Si, the Si as SiON, the N1s and O1s peaks.

The challenge of techniques based on energy prisktee penetration depth that is
often many times greater than the film thicknessulting in degraded signal to noise
ratio. The use of a variable energy synchrotron ¥P&8so an attractive option, from
a technological prospective because of its higanisity and relatively low photon

energy (typically a few 100 eV and consequently harter probe depth than

“standard” XPS). However, few synchrotron sources available which makes it

less attractive for the primary technique of digiecdevelopment work in the

semiconductor industry.

4.2.2.2 Experimental set-up description

The measurements have been carried out in a Qua2@®® from Phi [51]. The
measurements have been performed using monochoorAiifioc radiation. The
measuring spot, pass energy, steqe, entrance angle of the analyzer and the angle
between the surface normal of the sample and thlgzer axis @) differ for different
measurements. The entrance angle of the analyzeetwd if the analyzer-aperture
was closed and + 20° when it was open. For the féghlution measurements the
pass energy was set to 11.75 eV and the step-siZ&025 eV. Most of the
measurements were performed with= 34° and during all the measurements the
analyzer azimuth angle was 22.5° + 2°. When thisrgéry is used diffraction effects
are minimized [52].
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4.2.3 Rutherford Backscattering Spectrometry (RBS)

4.2.3.1 Definition

Bagh first proposed the application of ion scatigrs a surface probe in 1965 [53].
There are numerous experimental approaches to Gattesng that have been
developed since then, from which Rutherford Baditedag Spectrometry (RBS)
has prevailed as a particularly useful techniguestaface and thin film analysis.
This technique can analyze the elemental compas#éfa function of depth in the
nearsurface region by taking advantage of the wellaratbod Rutherford scattering
cross section for an energetic ion beam interactiitiy atoms in a solid under pure
electrical repulsion between the ion and atomideifi64], [55].

In RBS, a beam monoenergetic ions" (bt H€) is directed at the sample to be
investigated. When an energetic ion penetratestiterial, it loses energy mainly in
collisions with electrons and only occasionally twituclei. When the positively
charged monoenergetic ion comes close to the nuciean atom, it will be repelled
by the positively charged nucleus. The repulsiaodads increasing with the mass of
the target atom. The higher the mass of an atomigHait by a monoenergetic ion,
the higher the energy of the ion will be after tsattering (comparable to collisions
between billiard balls). This results in mass dmgration. By measuring the energy
spectrum of the recoiled ions, information on tlenposition of the elements, and
their depth within the sample can be obtained.

For a surface analysis by RBS, conditions mustuol s the mass of surface atoms
is considerably higher than the mass of substretmsif the peak from surface
atoms is to be completely resolved. This is notddee for the study of thin Sj@r
SiON films on top of a Si substrate, where O andtdins are lighter than Si atoms.
A solution to this problem is to use the channebffgct to make the targeted atoms
more or less visible to the projectile monoenenyitns. Indeed, channeling occurs
when the ion beam is carefully aligned with a maggmmetry direction of the Si
substrate. Most of the ion beam is then steeresligr the channels formed by the
strings of Si atoms. Channeled particle cannotclpete enough to the atomic nuclei
to undergo large Rutherford scattering, hence extadf is drastically reduced (by a
factor of approximately 100). However, atoms sushG and N at the surface
produce a peak in the back scattering spectrumukecthe ion beam is scattered
from the surface atoms with the same intensityra fa random array of Si atoms.
Therefore, channeling drastically improves the #imity of RBS atoms at the
surface, enabling the study of ultra-thin layers.

4.2.3.2 Experimental set-up description

With use of a single ended v.d. Graaff acceleratoHigh Voltage Engineering
corporation, a 2 MeV Heion beam is generated. The beam is directed anséal
with use of magnets, so the beam impinges the saabphg the surface normal, with
a small spot size. Channeling in the [100] diretti® used in order to suppress the
silicon signal under the oxygen or/and nitrogenk(®a In this way we obtained
reasonable statistical accuracies. For the chanpeliis assumed that the channeling
direction is perpendicular to the surface, theaagfof the silicon wafers being [100]

84



Physical characterization of ultra-thin oxide based films

planes. The used scattering angle, the angle bettee detector and the surface
normal, was 86.5°, as depicted in Figure 4.5. TinguBace peak contribution to the
total Si peak in the spectrum was used to normétigentegrated charge of Hens.
The used surface peak content for [100] silicoh5$5x10™ Si atoms/crh By doing
such normalization, the uncertainties in the sdatjegeometry are eliminated.

An example of an energy spectrum of ions scattéad a sample having a 2.5 nm
SiO, on top of a Si substrate is presented in FiguBe Accurate calculation of
atomic concentrations from the observed scatteyiiedds is performed using a
commercial analysis package called RUMP [56].

Sample 2 MeV He ion beam

/ée.e"

Backscattered Hdons

Detector

Figure 4.5: Scattering geometry in RBS.
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Figure 4.6: RBS spectrum, measured on a sample having a 2.5 nm SiO, on Si. The
red curve is the simulation of the spectrum obtained with the RUMP
program [11].
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4.2.4 Time of Flight Secondary Ion Mass Spectroscopy
(TOFSIMS)

Secondary lon Mass Spectroscopy (SIMS) is the madely used technique to
characterize the nitrogen profile, although thiarelsterization is extremely difficult.
Firstly, ultimate depth resolution (< 1 nm) is r@gd for characterizing ultrthin
layers and thus the lowest possible primary iorrgiae and/or maximum glancing
angles of incidence must be used. Secondly, aecupaantification of the depth
profiles is complicated by changes in sputter raaytter yield and ionization
probability as a function of oxygen and nitrogentemt.

4241 Definition

Typically, to depth profile the ultrathin oxynitedgate dielectric films, dynamic
SIMS uses an Ar(or C<) ion beam and tracks MAmolecular secondary ions to
reduce matrix effects and to improve depth resmitivhere M represents a matrix
species [57], [58]. ArN ArO", and ArSi secondary ion intensities are examined at
low (unit) mass resolution during oxynitride depgrofile analysis, using a
quadrupole or a double-focused electrostatic seetmrgy/magnetic sector mass
analyzer. However, a 1000 eV beam energy exhibitara (or CS) pre-equilibrium
depth of ~ 1.0 nm. Since quantification is notaelé in the pre-equilibrium zone,
where the implanted Ar concentration varies withetj the Af pre-equilibrium zone
limits reliable quantification to depths greatearthl.0 nm, which is a substantial
fraction of the ultra-thin film thickness [59].

Time-of-flight (TOF) SIMS is a method for depth filiag inorganic oxide films that
permits reliable quantification from the uppermosinolayer. This method involves
cationization of neutral molecular and elementa&c#s by secondary major matrix
cations, instead of primary Aions, to track concentrations of various speciea as
function of depth. Since Meproduction from a MgO, inorganic oxide substrate is
profound, secondary Meons are a convenierit) situ source of cations that can be
used from the very outset of the depth profile ysial Using the Meions avoids the
pre-equilibrium depth zone required to establisheguilibrium concentration of
surface species from an external source of printatjons. Recent Monte Carlo
simulation studies of sputtered particles from iitietanaterials indicate that Mé
dimers are formed by a recombination process betwetependently sputtered Me
and M€ particles, equivalent to the formation processhef well-known ArM or
ArX* clusters. Accordingly, molecular matrix cationseXi, are used to track the
concentrations of neutral molecular and elemengedcies, X [60], [61], [62].
Chemically inert ion probe and sputter beams thatndt enhance positive or
negative ion yields, such as noble gas or Ga ssuare used. As a result, the work
function of the surface does not change signifiganith depth.

The secondary Siion peak intensity associated with a silicon oxyaé film is
approximately two orders of magnitude more intehsaé all molecular ion peaks, so
the concentration of species X in a silicon dioxmatrix, {X}, is proportional to the
SiX" molecular ion intensity. Accordingly, Si, O, andchincentration are correlated
with Si", SEO*, and SIN* molecular ion intensities, since Si-O and Si-N trau
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dimers are simple fragments of the silicate maidrding structure. D" and SjiN*
intensities are referenced to or normalized by3hematrix ion intensity.

Several depth profiles quantification schemes hbgen published for different
measurement conditions, but they are usually basedomparison with a single
standard: typically SiQon Si with some N at the interface with thicknessained
from ellipsometry measurements and N dose from Ri@8surements, for example
[63], [64], [65]. Characterization of significanttifferent samples, in particular with
higher N content and smaller thickness, by suctethod cannot be trusted without
further investigations. It is of first importance tetermine the erosion rates and
sensitivity factors for O and N for various layeBoth the concentration and depth
scale have been carefully calibrated for thin Sifitds. This work is described in
details in section 4.4.1 and in [66].

4.2.4.2 Experimental set-up description
TOFSIMS depth profiling has been performed with Idosam in interlaced mode
(alternating sputtering and analysis) on an IONTI@Fnstrument using Timef-

Flight detection of secondary ions. The instrumienéquipped with a high-current
sputter gun and a 3-Lens Ga gun. Details are diedow:

Negative mode

Sputtering
Primary ion (PI) 200 keV Ar
lon current density 10 nA (300 x 30Qu2)
Analysis
Primary ion (analysis) 12 keV Ga
lon current density 0.8 pA (75 x 75942)
Flooding -
Mass Resolution M/AM= 8000
Charge compensation Electron flood gun

Table 4.4.2: Details of TOFSIMS experimental conditions.

4.2.5 Transmission Electron Microscopy (TEM)

4.2.5.1 Definition

Transmission Electron Microscopy (TEM) is an anabjttechnique that is used to

study the structure and morphology of materials mléovsub nanometer scale. This
technique can also be used for layer thicknessuneent.

The design of a TEM is analogous to that of ancaptinicroscope. In a TEM, high-

energy (>100 keV) electrons are used instead ofopiscand electromagnetic lenses
instead of glass lenses. The electron beam pass&learon transparent sample and
an enlarged image is formed using a set of lenBeis. image is projected onto a
fluorescent screen, a photographic plate or a C&beta. Whereas the use of visible
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light limits the lateral resolution in an opticaliaroscope to a few tenths of a
micrometer, the much smaller wavelength of elecraliows for a resolution of few
Angstroms in a TEM.

Image contrast is obtained by interaction of thectebn beam with the sample.
Several contrast effects play a role. Scatterinthefelectrons with the sample causes
both areas with higher density and areas contaiméayier elements to appear darker
in the resulting TEM image. Additionally, scatteyifrom crystal planes introduces
diffraction contrast. This contrast depends ondtientation of a crystalline area in
the sample with respect to the direction of th@ining electron beam. Thus tilting a
crystal in the microscope will cause the gtayel in the TEM image of this crystal to
change. As a result, each crystal will have its @nay-level in a TEM image of a
sample consisting of randomly orientated crysthaisthis way one can distinguish
between different materials, as well as image iddizl crystals and crystal defects.

4.2.5.2 Experimental set-up description

The TEM samples are prepared by tripod polishirgy, mechanical polishing down
to electron transparency. In order to protect tiéase of the TEM sample during the
preparation, a capping layer needs to be used.llysghue in combination with a
glass cover is used for capping. The problem witie @s a capping layer is tifact
that in a high resolution image it might be difficto precisely define the interface
between the amorphousxide and the amorphous glue (the glass covertalyto
polished away during preparation). For this reasanystalline capping layer is used,
in this case Aluminium (Al). Al is preferred as apping layer for several reasons.
The interface of polycrystalline Al with the amomuts SiQ can be imaged very
sharply. Glue and other amorphous materials ofi@ve ha poorly distinguishable
interface with oxide layers. Furthermore, Al hapragimately the same polishing
behavior as Si©Qand is thus preferred over metals such as W ah#thave a
relatively low polishing rate. The Al was evaporhi low temperature in order to
avoid alterations to the oxide layer. In some camiditional Argon ion-milling is
used to further thin the TEM sample after finishthe@ mechanical polishing. TEM
studies were performed using a TECNAI F30ST TEMratesl at 300 kV.

4.2.5.3 Thickness measurement calibration

In order to ensure accurate as well as reprodudddture measurements, several
procedures were followed that will be discussedassply below [67]. All TEM
images are taken using the TECNAI F30 ST, operate8D0 kV. The same set of
microscope settings and alignments was used famaljes. Energy Filtered TEM
(EFTEM) was applied; only information from the zdoss peak was used to form
the high resolution image (i.e. the image was farmmerely using electrons that did
not loose any energy to the sample). Zero loss imgagyas used as it improves the
lateral resolution by removing most of the chromatberration. The magnification
was calibrated on every image studied. This wafopeed by taking the Fourier
transform (FFT) of the high resolution image of t8e lattice. The periodicity
perpendicular to the sample surface was then eddibrusing literature data. This
direction was chosen for calibration, as it coroe®fs to the direction in which the
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oxide layer thickness is measured. After calibratian inverse FFT was generated.
The resulting calibrated high resolution TEM images used for accurate
determination of the oxide layer thickness. Thaltetror margin for the calibration
procedure was estimated to be 0.5%.

An example of a TEM image of ultthin SiQ, film is presented in Figure 4.7. The
thickness of the SiQayer was determined using a box, drawn with diges parallel
and perpendicular to the surface normal. Withia thox, two parallel lines are drawn
that are manually aligned to the $i8i and SiQ/Al interfaces. The choice where to
situate the interface (i.e. on a row of atoms d@wben two rows of atoms) results in a
0.10 to 0.15 nm shift in the resulting thicknestuga. This is the main source for
errors. Consequently, we estimate the absoluteacgwf the TEM-thickness values
to be £ 0.1 nm.

Figure 4.7: TEM image of an ultra-thin SiO, film. The upper layer in the photo
shows the aluminum capping-layer. The layer below the aluminum
layer is the SiO, layer. The box in the picture is used to determine the
thickness of the SiO, layer. The lattice distance of the elementary
silicon was used for the calibration of the TEM photos.
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4.3 Study of ultra-thin silicon oxide film

While the use of “pure” oxide films as the gatelelitric is limited in sublLO0 nm
CMOS technologies, ultra-thin oxide (S)dayers are very often employed as the
interface layers with the silicon (Si) substratecombination with a second material
grown or deposited on top of it to form the gaeetitric.

As presented in section 2.2, XPS is one of thenigcies that is used frequently to
determine the thickness and composition of thirlayf SiQ on Si. In a recent set
of papers, the precise gquantification of XPS aresyen thin layers of SiChas been
investigated in a systematic way [68], [69]. A caripon between various analysis
techniques to determine the thickness and composibf thin layers of Sifon Si is
given in [70] but for SiQ layers thicker than 2 nm. Recently, a much motailkel
comparison between various analysis techniquetafar thicknesses above 1.5 nm
SiO, was made by Seadt al[71].

For present innovations in the semiconductor imgu&iO; layers on Si in the range
between 0.14 and 2 nm are more interesting. Thisvated us, to start a comparison
of SiG,/Si samples within this range, using four analysshniques: ellipsometry,
XPS, RBS and TEM. The purpose of this work is ttedaine the optimal way to
apply these techniques on ultra-thin Sfilms, both experimentally and with respect
to the analysis of the results [72].

4.3.1 Experimental

The samples were based upon pure silicon (Si) [1&®8r cleaning using an HF last

process, a thin oxide film was grown using in-s@iiéam generation oxidation

(ISSG). The thickness of the Si®yer as measured by ellipsomeffy,"”, ranges

from 0.14 (wafer measured just after an HF lasirgl@o oxidation performed) to 3.2

nm. For reference purposes, measurements werealged out on a “thick” Si@

layer on Si: 120 nm, thermally grown. In Table 3,4the optical thickness of the

studied SiQ films are summarized.

Two series of XPS-measurements were done:

— The first series of measurements was performed avigthot size of 100 pum,
a pass energy of 11.75 eV and a step-size of @U2%he entrance angle of
the analyzer was * 20° unless stated otherwiseeAsoring angl® of 34°
was used and the samples were mounted such thantigzer azimuth
angle was 22.5 + 2° with respect to the [011] dicgc By doing so, the
influence of the crystal structure of the substrafmon the results is
minimized [68].
— The second series of measurements was performdd that the results

could be analyzed with Quases-Tougaard [73]. Exdén@1s peaks have
been measured with a spot size of 1200 x 500 pmh(RFower Mode), a
pass energy of 117 eV, a step-size of 0.25 eV hadahalyzer entrance
angle set at £ 20°. Three values of the measumigipavere used® = 45°,
34° and 0°.
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RBS spectra have been recorded and TEM analyses lieen made on the same
samples. The measurement conditions used for tivestechniques are described in
sections 2.3 and 2.5, respectively.

Wafer label Optical thickness
(nm)

0.137+0.01
0.498 £ 0.01
1.001 + 0.015
1.007 £ 0.01
1.065 £ 0.01
1.408 £ 0.035
1.421 + 0.029
1.998 £ 0.03
2.203 + 0.073
2.51+0.03
3.2 +£0.02
120

CRe-=TIDOOHEHUOOQ®E >

Table 4.4.3: Description of the studied SiO, films with their optical thicknesses, as
determined by ellipsometry measurements.

4.3.2 Results and discussions

First we consider the results of the XPS measursnéntypical Si2p spectrum is
shown in Figure 4.8(a). To determine the peak atea®sponding to elementary Si
and the (subpxides of Si, the Si2p peaks were decomposed lewsvio (using the
software package CasaXPS [74]). A Shirley backglowas subtracted [75]. The
best fit for elementary Si (Figure 4.8(b)), as deiaed from the measurement on
sample A (0.14 nm Sip, was obtained with two GL(67)T(1.45) curves, alldet
distance of 0.61 eV and a ratio of 2:1. The decaiipm into (sub)-oxides was
based upon the findings of [76]: doublets of GL(20)ves with a doublet distance of
0.61 eV, equal widths and at 0.97, 1.80, 2.60 afd+3 0.2 eV distance from e-
Si2p3.
The first approach to determine the thickness ef $iQ, layer was the use of the
standard equation [68]:

Rexp

Toiom = LSioZ(ESi)COS(@)In(H—RO ) (4.4)
with T is the SiQ thickness obtained from equation (Ygix(Es) the
attenuation length for Si2p electrons in §iB.,,the experimental ratibsio./l.si and
Ro=I si;sfle-sie- The parametelsio,, denotes the Si2p intensity of “infinitely” thick
SiO,, while s, corresponds to the Si2p intensity of pure elemmgnsdicon. We
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adopted_si(Esj) = 3.448 nm [68]; the measurements have been dastiefor® =
34°,
The value of Ris expected to depend upon the entrance angleechralyzer. The
reason is, that bothy,. andlesi, depend upon the entrance angle, but due to the
crystal effects in e-Si the dependence of thesatdigs upon the entrance angle is
not identical (see figure 5(b) in [68]). The expeental value oR, in our equipment
has been determined by measuring a sample of piliomnSand a sample of
“infinitely” thick SiO,. In the spectrum of the Si2p peak of sample A¢amatribution
of SIO, was detectable (see Figure 4.8(b)). Thereforesthisple was considered to
be pure silicon. The experimental valud &4 ., was determined using sample L. The
experimental values folsi,» and le.si,, Were corrected for the attenuation of the
signals due to a small amount of contamination \Wwigdrocarbons. Combining the
experimental values provides fB in the Quantum 2000 at standard conditions (an
entrance angle of + 20°):

R,=0.81+0.02 (4.5)
The uncertainty in the value is due to the backgdosubtraction. Our present value
nicely fits into the range of values fét, that is found in the literature: values
between 0.6 and 0.9 have been reported. We ndtiaethe experimental value for
R, obtained in our equipment when a small entrancgeais used (entrance angte
4°) is 0.91 £ 0.02. ClearlyR, is not a material quantity but rather depends upen
details of the equipment. This is probably onehaf teasons for the large variety of
values forR, found in the literature.
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Figure 4.8(a) Typical example of a Si2p peak. The spin-orbit splitting in the
right-hand peak, corresponding to elementary Si, is clearly visible;
the FWHM of the components of this peak is 0.31 eV. Sub-oxides
are barely present between the peaks of e-Si and SiO,. (b) Si2p-peak
measured for the sample A (optical thickness is 0.14 nm); no SiO,
contribution is visible.

Using the standard equation (4.4), we have caledlaalues foffsi,™ for the series
of studied samples. the results can be found ineT4l4.4. The contribution of sub
oxides was taken into account by adding a weigatedage:

Rexp _ ISiOZ + 075l sio, T 0514, + 025 S0 €6

Ie—Si

The thickness of Sigdayers on Si can also be determined by means ahalysis of
the €loss phenomena of the Ol1s peak, using the methitetl c@Quases-Tougaard
[73]. An interesting property of this method isathit is independent of crystal
effects, because the amount of oxygen is beingrdeied. Measurements of the
extended O1s peaks have been carried ou®@for0°, 34° and 45°. Extended SiO
peaks of sample L were used as a reference (tte"sttee spectra). Average values
of the thickness of the SjQayers [si') obtained with this method are given in
Table 4.4.4.
Finally, the XPS results were also analyzed usimgodel calculation, in which the
samples are assumed to consist of a substrate®fJiua Si@ layer [sio."**®) and
an organic contamination containing only the eletmed and H Tog™**). The
principle of this method is presented only briefigr details and other examples of
application we refer to [77]. Within the model, il exponential attenuation of the
XPS signals is assumed. The intensity of the Cdrsasiis expressed in terms of the
thicknessT,,"** the atomic density of the organic contaminatitie XPS cross
section or the sensitivity factor of the C1s litie attenuation lengthc(C1s) for Cls
electrons in the organic top layer and a numbénsifumental parameters like the X-
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ray flux, the transmission function, the detectificiency for a given kinetic energy
E and the correction factor for the asymmetry eff&imilar expressions can be
derived for the intensity of the O1ls signal, thiemsity of the Si2p signal originating
in the SiQ layer and the Si2p signal coming from theSiesubstrate. For the
attenuation in the organic contamination we adopi@des for the inelastic mean
free path given by [78]. Elastic scattering in ®i®, layer and in the substrate was
taken into account by using values for the attéondength, taken from [68]. This
provides altogether four equations with four unknoparameters: the thickness of
the organic contaminatiofi,{"%, the thickness of the SjCayer Tsie,"*% the
concentration ratiog/ Csiy+ in the SiQ layer and the X-ray flux. Reversal of these
equations provides expressions "%, Tsie"**® and @ / Csiss in terms of the
measured intensities. This model analysis has bpplied to the present set of XPS
analyses, all fo® = 34° and azimuth = 22.5°. The sensitivity fadtorthe Si2p peak
was chosen such that for sample L (not contamirf@téditely thick” SiO5) the ratio
Co / Gsiy+ = 2.0 was obtained. The intensity of the Si2p peblelementary signal
depends - due to crystal effects - upon the maag@geometry® and azimuth) and
is also reduced by intrinsic plasmon losses [79].tdke these effects into account,
the measured signal of the Si substrate was diviyeRy /Ry exp= 0.65 WithRy 1 =
0.529 (see [68]) anBly exp = 0.81 (15). The resultelhie™*) T,y ™" and the sum of
these two thicknesses are summarized in Table .4tHedconcentration ratio &/
Csis+ in the SIQ layer is also reported.

; Optical Standard Quases — Model calculation
‘ample thicknessequation (4)Tougaard Ratio
TSiOZOP" TSiO;m‘1 TSiOZQT TSiOZmodel Torngdel :11Si02mOdEl + 7"0;‘;{‘“‘7(1EI CO / CSi4+

A 0.14 0.00 0.06 0.04 0.28 0.32 -
B 0.50 0.29 0.73 0.36 0.16 0.53 3.0
C 1.00 0.72 1.14 0.78 0.15 0.93 2.6
D 1.01 0.77 1.35 0.83 0.18 1.01 2.5
E 1.07 0.56 1.17 0.66 0.19 0.85 2.8
F 1.41 1.21 1.93 1.24 0.14 1.38 2.4
G 1.42 1.19 1.84 1.21 0.18 1.39 2.3
H 2.00 1.86 2.76 1.85 0.14 1.99 2.2
I 2.20 1.94 3.10 1.92 0.09 2.02 2.2
J 2.51 2.38 3.39 2.35 0.14 2.49 2.2
K 3.20 3.09 4.71 3.03 0.11 3.14 2.1

Table 4.4.4: Thickness of the SiO, layers (in nm) according to the analysis of the
XPS spectra with the standard equation (4), with Quases-Tougaard [73]
and with the model calculation. The measured optical thicknesses are
also reported.
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The thicknesses of the ultthin SiO, layers obtained with these various techniques
are summarized in Table 4.4.4 and compared to thasumed optical thicknesses
(TSiozopt)-

A comparison betweelsie,™, Tsio™ and Tsio, ™% + Tog"°° is presented in Figure
4.9(a). It is interesting to see, that the modeteckness Tsio ™™ + Torg™**) is in
very good agreement withsio,”™. Apparently, the optical measurements determine
the thickness of the combination of $i@yer and the organic contamination. The
thickness obtained with the standard equation $4nigood agreement with the
results of the model analysis: the difference isawerage 0.02 nm, the largest
difference being 0.1 nm.
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Figure 4.9: Comparison of the SiO, layers thickness as determined from XPS
results and from optical measurements. (a) Comparison between
optical measurements (Ty.,"™) and thickness resulted from the model
analysis (Tyo,™, T, ™, Tgo,™™ + T,.™). (b) Comparison between
optical measurements and calculated thickness, T, using the
standard equation (14) and of the analysis of extended Ol1s peaks with
Quases-Tougaard, T, 9 [73] for ® = 0°, 34° and 45°.

102 2

The results of the Quas@sugaard approach were in all cases above thdtsesu
according to the standard equation, the model tlons and the optical thickness,
the difference being on average 36 %. The restiltheoQuases-Tougaard analysis
obtained at different angles are in very good muigeeement, the differences being
less than 0.2 nm (Figure 4.9(b)).

The concentration ratio O/Siin the layers is within the experimental accuralnse

to 2.0 forTsie,™%' > 2.5 nm, but increases when the thickness dezsg@sble 4.4.4
and in Figure 4.10). This can definitely not beilatited to an oxygen component in
the organic contamination, as the Cls peak wasllicases, corresponding to a
aliphatic hydrocarbon without a detectable fract@nC-O bonds and because the
thickness of the organic contamination was alwags than 0.2 nm.
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Figure 4.10: Concentration ratio (C, | C,) in the SiO, layer and total thickness
from XPS model (T ot ng'"”dd) plotted as a function of the optical
thickness.

102

The thickness of the SiQayer Tsio."°%) obtained from the XPS model have then
been compared to thicknesses obtained with otbbnigues, namely RBS and TEM.
The RBS results were, after a correction for thieean of oxygen during the RBS
measurements, in good agreement with the resultseobptical measurements and
the model calculation, the difference being on agerless than 0.1 nm (Table 4.4.5).
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The thicknesses measured on TEM cremstion was determined from at least three
HR images taken from different areas on the wadengast a few pm apart). The
magnification was calibrated on every image studikd calibration factor that was
determined for each image appeared to be nearlgtaonfor all images studied,
illustrating the intrinsic reproducibility of thenstrument. The thickness was
determined using the technique described in sedtid® of this chapter. Note that it
was not possible to measure the thickness of tiitrasamples A and B as well as E
from TEM cross section images.

For layers with a thickness above 2.5 nm, the tesare in agreement within the
experimental accuracies. Yet, for layers with akhéess below 2.5 nm, the TEM data
are significantly larger than the other values i@t XPS, RBS), as presented in
Table 4.4.5 and in Figure 4.11. The deviation mitgrttatively be explained by
assuming that the density of these ultra thin,S&yers is less than the density of
bulk SiQ,. This will clearly influence the thickness as detmed by RBS; also the
attenuation lengths in XPS are expected to incredmm the density of a material
decreases. Yet, as can be seen in Table 4.4.8eth&tion for sample D is nearly 40
%, and it seems unlikely that the density of SiOthese layers is 40 % less than the
density of bulk Si@.

A different tentative explanation is as follows. odeding to [80] and [81], the
electron energy loss spectroscopy (EELS) spectréinthe oxygen atoms at the
SiO,/Si interface is different from that of bulk SiOndicating that the chemical
environment of the oxygen atoms at the interfacffisrent from bulk Si@. Further,
the thickness of the SiQayer that is obtained by measuring the O K edgea
function of position across the SiQayer is significantly larger than the optical
thickness (see Figure 3 in [80]: the optical thieks is 1 nm whereas the total O
signal has a full width at half maximum, FWHM, o®61nm). The results suggest
that some of the surface oxygen atoms “penetrate’the e-Si; this may give rise to
a seemingly thicker SiQlayer in TEM images, as electron energy loss &ffec
influence the intensity of the transmitted beam: &sample in which the optical
thickness of the SiQis 1.8 nm, the FWHM of the total O signal is 2.in.n
Apparently, the penetration of interfacial oxygerttoi the silicon decreases as a
function of increasing thickness of the $iQayer. This may explain the
disappearance of the discrepancy between “TEM tieisk” and “XPS or RBS
thickness” as a function of increasing Sithickness. Yet, the reason why the
“penetration” effect at the SiBi interface depends upon the thickness of thdeoxi
layer for oxide thinner than 2.5 nm remains unknown

Sample Qptical RBS TEM
opt O atoms RBS TEM Ty
Tson [10” / cm’] sioz Tson
A 0.14 1.12 0.03 0.04
B 0.50 2.4 0.3 0.36
D 1.01 5 0.86 1.37 0.83

97



Chapter 4

E 1.07 4.7 0.81 0.66
F 1.41 7.62 1.43 1.68 1.24
G 2.00 10.1 1.96 2.12 1.85
J 2.51 12.5 2.48 2.43 2.35
K 3.20 16 3.23 3.33 3.03

Table 4.4.5: Thickness of the SiO, layers (in nm) according to optical measurement
(Ty,™), RBS (Ty,,"™), TEM (T,,,”™) and the XPS model calculation
(T,,,"™™). Amount of oxygen at the surface according to the RBS
measurements are also summarized for all studied samples.
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Figure 4.11: Thickness of the SiO, layer according to RBS (T.,"™), XPS (T,,"")
and optical measurement (Ty.,™), plotted as a function of the

thickness according to TEM measurements (T, )

4.3.3 Conclusions

The thickness of ultrthin oxide layers ranging from 2 down to 0.14 nas tbeen
determined using various techniques. We have shthah,good agreement between
optical measurement, standard equation for XPS i@del analysis of XPS
(Tsie™® + Torg™®) and RBS. Model analysis of XPS results demoreiran a
quantitative way that deviations from the opticgdults are a consequence of surface
contaminations of the samples with hydrocarbong, e thickness of this organic
layer is very thin and therefore the ellipsomeighnique seems to be a reliable
measurement of the thickness of ultra-thin Siilins. Optical measurement has the
main advantage to be fast and cheap as compaideiSmr RBS techniques.
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QuasesTougaard analysis of extended Ol1s peaks has ek &pplied. The results
were found to be independent of crystal effect®xgected. Yet, the thickness of the
SiO, layers was approximately 36 % higher than thektitéss determined with the
other methods.

TEM results are in agreement for thickness exceedid nm, but in samples with
SiO; layers less than 2.5 nm the TEM thickness is fatigen the optical, RBS or
XPS thickness. Together with this effect we haveeobed that the concentration
ratio O/St" in these layers is larger than 2.0 and increasesvthe SiQ thickness
decreases. These effects may be related to peoetet interfacial oxygen into
silicon, as observed using EELS in ultra thin gatieles of SiQ.

4.4 Physical characterization of ultra-thin plasma
nitrided oxides

In this section, the physical properties of ultnatplasma nitrided oxides formed
with the DPN process (described in chapter 2) heracterized. There are several
essential parameters to characterize when optigiziltra-thin plasma nitrided
oxides. The N concentration and distribution idficdt importance as it is strongly
linked to electrical parameters such as the rdiiplof the film and the mobility of
carriers in the transistor channel [82], [83], [8Ah understanding of the chemical
bonding configuration of N within the ultra-thingsima nitrided film is therefore
essential in the tuning process of the N profiléhimi the layer. This has been studied
with XPS analysis.

One of the greatest challenges involved in detdngithe scalability of any process
beyond the sub 3.0 nm range is how to accuratepsaore the film thickness. For
the DPN process, the physical thickness of the loxide is measured optically,
using single wavelength ellipsometry. We have shqwaviously that optical
thickness of this Si@layer is an accurate measurement. However, oncegan is
incorporated into the film, the dielectric constand, correspondingly, the index of
refraction, have increased, making optical measergsn of the nitrided film
unreliable. The use of the base oxide thickness aasure of the final dielectric
thickness neglects any physical changes occurnimopgl the DPN process, such as
physical thickening, oxide re-growth or densificati TEM can be used to determine
the thickness of any hybrid layer. However, as fio@ed previously in this chapter,
because of the difficulty to define accurately thierfaces of Si@(or SiON) with
the Si bulk and with the Al capping layer, the deson accuracy of the TEM
thickness is + 0.1 nm, which is a few percent &f film thicknesses in the range of
interest. Moreover, the very time consuming sanglparation required prior to
TEM analysis makes this technique not adapted Her dptimization of plasma
nitrided films. Therefore alternate approaches étednine the film thickness are
here investigated using XPS, TOFSIMS and RBS.
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The incorporation of nitrogen into the Si®m results in an increase in the film
density because silicon nitride {Sj) is more dense than silicon dioxide (§iQn
the case of TOFSIMS measurement, a higher denkityrdsults in a slower sputter
rate, thus making the films look artificially thiek The TOFSIMS measurements
obtained on our heavily nitrided samples were timagcurate. It was therefore of
first importance to calibrate our TOFSIMS measunetsieA concentration and depth
scale calibration method has been developed foathiin SiQN, layers on Si. The
method has been tested over a wide range of cotiguesiby comparison of
integrated N and O dose with RBS measurements [66].

4.4.1 N incorporation in ultra-thin plasma nitrided oxide
films

The possible N bonding configurations for N incogimn in the Si@ matrix are
given in Figure 4.12. As presented in section 4d.this chapter, XPS analysis is
used to determine the chemical bonding configunatib atoms in measuring the
binding energies of the elements present in thdiedusample. For the study of
plasma nitrided oxides, the binding energies oONand Si as SiON is of interest.
The N bond structure is identified with peak assignts for N1s in the bond
configurations of interest given in Table 4.4.6][887]. Calculations have shown
that the N1s binding energy shifts by ~1.8 to 20fer each additional O atom
which is bonded to nitrogen.

Bond Configuration N Peak Position (eV)
SieN 397.3-398.5
O-Si=N 399.4 - 400.4
Si=N-O 401.8 — 402.6

Table 4.4.6: XPS Peak Assignment for N in oxynitrides for possible bonding
configurations [86] and [87].
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Figure 4.12: Cluster models for the representative bond created with the
incorporation of nitrogen atom into the silicon dioxide film.
Terminating hydrogen atoms are omitted for clarity. Note that N
bonded only to Si is most stable configuration for N incorporation.

The chemical bond configuration of N in the SiONtrixahas been here studied after
the full DPN process step [88]. Photoelectron gpeaf plasma nitrided oxides on
silicon were measured using the system describeskdtion 2.2.2. Only one N1s
peak was observed, as presented in Figure 4.1R3e).result yields one type of N
bonding configuration in plasma nitrided oxideseTitinding energy measured for
the N1s peak is 39760.1 eV. This indicates that N atoms are mainlydezhto Si
atoms creating SN bonds (Table 4.4.6). The chemical bond configoradf N is
therefore very close to that of N insSj [89]. The measured Si spectrum exhibits
two peaks (see section 4.2.2), as shown in Figut&(d). The binding energy
measured for the peak of the Si chemically boun® tand N (Si as SiON peak) is
around 102 eV. In SiQthis peak is at 103.5 eV, insHj, it is at approximately 101.8
eV. The binding energy measured is 532.8 eV whickery close to the binding
energy of silicon dioxide (533.2 eV according t®])8 These results confirm that N
atoms are mainly bonded to Si atoms and feNSionds.
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Figure 4.13: (a) Scheme showing various possible O and N diffusion mechanisms
that could occur in the SiON layer. (b) Spectra of the Nl1s element
after full DPN process. Only one peak is measured at a binding
energy close to N as Si N, indicating that most of the N atoms are
bonded to Si atoms.

Moreover, the position of the N1s and Si as SiOlkpehas been studied for plasma
nitrided oxides with various nitrogen content. TR&s and Si2p as SiON peak

positions are plotted as a function of the ratidNodver O in Figure 4.14(a) and (b),

respectively. It can be observed that both the & Si2p as SiON peaks shift to

lower binding energies when increasing the effectivnount of N. this indicates that

more N atoms are incorporated in the films andbareded to Si atoms to form=Bi

bonds.
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Figure 4.14: Binding energies of the N1s and Si2p as SiON peaks as a function of
the normalized nitrogen concentration. The data were obtained from
several series of ultra-thin SiON layers, with different thicknesses;
also the DPN times were varied as well as the atmosphere of the
ambient during nitridation.
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4.4.2 N concentration in ultra-thin plasma nitrided oxide
films

The amount of N in ultrghin plasma nitrided oxides has been measured with
different technigues, namely TOFSIMS, RBS and XP&. TOFSIMS analysis, a
calibration of the profile has been developed dm resulted concentrations have
been compared with the ones obtained with othénigqaes.

4.4.21 Concentration scale calibration for TOFSIMS measurement
The sum of all SN* intensities) sy, is defined as:

laon = 7o

S2N0.851
wherel, is the intensity measured in an interval arourel rifass of®Si,N (0.851
because 85.1% of all 8l clusters have mass 70). Around mass®%&i:°SiN* and

2Si,N* interfere with?®Si,O*. Therefore, the SD* intensity (5.94% of all $N-
clusters have mass 72) is defined as:

1, - 1,,%(0.0594/0.85])

.. =

5120 0.851
With Ar primary ions, there are no other signifitamass interferences. The selected
reference signal is:

4.7

(4.8)

I
lgp = —22 (4.9)
°20.851
The intensityl sy (and equivalentlys,c) can be expressed as:
—_ w2
I'sion = XsiXn YRson @ (4.10)

wherexs; andxy are the silicon and nitrogen relative concentratiffor all samples at
all depths, we assumg; + xy + Xo=1), Y is the total sputter yiel®s;,\ is the chance
that two Si atoms and one N atom form g\Siion that is transmitted and detected
by the instrument, and, is the primary ion flux.

A suitable reference signal in this case is thenisityls;, of Si" (4.10) because the
ratio Ispnlsip can be expected to increase monotonously withwhich is not
necessarily the case fla,y as such (sinces; decreases ag increases).

lsp = XgiYPSiZq)p (4.11)

The ratiolspn/lsi; andlspn/lsip are further called respectively andlo. The relative
sensitivity factorsgy is defined according to:

S = T—N = —; = (4.12)

N Si2N

S is defined similarly.
We have determiney andS; in Si and SiN, from well-calibrated implantS i, s&=
0.0167(4.8),S in s/70.155(4.15), S in sanae0.098(4.15) and the stoichiometric
composition of SN, (Xy=4/7): Syin sisne 0.041(4.2).
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For SiQ, we have done the same, but we found-lireear behavior of andly for
SiO, with a few percentage of N. Since we are partitylanterested in
quantification of higher N contents, we have userttvalues that describe Si@ith
~5% N: Sy in sio= 0.020(4.3) an& in si0=0.20(4.3). As a consequence, dilute N in
SiG, is significantly underestimated in relative sersd, in absolute sense the errors
are very small.

To calibrate intensities from an unknown composiiio between the basic materials,
the composition is considered a mixture of Si,S46d SiN,:

SL(SIQ,), (SEN,)., (4.13)

where u+v+w=1 (note thatx,=2/3v and x\=4/7w), and Sy and & are linearly
interpolated Sy= USy in si+ VSuin sio2+ WS\ in sisng aNdSHo= USp in si+ VS0 in sioz + WS
in siana Then explicit expressions fag andxo (or foru, v andw) in terms ofly andlg

can be derived:
. = 883' +12I0(d$I —Cﬁ')
"N g-12cl, -14bl,, +21(bc-ad)l I,
% = 855 +14l (aSy -bSy)
°8-12cl, —14bl,, + 21(bc-ad)l I
where a$o in sisneSo in s D=Sv in sisneSv in si €= in si02S0 in sianNd A&y in siozSv in st
Of course, such a linear variation of sensitivitiylmxy andxo is an approximation,
but since the variation of the sensitivity factoreer the full range ofnaterials is
small (maximum a factor 2.5, which is much less than e.g. for CsN" and
CsO" clusters [65]), the choice is not so important.
For a concentration calibration in terms of atodénsity, the concentratiomg and

Xo must be multiplied by total atomic density of tméxture N, which can also be
linearly interpolated between the basic materidls:uN>+vN>%wN>=N,

(4.14)

(4.15)

4.4.2.2 Benchmark of various techniques to measure the N concentration

TOFSIMS analysis using the above calibration methasl been tested over a wide
range of samples with various compositions by campa of integrated N and O

dose with RBS measurements. As sown in Figure 4hE5ratios of the nitrogen and
oxygen doses calculated with SIMS and RBS yielg geod agreement.
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Figure 4.15: Comparison of the ratio of the nitrogen and oxygen integrated dose as
determined by RBS and SIMS for a wide range of layer compositions
(line indicates a 1/1 agreement).

As described in section 2.2 of this chapter, XPB a also used to measure the
concentration of species. A comparison of the cotmagon of N obtained with XPS
and with RBS has been made over a wide range @tthih plasma nitrided thin
films (Figure 4.16). Again a good agreement betwtentwo techniques can be
observed for a wide range of N concentration.
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Figure 4.16: Comparison of the ratio of the nitrogen and oxygen integrated dose as
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determined by XPS and RBS for various ultra-thin plasma nitrided
oxides.

Finally, the D2R method, as described in sectidn Bas been applied on a wide
range of ultrethin plasma nitrided oxide films having a physitaickness below 2
nm. The resulted data has been compared to tlageiircontent within the film as
measured from XPS analysis. Although the D2R tephmis a method that evaluates
the interfacial N concentration (see section 4,2alyery good agreement was found
between the D2R parameter and the total N contetite film, as shown in Figure
4.17.

20

15 -

_é@;@
0| QQ_‘Q_,‘-@;"‘Q
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D2R parameter (%)

N concentration as measured with XPS (at.%)

Figure 4.17: Comparison of the N concentration measured with XPS and
calculated using the D2R method (described in section 2.1 of this
chapter) for ultra-thin oxides (physical thickness is below 2 nm).

From these results, it can be concluded that TORSI{sing the developed
concentration calibration), RBS and XPS can be usedheasure accurately the
amount of nitrogen in thin SION layers and this &darge range of N concentration.
A linear correlation between the N concentratiomasasured with XPS and the D2R
parameter has been obtained for N concentratiogimgrfrom 8 up to 16 atomic
percent.

4.4.3 N distribution profile within ultra-thin plasma nitrided
oxides

Measuring the N profile within an ultra-thin nited oxide film is a real challenge.
Indeed, for most of the techniques, the depth utisnl is above 1 nm which is more
than 50 % of the total physical thickness of thenfiTOFSIMS analysis have been
performed on ultra-thin plasma nitrided oxide anel N, O and Si profiles have been
investigated, as shown in Figure 4.18. The SiONitirface was determined from
XPS measurements (see next section of this chapter)
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It can be observed that the peak of the N profiladt located at the interface with
the Si substrate, which is in accordance with ghigld results on the N profile of
plasma nitrided films [90], [91], [92]. However, stoof these papers are presenting
results showing that the N peak concentration ¢atked at the top surface. These
studies were performed for rather thick plasmadat oxides (physical thickness >
2nm) and their conclusions on the location of thpddk at the top surface cannot be
drawn in our case. Indeed, in our study of diti@ plasma nitrided (physical
thickness < 2nm), the depth resolution limit of 3@FSIMS measurements is about
50 % of the total physical thickness of the SiONela Moreover, surface
contamination and initial sputtering effects matke tjuantitative measurement of the
peak position questionable. However, the good taiioe observed between the total
nitrogen content with the D2R parameter (see Figut@) might indicate that the N
atoms are not located at the top surface but are hmmogeneously distributed over
the film.

08— &+ . .
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Depth (A)

Figure 4.18: N, O and Si profiles as measured with TOFSIMS of an ultra-thin
plasma nitrided film. The physical thickness of the film is about 1.8
nm.

4.4.4 Thickness measurement of ultra-thin plasma nitrided
oxide films

XPS analysis was used to evaluate the thicknesbeoSiON layers. The standard
approach to determine the thickness of the, &er is to use the standard equation
(4.4) as detailed in section 3. However, this eiqua taking the attenuation length
of a pure SiQfilm (Lsio, in (4.4)). The attenuation length (L) of the SiG@ikh was
investigated. In the mixtures Si-O-N, values f§OLs], L[N1s] and L[Si2p] can be
obtained using the expression:
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L = x*L(pure SiO,) + (1-x) L(pure Si,N,) (16)

The calculated. in SiON versus the ratio [N]/[O] is shown in Figu4.19. It can be
seen that between pure oxide and nitride film,attenuation length (L[Si2p]) does
not vary dramatically: from 34.48 A for Si@ 29.66 A for SiN,. Therefore, a smalll
change in the N content of the SiON layer will matuce a dramatic error (< 10 %)
in the estimation of the thickness of the dielecifrthe attenuation length is taken as
pure oxide ([Si2p]=L[Si02]=34.48 A).

36
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o<
~ ‘A*L[N].S]
= 32 ¢ —6— L[Si2p]
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Figure 4.19: Calculation of the attenuation lengths L[Si2p], L|O1s], L[N 1s] versus
the ratio [N]/[O].

The thickness of SION films was also estimated@&BS or TOFSIMS analysis, as
already presented in this chapter. For TOFSIMSyaisl a depth calibration has
been developed.

4.4.4.1 Depth scale calibration for TOFSIMS measurement

We have used optical profilometry of the final eratfor depth scale calibration
(stylus profilometry is also possible, but it idfidult to locate the craters and to
ensure a trace exactly through the crater cent@siical profilometry with a true
phaseshifting algorithm of an ultra-thin oxide or nile layer on Si measures (a little
bit more than) the depth sputtered into the Si tsates (Figure 4.20) [63]. Thus, the
erosion rate of pure Sk, can be determined from the optical degdgh and the
period of time sputtered after passing throughinttexface.

For the interface, we take the sputter tinwghere the fraction of Suj is equal to 50
% of the sum of the O and N fractions:

u(t) =v(t) +w(t) = % (x,~0.7) 4.17)
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To account for changes in erosion rate, the rafio%=z"""9z°=0.85(4) in SiN, and
rS9%=z59975-0.93(4) in SiQ with 500 eV Af at 45° have been determined from
stylus profilometry of deep craters in the pureamats.z as a function of is taken
as:

2(t) = (u(t) +v(Dr>* +w()r")xz* (4.18)
Unlike Cs or O, little Ar is incorporated in therget, making such linear

compositiordependence plausible.
Finally, the depthi(t) at the sputter timdsis expressed as:

d(t) =d(ty) +z(t)( —t,) (4.19)

starting withd(ty) = 0 atty = 0.

=N

—

dgate

o3
dopt
dSi

N _‘.-/ cha

Figure 4.20: Explanation of crater depths measured using stylus profilometry (d_)
or optical profilometry (d,,) in case of a gate dielectric (d_,, ~ few nm’s)
on Si. The amount of Si sputtered is equivalent to a thickness dg and
after exposure to air the crater bottom is oxidized to an altered layer
with d,, ~ 1 nm. For simplicity, d , is drawn from interface to interface
although this is not exactly true.

With this procedure, the depth scale accuracy ingsdoy prolonging the profile,
because the crater depth measurement improveseagadge the depth scale becomes
less sensitive to the choice of the interface. V¥itffficiently deep profiles, this
method is more accurate than using the layer tesgkmeasured by ellipsometry for
example or by using a depth scale standard. A aypiepth profile of a gate
dielectric, thus obtained, is given in Figure 4.21.
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[EnN

Concentration (a.u.)

o

Depth (nm)

Figure 4.21: Si, O and N concentration depth profiles of an LPCVD nitride layer
on Si. The vertical dashed line (d = 3.57 nm) indicates the depth
where a hypothetical split into fractions u of Si, v of SiO2 and w of
Si3N4 reaches u = v+w = %. The total layer contains about equal
amounts of O and N, with O having some preference for the surface
and the interface.

4.4.4.2 Benchmark of various techniques to measure the physical
thickness of ultra-thin plasma nitrided oxides

A benchmark of all of these techniques has beenenfad various SiON gate
dielectrics ranging from 2.2 down to 1.4 nm (Fig4r22). Note that TOFSIMS
profiles were measured only on a limited amounsahples. It can be observed that
for SiION films thicker than 1.5 nm, XPS, RBS andH3IMS analysis are in good
agreement. However, for films thinner than 1.5 madues obtained with XPS are
sensibly smaller than RBS or TOFSIMS ones. WhileSR&nd TOFSIMS are
accurate techniques to measure the film composdiwh stochiometry, their poor
depth resolution provide reliable thickness measerg in the su2 nm regime (see
Table 4.4.1 and [82]).
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Figure 4.22: Comparison of the thickness of various SiON thin films obtained with
XPS, and TOFSIMS techniques.

The physical thickness of ultthin plasma nitrided films can be also calculdteadn
ellipsometry measurement using the D2R techniquea$ shown in Figure 4.17 that
the N concentration measured with XPS and the DaRarpeter were in good
agreement for N concentration in the range of 8l& atomic percent. In this
particular range, the physical thickness based @R [Data was calculated and
compared to the physical thickness calculated ki data. As expected, a good
correlation between these two calculated thickresezs obtained, as depicted in
Figure 4.23.

This result shows that the physical thickness thtthin plasma nitrided oxide films
can be estimated from ellipsometry measurementgyubie D2R method and from
the correlation with XPS data as shown in Figug84providing that the N content is
within a certain concentration range, namely 8&atbmic percent.
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Figure 4.23: Comparison of the physical thickness determined with XPS
measurements and with the D2R method.

4.4.5 Conclusions

The materials characterization of DPN nitrided etiglic films has been conducted
using ellipsometry, TOFSIMS, TEM, RBS and XPS asalyThese techniques were
chosen based on their availability and expertise.

It was found that while RBS and TOFSIMS are aceutachniques to measure
quantitatively the composition and stochiometryutifa-thin plasma nitrided films,
they are not suitable for the measurement of tiekrbss of such layers. Cross-
section TEM can be used for the determination efgthysical thickness although its
accuracy depends on the sample preparation ankdeoacturacy of the localization
of the interface dielectric/Si substrate. XPS, heavehas the advantage to provide
not only a good measurement of the film compositimn also of the chemical
bonding configuration and the physical thickness.

For a quick estimation of the N content and phydicizkness of ultra-thin plasma
nitrided oxides, ellipsometry measurement in comatiam with the D2R method can
be used. It was shown that the resulted N contahiphysical thickness was in good
agreement with XPS analyses. This technique has thés major advantage to be
cheap as compared to any physical analysis.

The nitrogen distribution and chemical bonding dgunfation of ultra-thin plasma
nitrided films have been investigated using XPSvds found that after the full DPN
process, the N atoms are bonded mainly to Si atdingtoms seem to exchange
exclusively with O atoms in the Sj@natrix and form SiN type of bonds.

112



4.5

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Physical characterization of ultra-thin oxide based films

References

Charles Evans & Associates, analytical charactioiza service
provider: www.cea.com.

H. G. Tompkins and W.A.McGahaBpectroscopic Ellipsometry and
ReflectometryJohn Wiley & Sons, New York, 1999.

R.M.A. Azzam and N.M.Bashar&llipsometry and Polarized Light
North Holland Press, Amsterdam 1977, Second edition, 1987.

R.W.Collins, D.E.Aspnes, and E.A. Irer&pectroscopic Ellipsometry
Editors, Elsevier Science S.A., 1998, Lausanne, Switzerlalsd; a
appears as Vol. 31314 Thin Solid Films, Numbers 1-2, 1998.

D. Briggs and M. P. SeaPRractical Surface Analysislohn Wiley &
Sons, New York, 1990.

Physical Electronics USA, PHI 2000 MultiTechnique XpStem:
www.phi.com.

M. P. Seah and S.J. Spencélitrathin SiO2 on Si Il. Issues in
guantification of the oxide thicknesSurface and Interface Analysis,
Vol. 33, pp. 640-652, 2002.

E. Bggh and E. UggerhoExperimental investigation of orientation
dependence of Rutherford scattering yield in single crystdiscl.
Instr. and Meth., Vol. 38, pp. 216-220, 1965.

W. K. Chu, J. W. Mayer and M. A. NicoletBackscattering
SpectrometryAcademic Press Inc., 1978.

J.R. Tesmer and M. Nastakiandbook of Modern lon Beam Materials
Analysis Materials Research Society, Pittsburg, 1995.

RUMP - RBS Analysis and Simulation Package [v. 4.00}he(a)

1988-1997 Michael Thompson, Larry Doolittle, (c) 1988-1997
Computer Graphic Service, Ltd. All rights reserved, Revidiewel:

113



Chapter 4

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Version 0.950; L. R. Doolittle, Nucl. Instr. and Meth., B 9,5008,
1985.

H.A. Storms, K.F. Brown, and J.D. Stein, ????, Alizdy Chemistry,
Vol. 49, pp. 2022026, 1977.

Y. Gao,A new secondary ion mass spectrometry technique for IlI-V
semiconductor compounds using the molecular ions GCsMurnal of
Applied Physics, Vol. 64, pp. 3760-3762, 1988.

T. Hoshi, L. Zhanping, M. Tozu, and R. Oiwa, ????, Secgnida
Mass Spectrometry SIMS XI, Chichester, UK John Wiley & $Sops
269-275, 1998.

J. Vlekken, T.D. Wu, M. D'Olieslaeger, G. Knuyt, Wandervorst,
and L.D. Scheppeionte Carlo simulation of the formation of M2 -
Molecular lons sputtered from metallic materia®econdary lon Mass
Spectrometry SIMS XIChichester, UK John Wiley & Sons, p. 895,
1998.

J. Vlekken, T.D. Wu, M. D'Olieslaeger, G. KnuytDL.Schepper, and
L.M. Stals, Monte Carlo simulation of the formation of
MCs/sup+/molecular iondnternational Journal on Mass Spectrometry
lon Processes, Vol. 156, pp. 61-66, 1996.

K. Snowdon, ????, Nuclear Instrumentation Methods B, ¥obp.
132-134, 1985.

S.A. Schwarz and C.R. Helmslew models of sputtering and ion
knock-on mixing Secondary lon Mass Spectrometry SIMS-II.
Proceedings of the Second International Conference, pp. 15-17, 1980.

C.J. Han, M.M. Moslehi, C.R. Helms, and K.C. Sardswa
Characterization of thermally nitrided SiO2 using Auger sputter
profiling. Journal of Vacuum Science and Technology A, Vol. 3, pp.
804-805, 1985.

M.A. Douglas, S. Hattangady, and K. EasDepth Profile Analysis of
Ultrathin Silicon Oxynitride Films by TOFSIMSJournal of the
Electrochemical Society, Vol. 147(5), pp. 1893-1895, 2000.

114



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Physical characterization of ultra-thin oxide based films

J.G.M. van Berkum, M.J.P. Hopstaken, J.H.M. Snijdersfafmminga,
F.N. CubaynesQuantitative depth profiling of SiOxNy layers on Si
Applied Surface Science, 2003, pp. 447.

M .A. Verheijen and J.G.M. van BerkunTEM analysis report
2003.0100 TEO300QLFT internal report, Philips, 2003.

M.P. Seah and S.J. Spencélfra-thin SiO2 on Si: Il, Issues in
Quantification of the Oxide ThicknesSurface and Interface Analysis,
Vol. 33, pp. 640-652, 2002.

M.P. Seah and S.J. Spendgdltrathin SiO2 on Si. |. Quantifying and
removing carbonaceous contaminatiofournal of Vacuum Science
and Technology A, Vol. 21, pp. 345-352, 2003.

B. S. Semak, C. van der Marel and S. Touga@ammparison of the
Tougaard, ARXPS, RBS and ellipsometry methods to determine
the thickness of thin SjQayers Surface and Interface Analysis,
Vol. 33, pp. 238-244, 2002.

M. Seah,Intercomparison of Silicon Dioxide Thickness Measurement
Made by Multiple Technique$. Vac. Sc. And Tech. A, in press, 2004.

C. van der Marel, M.A. Verheijen and Y. Tamminga, R. .
Pijnenburg, N. Tombros, F. Cubayn@$e thickness and composition
of ultra-thin SiQ layers on SiJ. Vac. Sc. Tech. A, in press, 2004.

S. Tougaard, Accuracy of the non-destructive surface
nanostucture quantification techniquéased on analysis of the
XPS or AES peak shagurface and Interface Analysis, Vol. 26, pp.
249-269, 1998; and S. Tougaard QUASES-Tougaard: Software
package for Quantitative Analysis of Surfaces by Electron
Spectroscopy, version 4.4, 2000.

Software package for the analysis of XPS resultsaRRS, version
2.2.32.

D.A. Shirley, High-Resolution X-Ray Photoemission Spectrum of the
Valence Bands of GaldPhys. Rev. B, Vol. 5, pp. 4709-4714, 1972.

115



Chapter 4

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

ZH. Lu, M.J. Graham, D.T. Jiang and K.H. Ta8i0,/Si(100)
interface studied by Al K x-ray and synchrotron radiation
photoelectron spectroscop#ppl. Phys. Lett., Vol. 63, pp. 2941943,
1993.

C. van der MarelA multilayer approach for the quantitative analysis
of XPS-resultsto be published in Surface and Interface Analysis.

P.J. CumpsonEstimation of inelastic mean free paths for polymers
and other organic materials: use of quantitative structure-property
relationships Surface and Interface Analysis, Vol. 31, pp. 23-34, 2001.

T. Katayama, H. Yamamoto, M. Ikeno, Y. Mashiko, S. idkawand M.
Umeno, Accurate Thickness Determination of Both Thin ,Si@ Si
and Thin Si on Si© by Angle-Resolved X-Ray Photoelectron
Spectroscopydpn. J. Appl. Phys., Vol. 38, pp. 4172-4179, 1999.

D.A. Muller, T. Sorsch. S. Moccio, F.H. Baumann, KaBs—Lutterodt
and G. Timp,The electronic structure at the atomic scale of ultrathin
gate oxidesNature, Vol. 399, pp. 758-760, 1999.

D.A. Muller and J.B. Neator§tructure and energetics of the interface
between Si and amorphous $i@ Fundamental Aspects of Silicon

Oxidation, edited by Y.J. Chabal, Springer Verlag Berlin Heidelberg
New York, pp. 219-246, 2001.

M.L. Green, E.P. Gusev, R. Degraeve and E.L. Garfurldglathin
([less-than] 4 nm) SiO[sub 2] and Si--O--N gate dielectric layers fo
silicon microelectronics: Understanding the processing, structame,
physical and electrical limitsJournal of Applied Physics, Vol 90, pp.
2057-2121, 2001.

D. Bouvet, P.A. Clivaz, M. Dutoit, C. Coluzza, J.nMdida, G.
Margaritondo and F. Pidnfluence of nitrogen profile on electrical
characteristics of furnace or rapid thermally nitrided silicon dioxide
films, Journal of Applied Physics, Vol 79, pp. 7114-7122, 1996.

S.V. Hattangady, H. Niimi and G. Lucovskgontrolled nitrogen
incorporation at the gate oxide surfac&pplied Physics Letters, Vol.
66, pp. 3495-3497, 1995.

11€



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Physical characterization of ultra-thin oxide based films

S.W. Novak, J.R. Shallenberger, D.A. Cole and J.WindaStructure
and bonding in nitrided oxide films by SIMS and XPS. in Ultrathin
SiO2 and High-K Materials for ULSI Gate Dielectri§ymposium.
Materials Research Society, San Francisco, CA, USA, 5pp586,
1999.

J.F. Moulder, W.F. Stickle, P.E.Sobol, and K.D.Bomb¢andbook of
X-ray Photoelectron Spectroscominneapolis, 1992.

R.l. Hegde, B. Maiti, and P.J. TobiGrowth and film characteristics
of N20 and NO oxynitride gate and tunnel dielectdournal of the
Electrochemical Society, Vol. 144(3), pp. 1081-1086, 1997.

F. Cubaynes, J. Schmitz, C. van der Marel, H. Srgjdé&r Veloso, A.
Rothschild, Plasma nitridation optimisation for sub 15A gate
dielectrics Proc. ECS Paris, PV 2003-02, pp. 595-604 , 2003.

D. Bouvet, P.A. Clivaz, M. Dutoit, C. Coluzza, J.nfdda, G.

Margaritondo, and F. Pidnfluence of nitrogen profile on electrical
characteristics of furnace- or rapid thermally nitrided silicon dai

films, Journal of Applied Physics, Vol. 79, pp. 7114-7122 ,1996.

H. Niimi and G. LucovskyMonolayer-level controlled incorporation

of nitrogen in ultrathin gate dielectrics using remote plasma
processing: Formation of stacked *“ N— O-— N” gate dielectrics
Journal of Vacuum Science and Technology B, Vol 17, pp. 2610-2621,
1999.

R. Kraft, T. P. Schneider, W. W. Dostalik and S. Hiaffady Surface
nitridation of silicon dioxide with a high density nitrogen plasma
Journal of Vacuum Science and Technology B, Vol 15, pp. 967-970,
1997.

S. V. Hattangady, H. Niimi and G. Lucovskgontrolled nitrogen
incorporation at the gate oxide surfacappl. Phys. Letters, Vol. 66,
pp. 3495-3497, 1995.

117






Chapter 5
Optimization of ultra-thin plasma
nitrided oxides

5.1 Introduction

5.1.1 Motivation

In chapter 2, we have seen that the use of a plagnded oxide in MOS transistors
yields lower gate leakage current than pure oxate dielectric (factor ten reduction
in leakage current at a given EOT). In our studgsma nitrided oxides formed using
the DPN process have been studied because of vadalkility and because they
yield good uniformity. In chapters 3 and 4, elaxtiand physical characterization
techniques for such ultthin plasma nitrided oxides have been optimizeldese
characterization techniques will be used in thiaptér with a view to optimize ultra-
thin plasma nitrided oxides. The impetus for imgnment has been to achieve low
EOT with low gate leakage current densidg)(while maintaining high effective
carrier mobility.

5.1.2 Chapter Overview

Optimization of the base oxide, the plasma niti@atnd the post nitridation anneal
are presented. The results of the reliability atspet the obtained ultra-thin plasma
nitrided oxide is then summarized. An alternative the conventional plasma
nitridation process is then proposed for possikteresion of plasma nitrided oxides.
Finally, the ultra-thin plasma nitrided oxides iapked during this work are
benchmark to conventional pure oxide and to latégt-K data. Bothls-EOT and
carrier mobility are included.
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5.2 Description of the Decoupled Plasma
Nitridation process

Plasma nitrided oxide films are formed in thre@st€igure 5.3:

First, a pure thin oxide film is grown usingsitu steam generation oxidation (ISSG)
or rapid thermal oxidation (RTO). Note that priorthis first step, the wafer has been
cleaned in an HF diluted solution. This surfaceppration prior to the oxide growth
is of great importance since the $i8l interface is a more significant part of theatot
film as it gets thinner.

The next step consists in exposing the oxide toigh hlensity N-plasma for
nitridation, which determines the nitrogen incogi@m. When giving energy to an
atom or a molecule, one or more electrons can edt&pconfinement to that atom or
molecule. This phenomenon is called ionization aad occur by many methods
such as DC current, ultraviolet radiation or rafileqjuency (RF) electric fields. This
latter is the one that is used in this work forspha nitridation. The plasma is formed
when an avalanche of ionization occurs and is fouwed of ions, electrons and
neutral species that can be highly reactive. Reauatibn can occur between an ion
and an electron (the plasma is therefore emittigigt)l For a fixed power input,
ionization and recombination are in equilibrium.the case of nitridation, the inert
gas used to form the plasma is. Me gas can be added to create more activated
species. A schematic of the plasma nitridation diemused is presented frgure
5.2a).

The final step of the DPN process is a high tenipezaanneal, so-called post
nitridation anneal (PNA). The purpose and impacthig PNA on the SiON stack
will be further detailed in this chapter.

There is no vacuum break between these three atapey are performed in a cluster
tool (in Figure 5.2b)).

Oxidati N2-plasma Anneal
(SSGIRTO) OPN) (PNA)
VY Yy VY VY EREER

SiO2 SiON SiON
l I
. =0 =,
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Optimization of ultra-thin plasma nitrided oxides

Figure 5.1: Scheme of the DPN process. It consists of three steps: growth of a high
quality oxide, plasma nitridation and a high temperature anneal.
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Figure 5.2: (a) Scheme of the DPN chamber. RF electric fields are used to create
the plasma. The silicon wafer is located below the plasma. (b)
Scheme of a gate dielectric single-wafer cluster tool showing the
loading and unloading ports, an RTP, a plasma and a chemical
vapor deposition chambers.

5.3 Optimization of the base oxide

5.3.1 Comparison of the RTO and ISSG oxidation process

Growing thermal oxide on Si by exposing Si t@ & elevated temperatures is
certainly one of the simplest processing steps M@S process flow. Moreover,

thermal oxides consume Si during growth, therehbytinoously creating a new and
fresh interface. The simplicity of the process &l &s the perfection of the resulting
interface is largely responsible for the choiceSifas the substrate material for
integrated circuits. In this work, we have studied different oxidation processes:
Rapid Thermal Oxidation (RTO) and-8itu Steam Generation oxidation (ISSG),
that are both performed in a rapid thermal proogs@RTP) chamber. There are two
main reasons for this choice. First the RTP oxiffers better absolute thickness
control in the sub-2 nm range and greater procgssmperature variety than an
oxide grown in a furnace. Second, an RTP chambeish smaller than a furnace
and can be easily clustered with other chamber ssch cleaning, plasma or /and
deposition chambers. An example of such cluster isodepicted in Figure 5.2(b).
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This clustering capability is of great importancken forming ultrethin oxide based
gate dielectric, as any surface contamination afiléct the physical and electrical
properties of the gate dielectric.
RTO is a dry oxidation following the chemical réant
Si+0O - SO,
ISSG is a semi-wet oxidation following the chemiezctions:
2H, + O, - 2 H,0
Si+2HO - SIO; + 2H,
Note that a full wet oxidation is not appropriate firowing thin oxide as ¥ as
higher oxidation rate [1].
A comparison of the properties of RTO and ISSG esitias been made. In Figure
5.3(a), the off-state versus the on-state drairreatircharacteristics have been
compared for NMOS transistors with a plasma nittidxide having an ISSG or
RTO oxide. The EOT for both gate dielectrics is hrd. No major difference is
observed between the two curves indicating thatetbetrical properties of NMOS
transistors formed with a plasma nitrided oxidehveih ISSG or RTO base oxide are
similar. Comparable results were obtained for PM@8sistors.
The reliability of RTO and ISSG oxides has beem agidied. In Figure 5.3(b), a
comparison of the normalized time-to-breakdown Wheibistribution for RTO and
ISSG oxides is presented. A factor 15 improvementtime-to-breakdown is
measured for the ISSG oxide as compared to the &1 This could be attributed
to the presence of H that might reduce the defeasitl in the oxide resulting in
enhanced reliability [1], [3].

1E-4

O SION with RTO base oxide
O  SIiON with ISSG base oxide

0 50%
-0.5 1 fails

In[-In(1-F)]

-257 RTO ISSG
L X X -3 ——f—fé—.—H-Q—O—O—'—HH—'—&—&—H&HH—&—O—O—H—H—»L
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Figure 5.3: (a) Off-state (I,,) versus on-state (I,) drain currents for NMOS
transistors having a plasma nitrided oxide formed with an RTO or
ISSG oxide. The DPN and PNA conditions are fixed and the EOT is
1.4 nm for the two gate dielectrics. The width of these transistors is
10 um and the supply voltage is 1 V. (b) Time-to-breakdown Weibull
distributions for RTO and ISSG oxides.
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5.3.2 Scalability of the base oxide

The easiest way to reduce the thickness of plasimided oxide films would be to

scale the base oxide thickness.

SiON films formed with a base oxide of differenickness and with various N

content have been characterized both physically eledtrically. The physical

thickness and N content, as measured with XPS, be@e compared for SiON films
having a 1 or a 2 nm thick base oxide (Figure 3)4@@rst, it can be observed that
increasing the amount of N yields an increase efghysical thickness of the films.
There are several possibilities as to what caussdttickness increase:

1.

One involves additional oxide formation fromidesml oxygen (O) in the
DPN chamber. However, it is improbable that thisapaic reoxidation
account for the entire increase of the films thedsas a small amount of O
was measured in the DPN chamber.

The second possible reason is that the Si stbstright get nitrided during
the DPN treatment leading to the formation of aidstlike interface.
However, this hypothesis could not be verified BM cross section image
where a nitride-like layer was not observed atititerface gate dielectric/Si
substrate.

Another explanation could be related to the Boiporation mechanism
itself where N atoms are exchanging with O atomh@&SiON matrix. We
have shown previously (see chapter 4) that N atmmpreferably bonded to
Si atoms in the SION matrix. After the full nitriitan process (including the
PNA), some O and N atoms might not be bonded amghtmbccupy
interstitial sites. This may lead to volume charayel to the observed
increase in physical thickness.

Furthermore, it can be observed in Figure 5.4(af) ahfaster increase of the physical
thickness is measured for the samples with the Rii@ base oxide as compared to
the 2 nm one. This could be explained by the fiaat the thinner the base oxide is,
the higher the probability for highly reactive Nesjes to reach the SiSi interface.
The released O atoms might simply re-oxidize wite tlosed Si atoms of the
substrate surface. This will result in a parasiéexidation of the SION film. This
parasitic re-oxidation can seriously limit the dosealing of plasma nitrided films
unless the energy of the species in the plasmeadisced so that N species do not
reach the SigJSi interface. In the next section, the optimizatad the plasma with a
view to reduce the energy of the N ions and neuitsadliscussed.
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Figure 5.4: (a) SiON thickness versus the [N1s]/[O1s] ratio as measured with
XPS for plasma nitrided oxides with a base oxide thickness of 1 or 2
nm. Variation in the plasma nitridation process were performed to
create various N content. (b) J, as a function of EOT for NMOS
transistors having a plasma nitrided gate oxide. The base oxide
thickness and DPN time of the plasma nitrided oxide films are
varied. The open and full symbols represent a small and a large
amount of N in the SiON film, respectively.

Another negative effect of thinning the base oxidthe subnm regime is that above
a certain amount of N in the film, a saturationtests achieved prohibiting any
further incorporation of N. This saturation phenowre together with the large
increase of the physical thickness have a stropgdton the electrical properties of
the SIiON films. The EOT and; of NMOS transistors with various SiON films have
been compared. IRigure 5.4b) a comparison of the trenld-EOT has been made
for SION films having a 1.6, 1.2 and 0.8 nm basel@xThe time of the DPN process
was changed resulting in a variation of the N conie the film. The PNA step was
kept constant for all the samples. For the samplds the thickest base oxide (1.6
nm) a decrease of bofla and EOT is observed when increasing the amouht iof
the film. This decrease in EOT is no more obseffeedhe samples having a base
oxide of 1.2 nm and even an increase of the E@bserved for the samples with the
thinnest base oxide (0.8 nm). As already discussenteasing the amount of N
results in a higher dielectric constagt ¢f the film and a thickening of the film. This
physical thickening is more pronounced for SiONnél having a thin base oxide.
Therefore, whilelg is decreasing because of the thickening of tine ihe amount of
N incorporated in the film does not yield to a gt increase o€ to enable a
decrease of the EOT (see definition of the EOT ppéndix A). In this experiment, a
saturation of the amount of N in the SiON films imavthe thinnest base oxide has
been also observed resulting in an unchanged wdleeThe EOT is thus increasing
with the physical thickness.

Consequently, when thinning the base oxide thickndg® process window for gate
dielectric optimization is dramatically reducedsuling in a trade-off between
scaling the EOT and reducidg.
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Finally, because thinning the base oxide will ilmse the probability of having N
located at the SiglSi interface, higher defect density, such as fater states and
fixed charges, will be created. As a consequetneeSION films will exhibit a very

poor reliability and a considerably larg4 shift will be observed for transistors
having a plasma nitrided oxide formed with an uttria base oxide [4].

As a conclusion to the above results, the thicknefsshe base oxide was not
aggressively scaled in our experiment: it was atvkgpt above 1 nm. However,
research efforts were focused on the realizatioa lmiw energy ion plasma to limit
the incorporation of N at the interface %8 interface.

5.4 Plasma optimization

5.4.1 From continuous wave to pulsed RF source power

5.4.1.1 Plasma characterization

One mechanism for N incorporation from the plasnia the gate oxide is breaking
Si-O bonds by energetic nitrogen species. Idelliger N concentration should be at
the gate electrode/gate dielectric interface fdicieht blocking of B penetration,
reduction in gate leakage current and for minimahnmel mobility degradation.
However, this N profile cannot be maintained if émergy of the N ions and neutrals
is too large, as the N species will penetrate thinaihhe gate oxide into the transistor
channel. This will prohibit any further downscaliofithe SiON film as shown in the
previous section. Furthermore, this will create edef at the interface gate
dielectric/Si substrate that will affect the relidl of the film as well as the channel
mobility yielding a degradation of the transisterformance.

The distribution of electron energies in an equillim plasma is Maxwellian and is
described by the electron temperatuc@.), which is proportional to the mean ion
kinetic energy ;) [5]. Therefore, reducinkT, results in an improved plasma
nitridation process. One method to lowdt is to use a pulsed RF source power (p-
RF) instead of continuous wave power (CW). PulshmRF source power (turning
on and off the RF source power at kHz frequenci#sivs the fastest electrons in the
plasma to diffuse to the wall of the chamber duting off cycle, thus leaving and
cooling the plasma. The heavier ions are too stbestape, and leave the ion density
of the plasma unchanged.

A Langmuir probe was used to measliie at 1 ps intervals in the ;Nplasma,
resulting in the ability to observe the perioHiG variations due to the pulsed source
power. The probe was positioned at about 4 cm abmveenter of the wafer in the
plasma reactor. A comparison kf. and the ion density have been made for p-RF
and CW generators over a wide range of effectiveegpoThe effective power has
been calculated as the power of the generator tthegime it is turned on. As an
example, if the plasma is switched on only 50 %thef total time and the RF
generator has a power of 1000 W, then the effegomer is 500 W. The electron
temperature and ion density are presented respictivFigure 5.3a) and (b) for a
CW and a p-RF source power at various effectivegroiNote that for a CW plasma,
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the effective power is equal to the total powere Tet result of pulsing the source

power is a plasma with a higher ion density anéduced mean ion energy when
compared to CW plasmas [6].

Because the wafer experiences many thousands-R¥F mgycles during typical
processing, an important metric is the averagetreledemperature (&.>). We

calculate this parameter as in (5.1), where theageeis calculated in the normal way
for a periodic parameter.

(KT, = 2 KT et 5.1)
0

An example of a time-resolved averagelse measurement is shown frigure 5.6
where the periodic changes of the p-RF plasmaleatlg observed.
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Figure 5.5: (a) Electron temperature (kT ) and (b) ion density as a function of
effective power at 10 mTorr for CW and p-RF N, plasma at various
effective power. The variation in p-RF kT, at a given effective power
results from the variation in duty cycle (fraction of the time where
the p-RF plasma is switched on).
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Figure 5.6: Typical time-resolved electron temperature trace recorded with
standard p-RF generator. Pulsing conditions are 10 kHz and 50 %
duty cycle (i.e., the RF source power is on for 50 % of the pulsing
period).

5.4.1.2 Device performance

A comparison of the peak normalized transconduetdas a good indicator of the
low field mobility) of both Nand PMOS transistor with plasma nitrided oxide
formed with a p-RF or a CW plasma generator has bemde at various N content
[6]. For a given N content, devices with p-RF plagmnocessing show increased peak
transconductance relative to devices with CW pla&ea Figure 5.7(a) and (b)).
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Figure 5.7: Normalized peak transconductance for (a) NMOS and (b) PMOS
having a plasma nitrided oxide formed with a CW or a p-RF source
DPN at various N content. The channel length and width is
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respectively 3 and 10 um [6].

Finally, it was reported in the literature thatrisestors with a plasma nitrided oxide
formed in a pRF plasma exhibit reduced;\shift and lower NBTI at all stress
voltages and times [6].

5.4.2 Optimization of plasma generated by pulsed RF source
power

Reducing the mean ion energy while maximizing thre density has been the drive
for further plasma optimization. In other wordsg thbjective was to obtain a “soft”

plasma in order to incorporate a large amount at Me top surface of the dielectric.

We have shown in section 5.4.1 that p-RF sourcespgields to plasmas with lower

ion energy and higher ion density as compared to@Wer. In this section, the p-

RF source power has been further optimized by ifyémg key plasma parameters

and by modifying the p-RF source itself [7]. Thepioved plasma process was then
tested on N- and PMOS transistors.

5.4.2.1 Identification of key plasma parameters

Various plasma parameters have been investigateoeldgrming Langmuir probe
measurements and XPS analysis. The goal was tt isdeparameters that influence
the most the characteristics of the plasma. Th®gdiN1s]/[Ols] and [Si as
SiON]/[elementary Si] ([e-Si]) have been measurgKBS as good indicators of the
N content and the physical thickness of the SiOM,frespectively. In Figure 5.8(a)
and (b), the total nitridation time as well as #ffective power have been varied. An
increase of these two parameters results in aeaserof both the N content and the
physical thickness of the film. This is in accordarwith Figure 5.4(a) showing that
the incorporation of N leads to a physical thickendf the film.
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Figure 5.8: [N1s]/[O1s] and [Si as SiON]/[e-Si] of DPN gate dielectric films
formed with (a) various DPN time and (b) various plasma effective
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power.

Others parameters of the plasma such as the piisiggency and the pressure were
studied. Their impact on the plasma properties igas significant. Still, it was
observed that lowering the pressure as well aptitging frequency yields lower <
KTe>.

From these measurements, the effective power gf-RE source as well as the time
of the nitridation have been selected as key peogegameters and have been
thoroughly investigated with a view to obtain a lemergy dense plasma. To
compliment the Langmuir probe characterizationtwf p-RF plasmas, a retarding
field analyzer (RFA) was used to measure the Neioergy distribution (IED) as a
function of process and pulsing parameters. The B&#&ctor was mounted on the
wafer surface at wafer center. Unlike the time-he=sibkT, measurements, the IED
measurements here are time-averaged only. The Rikksma direct measurement of
the time-averaged ion population in the plasmaaahenergy. The effective power
parameter can be dissociated in the duty cycle (B@ich represents the fraction of
the time where the plasma is switched on, and enpiek power. The IED of these
two variables have been measured. In Figure 5.94a),lED of three duty cycle
conditions is presented:100, 50 and 10 %. Notettli@afl00 % duty cycle plasma is
actually a CW plasma (i.e. not pulsed). In the pdEP profiles, there are two
roughly Gaussian distributions observed, one atefoenergy and one at higher,
where the higher energy distribution is at abow game energy as the CW
distribution. Decreasing the duty cycle yields ardase of the high energy peak and
an increase of the low energy peak. This resul igery good agreement with the
desired plasma. Indeed, decreasing the high enpargly will make the plasma softer
while the increase of the lower energy peak yiedas increase of the N ion
population.

A similar study was done for the peak power offiHeF source. The N IED profiles
of SiON films formed with plasmas at various p-R#ak powers are shown in Figure
5.9(b). The duty cycle was fixed at 10 %. Similaraks as in Figure 5.9(a) are
observed. Note that the high energy peak is alrémshbecause the duty cycle was
considerably decreased. Increasing the p-RF sqaalke power results in an increase
of the N ion population for both peaks. Increading peak power is therefore also
beneficial to create low energetic dense plasmaventer, high peak power yields to
a rather unstable plasma and is therefore not nexrded.

129



Chapter 5

-9
50x10 T T T T T I
T
150 W eff 1 20mTorr, 10kHz,
10 kHz 3 40 A 10%DC, N
e _ Peak RF
1%8 ] 2500W
0 1% 1500W
] =~
E R 500W
E 20 _
Peak RF 1
DC | 3

10

0 5 10 15 20 0

0 5 10 15 20 25 30
lon Energy (eV) lon Energy (eV
(a) (b)

Figure 5.9: (a) Nitrogen ions population distribution (proportional to f(V)) as a
function of its energy at 10 mTorr, 10 kHz and at a fixed effective RF
power of 150 W. The duty cycle (DC) was varied from 100 (CW)
down to 10 %. (b) Nitrogen ions population as a function of its
energy at 10 mTorr, 10 kHz and at a fixed DC of 10 %. The peak
power of the plasma is varied from 500 up to 2500 W.

As a conclusion, minimizedkd>, and therefore minimized average ion (electron)
energy (€iep>) are achieved when operating at low duty cydbat tis to say at
relatively long ofttime per cycle. Using a low duty cycle plasma o increase
the ion (electron) density and therefore the amaiirtl incorporated in the oxide.
For further increase of the N content, the timéhefnitridation could be increased.

5.4.2.2 Towards “softer” plasmas

While extending the off-time per cycle reducekTs, the maximum measured
electron temperature increases with increasingiwi-per cycle, as shown in Figure
5.10(a). The maximum iRT,, which is observed with the studied p-RF source ha
previously been observed for this type of pulseasipla [7]. The increase of the
maximum inkT, can enable N atoms to be incorporated at the/SiOnterface
which is, as already discussed in this chaptes; karmful for the quality of the film
and its scalability.

13C



Optimization of ultra-thin plasma nitrided oxides

3

§ 1.0 < Standard
8 X max kTe 26 1 +  Modified
(5} 0.8 1 ° <kTe> % %

c

o

-5' 0.6 1 «

Q

> 04 x X

8

T 021 ® e, ° .

g 10 kHz, DC~50 %
© 00 ‘ \ , , o ' i : ' :
Z 4] 80 100 150 200 250

0 20 40 60 80 100
Off-time per cycle (us)
(a) (b)

Figure 5.10: (a) Maximum electron temperature (Max KTy and period averaged
electron temperature (<kTe>) for standard p-RF at 10 kHz and 10-50
% duty cycle as a function of the off-time per cycle (100-DC). (b)
Comparison of the electron temperature for the modified and non-

modified (standard) p-RF plasmas.
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Through optimization of the-RF source plasma generator, it is possible toeaehi
stable plasmas with long off-time per cycle that wat exhibit significantkT,
overshoot during the RF-on portion of the cycle & this stage, the non-modified
plasma will be called “standard” plasma and the ififextl one will be named
“modified” plasma. The time-resolved electron tenapare traces recorded with
standard and modified p-RF generator are shownigur& 5.10(b). It can be
observed that the modified p-RF plasma does noibixkr, overshoot during the
very first us of the on portion of the cycle. A metric for tlois-state variation is the
ratio of the maximunkT, to the stable value T, in the on-state; for example, the
data in Figure 5.10(b) has an on-state ratio of@pmately 1.3. An optimized p-RF
process would have a ratio of 1.0 at all off-tipes cycle that exhibit stable plasmas.
Figure 5.11(a) is a plot of the on-state ratio $tandard p-RF and modified p-RF
hardware sets. The modified p-RF processes hawtabmratio near unity at off-time
per cycle up to about 500 pus.
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Figure 5.11: (a) On-state ratio, as defined in the text, for standard and modified
p-RF. Data are in the ranges 1-50 kHz and 10-50 % duty cycle. (b)
Low field effective channel mobility vs. vertical electric field for L, =
3 um and W=10 um NMOS transistors with N dose of 2x10” cm?>.
Both standard and modified p-RF were at 10 kHz and 30 % duty
cycle. In both devices, CET was about 2.0 nm as determined by the
RF impedance technique (see chapter 3).

It was then interesting to study transistors wiklisma nitrided oxides formed with
this “softer” plasma.

Low field effective electron mobility measuremehtsve been performed on NMOS
transistors having a gate length and width of 3 d&@dum, respectively. A
comparison of the low field effective electron nlithi of NMOS devices with
plasma nitrided oxide formed using the standardraadified pRF source was made
(Figure 5.11(b)). Electron mobility is improved b % at a field of 0.8 MV/cm. The
improvements in carrier mobility here can be attidg to the improved control of the
instantaneous electron temperature, as expected Figure 5.11(a), and not to an
absolute minimization of the high-energy ion potiola Considering that in this
experiment all splits were performed at 30 % dufycle, further mobility
improvement may be possible through the use of fieodp-RF plasmas at even
lower duty cycle.

5.5 Role and optimization of the Post Nitridation
Anneal

In this section, the role of the Post Nitridatiomm®al (PNA) in the formation of
ultra-thin plasma nitrided oxides is studied. Diéfiet ambient have been studied with
a view to optimize the plasma nitrided films.

First, XPS analyses have been performed on ulinarittrided oxide that did not
receive the final PNA step. The N1s and Si2p spenteasured with XPS were
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studied. The N1s spectra is constituted of two péaigure 5.12(a)): a large peak at
a binding energy of 397.6 £ 0.1 eV and a smaller anhigher binding energy, 402.3
+ 0.1 eV. These binding energies correspond reispcto SEN and SjNO bonds
as listed in Table 6 of chapter 4. The Si2p spectexhibits also two peaks
consisting of a part due to elementary silicorB{eand a part due to SION (102-
102.8 eV), as presented in Figure 5.12(b) and aptgr 4.
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Figure 5.12: (a) Spectrum of the N1s element after DPN process. Two peaks are
measured with the XPS technique, showing the formation of mainly
two types of bonds: Si,N and Si,NO. (b) Spectrum of the Si,p peak
are also shown. The elementary Si and the SiON peak can be
observed.

A possible explanation for the observed two peakhé N1s spectrum is as follows.
During the plasma nitridation step, (i.e. during tkoft” implantation of reactive N
atoms in the thin SiOQfilm, as shown in Figure 5.13(a)), some N atome ar
incorporated in the SiCfilm. This will give rise to an unstable situatigrhere some
O atoms might be kicked-out of the Si@atrix but, because there is no diffusion of
O or N species (the plasma nitridation is performttbom temperature), most of the
O and N atoms are still in the SION film, althougit in a stable position. A scheme
of the SiON film formed without a PNA is presented-igure 5.13(b).
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Figure 5.13: (a) Scheme of the plasma nitridation process (DPN). First the
pulsed RF plasma is generating ionic species N and N° that diffuse
towards the SiO, surface. Then, the ions are neutralized at the
distance D of the SiO2 surface and give rise to highly reactive
neutral N species (N*). Finally, N* species are implanted in the SiO,
film (the incorporating depth depends on the N¥* initial kinetic
energy). (b) Scheme of the SiON film after DPN. The “soft
implantation” of N atoms results in a non equilibrium situation.

The N1s and Si2p spectra were then measured anilarssiON film except that the
film was annealed. The N1s spectrum exhibits onmlg dl1s peak indicating that
there is mainly one type of N in the DPN oxynitriflen, as presented in Figure
5.14(a). The binding energy measured for the Nlakpe 397.6+ 0.1 eV. As
presented in chapter 4, this indicates that N atarasmainly bonded to Si atoms
creating S¥N bonds.

During the high temperature anneal (PNA) that fefidhe DPN processing step, the
O and N atoms diffuse and react, giving rise tfed&nt bonding configurations. The
probability of having an atom of O or N diffusingwards the top surface or the
interface is estimated as equal. Therefore, sonet®e form of Q and some N in
the form of N can outgas from the SiON layer. Furthermore, sdingtoms can
exchange with O atoms in the Si@atrix to form extra SiN bonds. Finally, some O
atoms can diffuse towards the %8 interface and rexidize this interface, as
mentioned earlier in this chapter. These variossiste mechanisms are presented in

Figure 5.14(b). The role of the PNA is thereforestabilize the atoms in the SiON
matrix.
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Figure 5.14: (a) Spectra of the N1s element after DPN and DPN+PNA processes.
After the PNA step (1000 °C, 15 s, O,), only one peak is measured at a
binding energy close to N as Si,N, indicating that most of the N is
binding to Si atoms after the high temperature anneal (PNA). (b)
Scheme showing various possible O and N diffusion mechanisms
that could occur in the SiON layer during the PNA step.

At this stage, it is interesting to study differemhbient for the PNA. Three ambient
were investigated: two in an inert ambient (in ke @ N,) and one in an oxidizing
ambient (in Q). A sample without PNA was also compared to thapas with the
various PNA ambient. This experiment was performedhin (1 nm) and “thick” (2
nm) base oxides (RTO) from which similar resultsavebtained. The same DPN
step was processed on all the samples. The temapei@td time of this anneal was
set to 1000°C and 15 s respectively. The N1s and Ol1s spect@ heen measured
with XPS and have been plotted in Figure 5.15(a) @ém), respectively. It is
interesting to notice that only one N1s peak isoled for all samples at the binding
energy of 397.6: 0.1 eV, indicating that N atoms are mainly bondedsi atoms
(SieN type of bonds) and this independently of the Ribient. Similarly, the peak
of the various O1s spectra is located at a bindimgrgy of 532.3 0.1 eV, indicating
that O is mainly bonded to Si atoms and not to Hsoand this independently of the
PNA ambient.
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Figure 5.15 : (a) N1s and (b) Ols spectra of ultra-thin SiON films formed with a
PNA in O, N, or He. Only one N1s peak (Si=N bonds) is observed
even after a PNA in an oxidizing ambient.

To further understand the kinetic mechanism duttiege PNA, the ratio [N1s]/[O1s]
and the physical thickness were calculated fromXR& analyses. The results are
presented in Figure 5.16.

For SiON films having received the PNA anneal inirert ambient (namely Nor
He), the ratio [N1s]/[O1s] is higher than for th®O8 films having received a PNA
in O, or no PNA treatment. This result is in accordanei¢h the previous
observations on the N incorporation mechanism wieratoms exchange with O
atoms in the SiON film (see chapter 4) Moreovecaih be observed in Figure 5.16
that the physical thickness of the samples anndaleah inert ambient is similar to
the one of the sample without PNA. This indicatest ino extra N or O atoms are
incorporated in the film during the PNA and that tB atoms are outgasing from the
film rather than diffusing towards the interfacedom a sukoxide.
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Figure 5.16: Comparison of the ratio [N1s]/[O1s] and the physical thickness,
as determined by XPS, for SiON films having a PNA treatment
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in various ambient. A sample without PNA is also shown.

For SION films having received the PNA anneal incidizing ambient (namely
0,), the [N1s]/[O19] ratio is sensibly lower than thiee of the samples annealed in
an inert ambient (Figure 5.16). This can be expldiby the fact that during the PNA
in O, some extra O atoms are incorporated in the filgultang in a decrease of the
ratio [N1s]/[O1s]. It was observed from Figure )5 that the O atoms were
bonded mainly to Si atoms even after a PNA jinKbte that a higher binding energy
was measured for the Si2p as SION peak, when peirfigrthe PNA in Q. The extra
O atoms, incorporated during the PNA, seem theeetor diffuse towards the
interface and to rexidize it. This is also confirmed by the increasephysical
thickness for the SION film annealed in,@s shown in Figure 5.16. Such a process
can yield better channel mobility and reliabilitiythe SiON film, as it has an oxide
like interface with the Si channel, but can also deshowstopper for further
downscaling.

Finally, it is interesting to have a closer looktla¢ measurements obtained for the
SiON sample that did not receive the final PNA si&fhile the physical thickness of
the film is rather similar to the one of the sarspdgnealed in an inert ambient, the
ratio [N1s]/[O1s] is sensibly lower. This could agributed to a slow re-oxidation of
the N located at the top surface of the SiON fimthe air of the cleanroom where
the samples were stored. Indeed, as mentioned aaib@eDPN, the N atoms are not
solidly bonded to Si atoms. Therefore a slow redation of nitrogen in the air could
occur forming volatile compounds such as NO ap®.NConsequently, clustering the
PNA step with the DPN plasma processing is a mushe control of the thickness
and stochiometry of thin SiON films.

As a conclusion, the PNA is an important step anfébrication of ultra-thin plasma

nitrided films and should be clustered with the Dpfdcess. Its role is to stabilize

the SIiON film after the plasma nitridation step.cin also healed some defects
created during the plasma step, as it is done git temperature. The ambient
(oxidizing or inert) has an impact on the compositand thickness of the final SION

film.

5.6 Extendibility of plasma nitrided gate oxides

As described in the introduction of this thesig thickness of the gate dielectric is
supposed to scale linearly with the channel gaigtleof the MOS transistors. We
have seen that this decrease in thickness is maiglstforward because of the
stringent gate leakage current requirement (seeteha). Process wise, we have also
seen in this chapter that further downscaling @spia nitrided oxides is a real
challenge. Gate dielectrics with a higher dielectconstant (so called higk-
dielectrics) are of course very attractive since li; and EOT in the nanometer
range can be achieved. A lot of research effort® leeen focused in the past years
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on the investigation of many high materials for the potential replacement of SiON
dielectrics ([22], [23], [24], [25] and [26]). Hower, there are still many issues to be
solved as already mentioned in chapter 2. Furthexmthere is resistance in
introducing highK material in a production fab due to contaminatisks. With this
perspective, it is important to evaluate possilitersions of SiON films.

In the previous sections of this chapter, we haendimitations in the downscaling
of the plasma nitrided oxides because of saturatioN in the layer. It was also
shown that N is mainly bonded to Si atoms in tHeNsmatrix. A possible extension
to plasma nitrided oxide could be to form an oxidén an excess of Siin it, so called
a silicon rich oxide (SRO). The standard DPN ndtidn process could be then used
on the SRO film to obtain a nitrided oxide. Moreabddms could be incorporated in
the film enabling further downscaling of SiON gdielectrics. This idea is currently
being investigated and only first results will b®wn in this thesis.

5.6.1 Formation of the Silicon Rich Oxide layer

The SRO film is formed in a single wafer rapid that chemical vapor deposition
(RTCVD) system. Siland NO are applied as reactants, & carrier gas. In order
to obtain SiON films with small EOTs, the SRO filmust be reduced; thereby very
low deposition rate must be achieved. An HF cleamalso used before the SRO
process to minimize the initial oxide layer for teet EOT scaling. Table 5.1
summarizes the process conditions used for thedigeriments. To achieve a low
deposition rate, depositions were carried out &t°TD heater temperature, equivalent
with a wafer temperature of approximately 650 °@ ahthe pressure of 50 Torr. The
deposition rate obtained was 0.084 nm/min whichaghg that thin SRO films can
be deposited.

Temperature Pressure . Deposition rate
(C) (Torr) SiH/N0 (nm/min)
700 50 0.2 0.084

Table 5.1: SRO deposition conditions.

With these process conditions, the thickness aifdranity of the SRO layers have
been investigated at various deposition times. fitial thickness of 0.5 nm can be
observed before any SRO deposition (Figure 5.17{@d)s can be explained by the
fact that in the process recipe a pre-depositiep f& included to stabilize the gas
flows (SiH, and NO gas). The 0.5 nm initial oxide is due to the acefoxidation by
N,O in this pre-deposition step.
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Figure 5.17: (a) Thickness (left axis, open symbols) and its standard deviation,
STD, (right axis, closed symbols) of SRO layers deposited at various
times. Two surface preparations are compared: HF clean (circles)
and HF clean with a 0.5 nm SiO, (squares). (b) Stochiometry of SiO,
and SRO layers, as measured by XPS.

The standard deviation calculated from thicknesasmeements within the wafer is
used to evaluate the uniformity of the SRO layeithiw the wafer. The standard
deviation is plotted on the secondyis of Figure 5.17(a). It can be observed that th
uniformity of the SRO layers directly depositeceafthe HF clean treatment is rather
poor and especially not stable with the depositiome. In order to improve the
uniformity, an ultra-thin oxide of 0.5 nm was growafter an HF clean treatment and
before the SRO deposition. As can be seen in Figutd(a), the SRO films
deposited on 0.5 nm SjOhave the same thickness but an improved withiferwa
uniformity. It indicates that PO does not oxidize the surface further if there is
already a 0.5 nm oxide present.

The stochiometry of the SRO layer has been measbyedPS analysis. A
comparison of the stochiometry of a $i&hd a SRO film of same thickness has been
made and is shown in Figure 5.17(b). The resultécate the SRO film contains
about 20% excess Si compared to stoichiometrig.SiO

5.6.2 Formation and characterization of plasma nitrided
Silicon Rich Oxide gate dielectric

DPN nitridation has been performed on the deposgB® film. A PNA was also
performed after the DPN step. The amount of N ipoaated in 1.4 nm SRO based
and 1.4 nm Si@based (in this experiment: ISSG oxide) SiON insuthave been
compared for various nitridation conditions. Thetiora[N1s]/[O1s] has been
measured by XPS for the two types of films, as emé=d in Figure 5.18. The
difference between the measured [N1s]/[O1s] rafi®BO based and Sj(based
SIiON films is also shown. A net higher amount oh&s been measured for the SRO
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based SiON relative to Sj®ased SiON. The SRO based SiON films contains more
than N than the SiObased SiON films for all the plasma nitridationnditions
studied. This result confirms that more N atomsiacerporated in SRO than in SIO
oxides and also validates the incorporation meahmardf N in the oxide for plasma
nitridation process.
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Figure 5.18: [N1s]/[O1s] ratio measured by XPS for SRO based and SiO, based
SiON films. Various DPN treatments have been applied on 1.4 nm
SRO and 1.4 nm SiO, oxides yielding various N concentrations.
The difference between the two ratios is plotted on the second y
axis.

5.7 Conclusions

Ultra-thin plasma nitrided oxides have been optimizetth Wie objective to decrease
Js and maximize carrier mobility. It was found thahile the base oxide cannot be
aggressively scaled, plasma optimization yieldsebemobility thereby increase
transistor performance. A summary of the EOT vegais leakage current density of
NMOS devices with plasma nitrided oxides is showrFigure 5.19. EOT down to
1.2 nm has been achieved with a gate leakage ¢wtessity of 40 A/crhat 1 V
operating voltage.

A thorough study of the role of the post nitridatianneal step confirmed the N
incorporation mechanism in the Si®natrix, as already proposed in chapter 4.
Because N is mainly bonded to Si atoms in the SiDHN, an alternative to the
classical oxide based plasma nitridation process been proposed. Silicon rich
oxide (SRO) as a replacement to pure oxide prighéoplasma nitridation process
results in lower gate leakage current at a giveft BEcause of the enhancement of N
in the film. More than 30 % of N was found in thiéicen rich oxide based SiON
relative to SiQ based SiON gate dielectrics.
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The reliability study of the plasma nitrided oxideas not part of this thesis work.
Yet, the reliability of the optimized plasma nitidl oxides presented above has been
investigated within the research team. It was fothmat the intrinsic reliability of
these ultrathin films is strongly dependent on the extragolatlaw to operating
voltage ([17], [12]). Furthermore, the presentataility specification assuming that
the first gate oxide breakdown is fatal for theirentircuit is currently under debate
([14], [15] and [16]).
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Figure 5.19: Summary of gate leakage current densities and EOTs obtained for
various plasma nitrided oxides studied in this work.
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Chapter 6

Integration of ultra-thin plasma
nitrided oxide in advanced MOS
transistors

6.1 Introduction

6.1.1 Motivation

In the previous chapter, plasma nitrided gate digs have been optimized to
obtain the best trade off between low gate leakageent and high performance
(EOT scaling with high channel mobility). In additi to the scaling of the gate
dielectric, the oxide capacitance can be furthareiased by maximizing the
polysilicon gate activation at the polysilicon/gatielectric interface, thus reducing
polysilicon depletion effects. Maximizing the aetiion in the polysilicon gate
requires a high temperature anneal. However, thadton of abrupt ultrshallow
junctions, necessary to control SCE, requires minimthermal budget for this
anneal. There is therefore a compromise betweetinget highly activated
polysilicon gate and scaling the junctions.

The aim of this chapter is to optimize the gatelstaelding high gate activation and
low polysilicon depletion while still being compllé with the formation of abrupt
ultra-shallow junctions.

6.1.2 Chapter overview

This chapter will start with a short summary shaythe impact of scaled plasma
nitrided oxide on short channel transistor behavidbhe optimization of the

polysilicon gate is then detailed. First, the impaicthe polysilicon gate activation on
NMOS transistor behavior is addressed. The inflaesfdhe gate morphology on the
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dopants activation and deactivation is then studithlly technological changes to
maximize the gate activation at the gate/gate cliéteinterface are proposed.

The compatibility of the optimized polysilicon gattack with the formation of ultra
shallow junctions is then investigatethe impact of new techniques to form ultra-
shallow junctions (namely pre-amorphized juncticenisd solid phase epitaxial
regrowth junctions) on the polysilicon gate stadk be discussed.

6.2 Impact of downscaling the gate dielectric on
short channel transistor performance

The optimization of ultra-thin plasma nitrided os&d for short channel CMOS
transistors has been thoroughly studied in theipusvchapter of this thesis. In this
section, the characteristics of short channel istors having an ultra-thin plasma
nitrided gate oxide are studied. A comparison &f ¢fectrical behavior of NMOS
transistors having an optimized plasma nitridedlexif 1.6 or 1.3 nm EOT is shown.
Figure 6.1(a) shows the linear and saturated dcaiment behavior of NMOS
transistors having a channel lengtiy)(of 45 nm and a 1.6 or 1.3 nm EOT plasma
nitrided gate oxide. A better control of the gatetbe channel is observed for the
transistor with the thinnest gate dielectric. Irale@s already mentioned in the main
introduction of this thesis, scaling the gate digle thickness increases the induced
channel charge at a given voltage.
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Figure 6.1: (a) Linear and saturated drain currents for 45 nm NMOS transistors
having a  gate dielectric of 1.6 or 1.3 nm EOT. (b) I I
characteristics of NMOS transistors with various channel lengths
(width is 10 um) and with two plasma nitrided gate oxide thicknesses:
1.6 and 1.3 nm EOT. The linear V_ is plotted in the inset of this figure

for the same transistors.
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transistors

Furthermore, the combination of scaling the gatdedtiric thickness together with
the channel length acts to increase the drive nuakthe transistors, as illustrated in
Equation 1.2 (chapter 1) and in Figure 6.1(b).

In Figure 6.1(b), the offtate versus on-state drain currentsee and loy
respectively) are plotted for NMOS transistors hgviwo different plasma nitrided
gate dielectrics (1.3 and 1.6 nm EOT) and havingoua channel length ranging
from 10pum down to 30 nm.

For short channel transistorisg(< 0.13pm) and at a givehorr (102108 AlLm), a
steeplorrlon Slope is observed for the NMOS devices with thiektblasma nitrided
oxide (1.6 nm). Thidorrlon Slope is less steep for devices with the thin mias
nitrided oxide (1.3 nm). This indicates that be8&E control is achieved when using
a thin gate dielectric. Short channel devices=40 nm in this case) with a 1.3 nm
plasma nitride oxide exhibit very good on-statefganance with limited off-state
leakage current.

For long channel devicesd = 0.13um), lorr is Not dominated by the gate leakage
current but byV; even for the transistors having a 1.3 nm EOT glgdectric.
Indeed, it can be observed in Figure 6.1(b), tbatldng channel devices$grr is
increasing and then decreasing, replicating thpesbé&the long chann&t behavior,
as depicted in the inset of Figure 6.1(b). Theaase ofV; with decreasing the
channel length (also callég roll-up) results from the influence of the halampénts

in the channel, which decreases the inversion ne@issociated with the increase in
V7). The difference observed W for the NMOS devices with a 1.6 nm and 1.3 nm
can be explained by the difference in thicknessramdgen content.

As a conclusion, higher has been obtained for stimhnel transistors performance
when scaling the plasma nitrided oxide and thishaevit increasing dramatically the
transistor leakage current. This result underlitiess successful integration of the
ultra-thin plasma nitrided gate dielectrics optiedzduring this work (see previous
chapter).

6.3 Polysilicon gate electrode engineering

6.3.1 Motivation

While decreasing the thickness of the gate diatectihat is to say increasing the
oxide capacitanceC,), yields higher transistor performance and allawbetter
control of the channel by the gate, the use ofadhin gate dielectric results in
several undesired effects:
1. Gate leakage current: increases exponentiallgnwdtaling the gate oxide
thickness (see chapter 2);
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2. Carrier quantization in the channel due to quantonfinement ([1], [2]):
adds about 0.4 nm to the total electrical thickr{ie=szds to a decrease of the
total inversion capacitanc€,) see Figure 6.2);

3. Dopant diffusion from the gate polysilicon irttee channel (especially in
PMOS transistors): results in a shift of the thoddhvoltage and several
other unwanted phenomené; (spread across the wafer, poor controllability
of V; and hence very tight process window, strongemismatch, etc...);

4. Carrier depletion in the polysilicon gate: yeld drop of the gate voltage
(decrease of,,, see Figure 6.2) because of a high electric {iaéda result
of the combination of high supply voltage and thate dielectric).

Figure 6.2: Scheme of a MOS structure biased in inversion. The total inversion
capacitance (C,,) is the sum of the oxide capacitance (C ) and the

extra capacitances due to quantum confinement (C_) and polysilicon
depletion (C ).

The gate leakage current has been significantlyaed with the use of plasma
nitrided oxides (see chapter 2 and 5). The othdesired effects mentioned above
can be minimized by carefully optimizing the gateceode and plasma nitrided
oxide. CMOS processes down to, at least, the 65CMOS technology node use
polycrystalline silicon (polysilicon) as gate maaérOne of the main reasons is that
polysilicon allows for the integration of “duflhvored” gates: p-type and n-type
polysilicon for PMOS and NMOS, respectively. Thisimportant for having both

types of transistors “surface channel” type to ocedshort channel effects and to
maximize drive current.

The gate depletion level is determined by diffeqgmgsical effects: dopant diffusion,
dopant activation, dopant deactivation and penetraif the dopant through the gate
oxide (B penetration for PMOS transistors). Achmgvigood gate activation by
having a sufficient amount of dopants at the ptibmh gate-oxide interface is a
critical step in the CMOS fabrication process. kdlefor process simplicity and

therefore for lower cost, the gate is doped andvaed using the same ion
implantation and annealing steps that form the o@and drain. This results in a
compromise between a fully activated polysilicortiegep assure an ideal (metallic-
like) gate electrode, and the down scaling of tlamdistor source-drain junctions
calling for shallow implants and low thermal budgelt is clear that reducing the
thermal budget by performing rapid thermal annga({iRTA) is the most effective
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way for creating a deegub-micron transistor with shallow junctions ([4], [3] and
[4]). However, the low diffusion of the dopants uks in difficulties in driving the
dopants to the gate oxide interface which, in tegaults in poor gate activation.

6.3.2 Impact of polysilicon activation on NMOS transistors
behavior

The impact of the activation of the polysilicon tre inversion capacitance, gate
leakage, threshold voltage and drive current of NBvi{2vices has been investigated
using device simulations [6].

In the simulations, the gate length was varied fl@nnm up to 1Qum and the
doping level of the polysilicon gate was variednird*® (quasi-metallic) down to
6x10"° cni®. The polysilicon gate morphology and height (10@) nvere kept
constant. The long channel threshold voltage wesdfito 250 mV by the channel
doping, and the off-state current for 40 hmdevices was targeted at d8/um (by
optimizing the halos concentration). Quantum-me@d#reffects in the inversion
channel were explicitly taken into account (LocagriBity Approximation). The
physical dielectric thickness of the gate oxide wasnm.

Figure 6.3(a) and (b) show the impact of polysitictbping on threshold voltage roll-
off and on the drive current of the transistorspeetively. A higheN; roll-up is
observed in Figure 6.3(a). Indeed, in order to ma#inthe samdqrr for all the
variants, the halos concentration was changed. SB®E control is improved by
increasing the polysilicon doping, where a lowetoheoncentration was used to
maintain the samésr= The slope of théon-lorr curve increases with decreasing
polysilicon doping level, as shown in Figure 6.3(Bhe crossing of the ¥band the
10%* curves at high current levels is a side effeanafntaining the long-channgf

at 250 mV. The impact of polysilicon doping on s&tor drive is severe: reducing
the active polysilicon doping level from #@own to 16°cmi® decreases the on-state
current by 12 %. A further reduction to 6X16m decreases the current by another
10 %.
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Figure 6.3: Simulated (a) linear threshold voltage versus gate length and (b) drive
current in the on-set (I, V, =1 V) and off-set (I, V=0 V) regimes for
NMOSFETs with different polysilicon gate activation.

Figure 6.4 shows the electrical oxide thickn&sg’t° as defined in (6.1)) dependence
on the active dopant concentration in the polysiligate (assuming a uniform
doping profile):

To =T AT+ T 6.1)
where T,,”™ is the physical oxide thickness of the dielecteger, T,,a" is the
additional thickness due to quantum confinementByffl is the additional thickness
due to polysilicon depletion.

The change i, was determined from the inversion capacitancésgtVs+1 V

on simulated 1@um long NMOS transistors and compared to valuesimdadafrom a
device without polysilicon depletion.€. quasimetallic gate, 1% cm™ polysilicon
doping).

Reducing the polysilicon doping concentration frat6?* down to 16° cm®
corresponds to 0.6 nm electrical oxide thicknessei@se, which corresponds to more
than 30 % of the total electrical thickness redliie advanced CMOS technology
nodes Toxe'e°< 2 nm)! Note however, that the relative decreasedrive current
(Figure 6.3(b)) is significantly less than the tisfa increase i, The reason for
this is twofold: (i) Since carriers in the invemsidayer experience higher vertical
electric fields in the case without polysilicon @gn, their mobility is lower; (ii)
guantum effects (i.e. inversion charge not beingplized at the silicon/dielectric
interface) give rise to an increaseTaf*®®. For aTo"™°of ~1.2 nm, quantum effects
in the channel add about 0.4 nm to T and this contribution increases with
decreasingo,"™

Moreover, the increase af,& for lower polysilicon doping levels has only lirmit
impact on the gate current density. 0.2 nm incredise,&* only leads to 20-30 %
decrease in the gate leakage current dendity) ((to be compared with 1 decade
decrease Ny for 0.2 nm increase i,™™). Since the gate current density is
determined by diredunneling, it depends strongly on the physical exidickness
and only moderately on the potential drop overdiegectric.
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Figure 6.4: T,,# and J, dependence on polysilicon doping for a long channel
(Ly=10 um) NMOST featuring a 1.2 nm T, *™* gate dielectric.

As a consequence of the strong dependence of teeagtive doping concentration
on the electrical thickness of the gate dielectrtits of first importance to maximize
the activation of the gate electrode.

6.3.3 Influence of the gate electrode morphology on dopants
activation

It has been reported that the gate polysilicon moiqgy influences the dopants
diffusion [7], [8]. In this section, variations gate morphology and in peshplant
RTA conditions are studied in detail with the aifrfinding a process window with
high gate activation: the beneficial effect of akepanneal (0 sec) was confirmed
([9], [10] and [11]).

The activation behavior of polysilicon layers wadadéed by depositing a 150 nm
thick silicon film on top of a thick 3.5 nm oxidayer by low pressure chemical vapor
deposition (LPCVD) using SiHas the reactant gas. The grain size and struofure
this film was controlled by varying the reactor fesrature during growth:
polysilicon films were deposited at 62G and amorphous silicon films at 550.
The amorphous silicon layers were then recrysaallithrough annealing at 85G
during 15 minutes in nitrogen ambient. After gatatt@rning, the source/drain
extensions were implanted and activated, and theesp were formed. The highly
doped source drain regions (HDD) and thus the filmgding of the gate were made
by implanting 40 keV arsenic (As) or 3 keV B folled by a 20 s RTA at
temperatures ranging from 960 to 10&0in nitrogen. No silicidation was performed
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in order to minimize a possible influence of dopdeactivation. ©/ measurements
were performed on 300300pum? capacitor structures.

Transmission electron microscopy (TEM) cross-sectiiews of polysilicon and
amorphous/recrystallized films are shown in Figér&. A very different grain
structure is observed between the two gate magetfad polysilicon material exhibits
a columnar structure with grains of 30-100 nm inandeter, while the
amorphous/recrystallized material shows bulky grasfi 100-300 nm in diameter.
This structure difference will influence the diffas of the dopants, since dopants
tend to diffuse rapidly along grain boundaries whinger time is required to diffuse
the dopants into the polysilicon grains [12].

@)

Figure 6.5: Transmission electron micrograph of (a) fine-grained polysilicon
deposited at 610 °C and (b) amorphous silicon deposited at 550 °C
and recrystallized at 850 °C for 15 minutes.

The active dopant concentration at the interfade g&ectrode/gate oxide of PMOS
and NMOS transistors was evaluated by calculafirmn C-V measurements, the
gate depletion, using the following convenient emua(that holds well for thick
dielectrics when gquantum mechanical effects argmifecant):

C.-C
Dgate = % x100% (6.2)
acc
whereDgge is the level of gate depletiof,c andCi,, are the capacitance measured
under accumulation and inversion bias settingstaR V, respectively. This
expression of the gate depletion can be rewritteteims of the capacitance across
the oxide C,,) and the capacitance across the depleted paheopcblysmcon gate
(Cdepletlor) With the appr0X|matlon£acc Cox and C|nv - Cox_l + Cdepletlon ’

equation 1 becomes:
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C

e~ o 008 (6.3)

ox depletion
The gate depletion of the two gate materials asurection of the activation
temperature is shown in Figure 6.6 for bothald PMOS devices.
The behavior of the amorphous/recrystallized sili@ectrode is identical for the
NMOS and PMOS with a minimum gate depletion of SoBtained at 1036C. At
low thermal budget (T<1026C), the gate active impurity concentration at the
gate/gate oxide interface is much higher for the-fjrained polysilicon. This can be
attributed to the small size of the grains andefwee to a large amount of grain
boundaries where the diffusion process mainly ccevrich leads to a higher active
impurity concentration at the gate/gate oxide faise ([12], [13]).
For NMOS transistors, increasing the temperaturel ()RO°C) results in worse gate
depletion for the polysilicon gate structure ashaslfor the amorphous/recrystallized
silicon one. This result is consistent with the dabr of the arsenic dopants,
activated at high temperature, which are segregatinthe Si-boundaries and/or
evaporating from the gate to the ambient (althotlng latter should not affect the
doping concentration at the gate electrode/gatedyie interface), [14], [15], [16]
and [17].
For PMOS transistors having a polysilicon gate tetele, a rather constant gate
depletion is measured independently of the anremapérature. Moreover, higher
polysilicon depletion, that is to say lower actimpurity concentration at the
gate/gate oxide interface, is observed for thepe-tyolysilicon gate as compared to
the n-type one. This could be attributed to the fiaat while As dopants segregate at
the polysilicon gate/gate dielectric interface, Bras are diffusing through the gate
dielectric. The B concentration at the interfacdegalectrode/gate dielectric is
therefore lower than the implanted peak conceomatiyielding higher gate
depletion.

D

It can be concluded that the use of fine-graindggilicon results in a decrease of the
polysilicon depletion. We have shown that maxingzithe gate activation while
reducing the thermal budget of the RTA is possiblasing fine-grained polysilicon
gates for both N- and PMOS transistors.
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Figure 6.6: Gate depletion in NMOS and PMOS transistors as a function of the
source /drain activation temperature (20 s anneal). The gate dielectric
is a 3.5 nm pure oxide film. Two types of gate materials are compared:
polysilicon (poly-Si) and amorphous /recrystallized silicon (recr. a-Si).

6.3.4 Optimization of dopants activation in the polysilicon
gate

As presented in the previous section, firained polysilicon, as the gate electrode
material, yields very good dopants activation. Yasthieving the very high dopants
activation required for sub-100 nm CMOS technolsgiemains a real challenge
[22]. Increasing the polysilicon gate doping at mear the gate/gate dielectric
interface will result in a measurable decreasehm polysilicon depletion layer
thickness and therefore in an increase in devic®meance. To increase the doping
in the gate it is necessary to place a large cdrat@n of active dopants near the
polysilicon gate/gate oxide interface, and to n@mthis level of activation. Since
junction depths are scaling faster than the patysil gate height, in many cases it is
not desirable to dope the polysilicon gate with $hene implants and thermal cycles
used to dope the deep source/drain (junction apn€his is particularly true for
NMOS devices in which As is used for the deep s&/drain implants. Taking these
remarks into consideration, solutions to improve tholysilicon activation are
proposed in this section.
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6.3.4.1 Pre-doping the polysilicon gate

Special doping and activation anneal processingssteo called preoping process)
were added prior to the source/drain extensionsndtion to fully activate the
polysilicon gate, as first proposed by M. Rodderakt[23] (see also [24]). A
comparison of the C-V characteristics measured BI©OS devices with or without a
pre-doping step is presented in Figure 6.7(a).fiffeegrained polysilicon gate height
is 100 nm, the pre-doping is a phosphorous (P)adnip(20 keV, 310" cm?)
annealed at 958C for 30 sec. P is preferred over As as it is allematom with a
high diffusivity enabling the peak concentration be closed to the interface
polysilicon/gate dielectric. It can be observedttira the inversion regime, the
capacitance is strongly attenuated if no pre-dofEmerformed. In this case, the pre-
doped polysilicon gate yields 12 % higher polysitiactivation. In Figure 6.7(b), the
linear and saturated; for NMOS transistors with fine-grained polysilicavith or
without pre-doping at various gate lengths is pnes# It can be observed that for
short channel devices, thg becomes dependent on the gate length: this isdhe
called V; roll-off (i.e. the difference between long chankgland short channély).
The V; roll-off starts at a longer channel length for then pre-doped polysilicon
gate compared to the pre-doped one. This is in ggydement with the fact that,
because of reduced polysilicon depletion, bettatrod of the gate on the channel is
obtained. In other words, better SCE control isami®d when pre-doping the n+
polysilicon gate.
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Figure 6.7: Comparison of NMOS devices with or without a gate pre-doping step.
The gate dielectric is a plasma nitrided oxide with an EOT of 1.5
nm. (a) C-V characteristics for NMOS capacitor and (b) Linear and
saturated V, for NMOS devices at various gate lengths.

We have shown that pre-doping the n+ polysilicomeggelds better transistor

performance. The next logic step is to investigdie impact of pre-doping the
polysilicon gate of PMOS transistors. The junctiofi& PMOS transistor are usually
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formed using Boron (B) dopants. Contrary to As, ®na@ can diffuse quickly
through the polysilicon grain boundaries and caso aliffuse through the gate
dielectric into the substrate. This phenomenonabed B penetration yielding a
change in the doping of the channel and therefatafain V; ([25] and [26]). It was
reported in the literature that nitrogen in theegdielectric is an effective diffusion
barrier for B atoms to diffuse into the channel7{[428] and [29]). The linea¥; of
PMOS devices with a lightly doped nitrided (usinfuenace nitridation process) and
a highly doped nitrided (using a plasma nitridaiwocess, namely DPN) gate oxide
have been compared at various activation annegleetures. The p+ polysilicon
gate was not prdoped. The EOT of both gate oxides is 1.5 nm EDTan be
observed in Figure 6.8(a) that the lindgrof PMOS devices with a plasma nitrided
gate oxide is rather constant over the whole aneagberature range while thvg of
PMOS devices with a furnace nitrided gate oxidiméseasing dramatically with the
temperature. This large increasevinis the signature of B penetration in the channel
through the thin furnace nitrided oxide. Having madX in the oxide yields a
significant decrease in B penetration. This resuatierlines another benefit of using
plasma nitrided oxide instead of pure oxide or tlighitrided oxide as the gate
dielectric. The difference in/: between the PMOS devices with the two gate
dielectrics can be attributed to the differenc&linoncentration in the gate oxide. As
already explained in the previous chapter, theripm@tion of large amount of N
yields the creation of positive fixed charges thiitincrease the absolute value \éf

of PMOS transistors. Nevertheless, the valua/pftan be tuned by adjusting the
dopants in the channel.
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Figure 6.8: (a) Linear V as a function of junctions anneal temperature for long
channel PMOS devices with a lightly nitrided (furnace nitrided) or
heavily nitrided (plasma nitrided) gate oxide. The EOT of the two
gate dielectrics is 1.5 nm. (b) Linear V, for long channel PMOS
devices with or without pre-doped gate. For the pre-doping gate
devices, the B dose for the implant is fixed at 1x10° at.cm®. The
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gate dielectric is a 1.5 nm EOT plasma nitrided oxide.

A pre-doping implant was then performed on PMOS deviséh fined grained
polysilicon and a plasma nitrided oxide. Two prepidg implant conditions were
studied: B k10" at.cn? at 3 or 6 keV. A comparison of the long channedir\V;

of PMOS devices with these pre-doping implant coods is shown in Figure 6.8(b)
for various anneal temperatures. The lindaof PMOS devices without pre-doping
are also plotted as a reference. Similar lindais measured for all p+ polysilicon
gates. This indicate that pre-doped p+ polysiligate using a 3 or a 6 keV B implant
can be employed without enhancing B penetratiomgimenon. Similarly to the
impact of pre-doping the n+ polysilicon gate, be®&€E control has been observed
on PMOS devices with a pre-doped polysilicon gate.

Finally, the anneal following the pre-doping impldras been investigated. Figure
6.9(a) shows the C-V curves measured on n-typespiclyn transistors pre-doped
with 20 keV P and annealed at temperatures rarfgimg 950 °C to 1070 °C. It can
be observed that, for a given gate dielectric (pasitrided oxide, EOT=1.5 nm),
polysilicon gate height (150 nm) and pre-dope implaarying the pre-dope anneal
has a small impact on the C-V characteristics. pbkgsilicon depletion (evaluated
from the difference of the accumulation and invamsiegimes, as already presented
in Equation 6.3) is therefore rather similar whatevthe pre-dope anneal.
Nevertheless, the data demonstrates that the bedition for this anneal is 950 °C,
30 s and indicates that in this case the pre-daopea distributes the dopants in the
gate, while the final junction anneal is resporesiol dopants activation.
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Figure 6.9: C-V characteristics for NMOS capacitors with a 1.5 nm EOT plasma
nitrided oxide and a pre-doped polysilicon gate with (a) various
pre-dope annealing conditions (junctions anneal is 1050 °C, spike)
and (b) various HDD spike anneal temperatures (pre-dope anneal
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is 950 °C, 30 sec).

6.3.4.2 Optimization of the thermal budget

The HDD anneal temperature has been here investigeith the view to maximize
dopant activation in the gate. We will see latethis chapter that there is a traofé
between fully activating the gate and obtainingaathallow junctions. In Figure
6.9(b), the C-V characteristics of NMOS transistdraving received different
activation anneal (junctions anneal) have been uneds Spike anneal (0 sec anneal)
were performed at 1050, 1070 or 11 The n+ polysilicon gate were all pre-
doped and annealed at 95C during 30 sec. A measurable decrease in the
polysilicon depletion is observed when the spikeeah temperature is increased
from 1050 °C to 1100 °C, indicating that more agetigopants exist near the
polysilicon/oxide interface. Therefore, in order nwaximize the polysilicon gate
activation, high temperature HDD anneal is required

6.3.4.3 Optimization of the polysilicon gate height

An easy way to get a large amount of dopants ainteeface gate/gate dielectric is to
reduce the height of the polysilicon gate. When hiegght of the polysilicon is
decreased, the level of polysilicon depletion soallecreased, as shown in Figure
6.10. With a reduced gate height, dopants are imgxdiacloser to the polysilicon/gate
oxide interface, for both the pre-doped implant #relHDD implants.
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Figure 6.10: C-V characteristics for n+ polysilicon gate having various heights.

6.3.44 Minimization of dopants deactivation

It has been shown in this chapter that by carefofiiimizing polysilicon gates and
activation anneals, gate activation can be maxithize was explained that the
polysilicon gate exhibits the best activation mpidue to its fine-grained structure,
which facilitates dopant diffusion. Unfortunatetkis “easy” diffusion can turn out to
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be a major drawback when considering the extra almgesteps (silicidation and
metallization steps) in a full CMOS process. Furttheermal processing can indeed
make the dopants segregate at the grain boundaviapprate or diffuse through the
oxide (Boron penetration phenomenon) [18]. Thiss lo$ activation may induce a
severe increase in the level of gate depletionthnd a degradation of transistor
performance.

Gate deactivation kinetics

The aim of this section is to study and comparedigrctivation kinetics of the gate,
both p and n-type, using polysilicon or amorphous/retaliged silicon. After a
post-implant anneal at 103C during 20 s, the samples were annealed at differe
times and temperatures. The average Hall carriacerdgration for the two gate
structures was measured as a function of the angeirhe at 700, 750 and 80Q.

In Figure 6.11, the exponential decrease of tha@eratoncentration is plotted as a
function of annealing time for both structures ampants types. Note that these
values of carrier concentrations are inaccuratetdube unknown value of the Hall
factor [19]. The observed decrease of the carmgicentrations tends to a value,
which is related to the solid solubility of the dops in the gate at the annealing
temperature. The higher the anneal temperaturefaster this saturation level is
reached as a result of a faster diffusion procéss.describe this deactivation
mechanism in a more quantitative fashion, the eaoncentration has been fitted
using:

t
C(t) = [(Ciisa ~Cinar) XeXp(_;) +Cipnal (6.4)

where Ci,iiar and Cyng are the active carrier concentrations calculagspectively
after the post-implant anneal and at the saturdtiesl. The time constant)( which
describes the kinetics of the gate deactivatiofh ¢2@ be calculated from (6.4) and is
presented in the Arrhenius plot in Figure 6.12.
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Figure 6.11: Hall carrier concentration as a function of annealing time and
temperature  for  (a)  fine-grained  polysilicon and  (b)
amorphous [recrystallized silicon. The films are B or As doped.
Annealing temperatures (in °C) are indicated in the legend common to
the stwo figures.
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Figure 6.12: Arrhenius plot of the dopant deactivation time constant for n- and p-
type dopants and different gate morphologies.

It can be observed thatis strongly dependent on temperature. The actinahergy
for the polysilicon and the amorphous/recrystatliaiicon gate, both-pand n-type
are reported in Table 6.1. For the p-type dopecsjathe polysilicon structure
exhibits higher activation energy and a faster teaton than the
amorphous/recrystallized silicon gate material. Tenge amount of grain boundaries
of the polysilicon structure gives rise to a fagleactivation: the boron atoms can
diffuse very easily and be trapped at grain bouedacausing deactivation. For the
n-type gates, however, the deactivation is fasbertfie amorphous/recrystallized
silicon material in spite of the bulky grain stuet. We did not find so far a physical
explanation to this result.

Polysilicon Polysilicon Am/recryst Si  Am/recryst Si
S p-type n-type p-type n-type

Ac“"a“(z:‘/)e”erg'es 207+024 167003 152054 217026

Table 6.1:  Activation  energies  calculated  for  polysilicon  and
amorphous [recrystallized silicon films p- and n-type doped.

Based on these results, the gate deactivation alaslated. Figure 6.13 shows the
gate activation loss calculated after each thestegd of a CMOS process flow.
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Figure 6.13: Calculated activation loss for a fine-grained polysilicon and an
amorphous [recrystallized silicon structure after various anneal
steps of a CMOS process flow. Both n- and p-type doped gates are
compared.

The major contribution of the activation loss ie thitride deposition (78%C, 15 min
50 s) used as a silicide protection layer priosilicidation. This deposition could be
done by Plasma Enhanced Chemical Vapor DeposiB&C{D) instead of LPCVD
at a lower temperature (46Q), to avoid gate deactivation related to this sbefthis
experiment, the silicidation process itself corssisf the formation of titanium
silicide (TiSk) as a contact on the polysilicon gate and actieasa Because the
titanium is a very reactive atom, it can form imaetcompounds with the dopants and
thus increase the gate deactivation at the interfgate/silicide. The thermal
treatment used for this step can also be harmfuhfo gate activation. The maximum
temperature for this step is high (9@). Calculations of the deactivation percentage
due to the silicide step thermal budget have redean activation loss at the
maximum of 5 to 20 % depending on dopants and gaterial. These average
values are not necessarily representative of theuatnof active dopants at the
gate/gate oxide interface and it is thus difficalevaluate the level of gate depletion.
Transistors with a physical gate oxide thicknes3.2fnm (electrical thickness: 4 nm)
have been measured and exhibit an increase irdgatetion due to silicidation from
2 to 4 % for NMOS transistors, and from 4 to 6 % RMOS transistors. In this
experiment, these gate depletion levels are stileptable for good transistor
performance but the challenge is to get such d fevedvanced CMOS generations
(2100 nm), employing thinner gate oxides. One obviauge to minimizing dopants
deactivation is the use of lower thermal budgetgfost annealing steps (after HDD
RTA step). The impact of reducing the thermal baddehe silicidation step on the
polysilicon depletion level will be shown in thexteection of this chapter.
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Silicidation optimization for gate deactivation reduction

Because of its high thermal budget, the silicidatidep has been identified in the
previous paragraph as one of the most harmful fetegeactivation of dopants. In
that experiment, Tigisilicide was used having a maximum temperatui@l6°C. In
this paragraph, the silicidation step will be opried with a view to decrease the
polysilicon depletion of both Nand PMOS transistors.

Nickel silicide (NiSi) is an attractive materialdaise it consumes less silicon than
CoSi, or TiSh and has lower processing temperatures (maximurpeeture is 450
°C for NiSi, 850°C for CoSj and 91F°C for TiSk) while having a similar resistivity
[30].

A comparison of the polysilicon gate depletion wasde for N- and PMOS
transistors formed with a high temperature siliima (in this case Cogiand a low
temperature silicidation process (namely NiSi). Aicrease of the inversion
capacitance is observed for the PMOS device hattieg NiSi process step, as
presented in Figure 6.14. This decrease in potgsilidepletion results from the
reduction in polysilicon dopant deactivation thatwars during the low temperature
Ni process. After high temperature junction aciimat(in our case: spike anneal at
1050 °C), the dopants in the polysilicon gate (adl w&s in the bulk silicon) are
susceptible to deactivation during subsequent therprocessing (see section
6.3.3.2). That is, thermal treatments below thé hegnperature activation step, such
as the silicidation anneal, will drive the systedogdants in silicon) towards the
equilibrium active doping concentration (solubijityt that temperature. The 850 °C
thermal treatment of the Co silicide is consideaegignificant enough anneal to push
the dopant system towards the new thermal equihtyri.e. to a lower doping level
than that at 1050 °C. Although the active dopanildxium level (solubility) at 450
°C is significantly lower than at 850 °C, this the treatment during Ni silicidation
is not long enough to cause significant movementhef systems towards thermal
equilibrium. Therefore, more dopant deactivatiomiry the 850 °C Co silicidation
process is expected resulting in higher polysilidepletion level. NMOS devices do
not show appreciable difference in polysilicon \ation levels due to their slow
diffusivity and higher solubility level (Figure &1
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Figure 6.14: Comparison of C-V characteristics (from depletion to inversion) for
both P- and NMOS devices with a CoSi, (850 °C) or NiSi (450 °C)
silicidation step.

As a result of the change in polysilicon activatiewel, PMOS transistors with NiSi
exhibit a higher drive current than devices withSoAn increase of about 30 % is
observed in the peak of the transconductance Eigut5) at a given bia¥s-Vs.
Very small improvement in NMOS device performanesg than 5 %) was observed
probably attributed to slightly lower polysilicorpletion.

As a conclusion to this section, it has been shthan fine-grained polysilicon gate
with pre-dope implant processing step yields higtectivation. High RTA thermal
budget is required to maximize the activation o thopants at the polysilicon
gate/gate dielectric interface. Reducing the thébudget of the silicidation step can
minimize dopants deactivation. The replacementisf, and CoSiby NiSi results in
minimum polysilicon depletion.
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Figure 6.15: Transconductance versus gate overdrive for PMOS devices (W=10
pm, L.=66 nm) having a plasma nitrided oxide of 1.4 nm EOT
and processed with a CoSi, (850 °C) or NiSi (450 °C) silicidation
step. The drive current of these PMOS transistors is plotted in the
inset of the figure.

6.4 Compatibility of optimized polysilicon gate
stack with advanced ultra-shallow junctions

We have seen in section 6.3 that minimum polygilicepletion is observed when
using high temperature spike anneal RTA. However,formation of ultrashallow
junctions require minimum thermal budget for thigiation anneal ([35], [36]).
There is therefore a trade-off between gettinglly factivated polysilicon gate and
forming ultra-shallow junctions. In this sectiohetcompatibility of optimized gate
stack (including ultra-thin plasma nitrided oxidadahighly activated polysilicon
gate) with the formation of ultra-shallow junctiofidSJ) will be investigated. The
impact of new techniques to form USJ on the gatekswill be discussed.

6.4.1 Introduction to ultra-shallow junctions

6.4.1.1 Motivation

When the device is scaled, the source/drain junsticave to be scaled to avoid
punch through. Punch through occurs when the sardalrain space charge regions
overlap and results in uncontrolled SCE. Reduchmeg gource/drain junction depth
(X) and lateral profile abruptness will improve devishort channel characteristics
by reducing the amount of channel charge contrdiiethe drain [37]. In order to get
good short channel transistor behavior, a shallmmhyl doped junction close to the
channel (LDD) is formed prior to a deeper highlypdd junction (HDD), located
further away. The USJ (LDD junctions) implants doemed just after the halo
implantation step, using an ultra-low energy implan

6.4.1.2 Scaled junctions requirements

There are three important parameters to optimizervibrming USJX; (measured at
a concentration of dopants of ¥0cm®), the sheet resistancéi.) and the
abruptness of the junctions.

USJ yield an increase &ithat adds to the total external resistance deggattie
saturated drain current ([38] and [39]). Therehréfore a trade-off between getting
shallow source/drain junctions for control of SCHEdahaving lowly resistive
junctions to get high device performance.
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The abruptness of the USJ has also an impact odeviee performance. The -on
state drive currentigy) of NMOS transistors having USJ of different atingss has
been simulated for two gate-to-drain overlap [6heTlateral abruptness was
calculated as the slope of the dopants profile. dtfistate drain current was kept
constant. As can be observed in Figure 6.16, mnepé junctions result in higher
drive current, at fixedor= This can be explained by the fact that abruptieiva
junctions will reduce the accumulation resistan&g.J. This will result in an
increase ofon. The main effect of making junctions more abrugpta decrease the
effective channel length. This will enable bette€ES control and avoidlgy
degradation. As a consequence, the gate-to-drairapvcan be decreased while still
yielding similar drive current with very good SC&ntrol (Figure 6.16).
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Figure 6.16: Simulated I, as a function of the lateral abruptness of the LDD
Junctions. The I .. is kept constant. Two junction to gate overlap
lengths have been simulated (5 and 2.5 nm at each side of the
channel).

Therefore an ideal “box-like” profile for the jummts, as required for further MOS
downscaling ([22]), will enable a reduction of thgate-to-drain overlap. By
decreasing the overlap, the source-to-drain cagrazet can be reduced. Another
consequence of the reduced gate-to-drain overldapaisthe off-state gate current
(Ic_orn), as defined in chapter 2, will be decreased. [Ehe:- has been calculated at
various EOT (taking the gate leakage current vahigisined for plasma nitrided
oxides) and for various gate-to-drain overlap leagas presented in Figure 6.17. A
linear decrease ofg orr With the gate-to-drain overlap is observed. Thisal
decrease is of course less significant than themgtial decrease d§ orr When
scaling the dielectric thickness.
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Figure 6.17: off-state gate leakage current (J, times the gate-to-drain overlap) as
a function of the EOT for various gate-to-drain overlap lengths.

While USJ for NMOS transistors have been reporteat tsatisfy theXi/Rsneet
requirements ([22]) for sub 30 nm gate length tistoss ([40]), forming USJ for
PMOS devices remain a real challenge. Conventigitra-low energy implant with a
spike RTA do not meet the; - Ry...cand abruptness specification ([22]) for short
channel PMOS transistdr<45 nm), as reported in the literature [44].

Therefore, alternative techniques to conventiomgblantation and rapid thermal
annealing have to be found to form p-type USJ.

6.4.2 Alternative techniques to form ultra-shallow junctions
and compatibility with the gate stack

6.4.2.1 Pre-amorphized junctions with spike annealing

Pre-amorphized junctions are currently studied @mf p-type ultra-shallow
junctions. Extensive investigations have been edrrout on pre-amorphization
implants (PAIl); co-implantations in combination kibbw-thermal budget (high or
low temperature) anneal to provide highly active abrupt USJ ([41]- [51]). It has
been shown that by use of deep Germanium (Ge) mogghization, properly tuned
Fluorine (F) co-implantation and fast ramp-up (R&Hd ramp-down (RD) high-
temperature anneals, Boron (B) USJ can be obtd[A@{#[46], [48]-[51]). F is used
to reduced B Transient Enhanced Diffusion (TEDxomparison of the linear; of
PMOS devices having conventional B junctions or FRAljunctions with F co-
implantation is presented in Figure 6.18(a). Anadtflat V; is obtained with the
PAI B junctions indicating that better SCE conti®lobtained with such junctions.
The B dopant profile obtained for the two junctiageshown in the inset of Figure
6.18(a). This is in good agreement with the meakBr@rofile using SIMS analysis.
As can be observed in the inset of Figure 6.18&)PAl F co-implanted B junction
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profile is more abrupt than the conventional B fjiowg resulting in better short
channel characteristics.
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Figure 6.18: (a) Comparison of V. for PMOS devices with optimized pocket
implants and ultra-shallow source/drain extension implants using
B or using PAI F co-implantation. (b) I, . for PMOS transistors
having PAI F co-implanted B junctions at various Ge implantation
tilts. The RTA is a 1070 °C spike anneal.

To investigate the impact of the pmenorphization on the gate stack, theors has
been compared for PMOS devices with PAI F co-imgdrB junctions activated
using a spike anneal at 107C. Several tilts for the Ge implant have been
investigated, resulting in different drain-to-gateerlap lengths. In Figure 6.18(b), a
comparison oflg_or¢ for three different tilts of the Ge PAI is preset Similar
lc_orehas been measured for low tilt PAI. However, aifigant increase img_ofris
measured when the PAI is done a high tilt of.ZDhis increase can be partly
explained by the gate-to-drain overlap increase dsb might be related to the
damage induced to the gate dielectric by the hda&l dose used to create the
junctions (10" at.cn?). It seems that the damage induced by the tileplants
cannot be healed even by a high-temperature junatitivation anneal step.

As a conclusion, while shallow abrupt B junctiors de manufactured by Ge pre-
amorphization and F co-implantation, the gate dtele might be damaged if the
implantation tilt is not well tuned [51].

6.4.2.2 Solid Phase Epitaxial Regrowth junctions

Other alternatives to conventional implantation autivation anneal is the use of
low temperature Solid Phase Epitaxial Regrowth SP[B2], [53]), flash anneals
with and without co-implantations (F, Ge, C, N, ..nddaser annealing (LTA, full
melt [54]). They are currently widely investigatéd overcome some of the
limitations of standard RTA processes. The mairaathges of these techniques are
high dopant activation levels (above solid soltjliwith minimal diffusion. The
lateral abruptness of junctions formed with theagous annealing techniques has
been measured on SIMS B dopant profiles. SPER Hegewith laser annealing
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techniques yield to the most abrupt junctions,tesw in Figure 6.19(a). The impact
of SPER junctions on the polysilicon gate stack lbesn here studied. The thermal
budget of the SPER process was 660for 1 minute. It was observed that the gate
leakage current was similar for-nd PMOS devices with conventional or SPER
junctions. However, a decrease in the inversioracisgnce has been observed for
NMOS devices with SPER junctions, resulting in2fm increase in CET, as can be
observed in Figure 6.19(b). A possible explanafimnthis increase in polysilicon
depletion could be that during the pre-amorphirapbase, part of the polysilicon
gate is also amorphized. This pre-amorphization evitate End-Of-Range (EOR)
defects located at the bottom of the gate that mall be healed with the regrowth
anneal of 650C for 1 minute. These defects will deactivate degpam the gate and
particularly dopants close to the interface witk tiate dielectric. As a result, the
polysilicon depletion will be increased. Anotherspible explanation might be the
deactivation of dopants in the gate during thertta¢regrowth of the junctions.
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Figure 6.19:(a) p-type junction abruptness for various anneglitechniques.
Comparison with ITRS lateral abruptness requirersefor given
gate length [22]. (b) C-V characteristics for NMQifgvices with
conventional spike annealing at 108D or SPER junctions with a
regrowth anneal of 65€C forl minute.

6.5 Conclusions

The impact of scaling the gate dielectric thickness short channel transistor
performance has been shown. Ultra-thin plasma deitki oxides have been
successfully integrated in sub-50 nm devices yigjdjood transistor performance
with limited leakage current. A study of the dopaativation and deactivation in the
gate electrode has resulted in the choice of fiaéngd polysilicon structure. Gate
pre-doping implantation, optimized RTA and low tesrgture silicidation process
yield highly activated polysilicon gate with low lgsilicon depletion. Finally, the

compatibility of the optimized gate stack with adeed ultra-shallow junction
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formation techniques has been investigated. It whswn that while pre
amorphization and SPER junctions result in shallwupt junctions, they could
have a significant impact on the gate dielectrid polysilicon activation.

The solid solubility limit of dopants in polysilicoand the dopant deactivation
resulting from mid-temperature processing limit theel of activation achievable.
Therefore, in order to achieve the significant perfance increase for short channel
devices, it is necessary to change the materiglepties of the gate. Metallic gates
are currently under investigation, as they wilhehate polysilicon depletion effects,
solve the problem of B penetration and would beentmmpatible with the formation
of abrupt ultra-shallow junctions.

The use of metals with appropriate work functioos NMOS and PMOS devices
(4.1-4.2 and 5.2-5.3 eV, respectively) would leadransistors with symmetrical and
tailored Vit [32], [33]. V5 fluctuations due to statistical doping variationghe gate
will be strongly reduced. Other significant advaets to use metal gate electrode are
the reduction of the gate resistance (needed fgin bpeed applications) and the
elimination of the Coulomb carrier scattering fraimping variations and polysilicon
grains in the gate electrode. Finally, the intdgrabf new highK dielectrics could
be facilitated in using a metal electrode, althotiyh is not necessarily true for all
the electrode materials that could be of intergstddition, it is currently unclear
whether the “pinning” of the Fermi-level is also iasue for Highk in combination
with metal gate. Furthermore, the thermodynamibikta of the metal gate/gate
dielectric interface at processing temperaturea imajor concern that needs to be
addressed in addition to the more subtle issuesladtrical properties, flat band
voltage (ultimately threshold voltage) stabilitydaoharge trapping at the interface
[34]. Furthermore, physical damage to the dielealuring sputtering or deposition
of the metal films and metal diffusion through tlgate dielectric are major
processing issues that need to be considered.

Other challenges related to bulk Si technologytheeuse of gate electrodes with
work functions separated by roughly the band gagsiofor NMOS and PMOS
devices in order to obtain low and symmetrical $hadd voltages in NMOS and
PMOS devices and minimize short channel effectsreldeer, the use of two
refractory metals introduces the additional comipyewf etching, selectivity and
suitable masking procedures to selectively depusiials over different areas of the
same wafer.
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Chapter 7
Conclusions and Outlook

7.1 Conclusions

The aim of this work was to manufacture ufhén plasma nitrided oxides and
integrate them in advanced CMOS transistors. Theefus for improvement has
been to achieve low EOT with low gate leakage curcensity while maintaining
high effective carrier mobility.

As presented in chapter 2, the power consumptiofufare integrated circuits could
dramatically increase if the gate leakage currenmdt reduced. Consequently, the
gain in performance from scaling the gate oxidehtigot be worth the problems
associated with increased power consumption. Thisspecially true for portable
applications that drastically limit the maximumoalled gate leakage current in order
to extend the lifetime of the battery. To reduce d¢iate leakage current and continue
the scaling of the thickness, pure oxide gate digts have been replaced by higher
permittivity dielectrics.

In this work, plasma nitrided oxides have been stigated to replace pure oxide and
lightly nitrided oxide gate dielectrics. A signiéint decrease of a factor 10 in gate
leakage current is observed for MOS devices witplasma nitrided oxide as
compared to gate oxide. Yet, ultra-thin plasmaidett oxide films are required in
advanced CMOS technologies and the goal of thsighgork was to investigate the
scalability of such dielectrics and their integratiinto advanced CMOS process
flows.

The first important question addressed in this weals how to characterize ultra-thin
gate dielectric films. In chapter 3, the capacitamoltage (C-V) measurement
methodology has been reviewed for devices withgh lgate leakage current (i.e.
having an ultra-thin plasma nitrided gate oxidejas shown that high frequency C-
V measurements (up to 1 MHz) under high gate leakegrrent yield large
measurement errors and cannot be used for thecBatraof important parameters
such as the EOT, the electrical thickness, the gil@gn and substrate doping
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concentrations. These errors can be minimized biyngpng the test structure until a
certain gate leakage current density that was estinto about 100 A/chrfor an
ideal like test structure. An RF (400 MHz — 1 GHZ)/ measurement methodology
has been proposed as an alternative to the HF nemasots. Accurate C-V
characteristics of devices with very high gate éggk current (the method has been
proven up to a gate leakage current density of 1@6+) have been successfully
obtained.

In chapter 4, the physical characterization ofaditrin plasma nitrided oxide has
been studied. The very small thicknesses of thenpdanitrided oxides as well as the
hybrid nature of these films represent an incredibhallenge for the material
analysis. Techniques enabling the measuremenedhtbkness, N distribution and N
content have been optimized. A benchmark of thes®ws techniques have been
also made. Finally, the N incorporation mechanignalira-thin plasma nitrided films
has been investigated. It was found that N atoramige exchange exclusively with
O atoms in the SiOmatrix and form strong SN bonds.

The characterization techniques, selected in cha@eand 4, have been used to
optimize ultra-thin plasma nitrided oxides. The daside, plasma nitridation and
post nitridation anneal processing steps have loggimized. It was found that
scaling aggressively the base oxide thickness dotyield necessarily to the best
leakage current and performance trade-off. Howedecreasing the energy of the
plasma while increasing the density of N ions aedtrals in the plasma has resulted
in higher channel mobility and possibly better abdity of the gate dielectric. This
“soft” plasma has been achieved by pulsing the &ffce power and maximizing the
off-time per cycle. The role of the PNA has beesniified as a stabilization step of
the SION film. Because it is processed at high &napre, it also cures defects that
could have been created during the plasma steallysithe benefit of performing the
PNA in an oxidizing ambient for improved mobilityas to be traded-off with the
scalability of the layer.

The intrinsic reliability of the optimized ultraithplasma nitrided oxides has been
measured. While a lower acceleration factor waainbt for plasma nitrided oxides
relative to pure oxide, it is believed that theimgic reliability of such films will not
be a showstopper for their integration into cirsuit is believed that the limited
factor will be the gate leakage current.

This thesis work ends with the integration of tiimized ultra-thin plasma nitrided
oxide in advanced CMOS transistors. The gate dtaskbeen optimized with a view
to maximize the gate activation and reduced depldti the polysilicon electrode. It
was shown that the polysilicon gate activation banenhanced by adding a pre-
doping implantation and optimizing the thermal betdgf the CMOS process flow.
The compatibility of such gate stack with advanadida-shallow junctions formed
by pre-amorphization and annealed with a conveatid®TA or using a SPER
process, has been addressed. There is a tradetofédn getting a fully activated
polysilicon gate that requires high temperatureeahmnd the formation of abrupt
shallow junctions. It was found that gate leakageent and polysilicon depletion
can be increased as a result of the formation efiphbshallow junctions. The
introduction of metallic gates would eliminate gilicon depletion effects and will
be compatible with low thermal budget junctionsnfation processes. However,
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Appendix A

many issues need to be solved before their infegrat a CMOS process flow. For

bulk Si technology, the use of two metal electroaihk the required band edge work
functions to obtain low symmetrical threshold vgia in N and PMOS devices

remains an incredible challenge. At the time o thiesis is written, no metals have
been identified as N- or PMOS solution.

7.2 QOutlook

There are two main questions that still need tarissvered:

1. Can plasma nitrided oxide still be used for fegtGMOS technology nodes?

2. Will CMOS downscaling continue for many techrgptonodes as presented in
the ITRS (so far till 16 nrhg)?

Using conventional planar bulk Si technology, uttran plasma nitrided oxide could
be still used for high-performance applicationsctswas microprocessors) where
extremely thin films are required and where theegatkage specification is not
aggressive.

However, for portable applications that requiredyvéow power consumption,
plasma nitrided oxide will reach very quickly itsagability limit. Some technological
changes such as the use of strained-Si or the ingpi@ation of metal gates might
help in relaxing the thickness of the gate dielecnd therefore meet the aggressive
gate leakage current requirement. However, sudintdogical changes will only be
the solution for one CMOS generation node. Higldielectrics will be required to
decrease the leakage and therefore power consungitisuch a chip. However, at
the time this thesis is written, significant isswemain such as the “pinning” of the
Fermi-level when used in combination with polysilicelectrodes, high fixed (bulk)
charge, high interface state density &hdnstability due to transient charge trapping
and low effective mobility.

Using multigate architectures such as Finfet coeldx the thickness requirement of
the gate dielectric. Indeed, the very large peréoroe improvement obtained with
these transistors could allow thicker gate dielegtielding a significant reduction of

the gate leakage current. Also, a decreasépfcould yield a small decrease of the
gate leakage current but will have a larger impattthe reduction of the active

power.

If no breakthrough is found in the high-K gate datic world to achieve thicknesses
in the atomic scale, then the CMOS downscaling stidlp. At this moment, higK-
films require the use of an interfacial oxide orywitride layer that limit the
scalability of the dielectric. Alternatives are mmtly under investigation such as
molecular transistors. The main challenge for these concepts is to be ready in
time to continue the race towards smaller transisto
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Appendix A

A.1 Equivalent Oxide Thickness (EOT)

The EOT is the thickness of a Sifilm having the same specific capacitance as the
dielectric film in question (A.1).
£Si T hysical
EOT = —;2 = A1)
dielectric

where EOT andynysica@re the equivalent oxide and physical thicknesspectively,
and &io, and &eecrric @re respectively the dielectric constant of silicioxide and
that of the dielectric studied.
Because of its independence of device structuffalcesf, the EOT is basically a
materials parameter. It is normally evaluated witle device biased in weak
accumulation, where errors involved in its caldolatare expected to be minimized.
Care should be taken when comparing the EOT cadmildrom different
simulators/models as significant differences hagerbnoticed. It is wise to choose
one of the models, and always specify it when agpotralues (see section 5 of
chapter 4)

A.2 Capacitance Equivalent Thickness (CET)

This thickness is simply measured on theV QGurve (A.2). All device-related
shortcomings are included in the CET parametedols, however, govern device
operating parameters such as drive current. Thissusually evaluated in inversion,
the operating mode of the device, yielding the pextar CET,,.
Esn A
CET= 89707 (A.2)
meas
whereé&siop is the oxide permittivityg is the permittivity in vacuumA is the area of
the test structure ar@hcasis the measured capacitance.
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