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Abstract: Reliability and performance in metal gate/high-k device with multiple gate dielectrics were
investigated. MOSFETs with a thin HfSiO, layer on a thermal SiO, dielectric as gate dielectrics exhibit
excellent mobility and low interface trap density. However, the distribution of threshold voliages of
HfSi0,/Si0, stack devices were wider than those of SiO, and HfSiO; single layer devices due to the
penetration of Hf and/or intermixing of HfSiOy with underlying SiO,. The results of TZDB and SILC
characteristics suggested that a certain portion of HfSiO, layer reacted with the underlying thick SiO,
layer, which in turn affected the reliability characteristics.
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1. Introduction

Hafnium based high-k dielectrics have been
proposed to replace a thermally grown-silicon
dioxide (SiO;) due to their high dielectric constant
(high-k), large energy bandgap, high thermal
stability, and process compatibility."® In conjunction
with high-k dielectric study, dual metal electrode
process rather than poly-Si gate is essential for
further equivalent oxide thickness (EOT) lowering
because of no poly depletion and boron penetration
into poly-Si.”® Recently, CMOS device with gate
metal and high-k gate dielectric has successfully
demonstrated for low standby power (LSTP)
application. Reliability studies for various high-k
gate dielectrics have performed at very thin EOT
ranges.'” Unlikely the devices with SiO, dielectric,
bulk charge trapping in high-k layer has well known
to be a dominant mechanism for threshold voltage
nstability and lower activation energy. In a real
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semiconductor chip circuit, however, gate dielectrics
with different thicknesses should be integrated
within a chip.'” For instance, an internal circuit
needs the thinnest EOT for improving performance
but an /O circuit needs a thicker EOT for
maintaining its functionality under high external
applied voltage. The reliability of multiple oxides
including high-k dielectric
because

seriously  degrades
metallic impurity penetration leads
additional defects in dielectrics, which in tumn
deteriorate device characteristics such as threshold
and dielectric
reliability. However, in our knowledge, no reports
have been addressed for the reliability of high-k
based multiple dielectrics.

voltage, gate leakage current,

In this work, the reliability and performance of
gate dielectric systems which have a high-k gate
dielectric layer (~3nm) deposited on 2-4nm thick
Si0, films are examined for multiple oxide
application.
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Table 1. Multiple oxides stacks used in this study.

Sample A B C D
Electrode  HfSi, HfSi, HiSi, TiN
HfSiOx (nm) 3 3 3 0
$i0, (nm) 0 2 4 6
EOT (nm) 14 2.7 4.6 6.0
Vi (V) -0.71 -0.71 -0.72 -0.70

2. Experiment

To fabricate the multiple oxide structures, after a
standard cleaning of a p-type (100) silicon wafer,
thin HfSiO, layer as high-k dielectric was deposited
on SiO; layers with different thicknesses. SiO, films
were grown using in-situ steam growth process and
HESiO, was deposited using atomic layer deposition
(ALD) system. Subsequent  post-deposition
annealing was performed at 700°C for 1min in NH;
ambient. After then, ALD-TIN (10nm) or MOCVD-
HifSix (10nm) electrode was deposited followed by
100nm poly-Si layer as a stack electrode. The
samples used in this study were summarized in
Table 1. After gate stack formation, conventional
CMOS flow with a spike annealing at 10750°C was
carried out to complete transistor fabricate.

Electrical characterization was performed using a
HP 4284A impedance/gain phase analyzer and a HP
4156A semiconductor parameter analyzer. EOT was
calculated using NCSU CVC program based on
capacitance-voltage (C-V) curves measured at
100 kHz. Charge pumping measurements were also
done to evaluate interface state density.

3. Results and discussion

Figure 1 shows the calculated carrier mobility for
all stack structures to see how gate stacks with
different thicknesses of SiO, layers affect the carrier
mobility. The HfSiO, single layer gate dielectric
sample shows the lowest mobility in all electric field

regime. The camier mobility increases with
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Fig. 1. Carrier mobility of various structures. Ny in inlet
is measured from nMOSFET at 100kHz by using
charge pumping method. The arrow means the
thickness increase of SiO; layer in 3 types of high-
k stacks.
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underlying SiO, thickness. Eventually, the mobility
of HfSiO,(3nm)/SiOy(4nm) sample is almost
identical to that of control SiO, device. In addition,
there is no degradation of high field mobility for
HfSi0,(30m)/Si0y(2nm) sample even though there
is low field mobility degradation due to remote
charge scattering. For the thinnest sample which
shows mobility degradation in high-field regime, its
surface or morphology must be rougher than those
of other samples with thicker interfacial oxides.

To evaluate the Si-SiO, interfacial state of each
device, the interface state density (N;) was measured
using charge pumping method (inset of Fig. 1).'?
The values of N; with 3nm HfSiO, devices are
sufficiently low (~10"cm?) and similar each other.
From these results, it can be speculated that thin
HfSiO, deposited on multiple oxide region has no
affection to the quality of thick oxide such as
interface state density.

Figure 2 shows the time zero dielectric breakdown
(TZDB) characteristics. Regarding the breakdown
voltage (BV), all of the structures show tight
distribution of BV and negligible area dependence,
indicating that the TZDB is an intrinsic characteristic
of gate stack structure. However, the value of
breakdown field, calculated from BV divided by
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Fig. 2. Weibull plots with gate area of breakdown voltage
(Vep) and breakdown field (Egp) under TZDB
stress. Negligible area dependence indicates TZDB
characteristics are intrinsic. Device A is excluded
due to indistinct breakdown.

EOT of the gate stack, are more than 15MV/cm for
all samples. These values are abnormally high
compared to that of SiO,, suggesting that the
dielectric constant of SiO, layer is increased by
oxygen deficiency. Therefore, the effective field in
SiO, layer can be reduced to reasonable level.
Especially, HfSiO,(3nm)/SiO(2nm) sample shows
the highest breakdown field, suggesting that Hf
metal is more penetrated into SiO, and more
intermixed with SiO,.

As shown in Fig. 3, however, the threshold voltage
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Fig. 3. V, distribution of nMOSFET and pMOSFET.
Difference in Vy, is due to the EOT difference.
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of thick oxide device appears to be affected by
HfSiO, layer. The distribution of threshold voltage
for SiO, and HfSiO, single layer devices are tighter
than those of HfSiO,/SiO, stack devices. The wider
distribution in stack devices comes from the Hf
penetration into interfacial layer and/or intermixing
of HfSiO, with underlying SiO, during post-
annealing processes. This phenomenon is more
pronounce for pMOSFET. If the penetration and/or
the intermixing between two layers mainly cause
into a wider distribution of Vg, however, there
should be no difference between nMOSFETs and
pMOSFETs. In addition to the chemical reaction,
these results indicate that the injected charges are the
main reason of the wider Vy, distribution. For
pMOSFETs, the charges injected from the gate
electrode can be accumulated at the interface
between HfSiO, and SiO,, which in turn affects Vy,
distribution. On the other hand, nMOSFET shows
relatively stable Vy, because the thick oxide layer
suppresses the tunneling from the substrate. These
Vin
dielectric reliability because typical reaction between
HfSiO, layer and SiO, leads to a reduction of
interfacial layer and an oxygen deficient oxide

distributions raise the concern about the

formation. Therefore, it is expected that the

reliability of dielectric could be degraded.
According to the previous BV results, it is

expected that stress induced leakage current (SILC)
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Fig. 4. SILC characteristics of stack structures at effective
electric field of -12 MV/cm.
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characteristics of 2nm interface device will be worse
than other stack structures because of its oxygen
deficient interfacial layer. To clarify the gate stack
effect on oxide reliability, SIL.C measurements were
performed (Fig 4). From the SILC results, 2nm
interface device shows higher A, slope. For the 2nm
interfacial oxide device, in addition to the wider
distribution of breakdown field (Ey), J, is also
widely distributed as shown in the insect of Fig. 4.
These results suggest that there is Hf penetration
and/or interfacial reaction with HfSiO, and . SiO,,
which in turn lead to the worse SILC characteristics
and wider distribution of Ey and J, for 2nm
interface device. For the 4nm interface device and
the control SiO, device, the gate leakage current
follows the Fowler-Nordheim (F-N) tunneling
mechanism (data not shown). However, the 2nm
interface device shows a trap assist tunneling. (TAT)
behavior rather than F-N tunneling, evidencing that
traps are generated from the intermixing between
HfSiO; and SiO, and/or Hf peoetration into
interfacial layer during post-annealing process.

4. Conclusion

For the fist time, the potential reliability problems
of gate dielectrics with thin HfSiO, layer on thick
SiO, region were investigated for multiple oxide
application. Compared 6nm SiO, single oxide device,
HfSi0,/Si0, multiple oxide devices have no
degradation in device performance such as high field
mobility. In conjunction with charge trapping,
however, the Vg distribution and TZDB
characteristics are also affected by the reaction
“between HfSiOy layer and underlying SiO, layer.
Since the stacking of a high-k layer on thick SiO, can
reduce leakage current or improve the SILC
properties, both electrical and reliability characteristics
can be improved by optimization to minimize the
reaction between high-k and SiO, layer.

o) A2 AR & 71 3R] A 154 A43 (2008)

Acknowledgement

This work was partially supported by SRC/
SEMATECH through the FEP Research Center,
Texas Advanced Technology Program, SEMATECH
through the Advanced Material Research Center
(AMRC) and Micron Foundation and was supported
by the Korea Research Foundation Grant funded by
the Korean Government (MOEHRD). (KRF-2005-
214-D00314)

References

1. G D. Wilk, R. M. Wallace, and J. M. Anthony, “High-
K gate dielectrics: current status and materials prop-
erties considerations, J. Appl. Phys., 89, 5243(2001).

2. E. P. Gusev, A. Buchanan, E. Cartier, A. Kumar, D.
DiMaria, S. Guha, A. Callegari, S. Zafar, P. C. Jami-
son, D. A. Neumayer, M. Copel, M. A. Gribelyuk, H.
Okorn-Schmidt, C. D’Emic, P. Kozlowski, K. Chan,
N. Bojarczuk, L.-A. Ragnarsson, P. Ronsheim, K.
Rim, R. J. Fleming, A. Mocuta, and A. Ajmera,
“Ultrathin high-k gate stacks for advanced CMOS
devices, IEDM Tech. Dig., 451(2001).

3.B. H. Lee, L. Kang, W. Qi, R. Nieh, Y. Jeon, K.
Onishi, and J. C. Lee, “Ultrathin hafnium oxide with
low leakage and excellent reliability for alternative
gate dielectric application, IEDM Tech. Dig,
133(1999).

4.J.C. Lee, H. J. Cho, C. S. Kang, S. Rhee, Y. H. Kim,
R. Choi, C. Y. Kang, C. Choi, and M. Abkar “High-
K dielectrics and MOSFET characteristics, IEDM
Tech. Dig., 95(2003).

5. T. Iwamoto, T. Ogura, M. Terai, H. Watanabe, H.
Watanabe, N. Ikarashi, M. Miyamura, T. Tatsumi, M.
Saitoh, A. Morioka, K. Watanabe, Y. Saito, Y. Yabe,
T. Ikarashi, K. Masuzaki, Y. Mochizuki, and T. Mog-
ami, “A highly manufacturable low power and high
speed HfSiO CMOS FET with dual Poly-Si gate elec-
trodes”, IEDM Tech. Dig., 639(2003).

6. K. Onishi, C. Kang, R. Choi, H. Cho, S. Gopalan, R.
Nieh, E. Dharmarajan, and J. C. Lee, “Reliability
characteristics, including NBTIL, of polysilicon gate
HfO, MOSFET’s”, IEDM Tech. Dig., 659(2001).

7. P. D. Kirsch, M. A. Quevedo-Lopez, H.-J. Li, Y. Sen-



Reliability of Multiple Oxides Integrated with Thin HfSiO, gate Dielectric on Thick SiO, Layers 29

zaki, J. J. Peterson, S. C. Song, S. A. Krishnan, N.
Moumen, J. Barnett, G. Bersuker, P. Y. Hung, B. H.
Lee, T. Lafford, Q. Wang, D. Gay, and J. G. Ekerdt,
“Nucleation and growth study of atomic layer depos-
ited HfO2 gate dielectrics resulting in improved scal-
ing and electron mobility”, J. Appl. Phys., 99,
023508(2006).

8. S. B. Samavedam, L. B. La, J. Smith, S. Dakshina-
Murthy, E. Luckowski, J. Schaeffer, M. Zavala, R.
Martin, V. Dhandapani, D. Triyoso, H. H. Tseng, P.
J. Tobin, D. C. Gilmer, C. Hobbs, W. J. Taylor, J. M.
Grant, R. I. Hegde, J. Mogab, C. Thomas, P.
Abramowitz, M. Moosa, J. Conner, J. Jiang, V.
Arunachalam, M. Sadd, B.-Y. Nguyen, and B. White,
“Dual-Metal Gate CMOS with HfO, Gate Dielectric”,
IEDM Tech. Dig., 433(2002).

9. Z. B. Zhang, S. C. Song, C. Huffman, J. Barnett, N.
Moumen, H. Alshareef, P. Majhi, M. Hussain, M. S.

10.

11.

12.

Akbar, J. H. Sim, S. H. Bae, B. Sassman, and B. H.
Lee, “Integration of Dual Metal Gate CMOS with
TaSiN (NMOS) and Ru (PMOS) Gate Electrodes on
HfO, Gate Dielectric”, Proc. Symp. VLSI Technol.,
50(2005).

N. Kimizuka, Y. Yasuda, T. Iwamoto, [. Yamamoto,
K. Takano, Y. Akiyama, and K. Imai, “Ultra-low
standby power(U-LSTP) 65-nm node CMOS technol-
ogy utilizing HfSiON dielectric and body-biasing
scheme”, Proc. Symp. VLSI Technol., 218(2005).
H. Iwai, “Future Semiconductor Manufacturing —
Challenges and Opportunities”, IEDM Tech. Dig.,
1(2004).

G .Groeseneken, Herman E. Maes, Nicolas Beltran,
and Roger F. De Keersmaecker, “A reliable approach
to charge pumping measurements in MOS transistors,
IEEE Trans. Electr. Dev., 31, 42(1984).

Microelectronics & Packaging Society Vol. 15, No. 4 (2008)



