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Abstract. X-ray photoelectron spectroscopy (XPS) and cathodoluminescence (CL) method have been em-
ployed to study the chemical composition and the oxygen vacancy concentration of HfO2, Sc2O3 and
(HfO2)1−x(Sc2O3)x films. It was found that the increase of Sc content led to monotonic decreasing the
Hf4f7/2 and Sc2p3/2 binding energies indicating to form solid solution (HfO2)1−x(Sc2O3)x. All the samples
characterized by the intensive CL spectra with maximum around 3 eV which originated due to some radia-
tive recombination emission caused by oxygen deficiency. The concentration of oxygen vacancy in the
Sc-doped HfO2 is sensitive to the Sc content and as a result the intensity of CL spectra of
(HfO2)1−x(Sc2O3)x is lower that those of pure HfO2 and Sc2O3.

1 Introduction

In the last years extensive research activities have focused
on developing high-k dielectrics as a replacement for SiO2

in complementary metal-oxide-semiconductor (CMOS)
devices. Hafnium dioxide (HfO2) is most frequently con-
sidered as one of the promising material because it has
moderate dielectric permittivity and high thermal stabil-
ity. For example, amorphous and monoclinic HfO2 has
permittivity of approximately 16–20, that higher by a few
times then permittivity of SiO2 (ε ≈ 4). The dielectric
permittivity for cubic and tetragonal HfO2 achieves even
25–29 and 28–70, respectively, however both these phases
exist in equilibrium only above ∼1650 ◦C, which is much
higher than typical growth or annealing temperatures used
in the CMOS processing [1,2]. At the same time, pure
HfO2 can suffer from a high concentration of oxygen va-
cancies, whose gap states lead to charge trapping shift
in the transistor’s gate threshold voltage [3,4]. According
to calculations of Liu and Robertson [5], the doping of
hafnium dioxide by group III elements such as La, Y, Sc
and Al can passivate adjacent oxygen vacancies by shift-
ing the vacancy gap state up into the conduction band.
Moreover, the doping of hafnium dioxide by Sc or Dy, for
example, causes growth of cubic rather than monoclinic
phase that is accompanied with an increase of dielectric
permittivity from 16 to 32 and a reduction of the leak-
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age current by up to three orders of magnitude for con-
stant effective oxide thickness [2]. For this reasons today
double oxides based on HfO2 [2,6–12] attract particular
attention as a possible replacement to SiO2. In this work
to check the influence of the Sc content in the Sc-doped
HfO2 on the concentration of oxygen vacancy we inves-
tigated HfO2, Sc2O3 and (HfO2)1−x(Sc2O3)x films using
X-ray photoelectron spectroscopy and cathodolumines-
cence method.

2 Experimental

All the dielectric films were grown on n-type Si(1 0 0)
wafers. HfO2, Sc2O3 and (HfO2)1−x(Sc2O3)x were
deposited by CVD technique in a flow-type reactor us-
ing hafnium and scandium 2, 2, 6, 6-tetramethyl-3,
5-heptandionate (Hf(thd)4 and Sc(thd)3) as metal organic
precursors in combination with molecular oxygen. The de-
tails of the process can be found elsewhere [11].

Film compositions were determined by X-ray photo-
electron spectroscopy using a SPECS’s machine equipped
with an X-ray source XR-50 M with a twin Al/Ag anode,
an ellipsoidal crystal X-ray monochromator FOCUS-500,
and a hemispherical electron energy analyzer PHOIBOS-
150-MCD-9. The XPS spectra were obtained using the
monochromatic AlKα radiation (hν = 1486.74 eV) and
fixed analyzer pass energy of 20 eV under ultrahigh vac-
uum conditions. Relative concentrations of elements were
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determined from the integral intensities of the XPS peaks
using the cross-sections according to Scofield [13]. The
binding energies were referenced to the C1s spectra at
284.8 eV.

Cathodoluminescence spectra were obtained in the
range of 1.5–3.8 eV at room temperature using a Camebax
electron beam probe microanalyzer integrated with X-ray
and optic spectrometers [14]. The spectra were exited by
irradiation of the samples by an electron beam with beam
current of 1.2 A/cm2 at electron energy of 5 keV when
depth penetration was approximately 0.2 mkm.

3 Results and discussion

The XPS survey spectrum of HfO2, Sc2O3 and
(HfO2)1−x(Sc2O3)x films contains of only Hf, O, C and
Sc lines (spectra not shown here). The carbon lines arise
due to surface contaminations only and does not observed
in the spectra after Ar+-sputtering during a few minutes.
Figure 1 shows the normalized Hf4f and Sc2p spectra. The
Hf4f spectrum of pure HfO2 is well-defined doublet accord-
ing to the spin-orbital splitting into Hf4f7/2 and Hf4f5/2,

and the binding energies corresponding to Hf4f7/2 and
Hf4f5/2 are 16.9 and 18.5 eV, respectively. It is in good
agreement with literature where for pure HfO2 the Hf4f7/2

binding energy values in the range of 16.4–17.1 eV are
cited [15–19]. Compared to the HfO2, a shift of the Hf4f
spectra to the lower binding energies is observed for the
(HfO2)1−x(Sc2O3)x films suggesting that the presence of
Sc modifies the Hf-O bonding characteristics.

This shift increases with Sc content. Quantitative
analysis of the spectra showed that the Sc content is var-
ied in the range of 5–30%. The results of XPS analysis are
summarized in Table 1. The Sc2p spectra also consist of
two lines Sc2p3/2 and Sc2p1/2 due to spin-orbital splitting.
For pure Sc2O3 the Sc2p3/2 binding energy is 401.5 eV.
In the literature Sc2O3 is characterized by the Sc2p3/2

binding energy in the range 401.6–402.0 eV [20–23]. For
the (HfO2)1−x(Sc2O3)x films a shift of the Sc2p3/2 spec-
tra to the lower energy is also observed. It means that the
structure of (HfO2)1−x(Sc2O3)x films conforms to a solid
solution in the whole range of Sc content under study.

Characteristic cathodoluminescence spectra of mono-
clinic HfO2, cubic Sc2O3 and (HfO2)1−x(Sc2O3)x films are
shown in Figure 2. One can see that all samples
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Fig. 1. The XPS Hf4f (a) and Sc2p (b) spectra of the HfO2, Sc2O3 and (HfO2)1−x(Sc2O3)x films. The designation of the
spectra is present in Table 1.

Table 1. The results of XPS∗ analysis of the HfO2, Sc2O3 and (HfO2)1−x(Sc2O3)x films.

Sample Description Atomic ratio [Sc]/[Hf] Binding energy, eV
Hf4f7/2 Sc2p3/2

S1 HfO2 – 16.9 –
S2 (HfO2)1−x(Sc2O3)x 0.19 16.7 402.0
S3 (HfO2)1−x(Sc2O3)x 1.1 16.4 401.8
S4 (HfO2)1−x(Sc2O3)x 5.2 16.4 401.6
S5 Sc2O3 – – 401.5

∗All XPS spectra were obtained after Ar+-sputtering of the films during 3 min.
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Fig. 2. Typical CL spectra: 1 – monoclinic HfO2, 2 – cu-
bic Sc2O3 (I/100), and 3, 4 – (HfO2)1−x(Sc2O3)x films with
Sc concentration equal to 10–20 at.% respectively. All spectra
were normalized on the film thickness. The intensity of Sc2O3

spectrum is divided by 100.

Table 2. The CL peak characteristics of the HfO2, Sc2O3 and
(HfO2)1−x(Sc2O3)x films.

Sample Hf/Sc Intensity, Maximum FWHM∗,
a.u. position, eV eV

HfO2 – 140 2.7 0.85
Sc2O3 – 14000 3.0 0.85

(HfO2)1−x(Sc2O3)x 9.0 70 2.7 0.85
(HfO2)1−x(Sc2O3)x 0.4 20 2.7 0.80

∗FWHM is full width at half maximum.

under study show intense cathodoluminescence in the
range of 1.5–4.5 eV. The peaks at 2.1, 2.7 and 3.7 eV
are observed in the spectrum of HfO2. This is in good
agreement with data by Walsh et al. [24] who studied
HfO2/Si films grown by atomic layer deposition and ob-
served broad cathodoluminescence peaks at ∼2.0, 2.5, 3.9
and 4.3 eV. The CL spectrum of Sc2O3 consists of a broad
peak at 3.0 eV. The intensity of Sc2O3 cathodolumines-
cence is in the two orders greater than that in the spectra
of HfO2. The (HfO2)1−x(Sc2O3)x film with high Sc con-
tent (20 at.%) is also characterized by cathodolumines-
cence peak at 2.7 eV the intensity of which is comparable
with those of pure HfO2. At the same time, the intensity
of CL spectra of the (HfO2)1−x(Sc2O3)x film with low Sc
content (10 at.%) is smaller in approximately 10 times
than the intensity of CL spectra of HfO2. The CL peak
characteristics for the sample under study are listed in
Table 2.

Since the energy band gap values of HfO2 and Sc2O3

is approximately 5.6–6.0 eV [2,25,26] and the main in-
trinsic defect in the oxides is oxygen vacancy we believe
that the cathodoluminescence of the samples results from

some radiative recombination emission caused by oxygen
deficiency [27]. According to DFT calculations [28] there
are two types of oxygen vacancies in monoclinic HfO2:
threefold- and fourfold-coordinated (V3 and V4, respec-
tively) and the formation of these vacancy introduces a
new double-occupied one-electron level in the band gap
situated at 2.8 and 2.3 eV above the top of the valence
band for V3 and V4. Taking into account these values,
it is possible to speculate that free electron is captured
into a bound state of a cation coupled with the oxygen
vacancy producing the simultaneous emission of a photon
with energy of approximately 3 eV. It should be noted
that photoluminescence spectra of HfO2 induced by ul-
traviolet photons with energy of 6–8 eV consist of a peak
at 2.8 eV [29–31]. The peak at 2.1 eV in the spectrum
of pure HfO2 could be caused by issue of oxygen diva-
cancy. This peak is not observed in the CL spectra of
(HfO2)1−x(Sc2O3)x films. In full agreement with previ-
ous calculations of Liu and Robertson [5], the doping of
HfO2 by Sc leads to passivate of adjacent oxygen vacancies
and significant decrease of the intensity of cathodolumi-
nescence spectra (Fig. 2).

4 Conclusions

In this work we have investigated the chemical compo-
sition and the concentration of oxygen vacancy of the
HfO2, Sc2O3 and (HfO2)1−x(Sc2O3)x films using XPS and
cathodoluminescence method. We showed that cathodolu-
minescence is a very effective method to examine the local-
ized states presented in insulating materials like high-k di-
electric films. All the samples characterize by the intensive
CL spectra with maximum around 3 eV which originate
due to some radiative recombination emission caused by
oxygen deficiency. The concentration of oxygen vacancy
in the Sc-doped HfO2 is sensitive to the Sc content and as
a result the intensity of CL spectra of (HfO2)1−x(Sc2O3)x

is lower that those of pure HfO2. According to the XPS
data, the structure of (HfO2)1−x(Sc2O3)x films conforms
to a solid solution in the wide range of Sc content. A
monotonic increase of the energy band gap values with
Sc content is observed for the films under study. Hence,
our data confirm the Liu and Robertson model based on
the hypothesis that group III elements (La, Sc, Y, Al)
can passivate nearest-neighbor oxygen vacancies in HfO2

by shifting the vacancy gap state up into the conduction
band.

The work was partially supported by RFBR (Research Project
No. 12-03-00131-a), the Russian Academy of Science (Project
No. 18) and the Siberian Branch of the Russian Academy of
Science (Project No. 9).
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