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Threshold voltage instability of p-channel metal-oxide-semiconductor field
effect transistors with hafnium based dielectrics
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Threshold voltage Vy, instability is one major issue for future metal-oxide-semiconductor field effect
transistors (MOSFETs) with hafnium (Hf) based gate dielectrics. Previous attention was focused on
n-channel MOSFETs (nMOSFETs) and the implicit assumption is that it is not important for
p-channel MOSFETSs (pMOSFETS). This work shows that the Vy, instability of pMOSEFTSs can be
higher than that of nMOSFETs for a sub-2 nm nitrided Hf layer. Unlike nMOSFETSs, the Vi,
instability of pMOSFETSs is insensitive to measurement time, does not saturate as stress voltage
increases, and is not controlled by carrier fluency. Using Hf silicates is less effective in suppressing
it. Some speculations are given on the defect and physical processes responsible for the
instability. © 2007 American Institute of Physics. [DOIL: 10.1063/1.2719022]

The commercial debut of the hafnium (Hf) based high-k
layers as gate dielectric has been held back by a number of
issues, including low carrier mobility, interaction between
gate and high-k layer, dielectric breakdown, and threshold
voltage Vy, instability."2 For the V,;, instability, attention was
focused on n-channel metal-oxide-semiconductor field effect
transistors (n(MOSFETSs).'™ The instability is caused by elec-
tron trapping in hafnium oxide”® (HfO,) and can be sup-
pressed in two ways: using Hf silicates” and reducing the
thickness of HfO, layers.é’7

There is little information on the V,, instability of
p-channel MOSFETs (pMOSFETS) and the objective of this
work is to fill this knowledge gap. Since the electrons
trapped in HfO, can be efficiently detrapped under a nega-
tive gate bias,” they are not important for pMOSFETs. This
could lead to the expectation that Vy, instability is always not
important for pMOSFETs. We will show that this is not true
and positive charge formation can lead to considerable Vi,
instability for pMOSFETs. It is found that the characters of
Vi, instability in pMOSFETs are different from those in
nMOSFETs in several aspects. Unlike nMOSFETs, the Vy,
instability of pMOSFETs is insensitive to measurement time,
does not saturate as the stress voltage increases, and is not
controlled by carrier fluency. The use of Hf silicates is less
efficient in suppressing it. Some speculations will be given
on the defect and the physical process.

The pMOSFET has a 2 nm HfO, layer, prepared by the
atomic layer deposition (ALD) with an interfacial layer ni-
trided in NH; at 900 °C for 60 s. The equivalent oxide thick-
ness (EOT) is 1.13 nm and the estimated equivalent interfa-
cial layer thickness (EILT) is 0.73 nm. The gate metal is
TaN. A 1 nm Hf silicate (70% Hf) was also prepared and
nitrided in NH;3 at 800 °C for 60 s, which gave an EOT of
1.3 nm and an EILT of 0.9 nm. To compare pMOSFETs with
nMOSFETs, nMOSFETs were prepared with a 4 nm ALD
HfO, layer (EOT=1.75 nm and EILT=0.9 nm) or a 1.5 nm
Hf silicate (EOT=1.53 nm and EILT=0.9 nm) also nitrided
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at 800 °C for 60 s in NH;. The channel length and width
for both pMOSFETs and nMOSFETs are 0.25 and 10 um,
respectively.

For nMOSFETs, it is known that the V;, instability, AV,
is highly dynamic and can be substantially underestimated, if
measured from the shift of quasi-dc drain current versus gate
bias (I,~V,) characteristics.”*"* To suppress the recovery
during the measurement, the pulsed /;,~V, technique was
developed, which can reduce the delay between stress and
measurement to microseconds.” We will use the pulsed
1,~ V, technique to assess the AVy, of pMOSFETs. The AVy,
was estimated from the shift of gate bias at a constant drain
current of 1.5X 10™* A with a drain bias of —0.1 V and a
grounded source.

The gate pulse is shown in the inset of Fig. 1, together
with the I,~V, recorded during the two pulse edges. Like
nMOSFETs, a “loop” can be seen for the two [;~ Ve, indi-
cating positive charging during f,,,. When V, returns to posi-
tive after #,,,, the positive charge is reneutralized. However,
the similarity to nMOSFETs ends here and the important
differences are addressed next.
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FIG. 1. Instability of pMOSFETs. The inset shows the gate pulse applied
and ¢,, is the pulse width. The transfer characteristics (TCs) during the two
edges of the pulse were recorded. The negative shift of the TC results from
the positive charge formation in the gate dielectric.
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FIG. 2. Dependence of the measured threshold voltage instability, AV, on
the measurement time. The measurement time is controlled by the pulse
switching time 7, shown in the inset of Fig. 1. Unlike nMOSFETSs, the Vy,
instability of pMOSFETS: is insensitive to the measurement time. The solid
lines are guides for the eyes.

The delay between stress and measurement is controlled
by the second edge of the pulse, 7, in the inset of Fig. 1. As
t; increases, Fig. 2 shows that the AVy, of nMOSFETSs de-
creases progressively, but the AVy of pMOSFETs changes
little. This implies that the positive charges in pMOSFETs
are more stable than the trapped electrons in nMOSFETs.

The filled symbols in Fig. 3 show that the AV
of nMOSFETs can be suppressed by using Hf silicates,
agreeing with early work.* However, the open diamond sym-
bols show that considerable AV can be present for the
pMOSFET with Hf silicate, which is higher than that in the
nMOSFET of Hf silicate. For pure SiO, or SiON, it is well
known that as-grown electron traps are negligible.g‘10 How-
ever, a substantial amount of as-grown hole traps exist.'"!?
As a result, it is not surprising that adding Si to high-k layer
is less effective for suppressing positive charging.

V, is the gate voltage during f,, in Fig. 1. Figure 3

gs
shows that the AV, of nMOSFETSs saturates at higher V.
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FIG. 3. Dependence of AVy, on the stress gate voltage and the impact of
using Hf silicates. Vy is the bias level during the period of 7, as shown in
Fig. 1. The filled symbols represent nMOSFETs and the AV, saturates as
Vg increases. The instability is negligible in the nMOSFETs with a
sub-2-nm Hf silicate. The open symbols represent pMOSFETs and the AV,
does not saturate with V, and considerable instability occurs in a sub-2-nm
Hf silicate.
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FIG. 4. Dependence of AVy, on the carrier fluency injected into the gate
HfO,, Nj,;. Under a constant V,, the AV, of pMOSFETs is insensitive to
Niyj» but AV, of nMOSFETs increases with Nj,;. Each symbol represents
results obtained at a given V. The open symbols represent pMOSFETs. The
filled symbols and “+” and “X” represent nMOSFETs. V,, and AV, are
negative for pMOSFETS and positive for ntMOSFETSs. The different Nj,; at a
given V,, was obtained by varying the time 7, shown in Fig. 1. The lines

are guides for the eyes.
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This is because, once all as-grown electron traps were filled,
Vi Will not shift further. Such a saturation cannot be ob-
served for pMOSFETs.

Since saturation cannot be observed for pMOSFETSs, it is
possible that a new defect is created. If this is true, AV},
should increase with the fluency of carriers injected into the
dielectric, Ninj.13 Figure 4, however, shows that the AV}, of
pMOSFETs does not increase with Nj,;. As a result, the in-
stability of pMOSFETs should originate from as-grown de-
fects. Next, we attempt to explain why the instability neither
saturates nor increases with Njy.

For nMOSEFTs, electron traps are initially neutral®'*
and have to capture injected electrons to be charged. Figure 4
shows that Nj,; controls AVm.7 For pMOSFETs, the insensi-
tivity to Nj,; suggests that the charging does not involve cap-
turing injected carriers. The charging of two types of defects
does not require capturing injected carriers: donorlike defects
in the dielectric and the generated interface states. Figure 5
illustrates the charging of donorlike defect. For a fresh de-
vice, it is neutral. Under V4 <0, its energy level rises above
the bottom edge of the silicon conduction band, E,., and be-
comes positively charged. The higher |Vgs , the more defects
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FIG. 5. Schematic illustration of the defect and physical process responsible
for the AV, of pMOSFETs. Under V,=0, the donorlike defects are neutral
(a). Under V,<0, electrons tunnel away, leaving positive charges in the
dielectric (b).
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move above E, and, consequently, the more positive charg-
ing. This explains the nonsaturation of AV}, for pMOSFETSs.

The creation of interface states by negative bias tempera-
ture stress is well known for SiO, (Ref. 15) and SiON.'¢
The capacitance-voltage measurement (not shown), however,
indicates that it is insignificant under the present test condi-
tion. This is because the stress time used here is too short
(<1 s) to create a considerable amount of interface states
but long enough to charge the as-grown defects in the Hf
dielectrics investigated here. It is noted that the stress time
used for SiO% and SiON is typically much longer (e.g.,
10°-10° 5).>1°

In summary, this work shows that the V, instability of
pMOSFETs can be higher than that of nMOSFETs for a
sub-2-nm nitrided Hf layer. The characters of Vj, instability
of pMOSFETs are different from those of nMOSFETSs in
several aspects. The measured Vy, instability reduces signifi-
cantly as the measurement time increases for nMOSFETs,
but not for pMOSFETs. As the magnitude of stress gate volt-
age increases, the instability saturates for nMOSFETSs, but it
does not for pMOSFETSs. The carrier fluency can control the
instability of nMOSFETs, but not that of pMOSFETs. It is
speculated that the V;, instability of pMOSFETs originates
from donorlike defects. Using Hf silicates is less effective in
suppressing the instability of pMOSFETs. The Vy, instability
of pMOSFETs reported here is sensitive to nitridation condi-
tion, which should be carefully controlled for process opti-
mization.

This work is supported by the Engineering and Physical
Sciences Research Council of U.K. under Grant No.
EP/C003071/1, which is part of a joint research project

Appl. Phys. Lett. 90, 143502 (2007)

linking Liverpool John Moores, Liverpool, and Manchester
Universities.

'G. Groeseneken, L. Pantisano, L.-A. Ragnarsson, R. Degraeve,
M. Houssa, T. Kauerauf, P. Roussel, S. De Gendt, and M. Heyns, in
Proceedings of the 11th International Symposium on Physical and Failure
Analysis of IC, 2004, pp. 147-155.

T.p Ma, H. M. Bu, X. W. Wang, L. Y. Song, W. He, M. Wang, H.-H.
Tseng, P. J. Tobin, IEEE Trans. Device Mater. Reliab. 5, 36 (2005).

3A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve,
T. Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, in Proceed-
ings of the International Reliability Physics Symposium, 2003, pp. 41-45.

A, Shanware, M. R. Visokay, J. J. Chambers, A. L. Rotondaro,
J. McPherson, L. Colombo, G. A. Brown, C. H. Lee, Y. Kim, M. Gardner,
and R. W. Murto, Tech. Dig. - Int. Electron Devices Meet. 2003, 939.

°G. Bersuker, J. H. Sim, C. D. Young, R. Choi, P. M. Zeitzoff, G. A.
Brown, B. H. Lee, and R. W. Murto, Microelectron. Reliab. 44, 1509
(2004).

6. H. Sim, S. C. Song, P. D. Kirsch, C. D. Young, R. Choi, D. L. Kwong,
B. H. Lee, and G. Bersuker, Microelectron. Eng. 80, 218 (2005).

T.E Zhang, C. Z. Zhao, M. B. Zahid, G. Groeseneken, R. Degraeve, and
S. De Gendt, IEEE Electron Device Lett. 27, 817 (2006).

8c. Z. Zhao, J. F. Zhang, M. B. Zahid, B. Govoreanu, G. Groeseneken, and
S. De Gendt, J. Appl. Phys. 100, 093716 (2006).

W. D. Zhang, J. F. Zhang, M. Lalor, D. Burton, G. Groeseneken, and
R. Degraeve, IEEE Trans. Electron Devices 49, 1868 (2002).

M. H. Chang, J. F. Zhang, and W. D. Zhang, IEEE Trans. Electron Devices
53, 1347 (2006).

"R, E. Stahlbush, A. H. Edwards, D. L. Griscom, and B. J. Mrstik, J. Appl.
Phys. 73, 658 (1993).

2l E Zhang, H. K. Sii, G. Groeseneken, and R. Degraeve, IEEE Trans.
Electron Devices 48, 1127 (2001).

C. Z. Zhao and I. F. Zhang, I. Appl. Phys. 97, 073703 (2005).

g, Cartier, A. Kerber, and L. Pantisano, IBM Research Report No.
RC23080 (W0401-119), 2004.

'5K. O. Jeppson and C. M. Svensson, J. Appl. Phys. 48, 2004 (1977).

M. H. Chang and J. F. Zhang, J. Appl. Phys. 101, 024516 (2007).



Applied Physics Letters is copyrighted by the American Institute of Physics (AIP). Redistribution
of journal material is subject to the AIP online journal license and/or AIP copyright. For more
information, see http://ojps.qip.org/aplo/apler.jsp



