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As transistor feature sizes scaling down, the ultra-thin HfO, high-k dielectric has been used to replace SiO, for the
gate dielectric for a better EOT. Grazing Incidence X-ray Reflectivity (GIXRR) is an accurate instrument to
analyze the ultra-thin HfO, films based on an appropriate material model. However, the interfaces between layers
of the ultra-thin HfO, films are not easily identified, especially when post-deposition annealing (PDA) process is
applied. In this work, X-ray Photoelectron Spectroscopy (XPS) was used to evaluate the layer structures which
were post-annealed up to 1000°C using furnaces in the Ar ambiances. The experimental results and analysis
showed that layer thicknesses, crystal phases and chemical structures of the ultra-thin HfO, films were
significantly dependent on annealing temperatures. The structure analysis of the GIXRR spectra using the modified
material structure model from the XPS analysis confirmed the interfacial broadening induced by the post-

deposition annealing.

1. Introduction

Grazing Incident X-Ray Reflectivity (GIXRR) has been
frequently used to characterize ultra-thin HfO, films with an
appropriate material structure model. However, the establishment of
the material structure model is difficult, since structure change and
interface stability induced by thermal annealing are critical issues in
characterizing HfO, films using X-Ray Reflectivity (XRR) [1-3]. In
this study, the HfO, films were evaluated by X-ray Photoelectron
Spectroscopy (XPS) to obtain the layer structures induced by thermal
annealing. Consequently, a modified material structure model based
on the XPS evaluation is established in the GIXRR analysis.

The material structure model of the HfO, films was originally
constructed as a three-layer model with a native oxide SiO, on Si-
substrate [4] and a 10 nm HfO, layer on top. The top HfO, layer was
atomic layer deposited (ALD) on an 8-inch p-type silicon wafer [5].
In order to investigate the layer structure change induced by
annealing, the HfO, films were cut into 2x2 cm? and thermally
annealed at 550 °C, 850 °C and 1000 °C in Ar environments [5]. The
inter-diffusion phenomenon of both as-deposited (ASD) sample and
post-deposition annealing (PDA) films for accurate XRR fitting
analysis was evaluated by the XPS. The obtained individual element
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XPS profiles at several different annealing temperatures were curve
fitted to several annealing temperatures, which showed the
composition changes of oxides and the layer structures of the films.
Consequently, to analyze the obtained XRR spectra, a four-layer
material model of HfO, (low-density)/HfO,/SiO,/Si-substrate based
on XPS analysis was constructed to improve fitting process with
XRR genetic algorithm (GA) analysis [6]. As a result, the film
thickness of the HfO, films with modified material structure models
were obtained accurately.

2. Structure and Composition Analysis
2.1 XPD Crystalinity

Typical XRD spectra of 10 nm HfO, films are shown in Fig. 1. A
broad diffraction peak can be observed around 26 angle at 30° to
indicate that crystallization starts at ASD for 10 nm HfO, films. It can
also be found that major crystallization occurs at 450 °C. The
crystallization is mixed with monoclinic and orthorhombic phases,
since at lower annealing temperatures, both orthorhombic (1 1 1)
phase at 30.68° and monoclinic (-1 1 1) at 28.62° and (1 1 1) at
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31.92° can be observed. However, the intensity of the orthorhombic
(1 1 1) phase at 30.68° decreases with increasing annealing
temperatures. It indicates that the orthorhombic phase disappeared
and the monoclinic phase becomes dominant with increasing
annealing temperatures [7].
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Fig. 1 XRD spectrum of ASD and PDA 10 nm HfO, films.

2.2 XPS Composition

Fig. 2 shows XPS surface-scans with well-defined Hf 4f, O 1s and
Si 2p peaks for ASD and PDA HfO, films. As shown in Fig. 2 (a), an
obvious spin-orbit doublet can be identified for each spectrum and
decomposed into two contributions of Hf 4f;, and Hf 4fg,, at 17.10
eV and 18.70 eV, respectively, which are corresponding to oxide
peaks. Another spin-orbit doublet can also be found at 15.75 eV and
14.30 eV, corresponding to Hf silicide, for the ASD films. The oxide
peak shifts to higher BE in the vicinity of Si, i.e., to 17 ~ 17.5 eV,
which can be attributed to HfSi,O, [7]. At the low annealing
temperature ( ~ 550 °C ), the core level of Hf 4f shows a similar trend
to that of the ASD film. The two peaks of the spin-orbit doublet are
located at the BE of 16.90 eV and 18.60 eV with the splitting of 1.70
eV. However, as the annealing temperature increases, e.g. 850 °C and
above, the two peaks of Hf 4f;, and Hf 4fs, shift to higher BE, such
as (18.15 eV, 19.85 eV) for 850 °C and (18.25 eV, 19.95 eV) for
1000 °C, respectively. The spin-orbit doublets split around 1.70 eV
for the two spectra. The shift of the peaks to higher BE with
increasing annealing temperatures is attributed to the formation of Hf
silicates (HfSi,O,), which is mainly due to the changes occurring at
the interface region [8].

Fig. 2 (b) shows the O 1s XPS spectra for the ASD and PDA
HfO, films at the indicated temperatures. A major peak can be fitted
at 530.75 eV for the O 1s XPS spectrum of the ASD film. This peak
of the spectrum is attributed to the Hf-O bonding in HfO, [9]. When
the film is annealed at 550 °C and above, a shoulder peak at higher
binding energy side can be observed clearly appears. This peak
shoulder can be fitted for an additional peak at 532.15 eV, which is
corresponding to the Hf-O-Si bonding of the Hf silicate [8]. At high
annealing temperatures ( ~ 850 °C and above), the peaks fitted at the
shoulder shifted to higher BE, e.g. 533.15 eV, which is attributed to
the Si-O bonding of the SiO,. As a result, the Hf silicate formation
can be formed from the interactions of HfO, and SiO, in an oxygen
rich environment [10] at the high temperatures.
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Fig. 2 XPS composition analysis (surface scan) of ASD and PDA 10
nm HfO, films: (a) Hf 4f (b) O 1s (c) Si 2p.

Atypical signal of core-level for Si 2p is given in Fig. 2 (c) for 10
nm thickness HfO, films. Constrained by the XPS penetration depth,
no detectable Si 2p, is observed for the ASD film. As annealing
temperatures increase to ~ 550 °C, a major peak is observed for the
PDA films. The peak is centered at 103.35 eV, which is corresponding
to the HfSi,O,. Additionally, with increasing annealing temperatures,
it can also be found that the peak is shifted to higher BE of ~ 104 eV.
This shift to the higher BE are contributed from the formation of
silicon oxide during the annealing. The observation of the HfSi,O,
and silicon oxide indicates that Si-O formation of the PDA films is
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due to oxygen diffusion from the SiO, or HfO,. As a result, the HfO,
and SiOy are interacted to form HfSi,O,.
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Fig. 3 XRR fitting spectrum of ASD HfO, 10 nm films: (a) 3-layer
model (b) 4-layer model.

3. XRR Fitting

GIXRR was primarily used to evaluate the thickness, surface
roughness and interface stability for both ASD and PDA HfO, films.
The layer structure analysis based on the XPS results is applied to
modify the 3-layer material structure model (Fig. 3 (a)) in the analysis
of GIXRR spectra. The interface broadening and generation of Hf
silicate, according to the XPS analysis, are induced by thermal effects
and thus increase the interfacial layer of thickness. Therefore the
fitting accuracy can be improved by considering an extra layer to
describe the Hf silicate at the interface between SiO,/HfO, to form a
4-layer material structure model. While the surface contamination
layer can be treated as a relatively low density HfO, layer with
thickness around 1 nm at the upmost of HfO, films, which
corresponds to a discrepancy at low incident angles of the GIXRR
spectra (Fig. 3 (a)). Thus, an extra layer to describe the Hf silicate at
the interface between SiO,/HfO, or to describe the upmost
contaminated layer has improved the overall match of the GIXRR
profiles at the high annealing temperatures.

According to the 4-layer model fitting, as shown in Fig. 3 (b),
thicknesses and interface properties of the HfO, films after the
annealing process can be evaluated with consideration of Hf silicate
or the low density HfO, layer at upmost.

The film thickness of the HfO, films are measured by X-ray
Reflectivity (XRR) with theta-2theta scan in the range of omega =
0.14° to 4°. The fitting results for the density, thickness, surface
roughness and interfacial roughness of the HfO, films before and
after the annealing process are listed in Table 1. The fitting algorithm

of the XRR software is based on the genetic algorithm (GA) analysis,
which is a global optimization analysis for finding the neighborhood
of global optimum, instead of the exact location of local minimum [6].
The fitting results (best fit value ~ 5) with the four-layer material
structure model - HfO, (low-density)/HfO,/SiO,/Si-substrate, based
on the XPS analysis, were improved dramatically, as shown in Fig. 3.
With the material model obtained according to the XPS structure
analysis, the XRR measurements provide accurate film thicknesses
and layer evaluations.

4. Conclusions

The HfO, films with nominal thicknesses of 10 nm were
deposited on p-type silicon (100) by ALD. According to the GIXRD
analysis, significant crystallization appears at 450 °C and above,
where the phases of crystallization structures are monoclinic and
orthorhombic. As the annealing temperatures increase, the
orthorhombic phase decreases and the monoclinic phases dominate at
higher annealing temperatures. Based on the XPS analysis, the Hf
silicate formation is contributed from the results of the interactions
between HfO, and SiO, during deposition and annealing. The
existence of HfSi,O, broadens the interface with increasing annealing
temperatures, and causes the increase of the interfacial layer thickness
in the GIXRR analysis. As a result, the four-layer material structure
model of HfO,(low-density)/HfO,/SiO,/Si-substrate based on XPS
analysis was constructed to significantly improve the XRR fitting
process with genetic algorithm (GA).

Table 1 XRR fitting with a four-layer stack model.

HfO,

ASD 550 °C 850 °C 1000 °C
(low-density)

Density (g/cm”) 1.8 1.6 1.4 1.4
Thickness (nm) 11 0.8 14 13
Roughness (nm) 0.5 0.3 0.3 0.5

HfO, ASD 550 °C 850 °C 1000 °C
Density (g/cm®) 10.3 105 9.8 95
Thickness (nm) 9.8 9.7 10.0 9.7
Roughness (nm) 0.4 0.4 0.4 0.4

SiO, ASD 550 °C 850 °C 1000 °C
Density (g/cm®) 25 2.7 26 2.7
Thickness (nm) 0.7 0.7 0.9 1.2
Roughness (nm) 0.3 0.3 0.6 0.6
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