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Abstract

Hafnium oxide (HfO,) has attracted much interest as high-k material of choice for gate oxide replacement in future CMOS technologies and for
its use in optical coating technology. The determination of optical properties, like refractive index and bandgap, is focus of intense research, since
the optical constants of HfO, depend on the physical microstructure and the deposition methods and conditions. In the present study optical
characterization of very thin HfO, films deposited by plasma ion assisted deposition and annealed at different temperatures is carried out. The
characterization is performed using ellipsometric measurements in the spectral range from 1.5 to 8 ¢V and by using the Tauc—Lorentz and Cody—
Lorentz dispersion models. In addition, direct inversion of the ellipsometric data is also carried out. The combination of the Cody—Lorentz model
with Urbach tail results in the best description of the data and enables to determine meaningful parameters. On the other hand, the direct data
inversion is shown to be useful to provide additional information like the presence of subgap absorption peaks and points out features associated to

the crystallinity of the material.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Hafnium dioxide (HfO,) is one of the most promising
candidates to replace silicon dioxide (SiO,) as gate oxide in
CMOS technology, due to its high dielectric constant and
thermal stability in contact with silicon [1]. Besides, since HfO,
is transparent down to approximately 250 nm, it has been used
as high refractive index material in UV and visible interferential
coatings [2]. Other applications of HfO, are found in gas and
magnetic sensors [3,4]. Due to this high technological interest, a
lot of research efforts have been conducted in order to connect
the physical properties of the material with the manufacturing
conditions, aiming to find the optimal deposition process and
parameters for a given application.

One of the most useful techniques in HfO, characterization is
spectroscopic ellipsometry (SE). This technique is generally
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used to obtain an accurate determination of HfO, films optical
properties such as refractive index, absorption coefficient and
bandgap [5] or as a metrology tool for thickness determination
of very thin HfO, films [6]. In addition, it has been shown that
the shape of the dielectric function above the bandgap is
correlated with HfO, crystallinity, enabling the use of SE as
structural characterization tool [7]. SE has been also suggested
as a way to detect film defects by analysis of small absorption
features below the HfO, bandgap [8].

Successful application of SE requires an appropriate
modelling of the sample under investigation. In particular,
the availability of a dispersion model that can flexibly account
for the energy dependence of material optical properties is a
critical issue. In this paper, the suitability of Tauc—Lorentz and
Cody—Lorentz dispersion models for describing ellipsometric
spectra of HfO, films is analyzed. Samples with different film
thickness and annealed at different temperatures are character-
ized with these models. The validity and limitations of the
models are assessed by statistical evaluation of fitting quality,
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confidence limits of model parameters and comparison with
the results obtained from direct inversion of the ellipsometric
measurements.

2. Theory
2.1. Overview of ellipsometric data inversion

Ellipsometric data consists of two magnitudes at each
wavelength or photon energy: the ellipsometric angles A and
Y or a combination of them, depending on the measurement
setup. In the present study the Mueller matrix elements /5 and /.
related to the ellipsometric angles by:

Is = sin2y x sind and I, = sin2y X cosA (1)

are considered. If the only unknowns of the sample properties
are the optical constants of the film, it is possible to invert the
ellipsometric data to obtain real and imaginary part of the
dielectric function (¢; and &,) or of the complex refractive index
(n and k) at each measured wavelength. Generally the film
thickness is also unknown, but it can be extracted using the fact
that it is constant for all wavelengths or assuming that the
material is transparent in a part of the spectral range, extracting
then n and thickness instead of n and k& [9,10]. However,
generally speaking direct data inversion is not practical when
more than two unknowns are considered at each wavelength.
Moreover, this approach is very sensitive to statistical
measurement errors and does not ensure the Kramers—Kronig
consistency between the real and imaginary part of the obtained
optical constants.

A more general method consists on the modelling of the
sample through a set of parameters that completely describes its
optical behaviour. Typically, these parameters are the films
thicknesses and a set of parameters defining the dispersion of
the optical constants (dispersion model) of the materials with
unknown optical constant. The optimal values of the parameters
are found by minimisation of a merit function, typically the chi-
square estimator 3°:

72 _ l XN: Ixfm,- - Isfc, (x[) :
" AN-P-14 Tsm,
[cfm- - [cfcv Xi :
)]
O-L'—Wl[

where N is the total number of experimental data points, P the
number of parameters modelling the sample, /;—, and /.., are
the measured quantities at the wavelength x;, o, and 7.,
are the associated experimental errors and /;_ . and /.._ . are the
corresponding calculated quantities for the sample model
computed using standard thin film computation algorithms
[11]. Values of x> <1 indicate that the discrepancy between
model calculation and measurements is within the experimental
error. Statistical uncertainties of parameters and correlation
between parameters can be calculated by computing the second
derivatives of % [12].

2.2. Dispersion models

Among the multiple models that have been developed to
describe the optical properties of materials for energies around
the bandgap, one of the most versatile is the Tauc—Lorentz (TL)
model proposed by Jellison and Modine [13]. The TL model
combines the Tauc expression for the band edge onset [ 14] with
the broadening given by the classic Lorentz oscillator [15]. The
imaginary part of the dielectric function has the following
expression.

82(E) =0, E<F,
2
AE(C(E — E 1
o(p) = ADCE-E) 1 )
(E2 - E})+C2E? E

where E, is the bandgap, 4 the amplitude, £, is the peak
transition energy, C a broadening term. The Tauc expression for
the imaginary part of the dielectric function assumes parabolic
bands and a constant momentum matrix for the electronic
interband transitions. However, Cody et al. derived an
alternatively expression assuming parabolic bands but a
constant dipole matrix element, that appears to describe better
the absorption onset of some amorphous materials [16]. Based
on the Cody expression and the Lorentz oscillator, Ferlauto et
al. [17] proposed the Cody—Lorentz (CL) model

e2(E) =0, E<E,
(E-E) AE,C (4)

(k) = . , FE>E
(F) (E—E,)’EX (E? - E3)*+C2E? :

where E;, is the transition energy between the absorption onset
and the Lorentz oscillator. In the same paper, Ferlauto et al.
derived an extension of TL and CL models to include
absorption below the bandgap, which in amorphous materials
is typically observed as the Urbach tail [18]. The combination of
the Urbach subgap absorption with the CL model results in the
following expression for the dielectric function:

E —E
sz(E)%exp{ z t}, E<E; (5)
n
2
E—E AE,
&(E) = ( :) o€ >E,

(E—E)'E (B - B)+CB

where E; defines the transition energy between the Urbach and
CL absorption ranges and E; is defined so that &, is
continuous at £=F;. The parameter £, is the so-called Urbach
energy, representing the width of tail states in the forbidden
gap and used to quantify the structural disorder of the material.
Although originally named Cody—Lorentz, we shall refer to
this expression as the Urbach—Cody—Lorentz (UCL) model.
For all three models, TL, CL and UCL, the real part of the
dielectric function is calculated from the Kramers—Kronig
relation:

2 * e
al(E) = s +EP/0 7;;2_(22 d¢ (6)
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that adds one parameter more (&) to the previous models.
Explicit expressions for ¢;(E) are given in [13,17]

3. Experimental

HfO, films of 20 and 40 nm nominal thickness were
deposited by plasma ion assisted deposition (Leybold LAB600)
on 1 mm thick p-type <l 0 0> silicon substrates. Before
deposition standard chemical cleaning of the substrates was
performed without the removal of the native oxide (about 2 nm
thick). The deposition was performed at substrate temperature
of 150 °C and base pressure of 10~ ¢ mbar. The argon flow rate
was kept at 5 sccm and the oxygen one at 7 sccm. After the
deposition the wafers were cut in pieces and annealed in N,
atmosphere for 3 h at different temperatures in order to induce
structural changes on HfO, films and study the crystallisation
onset [19]. To keep the same notation as in our previous work,
the 20 (40) nm-thick HfO, films are named Hal(Hbl), Ha2
(Hb2), Ha3(Hb3), Ha4(Hb4), Ha5(Hb5), Ha6(Hb6) for the as-
deposited, annealed at 300, 350, 450, 500, 750 °C samples
respectively. SE measurements were performed using a phase
modulated spectrocopic ellipsometer (UVISEL-HORIBA Jobin
Yvon) in the 1.5-8.0 eV spectral range at 70° angle of
incidence. Further details on the samples and measurements can
be found in [19]. For the fitting of ellipsometric data, an
improved version of NKDMatl software [20], including the TL,
CL, and UCL models, has been used.

4. Results and discussion

Samples have been modelled as five phase-system: incident
medium (air), surface roughness layer, HfO, layer, SiO,
interface layer and Si substrate. The optical constants of HfO,
layer have been represented with the TL, CL and UCL models.
The surface roughness has been modelled as a 50% mixture of
HfO, and voids, with optical constants computed according to
the Bruggeman effective medium theory [21]. The optical
constants of the interface layer and the substrate have been
taken from literature. Thus, the parameters describing the

sample are the surface roughness thickness (dR), the HfO, film
thickness (dp), the SiO, interface thickness (d;) and the
parameters defining the TL, CL, and UCL models.

Table 1 summarizes the results of the data fitting for the 40-
nm thick samples. The merit function obtained using the CL
model is between 20% and 40% better than with the TL model
and using the UCL model the merit function is 4 to 5 times
smaller than the one achieved using the CL model. One may
argue that since UCL model involves a higher number of
parameters (3 thicknesses+ 8 dispersion model parameters) than
CL (3+6) or TL (3+5) it might be possible to find numerically
good solutions without physical reliability. However, two
statistical figures enhance the validity of the results obtained
using the UCL model. First, the statistical uncertainties of the
parameters (shown in Table 1) are smaller for the UCL model
than for TL or CL models. In addition, we have calculated the
cross correlation coefficients between each pair of parameters
for each sample and model. The cross correlation factor
equals to 1 and O for fully correlated and completely
uncorrelated parameters. The average cross correlation
coefficient using the TL, CL and UCL models is 0.70, 0.54
and 0.47. Thus, while UCL model requires higher number of
parameters, their values are more precisely found (less
statistical uncertainty) and their mutual correlation is lower.
Regarding the parameters values, layers thicknesses for all
models are within expected values according to the thickness
homogeneity through the wafer and possible modifications
upon annealing. However, only the UCL model is able to
predict a substantial increase in the bandgap for the samples
annealed at highest temperatures (Hb5 and Hb6), where a
shift of the absorption onset was observed resulting from
sample crystallisation [19].

The fact that CL model gives better results than TL indicates
that the assumption of constant dipole matrix element instead of
constant momentum matrix element is more appropriate to
describe the interband absorption onset of HfO,. In Fig. 1, the
discrepancies between simulated and experimental data for each
model for sample Hb3 are shown. It can be noticed that
discrepancies in the spectral range between 6.5 and 8 eV, in

Table 1
Parameters and merit functions obtained by fitting the ellipsometric spectra of samples with 40 nm thick HfO, films using TL, CL and UCL models

Hbl Hb2 Hb3 Hb4 Hb5 Hb6
dgp_ (nm) 2.1+0.6 2.0+0.6 2.0+0.5 3.3+0.5 3.3+0.5 3.1+0.7
dy 1 (nm) 452+2.0 43.9+1.5 422+1.2 44.1+1.3 40.6+1.5 473+19
dirp (nm) 29+14 3.0+1.3 2.6+1.0 2.8+1.1 3.0+0.1 22+1.6
Ey1i(eV) 5.49+0.10 5.49+0.11 5.47+0.11 5.48+0.09 5.86+£0.09 5.56+£0.12
2T 2.82 2.51 1.93 1.85 2.59 3.83
dr.cr (nm) 1.8£0.5 1.76+0.5 1.77£0.4 3.1+0.4 3.0+0.5 2.9+0.7
dy cp (nm) 449+1.2 43.8+23 42.1£0.9 43.8+1.0 40.5+1.3 47.1+1.6
di.cp (nm) 3.3+1.1 33+2.0 2.8+0.8 3.2+09 32+1.1 2.5+1.4
Eqc1(eV) 5.27+0.15 5.25+0.18 5.22+0.13 5.28+0.11 5.72+0.13 5.36+0.17
XL 2.15 1.69 1.20 1.30 1.93 2.90
dr.ucL (nm) 1.1+0.3 1.4+0.2 1.6+£0.2 2.5+0.2 2.4+0.2 22+04
dy .ucr (nm) 46.0+1.1 44.2+0.6 42.4+0.6 44.7+1.0 41.2+0.6 46.7+1.0
di.yct, (nm) 2.9+1.0 3.3+0.6 2.7+0.5 2.8+0.9 3.0+0.6 3.3+0.9
Equci(eV) 5.3+0.18 5.36+0.14 5.24+0.17 5.34+0.19 5.89+0.14 5.93+0.35
Xuer 0.66 0.55 0.51 0.39 0.44 122
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Fig. 1. Discrepancies between experimental and simulated data (/_ico = Zc-exps
Iseo—Is.cxp) for sample Hb3s (solid line UCL, dashed CL, dotted TL).

which interband transitions takes place, are smaller for CL
model than for TL model, suggesting that the first is more
appropriate to describe the material properties in this range.
However, both CL and TL models present the highest
discrepancies from the experiment in the region between 5
and 6 eV. In this spectral range around and below the bandgap,
only the UCL model is able to describe properly the
experimental data, showing the importance of subgap absorp-
tion in the optical properties of the HfO, films, which is
overlooked by TL and CL models. Apparently the remarkable
fitting differences between models by only modifying the
absorption in a relatively small spectral range can appear
anomalous . However, it must be taken into account that
through the Kramer—Kronig relation, the subgap absorption
induces changes on the real part of the dielectric function
through the whole spectral range. Recently, the sensitivity of
ellipsometric measurements to detect Urbach tail absorption has
been shown in chalcogenide thin films [22].

For all samples, the discrepancies between UCL model
simulation and experimental data are basically equally dis-
tributed through the whole spectral range, except for sample
Hb6, in which y? is 2—3 times higher than for the other samples.
Discrepancies between simulated and experimental data for this
sample are shown in Fig. 2. While for the TL and CL model the
discrepancies are distributed as stated above, for the UCL model

c-exp

3 €
2 i
w

i 3

4 5 6 7 8
E (eV)

Fig. 2. Discrepancies between experimental and simulated data (/c-ico —c-cxp»
Lsteo— Ls-exp) for sample Hbo6s (solid line UCL, dashed CL, dotted TL).
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Fig. 3. Imaginary part of the dielectric function obtained from UCL (solid line),
CL (dashed line), TL (dotted line) models and from direct data inversion (dots)
for Hb3 (left) and Hb6 (right) samples.

the differences are located in the high energy range (5.5-8 eV).
In order to analyze the source of error, we have extracted the
real and imaginary parts of the dielectric function of HfO, by
inverting the ellipsometric data at each wavelength for all
samples. For this purpose, the layers thicknesses were fixed to
the values found using the UCL model, although there are no
significant differences if thicknesses values found with TL or
CL models are used. Results for the direct data inversion and
comparison with models are shown in Fig. 3, for samples Hb3
and Hb6. For sample Hb3 it can be seen how &, obtained
from direct data inversion virtually follows the dispersion of
UCL model. However, for sample Hb6, the inverted data
shows some specific features at 6 eV and in the range 7.2—
8 eV that the UCL model is unable to describe. These
particular features are associated to the monoclinic phase of
HfO, [7] in which sample Hb6 partially crystallised upon
annealing [19].

For the samples with 20 nm thick HfO, films similar
results are obtained: UCL model gave the best fitting for all
samples, with x? values ranging from 0.4 to 0.7. In Fig. 4,
dielectric function is shown for samples Hal, Ha5 and Ha6
using the UCL model and from direct data inversion. The
absorption edge of HfO, in sample Ha6 is shifted towards
higher energies with respect to the other samples, which is

9 8

8 16
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(23 4 5

6 [y

5 2

4 e - : 0
5.5 6.0 6.5 7.0 7.5 8.0

E (eV)

Fig. 4. Real (top) and imaginary (bottom) part of dielectric function of Hal
(circles), Ha5 (triangles) and Ha6 (squares) samples obtained by direct data
inversion and from fitting using the UCL model (solid lines).
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Fig. 5. Imaginary part of the dielectric function for the as-deposited samples with
thickness 6 (circles) 20 (triangles) and 40 (squares) nm obtained by data
inversion and using the UCL model (solid lines).

related to the crystallisation of the layer upon annealing at
750 °C. However, in opposition to sample Hb6, x> value for
Hab is not higher for this sample in respect to the other samples
of its series. The reason is that Ha6 crystallized crystallised in
cubic phase [19], in which the dielectric function does not
present specific features like for the monoclinic phase and it can
be well approximated by the UCL model. The same stands for
sample Hb5, which also crystallized crystallised in cubic phase,
but good fitting using the UCL model is obtained.

The Ha sample series show a significant higher absorption
below the bandgap with respect to the Hb samples. Data
fitting using the TL and CL models, that do not take into
account the subgap absorption, led to physically meaningless
values of roughness and interface thicknesses. Only when
additional TL and CL oscillators are considered to represent
this subgap absorption, good fittings were obtained as done in
[19,23].

In order to check the thickness dependence of the subgap
absorption, an additional 6 nm thick HfO, film was investi-
gated. Comparison of the imaginary part of the dielectric
function is shown in Fig. 5, where indeed the subgap absorption
becomes more remarkable for thinner films similar to the results
obtained in [24]. The nature of this subgap absorption is still
unclear and has been associated to oxygen vacancies and
defects [24,25]. Although these subgap absorption features
appear as small peaks below the bandgap, it can be at least
partially taken into account through the Urbach tail of the UCL
model, enabling the possibility to obtain a good and meaningful
data fitting through the whole spectral range.

5. Conclusions

The validity of Tauc—Lorentz (TL), Cody—Lorentz (CL) and
Urbach—Cody—Lorentz (UCL) models to describe the optical
properties of HfO, has been tested on thin films of different
thicknesses obtained by plasma ion assisted deposition and
annealed at different temperatures. Fitting of ellipsometric
spectra of the samples in the spectral range between 1.5 and
8 eV showed that the CL describes better the data than the TL
model, suggesting that the constant dipole matrix is a better
approximation than the constant momentum matrix to describe
the interband absorption onset of HfO,. However, the best

description of the data is achieved when the UCL model is used,
i.e. absorption below the bandgap is taken into account,
highlighting the relevance of subgap absorption in HfO, films
for a complete description of its optical properties. Suitability of
UCL model is not only assessed by the obtained merit functions
but also by the reduced statistical uncertainty and cross
correlation of parameters.

The assumption of parabolic bands in which the UCL model
is based justifies its appropriateness for amorphous HfO, films.
By direct data inversion it has been shown that also HfO, films
in cubic phase can be well described by this model. However,
the specific shape that the dielectric function presents for the
monoclinic phase of HfO, cannot be detected by the model.
Direct data inversion also showed that the Urbach tail of the
UCL model represents a fair approximation to absorption peaks
below the bandgap. Thus, although good data fitting and
meaningful parameters can be obtained with the UCL, the
detection of small specific features in the dielectric function is
better achieved by the direct data inversion.
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