Characteristics and Investigation of FSG
Passivation Layer on HfO2/SION
Gate Stack MOSFETSs

Foyo4 Ry Che-Fu Chuang
¥k Rr g #<1 Dr.Jen-Chung Lou
®m¥EE L Dr. Bi-Shiou Chiou

é*@“-g‘@] ,L-J-,\_& =~ A



iR LS
TRl k2 BTy

Characteristics and Investigation of FSG
Passivation Layer on HfO2/SION
Gate Stack MOSFETs

FopoA Dy Student : Che-Fu Chuang
thfH R g £ Advisor : Dr. Jen-Chung Lou

MmEE Ed Dr. Bi-Shiou Chiou

—_—

A Thesis
Submitted to
Department of Electronics Engineering & Institutdetectronics
College of Electrical and Computer Engineering
National Chiao Tung University
In Partial Fulfilment of the Requirements
For the Degree of Master of Science
In
Electronic Engineering
July 2009
Hsinchu, Taiwan, Republic of China

OERRE 4 LA F o



Bz i+ 8 TH1ARE T AT

{

&

12952008 ITRS PIDS Meeting*ri7 1 & A74 F L 32T H WL M2 F =

it e B F R NZ AT I AR FTHEE AT BRHAY A A2 B AR

oy

FORARE R R T peiiahe & iR JEeJZ(CFa plasma treatment)eps > 1%

tFBI(FSC) ¥ ndl & §F L H»cT L ilish - & ¥l 42 » &5 (5Sintering 4 £

ﬁ\ﬂ

Fro Ui R ERFFRBIIBNIARAE-LE R o e F RS

5

4=
=

AT AT LRI A

ek

CFaf R E TP B e g > F



Tl BB FEFANKRARGTINAR S REAIERBEEIR AT I B iR
AL BB T PR 0

by s RR YRR A REB-ER KA PBTS) o+ R4
(HCS)™ F Ak it 40 sed ok » BRI AT RES AT - 397 U] e
FaBOEH - REPDAHTFIHFAE R a RERR TR A~ B PR ET
Bor bl TRES PBS)ZHFF B4 2 T BT 4 @ 3T LA R
FARRTE DR FREFR IR S AT AU EE LI 2 L R AT

Behm iR TR @2 P RFIERA2E RS H 3 4T WIRL W E FRk 2

(=
£
>a
=N
=3
N |
1=
=
-
S

5 R G el eI % 4 (interface dangling bond)fr i i<
%i#@éi’fé—ﬁ?ﬁﬁ*‘;mﬁﬁ WA -

Bois bt BRI A (relai;(ation)ﬁvﬁ 5 ¥ A 4HCS 2.4 colddr
hotft+ & B & S B 5 4 314 fph TR PGB L 2 ¢ coldft+ & 7
i (de-trapping) it m hotf* + g R F AR A > A A § T3 ¢ &PBS& L
HCS:ehw 4 17 2 » P BB TIA (U451 K ~ 25 P 3 R4 TH2 R
B E T ROLERRGE AL (VIR T) 22 Lo HFrenkel-Poole i %

WAl Bt - TR PR R R -



Characteristics and Investigation of FSG
Passivation Layer on HfO2/SION
Gate Stack MOSFETs

Student: Che-Fu Chuang AdvisorDr. Jen-Chung Lou
Dr. Bi-Shiou Chiou
Department of Electronics Engineering &Institutebéctronics
College of Electrical and Computer Engineering

National Chiao-Tung University

Abstract

According to establishing the newest evolultionary trend for the gate nano
scale of MOSFETs from ITRS PIDS Meeting in 2008 year, the nano
microelectronic devices applied high performance and low power function
circuits must put off three or five process generation because the novel gate
materials can be unable to sustain the criterion of the least gate leakage
current tolerably previous works. A process-compatible CF4 plasma treatment
technique for fabricating fluorinated silicate oxide (FSG) as a passivation layer
of n-MOSFETSs is demonstrated in this work. Fluorine was effectively diffused

into the high-k gate dielectric and the interface between channel and gate



dielectric during sintering step. Experimental results reveal that remarkably
improved device performance and reliability can be achieved with appropriate
CF4 gas introduced. Thus, the electrical characteristics improvement exhibits
driving current enhanced due to mobility improvement, good subthreshold
slope, low gate leakage current, obviously reduced GIDL current and so on.

In addition, the fluorinated P.L. ( the abbreviation of passivative layer) also
improves the device reliability with respect to positive bias temperature stress
(PBTS) and hot-carrier stress (HCS). We observe that less threshold voltage
shift, less generated bulk trap density and interface state density shift during
voltage stressing, which suppressing fhe instgbility characteristics due to
device damage. For n-MOSFET"devices with TEOS P.L. or FSG P.L.,
compared PBS and HCS, we find that the HCS phenomenon on reliability
degradation is more serious than PBS. It shows the improvement of electrical
characteristics and good stability as well as reliability in devices for FSG P.L.
as a result of the fluorine atoms incorporated into high-k gate dielectric and the
interface between gate dielectric and channel, which not only reducing
interface dangling bonds and lower generation rates of interface states, but
also effectively lowering carrier trapping in high-k dielectric further.

Finally, the relaxation behavior after hot carrier stressing test could

-IV-



separate cold carrier from hot carrier, which the effect of total threshold voltage

shift coming of cold and hot carriers. The cold carrier contribution is shown to

be reversible while hot carrier trapping induces permanent damage of the

dielectric. It is clearly noted for devices of fluorinated passivation layer that less

carriers are captured in high-k bulk dielectric and interface (stress cycle) but

less captured carriers take place de-trapping behavior due to higher

de-trapping barrier height (relaxation cycle). As observed above, it shows a

good correlation between F-P transport mechanism and de-trapping behavior

that the position of carriers trapping for ESG P.L. are deeper than that for

TEOS P.L..
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CHAPTER 01

Introduction to High-k Gate Dielectrics

1.1 General Background

In order to provide better performance and higher packing
density on the limited space, scaling down of the channel length is
essential in ULSI fabrication technologies [1-2]. One of the main
scalling issues in the advanced CMOS devices in the sub-100 nm
regime is the thinning of gate oxide that is required for higher drive
current and to improve the gate:control over the channel, which
reduces the short channel effe;ts [3-4]. When dielectric (SiO2)
thickness approaches 1 nm in CMOS devices scale, new materials
such as high-k dielectrics"and metal gafe electrodes are required
[5-6]. According to the ITRS roadmap, the SiO2 gate dielectric film
thickness should be scaled down to 1.0 nm for 35nm technology node.
Such an ultra-thin SiO2 film consists of only a few atomic layers,
causing a considerably large direct-tunneling current through the film,
as dictated in Equation (1-1) and in turn resulting in significant
increase of power consumption. The direct tunneling current which
depends on physical film thickness will cause an intolerable level of

off-current, resulting in huge power dissipation and heat.

I,, O [exp- /(/72’7—;75)25%] (1.1)



When it comes to leakage, it eventually degrades overall power
consumption described as Equation (1-2).

p=ACVf +VI_, (1.2)

A is the fraction of gate actively switching and C is the total
capacitance load of all gate. The dynamic power component (ACV?f)

and static power component ( VI_, ) defines overall power

consumption. As gate oxide is scaled down further, static power
consumption will exponentially increase due to source of leakage such
as gate oxide leakage and subthreshold leakage current (see Fig. 1.1).
High-k materials have been shown to reduce the tunneling leakage
current (i.e., suppressing . gate oxide leakage and subthreshold
leakage current), further reducing static:-power consumption, and
metal electrodes are needed due:to their.better comparability with
high-k dielectrics and absence of the depletion efffect. In order to
meet the ITRS (International Technology Roadmap for Semiconductor)
2008 requirements, Table 1.1 [7], replacing polysilicon by metal gates
is critical.

On the trace to the physical limit, the scaling of CMOS technology
is reluctant to depart far away from the Moore's Law. The famous
“Moore’s Law”, proposed by Gordon Moore in 1965, states that the
number of transistors on integrated circuits doubles every 24 months.
For the past four decades, the advancement in the IC industry more or
less follows this intelligent foresight in its pursuing better

performance with lower cost. It can be said that "Moore’s Law” is the
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basis for the overwhelmingly rapid growth of the computing power. In
order to keep close pace with "Moore’s Law”, the shrinkage of the
transistor dimension is needed. Fig. 1.2 illustrates how the number of
metal oxide semiconductor field effect transistors (MOSFETSs) in Intel
processors has increased historically [8].

According to the first order current-voltage relation in Equation

(1-3) and (1-4), the driving current of a MOSFET can be given as

1 w
ID,sat = _Cgsl'ln (VGS - VTh)Z (1'3)
2 L.
ke, A
C, = T,O (1.4)

nv

Where V. is the applied gate to source, L, is the effective
channel length, W is the channel Width, VT,_, is the threshold voltage,
4, is the mobility for electrens; "C_ is the gate capacitance, k is the
dielectric constant, g, is the permittivity of free space and T, is the

electrical film thickness. In an attempt to improve the current
drivability of a MOSFET, all parameters contained in the above formula
can be accordingly adjusted. With reduced threshold voltage, smaller
effective channel length, and increased gate capacitance as well as
gate-to-source voltage, we can achieve better current drivability and
higher device density, which mean a better performance and much
more transistors on the chip. However, some approaches will bring

about serious drawbacks, and for instance, a large V. will degrade

the reliability while too small a V;, will result in statistical fluctuation



in thermal energy at a typical operation circumstance of up to 100 °C.

So a bigger C,, and shorter L will be needed to maintain device

performance.

In the front-end process area, there remain many technological
challenges to be overcome to achieve further scaling and growth of
the industry [9]:
€ New gate stack processes and Materials
€ Surfaces and interfaces control
€ CMOS integration of new memory materials and processes
€ Critical dimension and effective channel length control
€ Scaled MOSFET dopant introduction.and control

In this chapter, the first challenge ‘will be discussed in detail

because the challenge are the key motivation to this Thesis.

1.2 Motivation

Polysilicon gate and SiOz gate dielectric for the MOSFET devices
have been perfect materials throughout MOSFET history till now.
However, as the device dimension shrinks into deep sub-micron
regime, SiO2 as a gate oxide is facing serious challenges which seem
to be almost impossible to overcome. As shown in Fig. 1.3, we can see
that when the gate oxide thickness scales down to 2 nm, the leakage
cureent will exceed the limit of 1A/cm? set by the allowable stand-by
power dissipation. Further scaling of oxide thickness to below 2 nm,

the direct tunneling current will increase exponentially, causing



intolerable power consumption. For easily sensing the seriousness of
leakage problem: as SiO2 thickness is reduced, leakage current
increases exponentially (~10x/2A) [10]. In addition, reliability issues
become a serious concern for such a thin SiO2 dielectric only 10-154
thick. It points out that SiO2 thickness uniformity across a 12 inch
wafer imposes even more crucial difficulty in the growth of such a thin
film, since even a mono-layer difference in thickness represents a
large percentage difference and thus can result in the variation

of threshold voltage (V. ) across the wafer. To circumvent these

problems, high-k dielectrics have been investigated extensively as
possible replacement to the SiO2 film as gate insulators.

By using gate dielectrics with  higher dielectric, electrically
equivalent oxide thickness (EOT) in order to maintain the same gate
capacitance can be obtained with @ thicker physical thickness.
Therefore, the quantum direct tunneling gate leakage current can be
significantly reduced, as shown in Fig. 1.4. Selecting a gate dielectric
with a higher permittivity than that of SiO2 is a clearly indispensable to
extend the lifespan of the famous Moore’s law. From (1.3), we can
notice that the current drivability is strongly related to the electrical
thickness of the gate oxide, while, from (1.2), the leakage is related to
the physical thickness of the gate oxide. In order to maintain the same

C, value, (1.4) can be rewritten as follows (1-5) :

K, k.
T = ’Lgh‘k EOT = —’73'9”9‘k EOT (1.5)

high-k
ox



Where the term EOT represents the theoretical thickness of SiOa.
So by increasing the gate dielectric constant, the same equivalent
oxide thickness can be obtained with a thicker physical thickness,
which in turn contributes to the reduced gate leakage current (i.e.,
direct tunneling), without sacrificing the performance. Also the
reliability issues become a huge concern for this thin regime of SiO2
film because the direct tunneling electrons make it more vulnerable
for given conditions and eventually cause a possible threshold voltage
fluctuation or even dielectric breakdowns of devices, which result in a
malfunction or failure of device [11]. Therefore, searching a material
with a high dielectric constant to replace SiO:z is urgently needed.

Lately there has been increased interest in the possibility that
fluorine might help protect devices against negative bias temperature
instability (NBTI) [12]. It has been shown tlhat the presence of fluorine
improves the lifetime of devices under such conditions. Since NBTI
has emerged as one of the main reliability issues for today’s ultrathin
oxides, this improvement is particularly significant. Fluorine is one of
the extrinsic species that can be found in microelectronic devices. It is
usually introduced through the use of a molecular precursor or by
direct implantation of F ions [13-16]. The presence of fluorine in
devices has been known to have certain beneficial effects on their
operation, such as hot-carrier immunity [15], improved dielectric
integrity [16], and reduced flicker noise [14]. In conventional, fluorine

ion implantation (FII) technique is mostly adopted to introduce



fluorine atoms into the poly-Si or silicon substrate channel. However,
this method may be not suitable for large-area electronics. Moreover,
a subsequent high temperature process is required to activate
implanted fluorine atoms and recover the damage created by
implantation. It is known that excessive fluorine annealing replaces
Si-0 bonds with Si-F bonds, which generates reactive oxygen atoms.
The oxygen atoms, which react with silicon substrate, form thick
interfacial SiOx layer [17-18]. Consequently, these processes can
cause additional damage due to the high energetic ion implantation.
To minimize damage, effective and process-compatible techniques to
introduce fluorine atoms into_high-k gate dielectric stacks are needed
to be developed. In the latter chapters; we will present improvement
results for the new process-compatible fluorination technique that is
critical to the role of fluorinein the operatilon of high-k gate dielectric

stacks devices.

1.3 Recent High-k Gate Dielectric

1.3.1 Criteriafor High-k Gate Di€electrics

There are couples of key issue to select proper high-k dielectric
material. The first one is that although the k value should be as high
as possible, however, it should not be too high, otherwise it could
result in degradation of the electrical properties due to increased
fringing field from the gate to the source/drain of the transistor, i.e.,

field induced barrier lowering (FIBL) which degrade short channel



effects of MOSFETs [19]. On the same token, the k value should not be
too low, otherwise it defeats the whole purpose of substituting for high
k materials. Secondly, thermal stability of materials with silicon and
its interface quality are important. For all thin gate dielectrics, the
interface with Si substrate plays a key role, and in most cases is the
dominant factor in determining the overall electrical properties.
Therefore, the high-k materials require an interfacial reaction barrier
to minimize the undesirable reactions with Si substrate. In addition,
Figure 1.5 shows the characteristics of oxygen diffusion through
high-k dielectric materials [20]. Due to the rapid oxygen diffusion, an
additional interfacial layer forms between the high-k dielectric and Si
substrate. But, this interfacial layer is obviously not helpful to scale
down the device size because of its low permittivity. Therefore, proper
capping technology might be required to Iavoid undesired interfacial
reaction with high-k dielectric. Thirdly, the higher band offset
indicates that the carriers (i.e., electron or hole) are less likely to be
injected from the anode or cathode into a dielectric film. Fourthly,
Gate and fabrication process compatibility need to be considered. The
structural approach of conventional poly-silicon gate electrode on
high-k material does not seem to be a good method any more. A poly
depletion effect results in increase of EOT [21-22]. Boron diffusion

through high-k dielectric degrades V,, instability and reliability

characteristics [22]. Moreover, Fermi level pinning characteristic

affects narrow down of on-off margin in operation voltage of CMOS
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[23]. Finally, the electrical reliability of new high-k dielectric must also
be considered critical for application in CMOS technology. Whether or
not a high-k dielectric satisfies the strict reliability criteria is still under
investigation, and many areas of these studies are not well
understood yet. However, a few preliminary projections for reliability
such as stress induced leakage current (SILC), time-dependent
dielectric breakdown (TDDB), bias temperature stress (BTS) appear
to be encouraging for adopting high-k material as a future gate
dielectric.

The high-k materials as advanced gate dielectric to replace
conventional SiO2 should meet following properties :
1) High dielectric constant (12~60)

2) Large energy band gap (>5eV) and barrier height (¢ >V,,)

3) Low leakage current at the operating voltage (J <10°A/cm?*@V,,)
4) Thermal stability on Si at high temperature

5) High crystalline temperature due to favorable amorphous phase

6) High resistance to oxygen and impurity penetration

7) Low interface states (D, <10" / cm?V™") with Si-substrate and

low bulk charge (negligible hysteresis and frequency dependence)

8) Low EOT (7, <1nm) and gate leakage current
9) V. and Hysteresis < 20mV

10) Less mobility degradation

11) No Fermic level pinning effect for high-k film contacting with



gate electrode, i.e., tunable work function of gate electrode
12) Compatibility with gate electrode material

13) Reliability (No charge trapping, TDDB>10years)

1.3.2 Challenges to High-k Technology

Compared with the conventional SiO2 oxide and poly-Si electrode,
the high-k oxides present many challenges in the context of
compatibility with the Si MOSFET technology. In addition to
incompatibility with annealing temperatures used for activating
poly-gates, the relatively poor quality, compared to SiOz, of the high-k
oxide materials causes charge.trapping and makes the Si MOSFET
gate unstable. The channel mo_billity degradation, and threshold
voltage shift induced by high-k materials also need to be addressed.
The high-k gate layer has'soft optical pHonons and the long-range
dipole associated with the interface excitations would degrade the
effective electron mobility in the inversion layer of the Si substrate
[24]. Yang et al. [25] summarized the effects of all of the scattering
and degradation mechanisms on the inversion channel carrier mobility,
as shown in Fig. 1-6. The mobility issue is complicated by the fact that
mobility values demonstrate dependence on the gate stack EOT.
Therefore, different process solutions may be needed for high
performance (small EOT) and low power (greater EOT) applications.
Process solutions yielding ~80% universal SiO2 mobility have been

reported only for EOT ~ 15 A [26].
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The threshold voltage (V;,) shift of the poly-Si/high-k stack is

another challenge that must be considered. Reliability characteristics
of the Hf-based dielectric such as time dependent dielectric
breakdown (TDDB), bias temperature instability (BTI), and hot carrier
induced degradation (HCI) have been actively investigated in
connection with expected application of these materials in the high-k
gate stack. One of main issues for high-k gate stack is the charge
trapping characteristics during reliability test. Initial observation of
instability was studied through capacitance-voltage (CV)
characteristics in flat-band voltage change and current-voltage (IV)
change. Since electrons can be trapped and detrapped in the high-k
dielectrics with a minimal residual- damage to its atomic structure [27],
a threshold voltage - instability - associated with electron
trapping/detrapping in high-k layer ‘can significantly affect the
transistor parameters and complicate the evaluation of the effects of
stress-induced defect generation phenomenon on the high-k gate
stacks, which typically is not an issue in the case of SiO2z dielectrics.

Since those charge trapping affect significantly on V,, measurement

and reliability characteristics, comprehensive study is required to

detail understand.

1.4 Overview of Enhancing Robustness by Fluorine

Silicon oxide is the insulator of CMOS, and it normally has few

defects. At Si:SiO2 interfaces, the defect density is further lowered by



hydrogenation, with any Si dangling bonds P, centers converted to

Si—H bonds. Historically fluorine incorporation into gate dielectric is
known as an effective way to passivate the interface traps in the
conventional SiO2 gate dielectric and it can improve device reliability
because it was known that fluorine incorporation in the SiO2 gate
dielectrics replaces Si-H bonds with Si-F bonds, Si-F bonds rather
strong than Si-H bonds. But the high-k oxides itself exist more much
bulk trap charges than silicon oxide and suffer from a high density of
charge traps. This causes transient instability of the gate threshold
voltage, coulombic scattering of carriers in the Si channel, and
possible reliability problems.:Recent work indicates that the main

charge trap is the oxygen-vacancy -V, [28]. The high-k oxides differ

from Si:H or SiO2, that is, they all-have ionic bonding. As a result of
implanted fluorine that was found.to have a large beneficial effect on

charge trapping [29-31], F was found to substitute at the V, site and

passivates it. Thus F is one of the best passivant for defects in an ionic
oxide because it is the only element that is more electronegative than
oxygen and its bond length is similar. It can improve both the device
performance and also reliability by way of F to passivate vacancies in
ionic oxides such as HfO2 because vacancies are more likely to be
charged.

However, an excess amount of F incorporation increases oxide
thickness. It is known that excessive F annealing replaces Si-O bonds

with Si—-F bonds, which generates reactive oxygen atoms. The oxygen
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atoms, which react with silicon substrate, form thick interfacial SiOx
layer [17-18]. Moreover, another drawback after an excess amount of
fluorination is a net negative charge observed at the high-k oxide and
interfacial layer interface such as HfO2/SiO2, while also increasing the
leakage current density [32]. The higher leakage current may also
result in part from possible barrier height lowering for electron
transport through the high-k oxide stacks. On the other hand, boron
diffusion and penetration in thin gate oxide down to 17 A with poly-Si
gate have been the troublesome problem for p-type MOSFETs [33]. It
shows even a moderate dose of F in SiO2/Si with poly-Si gate such as
significantly enhanced boron:'penetration through SiO2 from P*
poly-Si gate to substrate and an increase in the physical thickness of
SiO2 [34].

Therefore, tuning the F.ion concerlmtration at the HfO2/Si0O2
interface may be an essential aspect of such a defect passivation
scheme. Previous work studies suggest an insight into this problem. It
was observed that the concentration of interstitial F ions was reduced
by two orders of magnitude after a 400 °C FGA. Hydrogen annealings
seem to be able to remove excess F ions which are not strongly

bonded in the bulk region of the HfO2 films [35].

1.5 Organization of the Thesis

This thesis consists of four chapters. The main topics are focused

on the effects of fluorine incorporation into passivation dielectric of
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n-MOSFETs with HfO2/SiON gate stack, evaluated in terms of
reliability and performances. We study systematically the electrical
characteristics of HfO2/SION with FSG passivation dielectric, its
reliability issues, and the behavior of charge trapping. In addition to
this chapter that is dedicated to introduce the reason of the high-k
dielectrics on CMOS technology and systematic discuss the effects of
fluorine incorporating on MOSFETs wirh high-k gate dielectric stacks,
this thesis is organized as follows :

In chapter 02, we describe the experimental procedure for
fabricating n-MOSFETs test devices with HfO2/SiON gate stack as well
as FSG passivation dielectriec. Fluorine profile and amount was
modulated by CFs-plasma:gas flow:inte HfO2 n-MOSFET. Then, show
some basic electrical characteristics with and without FSG passivation
dielectric, i.e., I-V and C-V characteristics, Isplit C-V to obtain mobility,
to evaluate the amount of interface states and bulk traps through
charging pumping technique, and carrier separation to obtain leakage
current mechanisms etc.

In chapter 03 presents the effects of FSG passivation dielectric on
HfO2 n-MOSFET reliability. Charge trapping characteristics, i.e., static
PBTI and dynamic trapping analysis with stress dependent high-k film
quality, threshold voltage, interface state and high-k bulk trap density
shifts as indicating factors will be discussed. Besides, hot carrier
reliability of the HfO2/SiON dielectric with the FSG passivation

dielectric is also investigated. Finally, the lifetime extraction based on
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DC stress suggests that the high-k dielectric with FSG passivation
dielectric can provide optimistic results.
In chapter 04, we conclude with summaries of the experimental

results above and suggest the possible future researches in this area.
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|‘:'ear of Produciion 247 I 2008 I 2009 2010 2011 2012 2013 2014 2015
IMPU Printed Gate Length (nm) 54 47 41 35 31 28 25 22 20
M PU Physical Gate Length (nm) 32 19 17 24

Equivalent physical oxide thickness for bulk
MPLVASIC T, {nm) for 3E20-doped poly-Si 13 1.2 1.2 1

for bulk

I quivalent physical oxide thickness

MPU/ASIC T, (nin) for metal gate 1 0.95

Gate dielectric leakage at 100 °C (A/em”) bulk high-

performance 180.0 450.0 650.0 830.0

Drain extension X, (nm) for bulk MPU/ASIC 1 11 11 11

Allowable junction leskage for bulk MPL/ASIC

(LA m ) 0.06 0.13 0.25 0.45 0.71 0.7 0.64 0.69 0.72
Physical gate length low operating power (LOP) (nim) 3B 32 29 27 24 22 18 17 15
Equivalent physical oxide thickness for bulk low

operating power T, (nm) for 1.5E20-doped poly-Si 1.3 1.2

|Equ' alent physical oxide thickness for bulk low

operating power T, (nm) for metal gate 1.1 1 1 0.9 0.8

Gate dislectric leakage at 100°C for bulk (A/em’) LOP) 40.0 78.0 B86.0 95.0 100.0 110.0 140.0

Phvsical pate length low standby power {LSTP) (nm) 45 38 32 29 27 22 18 1T 15.3

Equivalent physical oxide thickness for bulk low
standby power T, (nm) for 1. 5E20-doped poly-Si 1.9 1.2 11 1 0.9 0.8 |

Equivalent physical oxide thickness for bulk Tow

stendby power T, (nm) for metal gate 1.5 1.4 1.3 1.2 11
(Gatadielectric leakage st 100°C for bulk (Af/om”)
LSTP 0.087 0.081 0.094 0.110 0.120 0.130 0.150

Jdanufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are knownj 4

Manufacturable solutions are NOT known_

Table 1.1 2008 International Semiconductor Technology
Roadmap predicts rapid reduction in the future
technology trends for high performance logic,
LOP, and LSTP devices.
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Poly-Sior metal gate electrode thickness
{zpproximate) (nm) 0 46 40 36 32 28 26
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CHAPTER 02

Effects of FSG Passivation from Various CFa
Flow on the Properties of HfO2 Thin Films

2.1 Introduction

In order to improve device performance, thinner gate insulators
are required for deep sub-micron metal semiconductor field effect
transistors (MOSFETs). In this situation, high-k dielectrics are
effective for suppressing gate leakage current. However, a major
issue in applying high-k dielectrics is that it inherently possess a high
density of structural defects; both intrinsic and process/integration
related. Thus, Performance degradation -for high-k is a concern,
particularly for the low power applicationsl\)vhere the high-k dielectric
thickness is in the range containing high defect density. High defect
density in the bulk of high-k gate dielectric and the interfaces in the
gate stack structure are the major causes for bias temperature

instability (BTI) of V,, instability (or reliability degradation) [1] as

well as mobility degradation [2-3]. In order to eliminate these traps, a
variety of nitridation techniques were proposed to incorporate
nitrogen into the high-k films. Previous studies show that fluorine
passivation is very robust and can be used to improve the reliability of
high-k dielectric MOSFETs [4-6]. Several research studies have
demonstrated the application of fluorine ion implantation techniques

to improve the electrical characteristics of high-k dielectric MOSFETs
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by eliminating inherent bulk traps. However, it is worth pointing out
that an additional thermal annealing process is required to activate
the fluorine ions and cure the damage created by fluorine ion
implantation, which can result in forming thicker EOT.

In this work, we studied the defect passivation with fluorine in a
hafnium oxide High-K gate dielectric with poly-si gate. The novel
fluorinated gate stack device exceeds the BTI targets with sufficient
margin. Fluorinated silicate glass (FSG) films have also been utilized
in the intermetal dielectric (IMD) layer, and in the fluorinated gate
dielectric for integrated circuit (IC) manufacturing technology [7-8].
It has been demonstrated that the addition of fluorine atoms into SiO2
can reduce the film dielectric constant to 3.2 or lower, which leads to
reduced cross-talk, RC time delay, and power consumption. Using
FSG film to serve as IMD ‘can meet thel requirement of multilevel
interconnection in ultralarge-scale integrated circuit (ULSI)
applications. Moreover, the fluorinated gate dielectric can improve the
gate oxide/Si substrate interface immunity against hot-carrier impact,
and exhibits better dielectric breakdown characteristics [9]. On the
other hand, Kim et al. have proposed using the FSG film to serve as a

diffusion source to introduce fluorine atoms into the poly-Si film [10].

2.2 Experimental Procedure

The experiment propose a simple and effective fluorine

passivation technique that involves the use of a FSG passivation layer
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embedded in the HfFO2/SiON gate dielectric. In the proposed fluorine
passivation method, we introduce the fluorine atoms into the HfO2

bulk material and other interfaces from the FSG passivation layer.

2.2.1 Device Fabrication Flow

First, we use local oxidation of silicon (LOCOS) process was used
for device isolation. n-MOSFET device was fabricated on 6-inch p-type
Si with (1 0 0)-oriention. After removing the 3004 sacrificial oxide,
RCA clean was performed with HF-dip last, and immediately followed
by a conventional RTA at 800 °C for 30 sec in N20 ambient to form
about 1 nm interfacial oxynitride:layer (SiON). Afterwards, HfO2 film
of approximately 30A was depo_sited by atomic vapor deposition

(AVD™) in an AIXTRON Tricent® system at a substrate temperature

of 500 °C, followed by 600°°C N2 RTA for I3O sec in order to improve
the film quality. The physical thickness of the SiON and HfOz2 films was
measured by optical N&K analyzer. A 200 nm poly-silicon was
deposited by low pressure chemical vapor deposition (LPCVD).
Subsequently, gate electrode was defined by I-line lithography
stepper and etched by ECR etching system. After removing sidewall
spacer, S/D extension implantation was implemented by As
implantation. Spacer formation was carried out by plasma-enhance
chemical vapor deposition (PECVD) and then S/D implantation was
executed by Arsenic implantation. Rapid thermal anneal (RTA) was

performed at 950 °C for 30 sec in N, ambient to activate dopants.
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Afterward, a 3000A-thick FSG passivation layer (or PMD dielectric)
was deposited by PECVD at 300 °C with SiH4, N20, and CFs as
precursor gases (see Fig. 2-1). To investigate the effect of various
fluorine contents on the device performances, the SiH4 and N20 flow
rates were adjusted at 4 and 60 sccm, and a variety of flow rates 10,
20, and 30 sccm were used to introduce CF4 into the PECVD chamber
and deposit various FSG passivation layers. The various CFa flow rates
of 10, 20, and 30 sccm correspond to the FSG A, FSG B, and FSG C
passivation layers, respectively. Table 2.1 lists the conditions of
precursors to grow FSG passivation layers. For comparison, the
control sample was deposited‘With. a 3000A-thick conventional
PECVD-TEQS passivation layer. Since the FSG film shows poor thermal
stability and the fluorine atoms may diffuse out of the FSG film during
post thermal annealing, a 1000 A-thick SiNx capping layer on the FSG
film was successively deposited by PECVD to improve the thermal
stability of the FSG film and avoid the diffusion of fluorine atoms out of
the FSG film [11]. After passivation layer formation and contact hole
pattering. And AI-Si-Cu metallization was deposited by PVD system
and then pattering. Finally, sintering process at 400 °C for 30 minutes
in N, ambient is eventually executed to finish our novel fluorinated
devices in this thesis.

The main process flow is summarized in Fig. 2-2 and schematic
cross section of HfO,/SiON n-MOSFETs with FSG passivation layer is

illustrated in Fig. 2-3.
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2.2.2 Suitable M easurement Setup

The experimental setup for the I-V, C-V, charge pumping and
reliability measurements of MOS device is illustrated in Fig. 2-4.
Based on the PC controlled instrument environment, the complicated
and long-term characterization procedures for analyzing the intrinsic
and degradation behavior in MOSFET's can be easily achieved.

Current-voltage (I-V) and capacitance-voltage (C-V)
characteristics were evaluated by a HP4156A precision semiconductor
parameter analyzer and an HP4284 LCR meter, respectively. The
capacitance equivalent thickness (CET) of the gate dielectrics was
obtained from high frequency (100 KHz) capacitance-voltage (C-V)
curve at strong inversion without considering quantum effect. The
interface trap density (N;;) was-analyzed uls;ing the charging pumping
method. A 1MHz for frequency and 10 ns for rising/falling time square

pulse waveform provided by HP8110A with fixed amplitude level (V,)

is applied to NMOS gate. We keep V, at 1.2V while increase V,

Base
frome -1.0V to 0.9V by step 0.1V, i.e., the base voltage varied from
inversion to accumulation. The parameter analyzer HP4156A is used

to measure the charge pumping current (I, ). Fig. 2-5 shows the

configuration of measurement setup used in our charging pumping
experiment. A MOSFET with gate area Ag gives the charging pumping
current as Equation (2-1) :

ICP = qAGfNit (2'1)
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Interface trap density could be extracted from the above equation.

The total trap density increase, AN, , which includes the increase of
interface trap density and bulk trap density was calculated from AV,

by assuming that the charge was trapped at the interface between the
dielectric and the substrate. It expresses as follows Equation (2-2) :

_CAV;,
dAs

AN, (2-2)

T

and bulk trap density also can be calculated as follows Equation (2-3) :
AN, = AN, - AN, (2-3)
For mobility characterization, the electron mobility for n-MOSFETs

was extracted using split C-\V..method::

2.3 Result and Discussons

2.3.1 Basic Device Char acteristics

The C-V curves (100 KHz) of FSG A, B, C, and control samples are
show in Fig. 2-6. The capacitance of the sample with CF4 gas
introduced decreases compared to that of the as-deposited sample,
which no obvious difference in C-V curves in substance. When CF4 gas
flow rate is lower than 20 sccm, it indicates a slight increase of CET in
FSG A and FSG B. However, the introduced CF4 gas is much more than
the allowable F concentration, residual damage for the CET after
sintering step can be observed. The resultant CET increment faster
may be an excess amount of F incorporation into high-k film stacks

[12-13] or the absorption of moisture from the atmosphere in the
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plasma-deposited FSG film is the principle root-cause, which many
studies indicated that the phenomenon of moisture (H20) absorption
in the plasma-deposited FSG film has been observed because the Si-F
bonds present are highly reactive with moisture [14-15]. Fig. 2-7 was

investigated with respect to CET and flat-band voltage (V.,, not
shown) [16] for the samples. We can see the fact that the V., has

shifted to positive direction as the CFa flow rate increases and EOT is
also affected by the presence of F atoms. This is point out that
decrease of positively charged traps or increase of negatively charged
traps [17-19].

Fig. 2-8 shows the gate leakage. current of n-MOSFET with
HfO2/SiON gate stack under both inversion.and accumulation modes.
It can obviously noted that with - ESG pagéivation layer, the leakage
current is significantly suppressed. for both polarities. Specially, the
reduction under normal operation condition, i.e., inversion mode, is
around 40% of magnitude lower. One of the reasons for the exhibited
gate leakage current reduction may be a thicker CET for two splits of
fluorinated devices. Hence, it extrapolates that the CF4 gas flow rate
even up to 30 sccm doesn’t deteriorate gate leakage current, and on
the contrary, the reduction extent of gate leakage current is
dependent on the flow rate of CF4 gas introduced into FSG passivation
from measurement data of Weibull distributions shown in Fig. 2-9. Fig.
2-10 demonstrates the transconductance (Gm) as a function of gate

voltage for both gate dielectrics. The Gm is normalized by CET
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(Capacitance Equivalent Thickness), which is 37.94, 39.4A, 42.14,
and 38.3A for FSG A, B, C, and control sample, respectively. The peak
transconductance is 28%, 42%, and 67% for FSG passivation with
respect to TEOS passivation. Fig. 2-11 shows the improved

normalized linear drain-current I, which FSG P.L. is 24% higher

above than TEOS P.L. and the inset of subthreshold slope (S.S.)
reduced 9.6% for the CFs introduced samples, indicating that
fluorinated CMOS HfO:2 has better interface characterization. Previous
study [20] on Zr-silicate indicates that electron transport in the
channel can be degraded by the coulomb scattering of negative
charges in the bulk film, and.Fischettiet. al [21] also points out that
electron mobility in the inversion layer is affected by remote phonon
scattering due to ionic polarization in high-k films. Therefore, the peak
transconductance degradation.in HfO2/SiON stack is probably due to
charges or traps in the bulk film, as evidenced by the positive shift in
C-V curve in Fig. 2-6, even if the interface-state densities are kept to

be small. Besides, as shown Fig. 2-12, the V,, distribution is less
affected by the addition of F for FSG A and B wihile a increased V,,
can be observed for FSG C, which also corresponding with the V,

trend (not shown) due to negatively charged traps.
Fig. 2-13 presents the excellent output drive current

characteristics ( I, -V, ) under various normalized gate biases

(Vs = V4, ), which almost 12% enhancement in magnitude of I,
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for FSG P.L. with respect to TEOS P.L.. The gate voltage has been
normalized with respect to threshold voltage to minimize the effect of

threshold voltage. We also understand that normalized I,., and

transconductance max peak depends on the flow rate of CF4 gas or the
amount of fluorine incorporated from Fig. 2-14. The improvements
are believed to be intimately related not only to the better interface
quality but also to the reduced bulk trap density. To quantify the
interface state density by the CP current measurement, which the CP
peak height is approximately proportional to the interface state

density (N, ) along the channel, Fig. 2-15 can be seen that the trend

is quite consistent with that.in subthreshold swing, as shown in inset
of Fig. 2-11. Channel mobility is dependant on the nature of gate
dielectric between Si ‘substrate--and. | high-k gate dielectric.
CFa-introduced high-k gate®dielectrics suffer from CET increased
whereas mobility can be enhanced shown in Fig. 2-16. The peak
mobility for FSG C device is 7% higher than the control, and the high
field mobility at 0.8MV/cm is 49% higher than the control, which is
correlated with the higher Gm,max (see inset of Fig. 2-16) and higher
output current characteristics. The electron mobility at 0.8MV/cm for
the fluorinated device is 68% of SiO2 universal curve. Clearly, as the
amount of introduced CFs4 gas become elevated, peak mobility
increasing with decreasing interface state density implying the weak
and dangling bonds, associated with interface and trap states, are

passivated and released strain bonds by fluorine atoms, leading to the
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enhanced electrical characteristics show in Fig. 2-17.

Fig 2-18 indicates the subthreshold swing of devices with different
passivation layers as a function of channel length. And we find that
subthreshold swing for FSG P.L. shows the better interface states than
TEOS P.L.. Thus, the FSG P.L. will improve the subthreshold swing in
device. The relation between drain current and channel length for all
splits of HfO2/SiON gate stack n-MOSFET is shown in Fig. 2-19 and Gm
is in Fig. 2-20. When channel length becomes shorter, the

improvement is more obvious. Fig 2-21 shows the V. -roll-off

characteristics with different passivation layers. When channel length

is less than 1um, V., -roll-off phenomenon is more serious for TEOS

P.L. while the FSG devices effectively suppress this behaviour to the
same extend with increasing the amount Qf CF4 gas flow. In short, it
was found that all fundamental electrical properties, including the CET,
flat-band voltage, threshold voltage, drive current, interface state

density (N, ), swing, mobility, gate leakage current, and short channel

effect are almost non-degradation instead of surprise enhancement
for device performance between the four splits with FSG and TEOS

P.L..

2.3.2 Current Transport mechanism

Using the carrier separation method, the carrier type is
investigated for the fresh devices. The carrier of gate leakage can be

separated into holes and electrons. Fig 2-22 (a) and (b) are carrier
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separation results for the TEOS sample under inversion and
accumulation regions, respectively. It is shown that the S/D current
that electrons tunnel through gate stack dominates the gate leakage
for the inversion region while the substrate current that holes tunnel
through gate stack dominates the gate leakage for the accumulation
region. The carrier separation results for the FSG sample are shown in
Fig. 2-23 (a). The case for the accumulation region is similar to the
TEOS sample (see Fig. 2-23 (b)), i.e., holes from the substrate
dominate the gate leakage. However, the case for the inversion region

is different from the TEOS sample, where I,, is obviously

suppressed.
These trends can be explained by the band diagram shown in Fig.
2-24 (a) and carrier separation experiment shown in Fig. 2-24 (b).

The substrate current I, corresponds to the hole current from the
gate, while the S/D current I, corresponds to the electron current

from Si substrate under inversion region. Holes supply from the gate
valence band in n-MOSFETs is limited by the generation rate of
minority holes in n* gate. On the other hand, the probability of
carriers from S/D that tunnel through gate stack is strongly affected
by tunneling distance and barrier height of ~ 1.0 nm interfacial
oxynitride layer. As a result of the asymmetry of the HfFO2/SiON band
structure, it is more difficult for holes to tunnel through gate stack, as
compared to electrons. Consequently, the current through the gate

stack should be smaller for holes, as compared to electrons. In
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n-MOSFETs, electron current from the channel is the predominant
injection current under stressing. The leakage component under
accumulation region could also be explained by band diagrams shown
in Fig. 2-25 (a), and the current component flow in carrier separation
experiment is shown in Fig. 2-25 (b). In addition, we can see that the
magnitude of the leakage current in inversion is larger than that in
accumulation. A plausible explanation can be understand from the
asymmetric band diagram’s point of view.

Fig. 2-26 (a) and (b) show gate current I  as a function of V, for

the HfO2/SION gate stacks measured at several different
temperatures up 100 °C in®inversion. and accumulation regions,
respectively, for two different passivation layers. The current is
temperature dependent that increases with increasing temperature.
This implies that the conduction mechanism of gate current is
trap-related, i.e., trap-assisted tunneling (TAT), Frenkel-Poole, etc.

Base on the equation of Frenkel-Poole (F-P) :

10V exp2aV _ 9%, (2-4)
K,T
J=B*E, exp(C 1% " VZETOX /7B (2-5)
B

In( C/\/Cl/ﬂ? & \/: (2-6)

E

ox

Where B is a constant in terms of the trapping density in the HfO2

film, ¢, is the barrier height, E_ is the electric field in HfO2 film, ¢,
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is the free space permittivity, &, is HfO2 dielectric constant, k, is

Boltzmann constant, and T is the temperature measured in Kelvin. Fig.
2-27 shows the F-P plot for the source/drain current in inversion
region. Fig. 2-28 shows the F-P plot for the substrate current in
inversion region. The solid lines are fitting curves for all temperatures.

In the high voltage I, and I, ,, an excellent linearity for each

current characteristic can be obtained, indicating that FSG and TEOS
passivation layers exhibit the F-P conduction mechanism for the gate

leakage current in nature. The barrier height ¢ and the dielectric
constant ¢, of HfO2/SiON gate stacks can be calculated from the

intercept of y axis and the slope, of the. fitting curves according to

Equation (2-6). The ¢, value is found to be around 21 for the TEOS

sample and around 23 for the FSG sample. On the other hand, the
fitting parameters for the hole and'electron barrier heights are 1.34eV
and 1.12eV, respectively, for the FSG sample, as compared to 1.27eV
and 1.07eV for the TEOS sample. Note that the barrier height for
electrons has changed from 1.07eV for TEOS to 1.12eV for FSG
sample, and for holes has changed from 1.27eV for TEOS to 1.34eV
for FSG sample. This indicates that the trap position has moved closer
to the conduction and valence band of the poly-si gate after FSG P.L.
process. The band diagrams are shown in Fig. 2-29 (a) and (b) for the
TEOS and FSG P.L. sample, respectively. We consider the case when

the injected carriers flow across HfO2/SiON by hopping via the trap
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sites with energy barrier ¢, whose value depends on the fabrication

process [22]. This experimental results indicate that the position of
traps level in the FSG sample can be deeper than the TEOS sample,

and the energy barrier ¢ for electrons is clearly lower than that for

holes about 0.2eV in both samples.

2.4 GIDL Effect on Off-Sate L eakage

Gate-induced drain leakage (GIDL) is attributed to the
band-to-band tunneling (BBT) process taking place in the
deep-depleted drain region underneath the gate oxide. Electron-hole
pairs are generated by the tunneling of valence band electrons into
the conduction band and subsequently collected by the drain and
substrate separately. The schematic- energy band diagram of the

gate-drain overlap region is 'shown in Fig. 2-30. The BBT (I, ) could

be simplified as Equation (2-7) [23] :

B
I = AE, exp(—E—) (2-7)

s

where A is a constant, E. and B can be approximated as :

V,.-1.2
E =_DbG "~ 2-8
° 3T, (2-8)
B = 8”—“2”’ 3 /Eg (2-9)

3gh
where h is Plank’s constant, m" is the effective mass, and E, is

the energy bandgap. From these equations, it should be noted that
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BBT current is dependent on E_ . Therefore, if E, decreases, the
band-to-band tunneling current (I, ) increases. Although Hf-based

high-k dielectrics have been investigated to reduce gate leakage
current, it has been observed that bulk traps significantly enhance the
GIDL current in devices with high-k dielectrics [24]. Hence, bulk traps
enhanced gate-induced leakage (BTE-GIDL) current will be found to
improve for the devices with FSG passivation layer.

To suppress the BTE-GIDL, the role of charge trapping in high-k
film should be understood in detail. As shown in Fig. 2-31, the band
diagrams before and after electron trapping are denoted by the solid

line and the dashed line, respectively. At low V,. (TAT mechanism),

the much lower electron barrier height for poly-gate/high-k than that
for hole at high-k/I.L. interface, electro,ﬁ injected from poly-gate
dominates trapping mechanism. The charges induced by injected
electrons raise the bands, which decrease the tunneling distance and
increase the GIDL current. The higher number of bulk traps in high-k
that combines with the narrower tunneling distance give rise to higher

BTE-GIDL current. At high V,.(BBT mechanism), both electrons and

holes are injected into the high-k dielectric, the band position is less
bended due to recombination. Another possible mechanism is
attributed to the trap-assisted tunneling from traps located at the

remote high-k/I.L. interface [24]. Fig. 2-32 shows the I, -V,

transfer characteristics of all splits at larger drain biasing (V,; =3V).
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We can observe that the GIDL current decreases for three splits of
fluorinated devices. Especially, the GIDL improvement of FSG C
samples was more obvious. The results indicate that the reduction of
bulk traps in FSG C sample is more than the others due to more
fluorine incorporation into HfO2/SiON effectively passivating defect,
resulting in less electron trapping in HfO2/SiON contributing to
BTE-GIDL. Therefore, the improvement of GIDL on off-state leakage

current can be observed for the fluorinated devices.

2.4 Summary

In this chapter, a novel fluorinating technique method for high-k
dielectric passivation, using a FSG_ process as n-MOSFETs passivation
layer was presented. - We have performaed a systematical
investigation of electrical characteristics. Significant device
performance improvement in devices with FSG P.L. were found, such
as the excellent subthreshold swing, increased transconductance,
higher current drive, improved channel electron mobility, and
alleviated SCE etc., as compared to the control TEOS sample. As
shown in Fig. 2-33, for FSG P.L., the humber of interface states by
using charge pumping method can be diminished that is attributed to
the passivated interface traps by the incorporation of fluorine atoms
generated from CF4 gas in deposition process of PECVD chamber.
Specially, the presence of fluorine in the FSG devices lead to a

decrease in the numbers of bulk traps from intrinsic hysteresis effect
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[25-26] shown in Table 2-2, which summarizing the impact of the FSG
passivation layer for HfO2/SiON gate stack hn-MOSFETs. Experimental
results show a good correlation between the bulk trap density and the
BTE-GIDL. It was observed that incorporating fluorine into HfO2/SiON
gate stack to minimize the bulk traps could effectively reduce the

BTE-GIDL.
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Table 2.1 Conditions of gas flow rates to deposit FSG
passivation layers.

planar-type
ICP antenna source gas

Fe————(SiH » N,O- CF,)

RF Power -_-I=

Fig. 2.1 The PECVD system used in this experiment.
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Standard NMOS flow before High-k depostion

RCA clean + HF-last dip wet pre-cleaning

SiON target ~1nm : RTA 800 °C 30sec in N20 ambient
MOCVD of 30& HfO2 (500 °C)

PDA 600 °C 30 sec in N2 ambient

Undoped poly-Si deposition 200nm and pattering

Ext. S/D implant + Spacer formation + Deep S/D implant

Activation RTA 950 °C 30 sec in N2 ambient

Passivation dielectric deposition by PECVD
Wafer Split - FSG P.L. : CF4-.10, 20, 30 sccm

Capping layer deposition : PECVD-SiNx
Followed by NMOS BEOL process on bulk silicon,

including metalliztion'of 900nm Al-Si-Cu and N2
sinter 30 min at 400 °C

Fig. 2.2 The process flow of n-MOSFETs with FSG
passivation layer.
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Fig. 2.3 Cross section of HfO2/SiON n-MOSFET with FSG
passivation layer.
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respectively.
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schematic illustration of carrier separation
experiment.
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Critical Electrical
Moaramoters | CET  VTh  S.S. [eff Ton  Jg  Nit I-VHys.

[nm] [V] [mV/deq [enm?/Vs] [uA [#/ cm?] [mV]
Control 3.83 1.235 101.3 276 371 -- 1.58x10"* 150
FSG A 3.79 1.241 95.5 282 404 | 9.52x10° 120
FSG B 3.94 1.187 91.9 289 444 J 8.58x10° 100
FSG C 4.21 1.334 91.5 296 480 I | 7.65x10° 50

Table 2.2 Trend of electrical properties for HfO2/SiON gate
stack n-MOSFET for all splits of different
passivation layer.
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CHAPTER 03

Reliability I ssues of FSG Passivation
on HfO2 Gate Dielectrics

3.1 Briefly Reliability Review

Reliability characteristics of the Hf-based dielectric such as time
dependent dielectric breakdown (TDDB), bias temperature instability
(BTI), and hot carrier induced degradation (HCI) have been actively
investigated in connection with expected application of these

materials in the high-k gate stack [1-5]. Threshold voltage (V,,)

instability induced by charge trapping has bee recognized as one of
the critical reliability issues in Hf-based high-k gate dielectrics,
especially for the n-MOSFETs under substrate electron injection

conditions (positive bias stress) and V,, degradaion of n-MOSFET

PBTI was primarily caused by charge trapping in bulk high-k rather
than interfacial degradation [6]. Since the threshold voltage is directly
related to the n-MOSFET’s on-off characteristics and eventually
determines its output power supply voltage for its own purpose. The
results from several stress conditions using various voltages and
temperatures enable us to evaluate the wear-out behavior of
n-MOSFETs as well as the lifetime of devices.

Although one of main issues for high-k gate stack is the charge

trapping characteristics during reliability test, a threshold voltage
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instability associated with electron trapping/de-trapping in high-k
layer [7-12] can significantly affect the transistor parameters and
complicate the evaluation of the effects of stress-induced defect
generation phenomenon on the high-k gate stacks, which typically is
not an issue in the case of SiO2 dielectrics because the reversible
electron trapping, which is less prevalent in SiO2, can significantly
affect transistor parameters [13-14]. The electron de-trapping
behavior in the high-k films has been described under specific gate
bias conditions identifying charge trapping and relaxation mechanism,
and we can also evaluate additional electron trapping effects on top of
defect generation by a de-trapping step which has been proposed for
studying generation of the electron trapping process and its impact on
high-k device reliability [10-11].”As a result, in the Hf-based high-k
gate dielectrics, these reversible chargeltrapping and de-trapping
behaviors are highly related to the stress history of previously trapped
charge carriers, implying these high-k traps are pre-existing bulk
traps [15-16]. For further understanding as mentioned above, we will
investigate trapping dynamics of carrier in HfO2 high-k dielectric
n-MOSFETSs.

Finally, hot carrier reliability may be one of the major limitations
for the implementation of the high-k gate dielectrics. We should
consider the concurrent charging of the gate dielectric by the cold
channel carriers injected into the dielectric when investigating hot

carrier effects on high-k gate dielectrics [17-19]. The cause comes
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from which both hot carriers near the drain region of the channel and
cold carriers (channel electrons) can be injected and trapped in the
high-k layer during HCS. In this chapter, we investigate the

characteristics of threshold voltage (V;, ) shift during CVS and HCS to

find a way to differentiate the contribution of cold carrier trapping and

hot carrier injection.

3.2 Effectsof VariousP.L. on PBTI Characterization

3.2.1 Satic and Dynamic Trapping M easurements Setup

To understand the positive bias temperature instability (PBTI), the

generation of interface trapp charges (AN, ) and high-k bulk trap
charges (AN, ) was extracted by the measured stress time-dependent
AV;, shifts and charge pumping current change. Fig. 3.1 (a) shows

the static PBTI framework of our measurements. The gate electrode
of the device was subjected to stress condition with normalized
positive bias 0.5V, 1.0V, and 1.5V, respectively, varying from 25 °C to
125 °C, while the source/drain and substrate were all grounded. We

measure I, -V and charging pumping during stress intervals.
I, -V, measurements are used to evaluate time evolution of

threshold voltage, swing, transconductance, and charging pumping
measurements are used to obtain interface density generation for
certain interval time was investigated and compared. The dependence

of bulk trap density on stress time has been indicated in section 2.2.2.
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To investigate the relaxation chararcteristics, we can observe
charge detrapping phenomenon from Fig. 3-1 (b). After changing the
negative stress applied for a various duration in the range of 1 ~ 1000

sec, the V,, change is continuously monitored for 1000 sec.

3.2.2 Threshold Voltage (V) I nstability

Firstly, we focus on reliability characteristics of HfO2/SiON gate
stack n-MOSFETs with FSG P.L. compared to TEOS P.L. under constant
DC stress condition. Fig. 3.2 and Fig. 3.3 compares the threshold

variations as a function of stress time for the control

voltage and I, ,,
TEOS sample and three . splits the 'novel of FSG n-MOSFETs,
respectively. The given: normalized stress was 1.0V at room
temperature. In order to'excluderthe différence of in the threshold
voltage between samples, normalized positive stress voltage of the

gate terminal was used. Very noticeable difference among samples is

that the FSG C P.L. shows a reduced V,, degradation compared to the
TEOS P.L, and this I, degradation behavior was found to be similar
to V,, degradation. The high-k bulk traps (N, ) are an important

factor of stress-induced degradation. To prove this degradation, the
normalized gate current density during Fowler-Nordheim (FN) stress

at V. = 4.0V is plotted versus stress time for all splits shown in Fig.

3-4. As observed, the normalized gate leakage current density

decreases with stress time for both samples, whereas TEOS P.L.
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shows a higher rate of J, decrease than three splits of FSG P.L.

devices. This result indicates that there are more high-k defect traps
in the high-k bulk of TEOS P.L., causing a higher number of electrons
trapped than in that of FSG P.L..

To further gain insights into the degradation mechanism during

voltage stressing, the interface state generation, AN,, and the
increase of the bulk trap density, AN, , are shown in Fig. 3-5.
Apparently, AN, is significantly larger than AN, , suggesting that the

degradation under PBS is dominated by the charge trapping in the
bulk of HfO2 film, rather than the generation of interface states,

irrespectively of whether CF4 gas, is_introduced or not. Q,, Weibull

distribution of all samples stressed st 5.9V constant voltage stress is
shown in Fig. 3-6. Between three samples introduced various flow rate
of CF4 gas, this bulk trap generation is correlated with the amount of
the fluorine from CF4 flow, which especially FSG C sample showed

much reduced N, shift. And it can clearly be seen that FSG C sample
exhibits significant higher Q,, for positive bias stress but the

difference between TEOS sample and the others is small. Therefore,
we regard FSG C P.L as the optimum FSG P.L. because the good
correlation between trapping and breakdown results indicates that
this improvement can be attributed to reduce electron trapping rate
and weak bonds replacing by strong bonds in gate stack dielectric,

and further we investigate also the effects of reliability between
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optimum FSG P.L and TEOS P.L..

Fig. 3-7 shows the transconductance degradation ratio as a
function of stress time. Basically the trends are similar to those shown
in previous figure. The transconductance degradation ratio for TEOS
P.L. depicts the severest degradation among all splits, reaching 28.6%

after 1000 sec at V-V, =1.0 . However, the transconductance

degradation is alleviated for optimum FSG P.L. device. The results
clearly indicate that the use of TEOS passivation layer may aggravate
PBS, while the FSG passivation layer can be helpful to mitigate the
situation. Fig. 3-8 shows the time dependences of the threshold
voltage degradation under various positive bias stress voltages at
room temperature for optimum FSG and TEOS devices. This result
indicates that quantity of-electron trap sites was increased with gate

bias. It is apparent that AV, obeys a power-law dependence on stress
time, as given by Equation (3-1) :
AV, Ot (3-1)
where the exponent value n, which dependent relative to bulk trap
generation, is found to be ~0.2 and ~0.5 at V-V, =0.5/ for
optimum FSG and TEOS n-MOSFETS, respectively. For optimum FSG
device, the threshold voltage degradation by PBS stress is obviously
lower than that for TEOS device under various stress voltages. As an

effect of F incorporation, this indicates that pre-existing defects were

reduced and stress induced defects which were generated in the
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high-k film could be alleviated. As shown Fig. 3-9, compared with
TEOS sample, FSG sample indeed suppressed the generation of both

AN, and AN, , especially AN,. The improvement may be due to

fluorine atoms from CFs4 gas, similar to nitrogen atoms, form
complexes at the interface and dielectric, which reduce the total
number of available Si-H bonds, and passivate the bulk trap, leading
to less PBS degradation.

It can be seen that I, -V, curves shift toward more positive

voltage at 125 °C compared to room temperature for both the FSG
and TEOS P.L. devices, as shown in Fig. 3-10 (a) and (b), respectively.
Further, V,, shift of the TEOS sampleiisclearly larger. Fig. 3-11 shows
the V., shift as a function of stress time at temperatures ranging
from 25 °C to 125 °C. The:V,, shift induced by charge trapping
increased exponentially with temperature. This stress induced defect
generation could be observed with temperature acceleration. Since
PBTI was thermally active, electron trap site generation was also
accelerated by heating. Fig. 3-12 shows AN, and AN, as a function
of time during PBTI for both devices measured at different
temperatures. It can be seen that optimum CFs-introduced device
always show smaller both AN, and AN, than the TEOS device at all
temperatures. To compare with positive bias stress at 25 °C in Fig. 3-8,

PBTI-induced threshold voltage degradation, AN, and AN, as a

function of stress time under various positive bias stress voltages at
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100 °C for optimum FSG and TEOS n-MOSFETs are show in Fig. 3-13
and Fig. 3-14. The threshold voltage and charge trapping of bulk and
interface degradation for both samples are similar to PBS at 25 °C,
indicating the power-law dependence and the optimum FSG P.L.
immunity to PBTI that is higher than the TEOS P.L. immunity under
various stress overdrive voltages in the range from 0.5 to 1.5V. Fig.
3-15 compares the PBT-stress-time dependence of threshold voltage
shift for HfFO2/SiON gate stack with optimum FSG P.L. and with TEOS

P.L.. A significantly smaller V., shift is observed for the optimum FSG
sample under the BT stress, V., -V,, =0.5Vat 25 °Cand 125 °C. The

exponential values of both samples at 125°C are 0.4 for TEOS sample
and 0.2 for FSG sample but 0.5 for. TEOS sample and 0.2 for FSG

sample at 25 °C. Fig. 3-16 show- AN;—-and ‘AN, as a function of stress

time during PBTI both devices measured at 25 °C and 100 °C. It is

found that for both devices, V,, degradation during PBTI stressing is

primarily caused by the charge trapping in bulk HfO2, rather than the

interfacial degradation. Note that the activation energy of AV, in PBTI

degradation for FSG P.L. is larger than for TEOS P.L. as shown in Fig.
3-17. This indicates that, thermally induced defects were increased as

an effect of F incorporation. In addition, the activation energy of AV,
is lower than that of AN,, indicating that V,, instability is not simply

contributed by interface tarp generation, but mainly comes from the

more significant charge trapping in the bulk of high-k dielectric as
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shown in Fig. 3-18. All results are consistent with the effectiveness of

fluorine incorporation from CF4 gas in alleviating the PBT instability.

3.2.3 The Characteristics of Charge De-trapping

The threshold voltage was shifted to positive direction due to
negative charges built up within the HfO2 shown in Fig. 3-10. Parallel

shift of I, -V, curve indicates that the interface qualities are not

degraded significantly despite of significant electron charging.

Interestingly, after relaxation voltage V, = -2V, a rapid turn around of
V;, shift was observed in Fig. 3-19. Therefore, we can conclude that

the electron trapping/de-trapping ‘occurs on the pre-existing
(“as-grown”) defects due .to no noticeable degradations of the
interface electrical property..-As-shown .in Fig. 3-20 shows the
threshold voltage shift of the HfO2/SiON high-k gate stack n-MOSFETs
for optimum FSG P.L. and TEOS P.L. samples as a function of the static
stress/relaxation time with a fixed stress voltage V. -V, =1.5V and

relaxation voltage V. = -2V . Basically, the relaxation voltage plays a

significant role to clean up the trapped charge carriers before the next
stress cycle. It was also indicated that an charge de-trapping behavior

can not cause an additional V,, instability because the threshold
voltage was still shifted above the initial V,, for both samples. After
relaxation, a subsequent stress-induced V,, increase follows the

initial pre-relaxation stress time dependence. It is clear that this
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relaxation does not fully recover the V,, shift caused by the positive
bias stress. The residual V;, shift appears to be determined by the

balance between the built-in potential due to trapped charges and the
barrier height for de-trapping [20].

Based on the observations above, a model explaining V;,

instability behavior during the stress and relaxation can be proposed
as shown in Fig. 3-21. The signs of A and B in Fig. 3-22 are defined by
de-trapping ratio and residual-trapping ratio, respectively. There are

two factors to shift V,, during the stress. One is electrons filling the

existing traps and the other is the charged damages created during
the stress. Portion of the former ‘electrons was de-trapped
spontaneously to reduce the instahf built-in potential after the stress
was removed. However ‘still- there are .some amount of trapped
electrons and charged damage‘remaining. We can observe that a lot
of trapped electron is significant to be instantly pulled out from the
pre-existing traps and the created traps are also obviously decreased
for the TEOS sample during de-trapping bias, resulting in a few of the

residual electrons ("B, partin Fig. 3-20"” ) and a number of reversible
electrons (“ A, partin Fig. 3-20" ), as shown in Fig. 3-21 (a). However,

a little of trapped electron is de-trapped from the pre-existing traps
even if the created traps was effective to decrease for the optimum

FSG sample shown in Fig. 3-21 (b), which B. > B, in the residual

charges characteristic and A. <A, in charge de-trapping
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characteristic. It indicates that some of deep traps filled or created
due to fluorine effect resulting in trapped electrons suffering from the
higher barrier height of detrapping behavior during relaxation cycle
for the optimum FSG P.L.. As mentioned previous, it was associated
with the good correlation of the barrier height between de-trapping
behavior and F-P emission results for both samples. The other
possible explanation for this phenomenon is larger CET for the
optimum FSG P.L than the TEOS P.L.. This CET layer could be source
for charge storage, resulting in storing significant amount of trapping
in addition to the existing trap for the optimum FSG P.L. shown in Fig.

3-22.The A, (or A.)representscharge trapping related defect level

which causing threshold voltage shift, so we can understand defect
generation of HfO2/SiON gate. dielectric with the optimum FSG P.L. is

much less than the TEOS P.L. in. operation mode.

3.3 Reliability Impact of variousP.L.on HCS

3.3.1 HCS M easurement Setup

In HCS reliability measurements, devices were stressed with the
drain voltage set at a highly positive voltage, and the gate terminal

was biased at the voltage where maximum absolute value of I,

occurred to accelerate the degradation. To find the condition, we first

measured the I, -V, characteristics with drain terminal biased at

a given voltage. Besides, In order to identify the worst degradation
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condition, V., =V, (channel hot electron, CHE) was used to monitor

the degradations of our devices for hot electron stressing. To monitor

the hot electron degradation, both the I, -V, characteristics at
V,s = 50 mV (linear region) and charge pumping current were

measured before and after the stress. The degradations in terms of

threshold voltage shift (AV,, ), generation of interface trap density
(AN, ), bulk trap density degradation (AN, ) and so on, were examined

and recorded in the accelerated stress test.

3.3.2Cold and Hot Carrier Charge Trapping Effect

Substrate current is andimportant factor to determine how much
hot carriers are generated and inje'cfed during hot carrier stress. A hot
carrier with sufficient energy can create more charge carriers through
impact ionization. For n-MOSFET 'devices, holes generated by impact

ionization are collected by the substrate. The substrate current (I ;)
versus gate voltage for both samples of devices at V., of 2.5V is

illustrated in Fig. 3-23. From the figure, we can clearly see the TEOS
P.L. exhibits larger substrate current than the the optimum FSG P.L. in
our devices. Such phenomenon is closely related to the incorporation
of fluorine atoms forming stronger Si-F bonds near the source and
drain sides instead of weaker Si-H and Si-Si bonds to enhance the
interface hardness between HfO2/SiON and silicon as well as the

immunity against hot-carrier stress due to the inhibition of the
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channel avalanche multiplication of hot carriers. Hot-carrier effects
and associated performance degradation were investigated to
evaluate the impacts of various passivation layer such as optimum
FSG and TEOS dielectrics. Thus, we easily try two conditions

Ve = Isysmax @Nd Vs =V, to obtain the most serious degradation.

Threshold voltage shift and captured traps density (including interface
traps and bulk traps) increase as a function of stress time for both
samples are shown in Figs. 3-24 and 3.25, respectively, after

receiving a hot-carrier stressing at V., = 2.5 V and V. at the

maximum value of substrate current. The larger degradation which

happens at V. =V, and also get similar case in many papers [21].

Most of high-k material: devices which :HCS induces aggravated

degradation occur in V_ =V, .. This tells us that the degradation is

caused mainly by the stress magnitude applied by gate voltage. Not to
determinate by maximum substrate current. Therefore, we attain
larger threshold voltage shift and huge captured traps variations with
Vs =V,s condition.

Typical results of hot-carrier stressing for the optimum FSG P.L.
and TEOS P.L. devices are shown in Figs. 3.26 and 3.27, respectively,

which are stressed at V,; = 2.5 V and V  at maximum value of

substrate current. It is expected that the TEOS P.L. will exhibit
aggravated hot carrier degradation as mentioned previous, while the

improvement of the hot-carrier degradation by using the FSG P.L. is
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obviously seen. Since the hot carriers tend to break the Si-H bonds
during the stressing, and much severe degradation will occur with the
TEOS P.L. sample. The use of the optimum FSG P.L. can effectively
suppress interface damage near the drain side due to the stronger
Si-F bonds formation which are less easily broken than Si-Si and Si—-H
bonds under hot-carrier stress, therefore, and less HCS degradation in
terms of threshold voltage shift, interface states, and bulk traps
generation is achieved. Consequently, the aggravation is alleviated in
the devices with optimum FSG passivation layer.

Besides, Fig 3-28 and 3-29 show the comparison HCS with PBS. In

hot-carrier stressing at V , =V,s, We observe that not only larger

interface state and bulk-trap density shift but also more serious

threshold instability represent with PBS. However, HCS when V. at

the maximum value of substrate current has the least interface state
degradation of the others conditions, indicating the interface state
degradation increases with the gate voltage. This phenomenon was
observed with the formation of hot electrons resulting in much more

electrons trapping in bulk traps despite I, ., being indication of

less electron trap in high-k bulk.

Finally, total threshold voltage shift during a hot carrier stress is a
sum of contributions from both hot carrier and cold carrier effects.
Cold carrier contribution is shown to be reversible and, therefore, it
does not introduce permanent damage. The contribution from the

cold carrier can be evaluated by applying a de-trapping (opposite
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polarity) bias after the stress. On the other hand, since the hot carrier
damage is permanent, it cannot be reverse by application of a voltage,
which polarity is opposite to the one of the stress — parameter shift
keeps growing with each additional stress cycle. Thus, at the same

gate bias, HCS appears to induce a larger positive AV,, shift than PBS

shown in Fig. 3-30 and 3-31 for the TEOS and optimum FSG samples,
respectively, pointing to the contribution from the hot electrons. From
Fig. 3-30 and 3-31, cold carrier induced threshold voltage shift is

repeatable during PBS and HCS, and a residual HCS V,, shift increases

with every cycle, indicating an increase in HCS-induced degradation.
After the de-trapping cycle, amount of recovery induced by cold
carrier are similar during HCS and PBS. Since total threshold voltage
shift is the combination of both-cold anld. hot carrier contribution,
threshold voltage shift is greater.in TEOS device than FSG device,
partly due to more electron charge trapping effects, which indicates

that most of the V,, shift was related to the transient charge trapping

within the bulk of high-k dielectrics [20,22]. Based on -2V
de-trapping process, FSG device shows more residual threshold
voltage shift than TEOS device, indicating FSG device has less cold
carrier effects or a lower relaxation ratio but induces more hot carrier

induced damage during HCS.

3.4 Summary

In this chapter, a novel CMOS compatible fluorine incorporation

-78-



into high-k technology and reliability characteristics has been
successfully demonstrated. We observe that serious degradation such
as interface state, bulk trap density and threshold voltage shift occurs
in the TEOS P.L. sample. The CFs-introduced silicon oxide as a FSG
passivation layer showed improved reliability characteristics under
the PBTI and HCS. It is believed that the HCS and PBTI degradation
are related to the electron traps in gate dielectrics. PBTI was found to
be mainly caused by bulk trapped generation rather than the
generation of interface trapped charge. The worst-case degradation of

HCS occurs at V_ =V, stress condition. The hot carrier contribution

induces permanent damage while cold carrier contribution is shown to

be reversible. Fig.3-32 shows that the longer time-to-breakdown (T, )

for the FSG P.L. sample ‘is primarily attrlibuted to its less electron
trapping to the dielectric and thus contributes to a longer dielectric
lifetime. Fig. 3-33 shows the dependence of lifetime (using the
E-model) from PBTI on n-MOSFETs with both samples at 25 °C and

100 °C. The PBTI lifetime (degradation criterion: 30mV V. shift)

improvement for device with the FSG P.L., as compared to the TEOS
P.L.. The FSG P.L. sample leading to the formation of stronger Hf-F and
Si-F bonds compared to Hf-H and Si-H bonds reduced charge trap
generation rate. These stronger bonds result in less interface states
generation and charge trapping under PBTI and HCS, which promotes
better hot-carrier and PBTI immunity against stress, as shown in Fig.

3-34.
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Fig. 3.30 Threshold voltage changes during HCS and PBS
followed by a detrapping step (Vg=-2V) 600 sec
for the TEOS sample.
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CHAPTER 04

Conclusions and Suggested Future Works

4.1 Conclusions

In this thesis, a novel fluorine passivation technique for
HfO2/SiON gate stack n-MOSFET is proposed. The impact of fluorine
incorporation into HfO2/SiON gate stack by introducing CF4 gas during
depositing silicon oxide as a passivation layer was investigated.
Several important phenomena were observed and summarized as
follows:

First of all, we have investigated its basic electrical properties. The
novel high-k device with FSG film as the passivation layer to enhance
the electrical characteristics due to fluorine passivation effect. We
have found that improvements include many aspects, such as
reduced gate leakage current, better subthreshold swing, enhanced
normalized transconductance and driving current which correspond
with higher mobility. This is attributed to the reduction of the interface
state and bulk trap density in HfO2/SiON gate stack as confirmed by
charge pumping measurements. The gate leakage current is analyzed
by the carrier separation measurement, and can be explained by the
band structure of the gate stack. The S/D current Isp that corresponds
to the electron current dominates the leakage under inversion region,

while the substrate current Isus that indicates the hole current
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dominants the leakage current under accumulation region. All leakage
current can be categorized by fitting to be of Frenkel-Poole type.

In the second part of the thesis, we have studied the PBTI, HCS
and charge de-trapping mechanisms of poly-si gate HfO2/SiON
dielectric for various passivation layer. It is believed that the PBTI and
HCS degradation are related to the electron traps in high-k dielectric,
not by the interfacial degradation, resulting in threshold voltage shift.
The FSG passivation layer also promotes the PBTI and HCS immunity
due to the formation of the rather stronger Si-F bonds in not only the
HfO2 bulk but also the interface including near S/D sides. The results
reveal that fluorine incorporation from the introduced CFs4 gas is

effective in suppressing “AN, , thus .improving threshold voltage
instability. Stress induced V.. shift and its relaxation characteristics

under the de-trapping (negative). gate bias has been studied. The
reversible electrons trapping do not generate structural damage in the
dielectrics, and can be de-trapped. However, the residual electrons
trapping indicate permanent damage.

Finally, we can observe that, for the FSG P.L., hot carrier induced
permanent damage is significant severer than reversible cold carrier
trapping. The root-cause possibly associated with the higher height
barrier of de-trapping behavior and the slighter increased capacitance

equivalent thickness.
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4.2 Suggestions for Future Works

There are many issues that we can’t discuss completely. We list

some goals for future work as follows.

1.

HRTEM is used to verify real thickness and estimate value of the

dielectric constant for HfO2/SiON gate stack.

. SIMS analysis is used to prove fluorine exist in HfFO2/SiON dielectric,

further in order to understand fluorine depth profile.

. XPS analysis is used to prove if fluorine can passivate oxygen

vacancy so as to lower high-k bulk traps due to the formation of
Hf-F bonds.

In actual CMOS circuit.operation,. AC gate bias with specific
frequency and duty cycle is usually utilized. Therefore, AC stress
with dynamic AC stress ‘application IS more realistic and can

provide additional insights into the trapping behavior.

. Fast transient pulsed Ip-Ves measurement is also used to evaluate

charge-trapping phenomena precisely.

. The fluorinated silicate glass as a passivation layer of strained

silicon device is investigated whether channel mobility and the

improvement of reliability can be effectively enhanced or not.

. How much flow rate of CF4 gas makes the FSG passivation layer

unstable due to excess fluorine atoms, which in turn deteriorate the

devices and result in the degraded performance and reliability.
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