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Over the past few years, metal gates and high-k gate dielectrics have been intensively developed to implement
sub 50nm CMOS technology. Nevertheless, some issues of metal gate and high-k gate dielectric need to
be solved. In particular, the high density of traps in dielectric and workfunction modulation with metal gate
should be addressed by either understanding the mechanism or developing a new process. In this paper, we
propose an analyses method and various processes to understand and solve the problems of metal gate and
high-k gate dielectrics. First, to effectively passivate high-k/Si interface traps, post metallization annealing
in high pressure hydrogen ambient was investigated. Compared with conventional forming gas annealing,
high pressure annealing showed improved device performance owing to the effective passivation of interface
traps. Second, the effect of traps in the high-k layer was evaluated by single pulsed I¢-V, measurement and
reliability such as bias temperature instability. By using nano-scale analysis, we have confirmed that non-
uniform oxygen vacancy causes charge trapping and reliability degradation. Then, the interaction of metal
gate and gate dielectric during thermal process was investigated with various metal electrodes and systems.
Metal/dielectric interaction was found to be severe in elemental and ternary metal electrodes, while the binary
metal electrode showed minimum interaction. To achieve appropriate workfunction with minimal interaction,
the bi-layer metal electrode and conducting oxide electrode were developed. Both electrodes showed suitable
workfunction which is close to conduction and valance band of silicon with improved thermal stability.
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1. INTRODUCTION

To achieve high performance sub-50nm transistor, aggres-
sive scaling of gate oxide and minimization of poly deple-
tion effect seem to be inevitable "', For past few years, many
reports have been made on high-k materials and metal gate
electrodes to reduce gate leakage current and remove the
poly depletion effect. First, in order to reduce the gate leak-
age current, replacement of SiO, with high-k materials
seems to be inevitable in sub-Inm oxide thickness regime.
By using high-k materials, electrical oxide thickness can be
further scaled while physical thickness can be increased due
to high dielectric constants. Among the high-k materials,
HfO, and its silicate are the most outstanding materials due
to their relatively high dielectric constant (10~20), large
band gap, and compatibility with the conventional CMOS
process. For that reason, physical and electrical characteris-
tics of hafnium (Hf) based dielectrics have been intensively
studied *™*. However, the high density of interface traps and
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fixed charges in the high-k oxide are major obstacles for the
formation of a high quality high-k oxide. In that sense, the
understanding of trap generation mechanisms and the devel-
opment of new process for trap passivation must be are also
needed.

Another approach to overcome the limitations of feature
size scaling is the replacement of the poly-silicon gate to
metal gate electrode since the poly depletion effect and the
increased resistance of the poly-silicon electrode degrades
the scalability of the inversion oxide thickness and circuit
performance in an ultra-thin oxide regime. In addition, when
poly silicon is deposited on the high-k gate dielectrics, a sig-
nificant threshold voltage shift was observed due to Fermi
level pinning (FLP)"*. Recently, many reports with various
materials have been published to find proper effective work-
functions which are close to conduction and valence band of
silicon substrate. Many of the reports on metal gate elec-
trodes focus on metal gate workfunction adjustment without
considering metal/high-k interaction issues. However, to
realize a high performance device with good reliability, the
effects of metal/high-k stack interaction should be consid-
ered when a metal gate electrode is developed.
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In this paper, we discuss the process and structure optimi-
zation for a high performance sub 50nm transistor. In the
first section, the high pressure post metallization annealing is
demonstrated as an effective high-k/Si interface passivation
technique. In the second section, we discussed the impact of
an oxide trap site on charge trapping and reliability. With
analyses of high-k gate dielectrics in the nano-scale area, we
proposed the optimized post deposition annealing process
for passivation of oxygen vacancy in a high-k layer. In the
last section, the impact of the metal/dielectric interaction
depending on the metal electrode system and thermally sta-
ble workfunction modulation method has been realized by
the modification of structure and materials.

2. RESULT AND DISCUSSION

2.1. Effective passivation of a high-k dielectric/Si inter-
face trap by high pressure post metallization annealing

It is known that forming gas annealing around 400°C is
sufficient to passivate the SiO,/Si interface states. For that
reason, forming gas annealing was used for the interface trap
passivation technique at the end of the wafer process. In the
case of high-k gate dielectrics, high temperature (up to
600°C) FGA seems to be necessary to efficiently passivate
the high-k/Si interface traps """, Considering back end pro-
cesses, such as the interconnect process, post-metallization
annealing in high temperatures (higher than 500°C) may not
be compatible with the standard CMOS flow.

To enhance the rate of interface passivation at low temper-
ature, post metallization annealing in high pressure ambient
was developed. As expected, samples annealed in the high
pressure hydrogen ambient showed the higher passivation
rate of the interface state. The MOSFET with high-k gate
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Fig. 1. The liner drain current (I5) and transconductance (gn) versus
the gate voltage (V) plot of conventional forming gas annealed and
high pressure annealed HfA1O/Hf-silicate nMOSFET. The inset fig-
ure shows gn improvement after high pressure anneal depending on
gas ambient.

dielectric showed improvement in the linear drain current
(Is) and transconductance (gn) (Fig. 1). To find the most
effective annealing ambient, high pressure post metallization
annealing was performed in various gas ambient. Inset of
Fig. 1 summarizes the g, improvement after high pressure
annealing. After high pressure nitrogen and forming gas
annealing, negligible improvement of g, was observed,
while significant g, improvement was observed after high
pressure pure hydrogen annealing. Based on this result, it
could be concluded that post metallization anneal in high
pressure hydrogen ambient seems to be the most effective
way to maximize the device performance.

The interface states density (Nj) of high pressure annealed
samples was measured by the fixed-amplitude charge pump-
ing method (Fig. 2)". After high pressure annealing, a sig-
nificant reduction of interface state was observed. Also, as
increasing annealing pressure, a further decrease of the inter-
face state was observed. The further reduction of Nj after
high pressure annealing indicates that interface traps at a
high-k/Si interface still remain after conventional forming
gas annealing. The improvement of the drain current and
transconductance in Fig. 1 can be attributed to the effective
passivation of an interface trap at a high-k dielectric and Si
substrate.

The effect of high pressure annealing depending on the
surface preparation method and post deposition anneal
method was investigated with various types of high-k dielec-
trics. Figure 3 shows the change of transconductance after
high pressure annealing. All types of high-k gate dielectrics
showed improvement in transconductance, regardless of
process conditions. In addition, samples with nitrogen
related processes, such as surface nitridation and nitrogen
PDA, showed a further improvement than non-nitrogen
related processes. These results suggest that high pressure
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Fig. 2. The interface state densities (Nj) of HfAIO/Hf=silicate nMOS-
FET measured with a fixed amplitude charge pumping method.
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Fig. 3. The effect of high pressure post metallization annealing
depending on (a) surface preparation method and (a) PDA method.
Annealing was performed at 400°C temperature for 30 minutes in 20
atm pressure.

annealing is more effective for nitrogen related trap passiva-
tion. Compared with a conventional forming gas annealed
sample, the MOSFETs annealed in high pressure ambient
exhibits significantly reduced interface traps, which can lead
to a significant improvement of high-k dielectric/Si inter-
face.

2.2. The effect of oxygen vacancy in hafnium oxide on
electrical and reliability characteristics

To implement high-k gate dielectrics in a CMOS device,
high quality dielectric should be achieved. Up to now, one of
major concerns of high-k dielectrics has beeb the high den-
sity of the fixed charge""""* since it causes significant charge
trapping as well as threshold voltage instability, which usu-
ally leads to the degradation of device performance and
reliability "' Without a clear understanding of the effects
of the fixed charge, a high performance transistor with good
reliability cannot be achieved. In this section, we will discuss
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Fig. 4. A schematic diagram for single pulsed I¢-V, measurement.
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Fig. 5. Normalized pulsed 14V, characteristics depending on the
physical HfO, thickness. Large hysteresis of Vi, was observed when
HfO, thickness increased.

the impacts of a charge trapping on the electrical characteris-
tics of HfO, MOSFETs with a single pulsed 14-V, measure-
ment, and we will investigate the origin of the fixed charge
with a nano-scale area measurement.

As discussed above, charge trapping through the trap site in
a high-k dielectric is the root cause of threshold voltage insta-
bility and it degrades device reliability. To estimate the initial
charge trap site in a high-k gate dielectric, fast measurement
using a microsecond single pulse was proposed'””"". Figure
4 shows a schematic diagram of a single pulsed I4-V, mea-
surement. In stead of a DC voltage sweep, a single pulse
applied to the gate and measured voltage change at the Riq
to estimate the drain current. By using a single pulsed I4-V,
measurement, a different physical thickness of HfO, was
characterized (Fig. 5). As the physical thickness of HfO,
become thicker, a single pulsed I4-V, measurement showed a
further increase of hysteresis. The increase of hysteresis in a
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Fig. 6. Bias Temperature Instability (BTI) characteristics of HfO,
depending on the dielectric thickness. As HfO, thickness is scaled
down, a reduced Vy, shift was observed under BTI stress.
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Fig. 7. N, and N generation behavior during BTI results. N, and Nj
were extracted from Vy shift (No=CoVa/q) and charge pumping
(CP) measurement (Ni=l./qfA), respectively.
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Fig. 8. A schematic diagram of conducting AFM. A semiconductor
parameter analyzer was connected for accurate current measurement.
A platinum (Pt) coated Si cantilever was used as a nano size tip.

thick oxide can be understood by the increased trap site in
the high-k layer"*". This result indicates that the oxide trap
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Fig. 9. I-V characteristics of 3 nm HfO, depending on PDA ((a) NHj,
(b) N, and (¢) O»). All samples received the same thermal budget at
700C for 1min.

density wass proportionally increased when the physical
thickness of high-k layer was increased. To minimize the
trap density, either scaling of the physical thickness or opti-
mization of dielectric formation process is need. To under-
stand the effect of the physical thickness on device
reliability, the Bias Temperature Instability (BTI) character-
istics of the HfO, transistor depending on physical thickness
were investigated (Fig. 6). Compared with thick HfO, oxide,
thin HfO, showed the improved BTI characteristics. This is
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Fig. 10. Diagram of oxygen vacancy passivation and the generation mechanism during PDA.

attributed to the reduction of the available charge trap site as
the HfO, thickness becomes thinner. To clearly understand
the role of traps in the HfO, layer, charge pumping (CP) was
performed to observe the interface trap generation during
BTI stress (Fig. 7). The generation rate of Ny is significantly
lower than that of Ny. This also indicates that traps in HfO,
bulk are the dominant degradation source rather than the
interface traps during BTT stress.

To understand the origin of traps in HfO,, nano-scale reli-
ability characteristics were evaluated by conducting atomic
force microscopy (C-AFM). In this experiment, to measure
the wide range of leakage current with accuracy, source and
measure unit (SMU) in Agilent 4155 was connected to the
AFM system (Fig. 8). Also, to avoid the damage of Pt coated
Si cantilever from ionic contamination during measurement,
electrons are injected from the substrate™"’. Figure 9 shows
the nano-scale I-V characteristics of HfO, depending on the
post deposition annealing (PDA). A wide distribution of gate
leakage current was observed in HfO, with N,, and NH;
PDA. However, compared with N, PDA, NH; PDA showed
a reduction of gate leakage current non-uniformity. The sig-
nificant reduction of gate leakage current non-uniformity
was observed when the sample was annealed in O, ambient.
These results suggest that nitrogen incorporation helps to
reduce gate leakage current variation, but it cannot fully pas-
sivate the traps in HfO,. Only with oxygen incorporation,
traps in HfO, can be successfully passivated.

Gate leakage current variation in the nano-scale area can
be understood with Fig. 10. During NH; and O, PDA, nitro-
gen and oxygen incorporated into HfO, dielectric and passi-
vate trap sites. However, during N, PDA, only oxygen
migration occureded due to the inert property of N, gas.
Thus, a wide variation of gate leakage current was observed
in N, PDA because of the increased oxygen vacancy site in
the HfO, layer. Based on these results, it is concluded that
careful optimization of dielectric formation process is neces-
sary to aachieve a high performance HfO, transistor with
good reliability.

The effects of oxygen vacancy passivation on charge trap-
ping and reliability were evaluated by single pulsed I4-V,
measurement and BTI characteristics. Figure 11 shows the
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Fig. 11. (a) Single pulsed 14-V, characteristics with NH; and NH; +
O, PDA treatment. (b) Summary of Vi, hysteresis during single
pulsed I4-Vy measurement. O, PDA followed by NH; PDA showed a
significant reduction of charge trapping in n and pMOSFET, respec-
tively.

single pulsed I4-V, characteristics depending on PDA treat-
ment. Comparing NH; PDA, O, PDA followed by NHj;
PDA showed a reduction of Vy hysteresis in both n and
PMOSFET, respectively. The change of reliability after O,
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Fig. 12. Positive and negative bias temperature instability character-
istics depending on PDA treatment under 10MV/cm stress.

PDA is shown in Fig. 12. The additional O, PDA sample
showed reduced initial charge trapping as well as Vy, shift
under BTI stress. The reduction of Vi, hysteresis in a single
pulsed I¢-V, measurement and Vy, shift in BTI reliability can
be explained by the passivation of the oxygen vacancy in
HfO..

A C-AFM study of HfO, showed that the nano-scale non-
uniformity of gate leakage current strongly depends on the
PDA conditions. Smaller leakage current distribution in
nano-scale measurement and improved reliability in MOS-
FET after oxygen anneal indicates that the oxygen vacancy
is a major source of gate leakage current and the origin of the
charge trap sites in HfO,. Thus, the correlation between the
reliability characteristics of the HfO, transistor such as BTI
stress conditions and the oxygen vacancy is clearly demon-
strated. To achieve a high performance HfO, transistor with
a good reliability, the careful passivation of oxygen vacan-
cies are necessary.

2.3. Band edge metal gate candidate materials for
NMOS and PMOS application

With the continuous scaling of CMOS devices, metal
gates with workfunction (WF) close to the silicon conduc-
tion band (~ 4.2 eV) and valance band (~ 5.2 eV) are neces-
sary to replace poly silicon for dual metal gate applications.
These NMOS and PMOS candidate materials have different
sets of issues. Usually, the NMOS candidates are very reac-
tive with low electronegativity. When NMOS candidate met-
als contact with dielectric materials, the interaction between
metal/dielectric creates interface defect sites, which makes it
hard to achieve the desired WF .

On the contrary, PMOS metal suffers severe Fermi level
pinning and flat band voltage moves towards the mid-gap at
a high thermal budget'™. There are many postulations which
cause this kind of pinning effect. Recently, it is mostly
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Fig. 13. CV characteristics of a Ti-based electrode capacitor. The
inset figure shows a conductance loss peak of TiN, TiAIN electrode
capacitor. TiAIN showed higher interface trap densities than TiN
(High Gy/w value).

believed that the oxygen vacancy created for high-k dielec-
tric is responsible for this phenomenon ™"

In addition, when a metal electrode is developing, the ther-
mal stability of the metal electrode should be also considered
together, since, in the conventional CMOS process, high
temperature annealing is required to activate source/drain
dopants and causes metal/dielectric interaction”>°". Thus,
the impact of metal electrode/dielectric interaction on the
gate oxide reliability should be understood.

In this section, the trap generation behavior influenced by
the metal electrode material will be discussed. Then, with
based on the understanding of the metal/dielectric interac-
tion, we will propose a thermally stable bi-layer structure
electrode and conducting oxide electrode for n, pMOSFET
metal gate.

2.3.1. Thermal stability of metal electrodes and its impact
on gate dielectric characteristics

To estimate the effect of metal interaction, interface trap
generation behavior, which is induced by the metal gate, was
studied using capacitors with various titanium-based metal
electrodes (Ti, TiN, TiAIN, and TiSiN). CV and conductance
data shows that Dy is strongly depends on metal electrode
species (Fig. 13). Ternary metal-nitrides showed more Dj
degradation than binary metal-nitride. D; degradation was
more pronounced on thin SiO; (Fig. 14), suggesting some
metals might have reacted with SiO, or diffused into SiO»
and/or Si substrate.

To evaluate metal diffusion into Si substrate, Zerbst mea-
surement was used and correlated with Dy (Fig. 15)"”. Ele-
mental Ti, Mo electrode samples exhibited shorter minority
carrier generation time (Tminor) and high Dy values, indicating
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Fig. 15. The Zerbst plot of various electrode capacitors. A fast
minority carrier generation time and a significant Dj increase were
observed in the elemental metal (Ti, Mo) electrode capacitor.

that Ti and Mo atoms have diffused into Si substrate. On the
other hand, the TiAIN and Ru electrodes showed long Tuminor
similar to the polysilicon electrode, but these electrodes the
showed degradation of Dy, which can be explained by metal
atoms diffusion into a dielectric layer only. SIMS analysis of
TiAIN and Mo are shown in Fig. 16 and the inset respec-
tively, supporting our observations.

The effects of gate electrode materials on the charge trap-
ping and carrier mobility of metal gate devices are investi-
gated. Binary metal-nitride electrodes showed excellent
thermal stability. However, the elemental metal and ternary
metal-nitride electrode degraded interface trap density.
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Fig. 16. Backside SIMS measurement of the TiAIN electrode capac-
itor. Metal diffused to dielectric. The inset figure shows the SIMS
data of the Mo electrode capacitor. A clear Mo signal was observed
in both the dielectric and substrate.
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Fig. 17. Schematic diagram of the terraced wafer which was used for
these experiments.

2.3.2. Workfunction extraction method with terraced oxide

Usually, the metal gate work function is extracted using C-
V analysis. But there are errors involved due to the fixed
charge and also errors coming from the EOT and Vy, extrac-
tion. To extract work function more accurately and neglect
the fixed charge variation, a new method has been intro-
duced using terraced (wedding cake type) SiO, samples ™.
This gives a varied SiO, structure (~6-8 nm) on the same
wafer avoiding a different fixed charge effect. A schematic
diagram of the sample is shown in Fig. 17. Using this kind of
terraced sample, the work function can be calculated using
three charge model, including the oxide-silicon interface
charge density (Qy), oxide-high-k interface charge (Q;) and a
bulk high-k film charge density (ps). The SiO, bulk charge is
few orders of magnitude lower (Qsio»<Qmuo2) and can be
neglected. Then the equation becomes

Vim0 Q *CETh/€ £ 0—py *CET WP %€, O *CET/e,€ 0y

where CET=the capacitance equivalent thickness of the gate
stack, the sum of CETi, the equivalent thickness of the inter-
facial oxide (variable in our structure) and CETh, the equiv-
alent thickness of the high-k film (constant in our structure).
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Actual values of the second and third terms of this equation
are negligible. Considering that the work function can be
calculated using a linear fitting of the simple equation shown
below

Vfb = (I)ms_Qf /8080x Wox

where @y, is the work function difference between the metal
gate and silicon substrate. Qr is the fixed charge density, Wox
is the EOT of the dielectric stack and . is the SiO, dielectric
constant (3.9). The thick SiO, layer and fixed HfO, allow
one to neglect the interface charge and enables the use this
simple linear equation to extract work function with very
small errors.

2.3.3. Sc for NMOS work function
Sc metal is an attractive candidate because of its ultra low
work function. However, the Sc metal shows a work func-
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Fig. 18. The Vg, vs. EOT data which is used to calculate the work
function. The inset figure shows the metal gate stack on terraced gate
dielectrics.
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Fig. 19. The work function for different metal gate stack. The inset
shows the work function for both SiO, (closed) and HfO, (Open)
gate dielectrics.

tion close to its vacuum work function (3.5 eV) on SiO; but
on high-k oxide like HfO,, the work function becomes much
higher than expected””. The workfunction can be improved
by preventing reaction between metal gate and high-k
dielectric. A thermally stable interface layer can be useful for
this purpose. Metallic nitrides like TaN or TiN have been
used as a thermally stable diffusion barrier in the silicon back
end process. For that reason, a thin TaN layer is used to pre-
vent extensive reactions between Sc and HfO.,.

Compared with TaNy gate, the TaNaum-Scanm Sample
shows significant shift of Vi, (Fig. 18). The TaNaum-Scaonm
sample shows lower fixed charge density compared with the
elemental Sc gate. The thickness dependence on workfunc-
tion has been evaluated with varying TaN and Sc thickness.
Figure 19 shows the work function for a different metal gate
stack with different TaN, and Sc thickness. For comparison,
a bulk Sc and TaN,metal gate work function was also shown
in the same figure. With a TaNy thickness of around 2 nm,
the work function of 4.0 eV was achieved. The bulk Sc
metal gate shows a slightly higher work function of 4.2eV.
This is may be due to the interface reaction between Sc
metal and high-k gate dielectric materials. With the increas-
ing thickness of TaNy interface layer to ~10 nm, it shows
work function close to bulk TaN (~40 nm) metal gate work
function of 4.6 eV. The inset of Fig. 19 shows the work func-
tion for SiO, and HfO,/Si0O, samples for different gate elec-
trodes. The TaNy gate or gate stack with the TaNy interface
layer shows an almost similar work function for both the
Si0, and HfO,/SiO, gate dielectrics consistent with the pre-
vious reports". In contrast, the work function of Sc metal
shows a large deviation for SiO, and HfO,/SiO, gate dielec-
trics. The workfunction value of Sc metal on SiO, gate
dielectric is 3.6 eV, which is close to its vacuum workfunc-
tion of 3.5eV. But for HfO,/SiO,, the workfunction
increases to 4.2 eV. For covalent SiO,, the removal of one
oxygen atom creates a local Si-Si bond whereas for ionic
HfO,, one oxygen vacancy creates two surplus electrons and
causes charge imbalance, which causes the shift in the flat-
band voltage ™"

2.3.4. Conducting RuOy as a PMOS metal gate

Some conductive oxides like IrO, or RuO are suitable for
PMOS metal because conducting oxides might have more
resistance to oxygen vacancy formation”". Compared with
their corresponding elemental metals, these conducting
oxides are expected to have a higher work function.

Ru and RuOy metal was deposited and WF was extracted
for RuOy at varying oxygen amounts with constant Ar pres-
sure. Ru metal has been studied extensively for metal gate
application *'**. On HfO, it shows WF around 5.1-5.2
eV But RuOy shows even higher workfunction, depend-
ing on the processing conditions™**. Figure 20 shows the
C-V characteristics at three different frequencies for both Ru
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Fig. 20. C-V at different frequencies for Ru and RuOy (0,=0.4 sccm)
revealing excellent metal-dielectric quality. A C-V flatband shift of
560 mV is observed for RuOy film. The inset figure shows the sheet
resistance for different Ru and RuO, gate metals.
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Fig. 21. The work function extraction for different gates. The Ru
metal shows work function of 5.2 eV where as it increases with
increasing O, concentration up to 5.8 eV.
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Fig. 22. AFM images of deposited Ru metal (a) and RuO (b). Ru metal has very rough texture and the RMS value is over 20 times higher than

RuOy film.

metal and RuOy metal. No frequency dependency was
observed indicating no degradation of dielectric quality. The
RuO film shows a positive shift of flat band voltage about
560 mV compared with Ru metal gate. The inset figure
shows the sheet resistance values for Ru and RuOy metals.
The incorporation of oxygen showed a negligible increase of
resistance and can be suitable for metal gate application. Fig-
ure 21 shows the EOT versus Vy, diagram for work function
extraction. By increasing oxygen concentration, Vs tends to
increase. A Vi shift as large as 560 mV is observed for high
oxygen concentration in comparison with Ru metal. The
work function for Ru metal is found to be 5.2¢eV, close to the
already reported data. RuOx with 0.4 sccm of oxygen, the
WEF increases up to 5.8 eV. A further increase of O, increases
the resistivity and also increases EOT considerably, possibly

due to additional oxide growth. The increase of WF with
increasing O, can be attributed to the higher electro-negativ-
ity of O, as vacuum work function has a relation with elec-
tro-negativity as shown below ™

Boe = 2.27x,,+0.34

where @, is the vacuum work function and ¥, is the elec-
tro-negativity of the metal.

To understand the increase of WF after forming a conduc-
tive oxide, we have investigated physical property changes
with AFM and XRD analyses. Fig. 22 shows the atomic
force microscopy images of Ru and RuOy film and their
RMS values. RuO shows more uniform RMS values than
elemental Ru, indicating that RuO can be formed with more
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stable and uniform film properties. We have also found that
the deposited Ru metal is in the polycrystalline phase,
whereas RuQy is amorphous (XRD data is not shown here).
The different work function of polycrystal Ru and amor-
phous RuOy can be related to their different phases. As
reported, the metal gate work function is also related to the
crystal orientation of the metal °*. Because a different plane
has a different electron density and hence different work
function.

3. CONCLUSION

In this paper, we have discussed the analyses method and
various processes to understand and solve the problems of
metal gate and high-k gate dielectrics. These method and
process give a better understanding of the nature of high-k
gate dielectrics and the higher performance of the CMOS
device. By optimizing the process and adopting the analyses,
the transistor with a metal gate and high-k gate dielectrics
can achieve high performance as well as good reliability.
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