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Introduction
Hf-based gate dielectrics layers with EOT<Inm are actively
investigated for 22nm node and beyond. EOT scalability of
these films is simultaneously achieved by reducing the high-k
thickness as well as optimizing the N-profile into the thin film.
For Hf-based layers electron traps in the upper part of the
bandgap have been a major concern for nMOSFETS since
they cause Vr-instability and affect mobility [1]. With the
scaling of EOT to 1 nm and below, the impact of these traps
has, however, disappeared [2]. Electron traps have never been
considered a potential problem for PMOS because at negative
bias they are always efficiently discharged.
We found, however, that in PMOS with EOT ~1 nm, a large
hysteresis at high field is observed in the Ip-Vg characteristics,
while no hysteresis is measured on the corresponding NMOS
devices (on the same wafer) (Fig. 1).
In this work we will prove by an advanced charge pumping
technique that the hysteresis in PMOS is caused by hole traps
in the high-k layer. Furthermore, we show how NBTI defects
are correlated with such hole traps. Hole trap density de-
pends on the Hf- and N-profile in the film, being larger for
Hf-rich films.
Experimental devices
Several Hf-based PMOSFETs with HfSiO gate dielectric
were manufactured. EOT is ranging from 1nm to 1.8nm (Ta-
ble 1). Up to 19% Nitrogen was incorporated in the films by
either thermal or Decoupled Plasma Nitridation (DPN). PVD
TaN or ALD TiN gates were used. Both N- and PMOS were
fabricated on the same wafer / Metal Gate (MG) process.
Junction activation temperatures in excess of 1000 °C were
considered.
Hole trapping in pMOS
In principle, the hysteresis in Fig.1 can be explained in two
possible ways (Fig. 2): a) electrons traps in the upper part of
the high-k bandgap are discharged at large V5<0; b) holes are
trapped and detrapped in the bottom part of the high-k band-
gap.
Charge Pumping (CP) can distinguish between the two
mechanisms, since it only senses holes that are pumped from
the source/drain to the substrate, while electrons that are both
discharged and charged to the substrate are not measured. In
order to access traps in the high-k, low frequencies need to be
used and for ~1 nm EOT layers gate-to-substrate leakage cur-
rent is masking the charge pumping current (Fig. 3). We de-
veloped a methodology to separate the charge pumping signal
from the leakage current. This method exploits the property
that Isyg=Isp if leakage components are absent. Details on this
method will be published elsewhere. With this in mind the
same pulse as the one in the inset of Fig.1 was considered.
After leakage current correction, the hole trap density is ob-
tained as a function of trap discharge time using the VT°CP
method [3] (Fig. 4). The slope of the curve for long discharge
time is a measure for the high-k hole trap density. In all the
investigated samples the Ip-V hysteresis can be explained by
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the hole trap density measured by VT°CP proving that mecha-
nism b) in Fig. 2 is correct.

Impact of Nitridation on hole trapping
We studied the impact of different nitridation processes (Ta-
ble 1) on the hole trap density. Table 1 summarizes the find-
ings for all dielectrics and MG considered. Incorporating N
introduces hole traps, both for DPN and NHj nitridation. For
TiN the largest Hf concentration gives a higher hole trapping.
For a given TaN, especially for a high energy DPN process
(Hard DPN) the trap density increases drastically suggesting a
structural change in the high-k as shown in Fig 4 and Table 1.
The hole trap density also affects the NBTI characterization.
At low stress field the samples with high hole trap density
(Hard DPN) also show a larger NBTI degradation (Fig. 5),
that cannot be explained by interface trap generation [4]. Con-
sequently, the extrapolated NBTI lifetime (not shown) fol-
lows the same trend as the hole trap density. Importantly all
samples still meet the 10 years reliability target.
Several hole trap generation mechanisms can be proposed to
explain the data in table 1. However from Fig. 4 these defects
are found a) in the bulk HfSiON and (see table 1) b) preferen-
tially for high-Hf concentrations.

L-dependent hole trapping - a change in the dielectric?
When the L-dependencies of the linear Vr is considered for
Inm and 2nm Hf-rich HfSiON a large roll-off is found for the
thicker sample (see Fig.6a). This roll-off is commonly inter-
preted as lateral nonuniformity (see the model of Fig.6b) as-
sociated with processing (etching, a change in the interfacial
oxide thickness and quality, lateral diffusion of impurities ...).
Note that an effective negative charge incorporation in the
order of 10'*/cm? may well explain the results of Fig.6a. Ad-
ditionally to such a negative charge, also a L-dependent hole
trap densities are found using charge pumping, as shown in
Fig.7 and 8. Note that the L-dependent increase in the CP
signal cannot be attributed to a thinning of the interfacial
layer or a change in its dielectric properties, as demonstrated
using a split RFCV [5] (Fig.9) and mobility extraction for
sub-100nm MOSFETs [6] (Fig.10).

All these characterization techniques point toward a process-
induced L-dependent modification of the bulk HfSiON de-
fects. Tentatively phase separation in HfSiON and consequent
formation of SiOx species in the dielectric can explain the
large hole trapping.

Summary and conclusions

Unexpected Vr-instability in PMOS was demonstrated for
HfSiON with EOT ~1nm. These traps were successfully iden-
tified as hole traps in the HfSiON bulk using a modified
“leakage-free” CP technique. Hole trap density depends on
the Hf- and N-profile in the film and significantly lowers the
NBTI lifetime. Largest hole trap densities were found in thin
Hf-rich films thus being a concern for further EOT scaling
toward sub Inm EOT. Additionally L-dependent hole trap-
ping was found correlated with traps responsible of anoma-
lous Vy-roll-off.
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Fig.2: Charging and discharging of defects during CP. Elec-
tron traps in the upper part of bandgap (a) and hole traps in the
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Fig. 3: During charge pumping a gate pulse toggles the MOSFET from inversion to accumulation.
Holes from the source/drain are trapped in the dielectric during inversion and released during accu-
mulation. For Jg=0, Lyy=-Isp=Icp. For large Jo a correction is needed in the low frequency range

by using conventional I-V measurements on the same samples.
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Fig.4: Hole traps density as a function of trap discharge time
(defined in Fig. 3). On this plot we can separate the traps in the
interface from those in the high-k (VT2CP method [3]). The slope

of the curve in the long discharge time region is a measure for the
high-k trap density.

Table 1:

Table showing the different sample used in this work as a function of several important
parameters. The Vr shift was taken at Igmax/2 from the ramp-up and -down of the pulsed Ip-Vg curve

in all case. Note that the worst case condition is for Hf-rich samples.

degradation at low field.

omon T Tson T, [ [ | 0y | oy [ 07 107 Ervo i
— 4E tstress: 1 OOOS
2nm 50 5 5.7E+10 1.80 (\"E 2F T=125°C
2nm 50 7 9.5E+10 167 | oup %: 10"
2nm 50 22 3.0E+11 158 | Tan 5 4
3nm 50 32 3.9E+11 1.78 )
50 40 5.3E+11 1.62 10"
50 a4 7.6E+11 125 | 7 5 5 7 8 9 10
80 52 8.6E+11 130 | T
80 a4 9.5E+11 1.05 Eqx [MV/cm]

03 TTTTTH [N = SELELLALLL B R R LU B RS = AE
a . o Hole defects

s 04—( ) e o (b) T [ ToLbEium °L\  10"tdec om" ]

= A A tHfs,iom_2 ALD TiN S 4 —O-L=025pm 4 —

> 051 HrsioN=4NM - _| ALD TN £ HiSiONS - f - B

§ é 1nm$ HfSION zm HfSION :s 2 2 __ ]

£ 06 o A q Y, z | v ;217755\\// 0 [;2nm HfSION
07k ) LT Ol v vvvwwl 4oy @mP L 2 3 4 56789

01 2 3 45678 91 0.1 1 10 100 !

Drawn Length [um]

Fig.6: a) Lateral non uniformity (LNU) causes a dramatic V- roll off
for both PMOS and NMOS (not shown); b) Model of electrical data.

Note the defects responsible of LNU in 2nm HfSiON. with Fig.6b
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Fig.9: a) Normalized split RFCV [5] for Inm and 2nm HfSiON with nominal gate
length down to 0.15um. Despite the distortion close to V1 (LNU), for 2nm HfSiON
the CET is L-independent. b) The RFCV were normalized [6] taking into account
the Lgate (measured with CDSEM) and the overlapping length L,y (as in [7]). Once
L,y is known for the ‘ideal’ Inm HfSiON case, its value can be also used to normalize

the 2nm HfSiON for all gate lengths.
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Fig.7: Hole trapping increases dra-
matically with shorter L, consistent
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Fig.5: The effective charge density after 1000s NBTI stress vs.
the stress field. Samples with high hole trap density show a large

Fig.8: Hole defects in HfSiON vs. gate length. Note that
the hole trap densities found are in the same order of
magnitude of the electron defects responsible of Vr-roll

off in Fig.6a
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the inversion charge calculation without affecting the overall conclusions)
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Fig.10: Mobility for 1um and 0.15um. Extraction technique discussed in [6]. The
charge in inversion and Ly, has been determined from Fig.9. Reeries = 200Q/um
for both samples. A L-independent peak mobility is found for both dielectrics
suggesting a negligible change in the interfacial oxide quality. (the lateral
nonuniformity (LNU) already discussed in Fig.9 yields an slight perturbation in
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