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Hafnium oxide thin films doped with different concentrations of yttrium are prepared on Si (100) substrates at room
temperature using a reactive magnetron sputtering system. The effects of Y content on the bonding structure, crystal-
lographic structure, and electrical properties of Y-doped HfO2 films are investigated. The x-ray photoelectron spectrum
(XPS) indicates that the core level peak positions of Hf 4f and O 1s shift toward lower energy due to the structure change
after Y doping. The depth profiling of XPS shows that the surface of the film is completely oxidized while the oxygen de-
ficiency emerges after the stripping depths have increased. The x-ray diffraction and high resolution transmission electron
microscopy (HRTEM) analyses reveal the evolution from monoclinic HfO2 phase towards stabilized cubic HfO2 phase and
the preferred orientation of (111) appears with increasing Y content, while pure HfO2 shows the monoclinic phase only.
The leakage current and permittivity are determined as a function of the Y content. The best combination of low leakage
current of 10−7 A/cm2 at 1 V and a highest permittivity value of 29 is achieved when the doping ratio of Y increases
to 9 mol%. A correlation among Y content, phase evolution and electrical properties of Y-doped HfO2 ultra-thin film is
investigated.

Keywords: Y-doped HfO2, ultra-thin film, high-k, x-ray photoelectron spectrum
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1. Introduction
In order to achieve the progressive down-scaling process

of Si-based microelectronics devices, high-k dielectric mate-
rials including HfO2, Al2O3, TiO2, ZrO2, CeO2, Y2O3, and
La2O3 can be used as a substitution for conventional SiO2

gate oxide films to reduce the leakage currents and power
consumptions.[1–4] Among the possible candidates, HfO2 is
one of the most attractive dielectrics due to its superior prop-
erties such as reasonable band gap offset with silicon, high di-
electric constant, and thermodynamic stability in contact with
Si.[5–7] In the meantime, HfO2 has also been used as thermal
protective coating, passivation layer, gas sensor, antireflection
coating, and even used in teeth prosthetics.[8–11]

Hafnium oxide exhibits many polymorphic modifica-
tions. Under standard conditions, HfO2 has a stable mon-
oclinic crystalline phase (space group P21/c). The mono-
clinic HfO2 transforms into a tetragonal phase (space group
P42/nmc) when the temperature increases to 1700 ◦C, further
heating up to 2600 ◦C leads to a transformation of HfO2 into
cubic phase (structural form of fluorite, space group Fm3m).
It has been predicted from first-principles study that HfO2

exhibits higher permittivity in the cubic (κ ≈ 27) or in the

tetragonal (κ ≈ 70) phase than in the monoclinic phase (κ ≈
17).[12–14] As the permittivity of HfO2 strongly depends on its
crystallographic phase, it is desirable to prepare HfO2 in the
cubic or tetragonal form at lower temperature, which can be
achieved by incorporating a certain amount of other elements
into the HfO2 film. So far, HfO2 has been doped with Si, Ge,
Mg, Y, Sr, Dy, Er, Gd, Sc, Ce, and Al.[15–21] Among these, Y-
doped HfO2 has been widely investigated because Y2O3 crys-
tallizes into a body-centered-cubic structure, which has some
resemblance to cubic hafnia. The substitution by Y ions re-
sults in the modification of the crystal symmetry from a stable
monoclinic phase to high-symmetry cubic phase.[22,23]

In this work, HfO2 thin films doped with yttrium are pre-
pared on silicon by medium frequency reactive magnetron co-
sputter deposition employing Y and Hf targets. The effects of
Y content on the elemental chemical states, microstructures,
and electrical properties of Y-doped HfO2 films are investi-
gated in detail and the results are presented and discussed.

2. Experiment
The yttrium-doped HfO2 dielectric layer was deposited

on p-Si (100) substrate by reactive magnetron sputtering in a
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designated oxide deposition chamber. There were three sput-
ter sources in this vacuum chamber: two Hf (99.99%) sputter
targets were arranged horizontally (50 mm apart from each
other) and one Y (99.99%) sputter target was located above
the facing targets. The substrates were cleaned by a standard
RCA technique to remove organic and metallic contaminants
from the wafer surfaces, then the native silicon oxide layers
on the surfaces were removed by being immersed in HF so-
lution (HF:H2O = 1:10) for 5 min. All depositions were per-
formed at room temperature at the constant working gas pres-
sure of 7× 10−4 1.3 Pa, and the Ar and O2 flow rate were
both maintained at 40 sccm. The high resolution transmission
electron microscopy (HRTEM) result showed that the thick-
ness of the Y-doped HfO2 layer was about 10 nm. To vary
the yttrium content between samples, the Hf source power
was kept at 100 W while the Y source power was varied from
30 W to 75 W. After sputtering, crystallization was induced by
rapid thermal processing (RTP) in nitrogen ambient for 40 s
at 850 ◦C. To form a metal–insulator–semiconductor (MIS)
structure for further characterizing the electrical properties,
150-nm thick TiN circular probing pads (0.1 µm) were de-
posited onto the Y-doped HfO2 layer using DC reactive mag-
netron sputtering deposition through a metallic mask.

The x-ray photoelectron spectroscopy (XPS) was adopted
to determine the composition and the chemical states of the el-
ements in the films. The adventitious C 1s peak at 284.8 eV
was used to calibrate the binding energy measured from
the surface layer to 3-nm deep, and the Si0 2p3/2 peak at
99.4 eV was used to calibrate the binding energy measured
form 9.0 nm to 18 nm deep. The x-ray diffraction (XRD)
was carried out to investigate crystalline structure and phase
transformation changing with doping content. The HRTEM
was used to study in depth the nanocrystalline HfO2 films
with and without Y doping. The contrasts of HRTEM images
were enhanced by fast Fourier transform (FFT) using the soft-
ware DigiralMicrograph (Gatan, USA). In order to character-
ize the electrical properties of Y-doped HfO2 films, we mea-
sured the current–voltage (I–V ) and dielectric constant char-
acteristics using a Mutliferroic 100 V Test System (RT66B,
Radiant Technologies, Inc., USA).

3. Results and discussion
3.1. XPS results analysis

The compositions and chemical states of the elements in
Y-doped HfO2 films are measured using XPS. The spectra are
taken after etching the surfaces of the films by Ar+ for 30 s to
remove surface contaminations. The actual content values of
Hf and Y in the films varying with Y target power are repre-
sented in Fig. 1. It is found that the concentrations of Hf in
films decline with the increasing of power of the Y target. The

reduction of Hf content indicates that yttrium as a substitu-
tional atom successfully enters into the HfO2 lattice structure,
making some of the Hf–O–Hf bonds be replaced by Hf–O–Y.
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Fig. 1. (color online) XPS measured content of Y and Hf versus Y target
power in the films.
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Fig. 2. (color online) XPS spectra for (a) Hf 4f core levels and (b) O 1s
core levels taken from five different samples.

Figure 2 shows the XPS spectra of Hf 4f and O 1s of Y-
doped HfO2 films. It can be seen that the positions of peaks
for both Hf 4f and O 1s shift to lower binding energy as yt-
trium content increases. Binding energies for Hf 4f core levels
of the samples doped with different amounts of Y are shown
in Fig. 2(a). For the sample without doping, two peaks at
16.74 eV and 18.34 eV are assigned to Hf 4f7/2 and Hf 4f5/2,
respectively, and the spin-orbit splitting is 1.6 eV. When the Y
doping concentration increases to 9.2 mol%, the positions of
peaks shift to 15.45 eV and 17.05 eV, respectively. The shift of
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Hf 4f core level peak position indicates that the incorporation
of Y makes some of the Hf–O–Hf bond replaced by Hf–O–Y.
Figure 2(b) shows the O 1s XPSs for these samples, all spec-
tra are deconvoluted using the Lorentzian–Gaussian function.
There are three peaks attributed to O–Y, O–Hf, and O–Si re-
spectively. With the increasing of the content of Y, the O–Y
component increases obviously and the O 1s peak shifts to a
low-binding energy. The difference in electronegativity be-
tween Hf (1.30) and the additive (1.22 for Y) is responsible
for the shift of O 1s peak. The incorporation of a lower elec-
tronegativity element can change the interaction between the
atoms and make the core level of the element shift to lower
binding energy.[24]
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Fig. 3. (color online) XPS depth profiles for the Y-doped HfO2 films
of (a) Hf 4f, (b) O 1s, and (c) Y 3d core-level spectrum with seven
stripping depths.

In order to clarify the interfacial chemical state more
clearly, the depth profiles of the Y-doped HfO2 film (Y-

3.4 mol%) are investigated after different sputtering steps. Fig-
ure 3(a) shows Hf 4f core-level spectra with seven layers of
stripping depths. Each surface layer presents a typical double-
peak shape with the peak positions of 15.8 eV and 17.3 eV
respectively, which is an indication of the forming of com-
plete oxidation of Hf–O bonds. With the striping depths in-
creasing to 2.7 nm, the feature peak shifts to the high-energy
side. The peaks located at 18.6 eV and 20.1 eV represent the
feature of Hf-rich HfO2 film, which means that an oxygen de-
ficiency has emerged. This oxygen deficiency in the bulk film
might be caused by the preferred sputtering effect of Ar ion
stripping during the XPS analysis procedure. The peak energy
shift should be due to the Hf–O bond in the vicinity of Hf or
Hf, Hf–O bond.[25] This explanation is further confirmed with
the O 1s XPS spectra in Fig. 3(b). For the surface layer, the O
1s peak is located around 529 eV, indicating that the oxygen
is in the form of Hf–O bonding. However, when the striping
depth increases to 2.7 nm, the feature peak shifts to a higher
energy side (at around 532 eV). These observations indicate
that the total number of the Hf–O bonds decreases after ion
sputtering.[26] As depth profiles are close to the Si substrate
the Hf 4f doublet peak becomes weaker and ultimately disap-
pears. At the same time the new peaks at 14.4 eV and 15.9 eV
become detectable in the spectra, which were previously as-
sociated with the Hf–Si bond. Finally, the peak positions of
Hf 4f change totally into Hf–Si after the stripping depth has
reached to 18 nm. In the Y 3d core level spectra for different
layers of stripping depths shown in Fig. 3(c), Y 3d3/2 and Y
3d5/2 doublet positions are observed at 158.2 eV and 156.2 eV
for the surface layer, respectively, indicating the existence of a
pure, well-oxidized Y–O bond. After ion sputtering, the Y 3d
doublet position shifts about 2.8 eV to a higher binding energy.
This could be attributed to increasing the number of the Y–O
bonds in the film. There is no Y–Si bond that can be found at
the Y-doped HfO2/Si interface.

3.2. Phase identification

The phase stabilization effect of yttrium is investigated

as a function of Y content with 10-nm thick Y-doped film.

Figure 4 shows θ–2θ XRD patterns measured from Y-doped

HfO2 films. The structural phase difference between Y-doped

and pure HfO2 films is clearly observed by considering the

diffraction angles of the peaks, only two peaks around 28.5◦

and 31.6◦ in pure HfO2 can be seen, which are attributed to

the monoclinic phase (P21/c). As the content of Y increases

to 3.4 mol%, the crystalline phase emerges with three peaks

around 30.7◦, 51.0◦, and 60.4◦, which are attributed to (111),

(022), and (113) planes of the HfO2 cubic phase (Fm3m),

while the m-phase is still existent, indicating the presence of

a mixture of monoclinic HfO2 and a higher symmetric HfO2
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phase. It is evident from the XRD plots that the peak in-

tensities at 28.5◦ and 31.6◦ which belong to the monoclinic

phase decline with the increasing of Y content, and no mono-

clinic phase is detected when the doping ratio of Y increases to

7.4 mol%. The film with a Y content of 7.4 mol% clearly crys-

tallizes into a single cubic HfO2 phase, and the stabilization of

a purely cubic phase occurs between 6.7 mol% and 7.4 mol%

for Y-doped thin films in our work. Furthermore, the inten-

sity of the peak at 30.7◦, which corresponds to the diffraction

from (111) planes of the cubic phase, increase with increas-

ing Y content. This is indicative of an increase in the pre-

ferred orientation of the film along (111) and a higher degree

of crystallinity as a function of Y content. The ionic radius of

Y is larger than that of Hf, which requires the elongation of

the bonds with nearby O atoms. Compared with monoclinic

and tetragonal phases, the cubic phase contains a longer Hf–O

bond length, hence, the cubic phase is favored by the oversized

Y doping.[27] A peak belonging to the Y2O3 phase is not de-

tected from any of the samples, which means that yttrium has

been successfully doped into the HfO2 matrix.

Figure 5 shows the cross-sectional HRTEM images of

HfO2 films without (a) and with (b) Y doping. In Fig. 5(a), the

inset shows the FFT of the circled area in the HRTEM image,

which shows the diffraction spots corresponding to the [011̄]

zone axis of monoclinic HfO2. The values of interplanar dis-
tance d of pure HfO2 film are about 0.5077 nm and 0.3640 nm
corresponding to the (100) and (011) plane of the monoclinic
phase (PDF-06-0318). While the HRTEM image of Y-doped
HfO2 (Y-9.2 mol%) reveals the (111) plane of the cubic phase
with d = 0.2987 nm, and the inset shows the diffraction spots
corresponding to the [101̄] zone near the axis of cubic HfO2

(PDF-53-0560). The HRTEM analysis reveals that the pure
HfO2 film clearly crystallizes into monoclinic structure and
transforms into the cubic phase with Y doping. Meanwhile,
the results also confirm the identification of the process of
phase change caused by Y doping in XRD patterns.
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Fig. 4. (color online) X-ray diffraction patterns of films with different
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Fig. 5. HRTEM micrographs for HfO2 films with different Y content: (a) pure HfO2; (b) Y-9.2 mol%. Insets in panels (a) and (b)
show selective area electron diffraction patterns.

3.3. Electrical properties

To understand the electrical properties of as-deposited

HfO2 films, electrical measurements are performed on MOS

structures with top TiN electrodes. The leakage current densi-

ties measured as a function of applied voltage for different Y

content are compared with that of a pure HfO2 film in Fig. 6.

The J–V measurements show that the leakage current density

of pure deposited HfO2 thin film is 1× 10−5 A/cm2 at 1 V.

The leakage current density is observed to be improved sig-

nificantly up to 1×10−6 A/cm2 after the doping ratio of Y in-

creases to 3.4 mol% in HfO2 film. Since oxygen vacancies can

be detected in insufficiently oxidized hafnia films containing

less oxygen than stoichiometric HfO2,[28] a number of oxy-

gen vacancies exist in pure or Y-doped HfO2 films in our case.

Doping Y into HfO2 can change the charged states of oxygen

vacancies, which means that oxygen vacancies are passivated

by Y.[29] This effect of Y doping can explain the reduction of

leakage current density of Y-doped HfO2, since oxygen va-
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cancies would result in vacancy-mediated ionic conduction.
However, the continuous increase of Y content does not sig-
nificantly change the leakage current density. As a trivalent
doping element, two Y atoms substituting for Hf sites results
in a deficiency of two electrons, and this is compensated for
by introducing an oxygen vacancy. Hence, a certain number of
oxygen vacancies might be induced in the HfO2 film with in-
creasing Y content. The competition between these two effects
results in the leakage current keeping unchanged as the Y con-
tent increases. This fact clearly shows that the Y-doped HfO2

films have better leakage properties than pure HfO2 films, and
this advantage can be maintained until the single cubic HfO2

phase is stabilized.
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The values of dielectric constant κ evaluated from TiN/Y-
doped HfO2/Si MOS structures with different Y contents are
shown in Fig. 7, which clearly shows that Y-doping can in-
crease κ of HfO2 despite the fact that Y2O3 has a lower κ than
HfO2. The physical thickness of Y-doped HfO2 film is strictly
determined by HRTEM. When the doping ratio of Y increases
to 7.4 mol%, the Y-doped HfO2 shows a significant enhance-
ment of κ (27) over pure HfO2 (16). The abrupt increase of κ

can be explained by the structural phase transformation from

the monoclinic to the cubic by Y doping. The doping ratio of
Y further increases to 9.2 mol%, resulting in a slight increase
of κ (29). The slight increase of κ in the simple cubic HfO2

film, perhaps, could be attributed to the preferred orientation
of (111) plane.

4. Conclusions
In this work, the Y-doped HfO2 thin films have been pre-

pared by reaction magnetron sputtering deposition with Y con-
tent ranging from 0 mol% to 9.2 mol%. The effects of Y con-
tent on the composition, valence state, crystallographic struc-
ture, and dielectric properties of HfO2 film are investigated.
The XPS analyses indicate that the core levels of Hf 4f and
O 1s shift to lower binding energy with Y content increas-
ing, which is attributed to the difference in eletronegativity
between cations. The surface of the sample is completely
oxidized and the interfacial layer is mainly Hf silicate be-
tween Y-doped HfO2 and Si. The analytical data of the crystal
structure indicate that a constituent phase changes from low-
permittivity monoclinic to high-permittivity cubic phase with
the increase of Y content. A pure cubic phase is stabilized for
Y content between 6.7 mol%–7.4 mol%, and the intensity of
the peak at 30.7◦, which corresponds to diffraction from (111)
planes, increases with Y content increasing. The permittivity
is found to be strongly dependent on the yttrium content, and
its maximum is 29 for 9.2 mol%. The J–V curves show that
the Y-doped HfO2 films have better current leakage properties
than pure HfO2 films, which is attributed to the passivation of
oxygen vacancies by dopant Y.
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