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Abstract

We research a novel 1000°C stable HfLaON p-MOSFET with Ir;Si gate. Low leakage
current of 1.8 x 107> A/em” at 1 V above flat-band voltage, good effective work
function of 5.08 eV, and high mobility of 84 cm’/V - s are simultaneously obtained at
1.6 nm equivalent oxide thickness. This gate-first p-MOSFET process with
self-aligned ion implant and 1000 °C rapid thermal annealing is fully compatible to

current very large scale integration fabrication lines.
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Chapter 1
Introduction

1.1 Motivation to study high-k dielectrics

With the improvement of the semiconductor processing technology, the scaling
trend of MOSFETs devices will produce the large gate leakage current due to thinner
gate oxide [1]-[2]. The MOSFETs exhibit significant leakage current more than 1
A/em?® when the thickness of ultra-thin silicon gate oxide (Si0,) is less than 2 nm. The
gate leakage current through the gate oxide increases significantly because the direct
tunneling is the primary conduction mechanism:in down-scaling CMOS technologies.
To reduce the leakage current related higher power consumption in highly integrated
circuit and overcome the physical' thickness limitation of silicon dioxide, the
conventional SiO, will be replaced with high dielectric constant (high-k) materials as
the gate dielectrics beyond the 0.1 pm technology node [3]-[8]. Therefore, the
engineering of high-k gate dielectrics have attracted great attention and played an
important role for VLSI. Although high-x materials often exhibit smaller bandgap and
higher defect density than conventional silicon dioxide, using the high-k gate
dielectric can efficiently increase the physical thickness in the same effective oxide
thickness (EOT) that shows lower leakage characteristics than silicon dioxide by

several orders without the reduction of capacitance density [4]-[7]. Recently, some
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high-k materials have been widely studied and successfully intergraded in advanced

MOSFETs or semiconductor devices, such as DRAMs or Flash memory and RF

metal-insulator-metal (MIM) capacitors [9]-[10].
According to the ITRS (International Technology Roadmap for Semiconductor) [11]

,the suitable gate dielectrics must have value more than 8 for 50-70 nm technology

nodes and that must be more than 15 when the technology dimension less than 50 nm.

Figure 1-1 shows the evolution of CMOS technology requirements.

Oxy-nitrides (SiO4N,) have been introduced to extend the use of SiO, in

production but eventually it has to be replaced by a high-k material, such as Ta,Os,

TiO,, HfO,, ZrO,, Al,O3, La,O4 or mixtures of thém or metal-oxide-silicates of the

mentioned compounds. However, most‘metal oxides will have the characteristics of

crystallization at elevated temperature which cause devices generate non-uniform

leakage distribution and give large statistical variation for nanometer devices across

the chip. Therefore, replacement gate strategies have been proposed to prevent

crystallization and deleterious effects of mass along grain boundaries. Figure 1-2

shows the summaries of the x value and band offset for popular high-K !dielectric

candidates. To predict the M-N thermal stability, in Figure 1-3 we show the bond

enthalpy for various metal/dielectric combinations. In general the bond strength is that

M-0O> M-N> M-C.



1.2 Motivation to study metal gate

As traditional poly-silicon (poly-Si) gated metal-oxide semiconductor field effect
transistors (MOSFETs) scale down, the additional series capacitance due to poly-Si
depletion becomes an increasingly large fraction of the total gate capacitance. Besides,
diffusion of boron penetrates from the poly-Si gate will also degrade the performance
of the transistors. To overcome these problems, using metal gate electrodes will be a
practical way to eliminate poly gate depletion and boron penetration. In addition,
metal gates also show the potential of reduced sheet resistance. Metal electrodes with
suitable work functions and sufficient physical®and electrical stability are being
investigated to address these problems. In“addition, thermal stability of the effective
metal electrode and metal diffusion are also impottant considerations. Recently, lots
of metal or metal-nitride materials have been widely researched and successfully
intergraded in advanced CMOSFET’s, such as TiN, TaN, Pt, Mo and Ir. Tantalum (Ta)
has a work-function close to n+ poly-Si. Tantalum nitride (TaN) is quite stable (to
maintain thermal stability up to a 1000°C RTA) because the activation energy of
metal and nitrogen is relatively low. Tantalum is bonded tightly within nitride and no
obvious diffuse was observed in fabricated devices. However, TaN gate on high-k
HfO, shows a significant shift of flat band voltage (Vgg) toward the mid-gap of Si due

to the interface reaction between the TaN and HfO, at the high temperature. This is



called the “Fermi-level pinning effect.” Therefore, the Fermi-level pinning effect

needs to be avoided by selecting suitable metal gate and high-x materials for

advanced MOSFETs.

Therefore, metal-gate/high-x CMOSFETs show undesired high threshold

voltages (V;), which is opposite to the VLSI scaling trend. The increasing |V in both

metal-gate/high-k n- and p-MOS may be due to the interface dipole and charged

defects formed by MN-MO reaction or [poly-Si]-MO reaction at high temperature,

which altered the band diagram in Figure 1-4. Fermi level pinning of poly-Si and

metal electrodes on HfO, has been.investigated. From Figure 1-5 the schematic HfO,

bond diagram, the metal accumulation at HfO, surface may screen the surface dipole

and un-bonded defect states, to feduce Fermi-level-pinning. Furthermore, it has been

shown that dosing surfaces with intra-layers can modify the interface dipole and band

alignment, a phenomenon exploited in the fabrication of MOS gas sensors.

The work functions (®,,) of metal shown in Figure 1-6 play an important role for

metal-gate/high-k CMOSFETs. The preferred work function of the metals are ~5.2 eV

for p-MOSFETs and ~4.1 eV for n-MOSFETs. Recently, lots of metal or

metal-nitride materials have been widely researched and successfully intergraded in

advanced CMOSFETs, such as TiN, TaN, Pt, Mo and Ir. However, it has been found

that thermal annealing of the metal gates at temperatures above 900°C results in



mid-gap values for almost all metal gate candidates. Therefore, the Fermi-level
pinning effect needs to be avoided by selecting suitable metal gate and high-x

materials for advanced CMOS technologies.

1.3 Introduce of this work

According to the International Technology Roadmap for Semiconductors, the
metal-gate/high-x is the required technology for the future generation complementary
MOSFETs to reduce the undesired large gate leakage current and continue the gate
oxide scaling [12-22]. Currently, the HfSiON is a promising candidate beyond SiON
with merits of high-« value, low gate leakage current, and similar amorphous structure
after 1000°C rapid thermal anfiealing (RTA) for self-aligned process. However, the
lack of a high-work-function gate for HfSiON p-MOSFETs is the challenge since
only Ir (5.27 eV) and Pt (5.65 eV) in the periodic table [19] have the needed work
function larger than the target 5.2 eV. The other problem of HfSiON is the relative
lower x of 10—14 that causes limited scaling capability. In this letter, we developed
the high temperature stable Ir3Si/HfLaON p-MOSFET to address the aforementioned
issues. The novel HfLaON dielectric can preserve the amorphous structure after 1000
°C RTA and is similar to HfSiON but with significantly higher x value. Using high
work- function Ir3Si gate electrode [19], [20], the p-MOSFETs show good device

integrity of low leakage current of 1.8 x 107> A/ecm” at 1 V above flat-band voltage



Vi, high effective work function @ . of 5.08 eV, high hole mobility of 84 cm?/V - S,
and good 1000°C RTA thermal stability at equivalent oxide thickness (EOT) of 1.6
nm. These results are compatible with or better than the best reported metal

gate/high-x p-MOSFETs [12-18].



2003 | 2005 | 2007 | 2009 (2012 | 2015|2018
Gate Length (nm) 107 | &0 65 50 30 | 25 18
High
EOT Speed 13 12 | 09 0.8 07 | 06 | 05
(nm)
Low Power | 18 14 1.2 1.0 D9 | 08 | 0.7
Su LRl 495 | 352 | 275 MA M4 MNA MA
(X, nm)*
Interconnect Levels | 9 1 11 12 12 13 14
High
Logic Speed 1.2 1.1 1.1 1.0 D9 | 08 | 07
Voo (V)
Low Power | 1.0 0.8 0.8 0.8 07 | 068 | 05

Source: Infernational Technology Roadmap for Semiconductor (ITRS 2003)

Fig. 1-1 The evolution of MOS tecl‘mqldgy rr;equirement.
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Chapter 2

Experimental Steps and Measurement

2.1 Fabrication of MOSFET

Standard N-type Si wafers with resistivity 1~10 Q-cm (10"°-10'® cm™ doping
level) were used in this study, and following RCA clean processes. The detail steps of
RCA clean is shows in Fig. 2-1. After standard RCA clean, the HfLaO was deposited
on N-type Si wafers by PVD and post deposition anneal (PDA). The HfLaON was
formed by applying NHj; plasma surfaceinitridation on HfLaO. Then 5 nm amorphous
Si and 20 nm Ir was subsequently deposited on HfLaON and RTA annealed at
400~1000°C for 30~5 sec to form the MOSicapacitors. For comparison, Ir/HfSiON
devices were also fabricated, where the HfSiON was formed by atomic layer
deposition (ALD) of HfSiO and followed by surface plasma nitridation. The low
temperature deposited Al gate on 1000°C RTA-annealed HfLaON capacitors were
also formed for @p,.fr reference. For p-MOSFETs, additional thick TaN capping layer
is added on Ir/Si/HfLaON to prevent subsequent ion implantation penetration, where
the Ir,Si gate was formed during RTA. After patterning, self-aligned B" implantation
was applied at 25 KeV and source-drain doping was activated at 1000'C RTA for 5

S€C.

12



The fabricated p-MOSFETs were characterized by C-V and /-V measurements,

and the processes of MOSFET is shown in Fig. 2-1 ~ Fig. 2-13.
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2.2 The measurement of MOS capacitors

To investigate the electrical characteristics of devices, we measured the -V,
curves for gate leakage current by using HP 4156C semiconductor parameter analyzer.
Besides, HP4284A precision LCR meter was used to evaluate the gate capacitance

and the conductance ranging from 100 kHz to 1 MHz.
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A. DI water rinse, 5 min.

B. HZSO4 . H202 = 3:1, (10 Il’lil’l, 75"‘850(:)

C. DI water rinse, 5 min.

D. HF : H,O=1:100

E. DI water rinse, 5 min.

F. NH4OH : H,0, : H,O = 1:4:20 (SC1), (10 min,75~85°C)

G. DI water rinse, 5 min.

H. HCI : H,0,: H,O = 1:1:6 (SC2), (10min, 75~85C)

I. DI water rinse, 5 min.

J. HF : H,O = 1:100

K. DI water rinse.

L. Spinner

Fig.2-1 The RCA clean steps.
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Fig. 2-2 Silicon substrate.

RCA Clean

D R R IR I

Fig.2-3 RCA Clean.
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Fig.2-4 Deposited HfLaO dielectric.

NHj; plasma surface nitridation

| | I N N [ !
o mmex

Fig.2-5 NH; plasma surface nitridation on HfLaO.



Deposition 5-nm amorphous-Si

1833333848181

Fig.2-6 Deposition 5-nm amorphous-Si.

Deposition 20-nm Ir

130304800 48841

Fig.2-7 Deposition 20-nm Ir.



RTA annealed at 400-1000 C for 30-5 s

13038033 08181814

IS

Fig.2-8 Formation of Ir;Si.
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Fig.2-9 Deposition TaN capping layer to prevent ion

implantation penetration.
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Fig.2-10 Photoresist and Lithography.

Fig.2-11 RIE etching.
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Fig. 2-12 Self-aligned B" implantation.
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RTA

TaN

I Ir;Si I

Fig. 2-13 source-drain doping activation at 1000'C RTA

for 5s
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Chapter 3

Result and Discussion

Figures 3-1 and 3-2 show the XRD comparison of HfLaO and HfLaON with
different RTA temperature. After 1000°C RTA, strong undesired crystallization in
HfLaO is clear measured, but in sharp contrast, the HfLaON still preserves the
amorphous state. The existence of Hf, La, O and N in HfLaON is confirmed by XPS
in Figure 3-3. The metal-gate Ir3Si on HfLaON are further analyzed by AES. As
shown in Figure 3-4, such good device characteristic is due to the nitridation on thick
high-k that prevents Ir3Si metal diffusion through HfL.aON. The high ¢m-eff is due to
the Ir3Si accumulated toward HfLaON interface to un-pin the Fermi-level. Figure 3-5
shows the J-EOT plot, where much improved leakage current than SiO2 is obtained at
1.7 nm EOT. In addition, high « of 20 is still preserved even after 10000C RTA and
much better than HfO2. Figures 3-6 and 3-7 show the C-V and J-V characteristics
respectively, for different RTA temperature annealed IrxSi/HfLaON capacitors. The
Ir/HfSiON and Al/10000C-annealed-HfLaON devices are also shown for comparison.
An increasing Vfb trend with increasing RTA annealing temperature is measured,
which is attributed to IrxSi reaction toward high-k interface [19]-[20]. The Ir on
HfSiON shows the highest Vb, but the capacitor failed after 1000°C RTA.

In contrast, the Ir,Si/HfLaON have good 1000°C thermal stability by converting

23



the Ir to Ir,Si by inserting ~5 nm amorphous Si; however, the better thermal stability
is traded off the slightly lower Vg,. From the C-V shift to control Al gate on 1000°C
RTA annealed HfLaON, the extracted em-eff of Ir3Si/HfLaON is 5.08 eV. Here the
Al gated capacitor was chosen as a reference because low temperature deposited pure
metal has little Fermi-level pinning on high-k dielectric [15]-[16], [19]-[20] and the
same 1000°C RTA ensures the similar oxide charge in HfLaON to Ir;Si-gated
devices. The using Al control gate is to avoid oxide charge difference on thickness
introduced by nitrogen-plasma treatment and process variation. Anyway, the fixed
charge density should be small fromithe good mebility shown following. The merit of
using HfLaON rather than HfSiON is clearly seen by-the orders of magnitude leakage
current improvement. Very low leakageé current of 1.8x10™ A/cm”at 1V above ¥ are
measured in Ir,Si/HfLaON at 1.6 nm EOT. Such low leakage current is attributed the
high « value of 20 and amorphous structure after 1000°C RTA from cross-sectional
TEM measurement in Figure 3-8. The decreasing stretch of C-V curves with
increasing RTA temperature suggests the improving oxide quality annealing out the
defects at high temperatures. Therefore, high ¢@m.r of 5.08 eV, low gate leakage
current of 1.8x10” A/em® (Vfb+1V) and good thermal stability of 1000°C RTA can
be achieved at the same time in IrkSi/HfLaON MOS capacitors at 1.6 nm EOT. The

decreasing capacitance density with increasing RTA temperature is related to slight

24



decreasing k value reduction shown in Figure 3-9, but the amount of reduction is
significantly less than HfO,.

We have further used the X-Ray Diffraction (XRD) measurements to characterize the
Ir,Si. As shown in Figure 3-10, the Ir-rich Ir,Si with x=3 was formed with distinct 26
angle to residual Ir peak. The x=3 in Ir,Si was determined by comparing the measured
peak XRD pattern with published data . The amorphous structure of HfLaON was
also confirmed by glazing angle XRD measurements even after 1000'C RTA .Figure
3-11 shows the transistor Id-Vd characteristics as a function of Vg-Vt for 1000°C
RTA annealed Ir;Si/HfLaON p-MOSFETs and.good transistor characteristics are
obtained. Here the Vt is -0.1 V:as\obtained from the-linear Id-Vg plot and consistent
with the large Qm-efr of 5.08 eV from C-V curves.

Figure 3-12 shows the hole mobility plot as a function of gate electric field of
Ir;Si/HfLaON p-MOSFETs. High hole mobility of 84 and 63 ¢cm?/V-s are obtained at
peak value and 1 MV/cm effective field for Ir;Si/HfLaON p-MOSFETs, respectively.
This result is comparable with the reported HfSION p-MOSFET in the literature
[12]-[18] with advantages of process compatible to current VLSI line.

In Figures 3-13 and 3-14, a large 2.6 V operation voltage for 10-years is obtained
from the tgp plot. Further reliability study is from the BTI shown in Figure 3-15,

where <20 mV shift are measured for CMOS at 10 MV/cm stress and 85°C for 1 hr.

25



Table 3-1 summarizes the comparison among various metal-gate/ high-kx CMOS.
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Fig. 3-1 Grazing incident XRD spectra of. HfLaO after different RTA
annealing.
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HfLaON with 3 min NH, plasma
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Fig. 3-2 Grazing incident:XRDispectra of HfLaON with NH3 plasma
after different RTA annealing. In contrast to the HfLaO case,

the HfLaON stays amotphous state after 10000C RTA
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Fig. 3-3 XPS spectra of HfLaON after 1000°'C RTA. The existence of

Hf, La, O, and N-are clearly seen:
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Fig. 3-4 AES profile of Ir;Si/HfLLaON/n=-8i. MOS structure after 1000°C
RTA. The Ir;Si accumulated toward HfLaON interface is found

to un-pin the Fermi-level.
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Fig. 3-5 The comparison of gate leakage current density for MOS devices

with SiO, and HfLaON gate dielectrics.
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Fig. 3-6 C-V characteristics ofilry Sl/HfLaON Ir/HfSiON, and Al/1000°C
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-annealed- HfLaON capacﬂ;ors measured under accumulation.
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The device area is 100 mx100 fm,
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-annealed-HfLLaON capacitors measured under accumulation.
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Fig. 3-10 XRD profiles of 1:3Si/HfLaON structure.
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Fig. 3-11 The Id-Vd characteriS%ips of Ir;Si/HfLaON p-MOSFETs. The

gate length is 4 pm
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Fig. 3-12 The hole mobility as-a function of gate electric field of

Ir;Si/HfLaON p-MOSFETs.
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PMOS after 1000°'C RTA.
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obtained for 10 years operation.
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Fig. 3-15 The AVt shift of IegSi/HfLaON p-MOSFETS stressed at 85°C

and 10 MV/cm for-1 hour.
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High-« Crystallization | Metal Gate | .5 (6V) | V. (V) RTA Temp. | u(cm/Vs)
HfLaON =1000°C TaN 4,24 0.18 1000°C 217
HfO, [1] 600°C TaC 4.28 - 1000°C 250
HFAION [4] =1000°C Yb,Si 4.15 0.1 Gate last 180
HfSION [6] =1000°C NiSi, 4.4 0.47 Gate last 230
HfLa0O [15] 900°C TaN 3.9 -0.32 1000°C 240
HfLaON =1000°C Ir, Si 5.08 0.10 1000°C 84
HfO N [19] - PtSi, 4.86 0.39 Gate last 130
HfAION [4] =1000°C Ir, Si 4.9 0.29 850°C B0
HfSION [6] =1000°C Ni,Si 4.8 -0.69 Gate last 65
HfLaO [15] 900°C Pt 5.5 +0.6 1000°C 60

Table 3-1 The table summarizes the. comparison among various

metal-gate/ high-k CMOS:
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Chapter 4

Conclusion

We report novel 1000°C -stable HfLaON p-MOSFET with Ir;Si gate. Low
leakage current of 1.8x10” A/cm? at 1 V above flat band voltage, good effective work
function of 5.08 eV and high mobility of 84 cm’/Vs are simultaneously obtained at
1.6 nm equivalent-oxide thickness. This gate-first p-MOSFET process with

self-aligned ion implant and 1000°C RTA is fully compatible to current VLSI

fabrication lines.
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