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Sulfur was embedded in atomic-layer-deposited (ALD) HfO,
films grown on Ge substrate by annealing under H,S gas be-
fore and after HfO, ALD. The chemical states of sulfur in the
film were examined by S K-edge X-ray absorption spectro-
scopy. It was revealed that the valences of S-ions were mostly
-2 at Ge/HfO, interface (GeS, or HfO,_,S, to passivate the in-
terface), while they were mostly +6 in HfO, layers (sulfates;

1 Introduction Nowadays, oxides with high dielec-
tric constant (high-k) are widely used as the insulating bar-
rier that prevents direct electrical leakage between gate and
channel in metal-insulator—semiconductor field-effect
transistor (MISFET) devices [1]. The electrical properties
as a gate insulator (GI) can be degraded due to the pres-
ence of defects including oxygen nonstoichiometry in the
gate oxide or dangling bonds of the channel material sur-
face, necessitating certain “healing” of the defects [1, 2].
However, when germanium rather than silicon is used as a
channel material for next generation MISFETs, it is more
difficult to heal such defects; annealing at high temperature
would aggravate the electrical properties of the high-k/Ge
system because Ge is thermally unstable [3, 4].

Recently, it has been reported that passivation of the
defects by injecting sulfur ions into Ge, is effective in im-
proving the electrical properties [5, 6]. Along with a con-
ventional wet process in which the Ge substrate is im-
mersed in aqueous (NHy),S, a dry process in which the Ge
substrate is exposed to H,S gas environment with heat, is
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HfO, .(SO,).). The leakage current density in post-deposi-
tion-treated film was lower than that in pre-deposition-treated
one. This suggests that the passivation of defects in oxide
layer by sulfate ions is more effective to lower the leakage
current rather than the interface defect passivation by S*
ions.
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newly developed [7-9]. The S ions injected by these meth-
ods have been simply regarded as to fill the defects by oc-
cupying the oxygen sites or form Ge—S bonding at the in-
terface. In both cases, the S ions should have valence of —2
similar to O ions [6, 7]. However, the S ions incorporated
in the high-k GI layers can, in principle, be further oxi-
dized due to abundance of oxygen ions [10]. In spite of the
possible oxidation of sulfur, as far as we know, studies on
the oxidation states of sulfur have not been reported. This
is mainly because the concentration of sulfur embedded in
the high-k/Ge system, would be too low (<1%) to be ob-
servable in conventional chemical analysis techniques such
as X-ray photoelectron spectroscopy (XPS) or Auger elec-
tron spectroscopy [7, 11].

Therefore, in this work, we focused on examining the
oxidation states of S ions in high-£/Ge system. For the rep-
resentative high-k GI, we chose the most well-known oxide,
HfO,, which can be prepared by a well-established tech-
nique of atomic layer deposition (ALD) [6, 8, 12, 13]. To
enhance the measurability of the S signals, we used a
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bulk-sensitive and element-specific technique, X-ray ab-
sorption spectroscopy (XAS) at S K-edge (photon energy,
hv ~ 2470 eV) [14]. From the XAS analysis of the sulfur
chemistry in samples prepared under various conditions,
we found a clear evidence of oxidation of sulfur ions in-
corporated due to H,S treatment.

2 Experimental ALD HfO, films were grown on
clean Ge substrate using TEMAH{ [tetrakis(ethylmethyl-
amino) hafnium] and O; as the metal organic precursor and
oxygen source, respectively, at a substrate temperature of
280 °C. H,S treatment was performed at 400 °C for 30 s,
under H,S (5%)/N, (95%) atmosphere with the working
pressure of 500 Torr. The S K-edge XAS was performed at
the 16A1 beamline in Taiwan Light Source. Data were col-
lected in fluorescence yield mode with a Lytle detector at
room temperature. The probing depth of S K-edge XAS is
much larger than 10 nm, deep enough to detect the signals
from the buried interface as well as the ALD-grown oxide
layers. To fabricate MIS capacitor for the leakage current
measurement, 100 nm-thick TiN gate electrode was depos-
ited on the Ge/HfO, stack using DC magnetron sputter.
Leakage current density—voltage (J-V) characteristic was
examined using HP4156A Precision Semiconductor Pa-
rameter Analyzer. The density-functional-theory (DFT)
calculations were performed using the Vienna Ab initio
Simulation Package with projector-augmented wave pseu-
dopotential. The hybrid functional of the Heyd—Scuseria—
Ernzerhof type with the screening parameter of 0.2 A was
employed to calculate the exchange correlation energy, be-
cause it gives reasonable band gaps [15]. We made the
model structure of Hf(SO,), by substituting Hf for Zr of
Z1r(SOy), [16].

We first examined the sulfur chemistry of the samples
annealed in H,S environment prior to HfO, deposition.
Figure la shows the S K-edge XAS spectra from Ge sub-
strate after H,S treatment, after a 6 nm-thick HfO, deposi-
tion on it [Ge(H,S)/HfO,], and after a 2 nm-thick TiN elec-
trode deposition on top of HfO, [Ge(H,S)/HfO,/TiN]. We
can assess the chemical states of sulfur ions according to
hv, since the energy cost to create a core hole differs natu-
rally depending on the screening of the valence electrons;
the first peaks at iv ~2471 eV and the second peaks at
hv ~ 2482 eV indicate the valences of —2 and +6, respec-
tively [10]. It is clearly shown that for the Ge substrate,
only a signal from —2 valence is observed, while for the
two HfO,-deposited films, both of the signals (i.e. from —2
and +6 valences) are observed. The similarity in overall
peak intensities of the two films signifies the negligible
role of TiN deposition on the chemical evolution of S-ions
embedded in the specimens.

Since XAS reflects the unoccupied electronic structure
projected on specific atomic sites, the XAS peak intensity
should be roughly proportional to the abundance of empty
electron states [14]. Therefore, peak intensity from a single
S% ion, in which all of the 3sp shell electron states are
empty, should be much more intense than that from a sin-
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Figure 1 (a) S K-edge XAS spectra from Ge substrate after an-
nealing under H,S gas environment, after a 6 nm-thick HfO, de-
position, and after a TiN electrode deposition on top of HfO,. (b)
The magnified plot near the edges.

gle S* ion, in which 3 sp shell states are almost filled. This
signifies that the concentration of S®' is very small (<10%)
compared to that of S~ for all specimens. The high intensi-
ties of the first peaks highlight the dominance of S*~ in the
three specimens. The magnified view of the first peaks is
shown in Fig. 1b. In the case of Ge substrate (H,S-treated),
S* feature can be attributed to the formation of GeS, or
remaining H,S at the Ge surface [17]. The Ge—S bonds can
passivate the active interfaces [7], lowering the electrical
leakage current across the Ge/HfO, interface.

Meanwhile, in the case of HfO,-deposited films, the
peak widths are rather larger than that of Ge substrate and
the lineshapes of features are not reproducible from a sim-
ple combination of Lorentzian/Gaussian shapes with cer-
tain arctangential backgrounds. Therefore, we divided the
features into two: One at ~2471 eV should be attributed to
the Ge-S bonds at the Ge surface. The other one at
~2472 eV from the indirect Hf-S bonds in HfO, .S, in the
oxide layers. This assignment is reasonable because the va-
lence of S ions in HfO, .S, can be slightly higher than the
nominal value of —2 due to lower electronegativity of S
compared to O.

The S* ions might either form Ge-S bonds to pas-
sivate the interface or fill the oxygen vacancy in the oxide
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Figure 2 S K-edge XAS spectra of Ge/HfO, (6 nm) after anneal- 2470 2475 2480 5485 2490

ing under H,S gas environment and after 2 nm-thick TiN elec-
trode deposition on top of it. The spectrum from a thick HfO,
film (20 nm) after H,S treatment is appended for comparison.

layers to diminish the electrical leakages [6, 7]. To resolve
which of these mechanisms is dominant, we need a control
experiment with complementary set of samples in which a
different depth profile of S ions is implemented. We pre-
pared Ge/HfO, films first and then annealed the samples
under H,S exposure. As will be discussed in Fig. 3, the sul-
fur ions in the films annealed after the deposition remained
mostly in the oxide layers.

Figure 2 shows the XAS spectra of Ge/HfO, (6 nm)
film after H,S treatment [Ge/HfO,(H,S)] and the same film
except additional 2 nm-thick TiN electrode on top of it
[Ge/HfO(H,S)/TiN]. In the spectrum of Ge/HfO,(H,S),
at least three peaks were observed and each of them can
be attributed to S* (~2471¢eV), S* (~2477 eV), or S**
(~2482 eV) [10]. The S* signals can be attributed to the
presence of GeS, or HfO, .S, as in the case of pre-
deposition annealed samples (Fig. 1). Meanwhile, S*" and
S signals should be attributed to sulfite (SO3") and sulfate
(SO7) ions, respectively. Since the ALD HfO, layers con-
tain abundant O, it is not surprising that the S-ions embed-
ded in HfO, are highly oxidized.

The intensities of sulfite and sulfate peaks are not less
than that of sulfide (S*). Regardless of the TiN deposition,
the concentration ratios of sulfite/sulfate over sulfide over-
all were increased, when we applied the post-deposition
treatment rather than the pre-deposition treatment. In fact,
after the TiN deposition the features of the high oxidation
numbers (2477-2482 eV) became slightly more intense,
whereas the S*~ features (~2471 eV) became weaker. This
suggests that the deposition of TiN on top of HfO, layers
might promote the sulfur oxidation. In the post-deposition
treatment, S is injected from H,S gas environment. Thus,
highly oxidized S-ions in post-deposition-annealed sam-
ples should mostly be near the surface of HfO, layers.
Therefore, the impact of TiN deposition can be maximized
in the case of post-deposition-annealed samples.
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Figure 3 Comparison of the pre-deposition and post-deposition
annealing effects. Weaker (stronger) intensity of S*~ (S%") in the
post-deposition treatment strongly suggests the dominance of $*-
at the interface and prevalence of SO; in the HfO, layers. The
schematics of the atomic structures at the interface and in the
HfO, layers are appended.

In Fig. 2, the spectrum of a thick HfO, film (~20 nm)
after H,S exposure is appended for comparison. No clear
features of S* but only the sulfite/sulfate features are ob-
served in the spectrum. This evidently shows that the
S-ions in HfO, layers are mostly oxidized. The absence of
prominent S* features in the thick film implies that the
S* ions in the Ge/HfO, thin films should be mostly buried
underneath the film, namely, at the Ge/HfO, interface.
Therefore, we can tell that S embedded in the Ge/HfO,
films constitute sulfide at the interface and sulfite or sulfate
in the oxide layers.

Figure 3 comparatively shows the spectra of
Ge(H,S)/HfO/TiN and Ge/HfO,(H,S)/TiN. The peak in-
tensity of S°* (S?) in the latter increased (decreased) com-
pared to the former, reflecting the difference in depth pro-
files of the two ionic species. The bonding structures for
the S and S ions are schematically described in the in-
sets. At the interface, S* ions should either fill the oxygen
defects or form Ge—S bonds, possibly improving the char-
acteristics of the high-k films [6, 18]. On the other hand,
SO3 (S*") or SOF (S*") radicals can be coordinated mostly
in the oxide layers so as to constitute locally a sulfate or
sulfite. The oxygen ions in those radicals might fill the
oxygen defects in the oxides grown by ALD, which would
reduce the leakage current as well [19].

Since the electronic structure or stability of the local
structures of sulfates/sulfites has been rarely reported so
far [20], it is not easy to predict whether the incorporation
of such sulfate/sulfite bonds might improve the characteris-
tics as high-k oxide or not. Our DFT calculation showed
that a model structure of Hf(SO,4), would have a larger
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Figure 4 Typical J-V curves for TiN/HfO,/Ge MIS capacitors
with the pre-deposition and post-deposition H,S treatments.
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bandgap (by +0.4 eV) than HfO, (~5.7 eV). This suggests
that partial formation of Hf-sulfate would slightly increase
the bandgap of the entire film. The larger bandgap implies
lower possibility of thermal electronic excitation. Although
the actual S concentration in the system, judged from XPS
[21] appears to be very low (<1%) so that the electrical
leakage is mostly relevant to the defect states in bandgap
rather than the bandgap itself in these large bandgap oxides,
this theoretical result is consistent with our experimental
observation of reduced leakage current in S**/S*"-embed-
ded HfO, (see Fig. 4). This signifies that the incorporation
of the high-oxidation-number S ions (sulfate or sulfite
ions) can effectively play a significant role in determining
the insulating properties of Hf-composites.

Figure 4 shows the typical J-V curves for Ge/HfO,/TiN,
Ge(H,S)/HfO,/TiN and Ge/HfO,(H,S)/TiN capacitors. It
evidently shows an improvement in the electrical leakage
in the cases with H,S treatment. This can be attributed
to passivation of the electrical defects in the film and/or
the interface by sulfur ions. Interestingly, the J values
for Ge/HfO,(H,S)/TiN is overall lower than that for
Ge(H,S)/HfO,/TiN. In the case of Ge(H,S)/HfO,/TiN, the
passivation of Ge surface should work as to lower the in-
terface defect densities while the defects in HfO, layers
could not be removed. In contrast, in Ge/HfO,(H,S)/TiN,
the sulfur ions can migrate into the system down to the
Ge substrate, so that the defects both at the interface and
in the oxide layers can be healed. Thus, the lower leakage
current in Ge/HfO,(H,S)/TiN suggests that the healing
of defects in the film by the sulfate or sulfite ions had a
greater impact on the electrical properties of the high-k
GI than the passivation of the interface by sulfide ions. The
strong covalent nature of the S—O bonds will efficiently
prohibit donating charges to the HfO, host to minimize
the effects of the defects. Therefore, sulfur oxidation in
the high-k GI should be considered in future theoreti-
cal and experimental studies to explore its passivation ef-
fects.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3 Conclusion XAS studies of H,S treatments on the
Ge/HfO, films showed the dominance of S®* in the HfO,
layers, indicating that the sulfur ions from H,S gas can ef-
fectively incorporate and oxidize in the oxide as to locally
form sulfate ions (SOF ). The low leakage current in the
H,S-treated HfO, films suggests that the incorporation of
sulfate radicals can effectively lower the defect density in
the oxide and interface. Comparative studies of pre-
deposition-treated and post-deposition-treated films re-
vealed that the H,S exposure after HfO, ALD is more effi-
cient to form sulfates, whereas the same H,S exposure be-
fore HfO, ALD would mostly form sulfides at the HfO,/Ge
interfaces.
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