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Bias-Temperature Instability on Fully Silicided-Germanided
Gates/High-k Al2O3 CMOSFETs
C. C. Liao, D. S. Yu, C. F. Cheng,z K. C. Chiang, and Albert Chin

Department of Electronics Engineering, National Chiao Tung University, Nano Science Technology Center,
University System of Taiwan, Hsinchu, Taiwan

We have studied bias-temperature instability~BTI! on fully nickel-silicided~NiSi! and germanided~NiGe! gates on high-k Al2O3
n metal oxide semiconductor field effect transistors~MOSFETs!and pMOSFETs, respectively. At an equivalent oxide thickness of
1.7 nm, the NiSi/Al2O3 pMOSFETs and NiGe/Al2O3 nMOSFETs have a comparable threshold voltagesVtd change of −34 and
33 mV at 85°C and 10 MV/cm stress for 1 h. This result is different from the more severe negative BTI~NBTI! degradation
measured in oxynitride pMOSFET than positive BTI~PBTI! in nMOSFET. The extrapolated maximum voltage for 10 years’
lifetime is 1.16 and −1.12 V from NiSi-NiGe/Al2O3 complementary MOSFETs~CMOSFETs!that can barely meet the required
1 V operation with 10% safety margin. Further improvement is still required because the 1.8 nm oxynitride CMOSFETs have
higher 10 years’ lifetime operation voltages of 2.48 and −1.52 V for PBTI and NBTI, respectively.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1901104# All rights reserved.
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The continuous scaling down of metal oxide semiconductor
effect transistor~MOSFET! devices to the sub-100 nm scale
quires oxynitride or metal oxide high-k gate dielectrics, with a
ultrathin equivalent oxide thickness~EOT!, to replace the conve
tional SiO2 to reduce the gate dielectric leakage current. To fu
increase the drive current in the MOSFET, a metal gate is integ
with these high-kgate dielectrics.1-5 However, one of the main co
cerns of such metal gate/high-k MOSFETs is the poor bia
temperature instability~BTI!.1,6-8 In particular, the negative BT
~NBTI! of pMOSFETs is becoming an increasingly serious prob
for complementary metal oxide semiconductor~CMOS! reliability.
The NBTI of oxynitride gate dielectric pMOSFETs is mainly rela
to, e.g., nitrogen traps,9-12 hydrogen,13,14moisturesH2Od,14 and im-
purity diffusion.6 Both NBTI and positive BTI~PBTI! are even
worse in metal oxide high-k CMOSFETs than in oxynitrid
devices.1,6-8 In this paper, we have studied the BTI effect on fu
silicided-germanided~NiSi-NiGe! dual gates on high-kAl2O3
CMOSFETs5,15-19and compared the results with those of benchm
oxynitride devices. The fully silicided gate has the advantage o
process compatibility to current very-large-scale integrated fab
tion technology. The Al2O3 gate dielectric has a reasonably higk
and good thermal stability for the amorphous type up
1000°C.5,12,15-21In contrast to the worse NBTI than PBTI found
oxynitride devices, the NBTI and PBTI are close in fully NiSi-Ni
gate/Al2O3 CMOSFETs. At 1.7 nm EOT, the extrapolated ma
mum operation voltagesVmax-10 yearsd for 10 years’ lifetime, with
50 mV threshold voltagesVtd change at 85°C, is 1.16 and −1.12
from PBTI and NBTI, respectively. These results are compa
with or better than the reported HfAlON6 and HfSiON data.7 The
high Vmax-10 yearsand close value for both NBTI and PBTI may
due to the processes without hydrogen and H2O that were use
during high-k HfAlON and HfSiON deposition by atomic lay
deposition using NH3 and H2O sources.6 However, the inferio
PBTI of NiSi-NiGe/Al2O3 CMOSFETs to that of oxynitride devic
suggests that further improvement of the high-k dielectric quality is
required.

Experimental

Standard n- and p-type Si~100! wafers with a typical resistivit
of ,10 V-cm were used in this study. After standard cleaning
device active region was formed by thick field oxide and pattern
The source and drain regions were implanted by 35 keV phosp
or 25 keV boron for nMOSFETs or pMOSFETs, respectively,
lowed by a 950°C rapid thermal anneal~RTA! activation. Then th

z E-mail: cfcheng.ee92g@nctu.edu.tw
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s

,3.9 nm Al2O3 was formed by physical vapor deposition, 400
oxidation for 20 min, and 400°C anneal for 20 min. From
capacitance-voltage~C-V! measurement, ak value of 8.9 and a
EOT of 1.7 nm were obtained. The slightly lowerk value than tha
for the bulk Al2O3 sk = 10d is due to the oxidation of Si durin

Figure 1. Room-temperatureIds-Vgs characteristics of~top! NiSi/Al 2O3
nMOSFETs and~bottom!NiGe/Al2O3 pMOSFETs under double sweep m
surements. Insets are enlarged views to show hysteresis.
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postdeposition annealing. The fully NiSi and NiGe gates w
formed by depositing 15 nm amorphous Si or Ge on Al2O3, 15 nm
Ni for both n- and p-devices, and then silicidation and german
tion at 400°C RTA for 30 s.5,15-19For comparison, a control oxyn
tride was formed by decoupled plasma nitridation22 on a 1.8 nm
SiO2 that was grown by oxygen at 700°C for 12 min. The form
oxynitride has a peak N concentration of 9% near the polygat
terface, following a postdeposition annealing. The fabric
CMOSFETs were further characterized by C-V, current-vol
~I-V!, and bias-temperature~BT! measurements.

Results and Discussion

We first measured theIds-Vgs characteristics to examine the h
teresis effects in Al2O3. Figure 1~top!and~bottom!shows the mea
sured hysteresis on NiSi/Al2O3 nMOSFETs and NiGe/Al2O3
pMOSFETs, respectively. For fully silicided/high-k nMOSFETs, the
double sweep of gate voltage from 0 to 1.5 V results inVt shifted
positive by +10 mV. This result suggests the generation of neg
charge traps in nMOSFET. For pMOSFETs, the double swee
gate voltage from 0.5 to − 1.5 V results inVT shifted negative b
−10 mV, which also indicates generation of positive charge tra
the bulk Al2O3 and the Al2O3/Si interface. These amounts of cha
trappings may cause NBTI in pMOSFETs and PBTI in nMOSF
The poorIoff in nMOS is due to the insufficient high-temperature
the annealing~only 950°C RTA! for ion-implanted damage. Th
limited RTA temperature also gives a relatively poor subthres

Figure 2. Room-temperature C-V characteristics of~top! NiSi/Al 2O3 nMOS
and ~bottom! NiGe/Al2O3 pMOS capacitors under double sweep meas
ments. Insets are enlarged views to show hysteresis.
 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-26 to IP 
swing because of the insufficient annealing of high-k dielectric de
fects. Further improving the leakage current and subthreshold
can be done by increasing the RTA temperature to a ty
1000-1050°C or by using an LaAlO3 high-k dielectric.23,24

We have also used C-V to measure the hysteresis effects. F
2 ~top! and ~bottom! show the CV hysteresis characteristics, m
sured at 500 kHz, on NiSi/Al2O3 nMOSFETs and NiGe/Al2O3
pMOSFETs, respectively, where conventional bidirectional sw
from inversion to accumulation were applied to these transisto
double sweeping hysteresis of +10 and,0 mV is measured for th
nMOS and pMOS capacitors, respectively. The smaller flat
voltage shift of the pMOS capacitor than theVt shifts of the
Ids-Vgs curves in the NiGe/Al2O3 pMOSFETs may be due to t
relatively slower and deeper traps that were unable to follow th
signal.25 A similar effect is also observed in other high-k dielectrics
from the quasi-static to the radio-frequency range.26-29

Figure 3 ~top and bottom!shows the NBTI characteristics
Ids-Vgs and Vt change sDVtd, respectively, for NiSi/Al2O3
pMOSFETs stressed at 10 MV/cm electric field and 85°C am
for 1 h. This stress condition was chosen for comparison with
lished data in the literature.6,7 For reference and comparison, theDVt
of SiON pMOSFETs and the data of TaN/HfAlO6 are also plotted i
Fig. 3~bottom!. After 1 h stress at 10 MV/cm and 85°C, aDV of

Figure 3. ~Top! Ids-Vgs and ~bottom! DVt changes of NiGe/Al2O3
pMOSFETs stressed at 85°C and 10 MV/cm for 1 h. For comparison
from poly-Si/SiON and TaN/HfAlO~from Ref. 6!are also included und
the same stress condition.
t
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−33 mV is measured, suggesting that the NBTI is one of the
serious reliability issues for fully NiSi gate/high-k Al2O3
pMOSFETs. The measuredDVt changes are comparable with
better than the published data for HfAlON6 @also plotted in Fig
3~bottom!#, HfSiON,7 and HfTaO,1 where additional Al, N, Si, or T
must be added to HfO2 for BTI reliability improvement. Howeve
the measuredDVt is still larger than that of oxynitride devices w
plasma-generated N at the top poly-Si/oxynitride interface. A
sible reason for the inferior NBTI is the degraded interface
Al2O3/Si and the bulk oxide change in Al2O3; the oxygen-riche
SiN interface on Al2O3 is a possible solution for this importa
reliability issue.10,12

Figure 4~top!and ~bottom! shows the PBTI characteristics
Ids-Vgs and DVt, respectively, for NiGe/Al2O3 nMOSFETs stresse
at 10 MV/cm electric field and 85°C for 1 h. TheDVt data of SiON
nMOSFETs and TaN/HfAlO6 are also included in Fig. 4~bottom!
for comparison. After 1 h BT stress, aDVt of 34 mV is measured fo
PBTI, which is close to theu−33 mVu value for NBTI. In sharp
contrast, an NBTI of only 0.76 mV is measured in poly
oxynitride ~9% peak at poly-Si interface! nMOSFETs after the sam
BT stress; this is lower than the 6.6 mV change in oxynitride pM
FETs. The better PBTI than NBTI is normal for oxynitride MO
FETs, where the mechanism is attributed to hole injection to b
the H-Si bonds and create interface traps.9-14 However, the measure

Figure 4. ~Top! Ids-Vgs and~bottom!DVt changes of NiSi/Al2O3 nMOSFETs
stressed at 85°C and 10 MV/cm for 1 h. For comparison, the data
poly-Si/SiON and TaN/HfAlO~from Ref. 6! are also included under t
same stress condition.
 address. Redistribution subject to ECS terms140.113.38.11aded on 2014-04-26 to IP 
NBTI and PBTI values are less than that of HfO2,
7,8 which may be

due to the strong Al-O bond and consistent with the resul
HfAlO.6 The close PBTI and NBTI absolute values after BT st
in Al2O3 MOSFETs are related to the higher number of inter
and bulk traps, which is normal for high-k gate dielectrics, and is th
main reason for the largeruDVtu change in high-kgate dielectric
than in oxynitride devices.

We also measured the BTI at other gate electric fields
10 years’ lifetime projection, where the lifetime at each gate vo
was defined by auDVtu = 50 mV change during stress. Such a h
gate voltage or electric field is especially required for poly-Si/S
CMOS due to the excellent reliability. Figure 5 shows the lifetim
a function ofVgs for nMOSFETs and pMOSFETs, respectively. T
10 years’ lifetimeVmax-10 yearsis from the extrapolation of measur
data at high gate voltage. The extrapolatedVmax-10 yearsvalues ar
1.16 and −1.12 V for Al2O3 nMOSFETs and pMOSFETs, resp
tively. Theses values can barely meet the BTI requirement a
operation with additional 10% safety margin to 1.1 V. Note th
degraded PBTI is also reported in HfAlON gate dielec
MOSFETs,6 which is even worse than the NBTI and attributed
gate impurity diffusion. The closeVmax-10 yearsfor PBTI and NBTI
in Al2O3 MOSFETs simply occurs because no impurity,6 hydrogen
annealing,13,14 or processing water6,14 was added to the ful
NiSi-NiGe/Al2O3 CMOSFETs. Unfortunately, these values
lower than the 2.48 and −1.52 V for PBTI and NBTI, respectiv
extrapolated for oxynitride MOSFETs at close EOT. The m
mechanism for NBTI degradation in poly-Si/SiON pMOS is du
the trap generation by energetic holes in the bulk oxide and
face. In contrast, the poorer BTI in high-k Al2O3 MOSFETs may b
directly related to the existing high bulk and interface traps. Th
fore, further technological development to reduce these traps
use of an oxygen-rich SiN interface beneath the high-k10,12 is a key
factor for metal gate/high-k CMOS BTI reliability.

Conclusion

We have studied the NBTI and PBTI of 1.7 nm E
NiSi-NiGe/Al2O3 CMOSFETs, with baseline characteristics
10 mV hysteresis. The comparableVt change of −34 and 33 mV f
respective NBTI and PBTI, after 10 MV/cm and 85°C stress
1 h, is probably due to the lack of impurities in the NiSi or N
gate and the fact that no hydrogen or water is used in the d
process. The amount ofVt change and the extrapolatedVmax-10 year
of 1.16 and −1.12 V in NiSi-NiGe/Al2O3 CMOSFETs are comp
rable with or better than the reported BTI data of HfSiON and H

Figure 5. Extrapolated maximum operation voltage for 10 years’ lifetim
NiSi/Al 2O3 nMOSFETs and NiGe/Al2O3 pMOSFETs under failure cond
tion of 50 mV change inVt at 85°C. Data from oxynitride is also added
comparison.
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lON, suggesting a good high-k device integrity. Although th
Vmax-10 yearsof NiSi-NiGe/Al2O3 CMOSFETs can barely meet t
1 V operation requirement, better performance is found in ox
tride CMOSFETs with a higherVmax-10 yearsof 2.48 and −1.52 V fo
PBTI and NBTI, respectively. In addition to having almost the s
NBTI and PBTI values in NiSi-NiGe/Al2O3 CMOSFETs, compar
son with oxynitride CMOSFETs suggests that the bulk and inte
oxide traps in high-k Al2O3 dielectric play a dominant role for BT
Therefore, further improving the device performance is require
metal gate/high-k CMOSFETs including BTI and mobility degrad
tion effects.
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