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Electronic structure and x-ray-absorption near-edge structure of
amorphous Zr-oxide and Hf-oxide thin films: A first-principles study
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First-principles calculations were performed on the electronic structure and x-ray-absorption
near-edge structuresXANESd of amorphous Zr-oxide and Hf-oxide thin films. Using the discrete
variationalX-a method, the authors simulated the films withsZr4O17d−18 and sHf4O18d−20 clusters.
The O–Zr and O–Hf bonds were found to have different characteristics along the bond orientation.
By comparing the experimental and calculated XANES, we analyze the absorption mechanism of
amorphous Zr-oxide and Hf-oxide thin films for energies up to 10 eV above the OK edge. ©2005
American Institute of Physics. fDOI: 10.1063/1.1884268g
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I. INTRODUCTION

Transition-metalsTMd oxide thin films such as Zr-oxid
and Hf-oxide thin films have recently attracted interest
cause of their unique properties, particularly their high
electric constant, relatively large band gap, and stab
Given their high dielectric properties, these films were in
tigated as a potential replacement dielectric to reduce
tunneling current through the gate oxide of a field-ef
transistor1,2 sFETd. In the lithographic process, TM oxid
have also been considered as a substitute for the phas
mask because of their optical properties. In deep ultrav
sDUVd lithography, the phase-shift maskssPSMd of Cr com-
pounds and MoSiON have a low refractive index of less
2.5. As a result, the thickness of the PSM that satisfies
requirements of transmittance and phase shift is greater
90 nm.3,4 This thickness causes an error when patterns
formed on a wafer, TM oxides with a high dielectric cons
can reduce the error.

To calculate the electronic structure and the x-
absorption near-edge structuresXANESd of amorphou
Zr-oxide and Hf-oxide thin films, we used density-functio
theory sDFTd with the X-a approximation,5,6 and the gene
alized gradient approximation.7 XANES spectroscopy is
powerful technique for probing empty states in solids.
therefore used it to investigate the unoccupied partial de
of statessPDOSd of the probed atom. One advantage
XANES spectroscopy is that it uses an electric-dipole t
sition in the core-loss process to excite an electron fro
core level to an unoccupied state. To investigate the op
properties of amorphous Zr-oxide and Hf-oxide thin film
we used the electronic structure analysis and XANES s
troscopy.
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II. EXPERIMENTAL PROCEDURE

To fabricate the amorphous Zr-oxide and Hf-oxide fil
we used rf magnetron sputtering under various condition
deposition powers80, 160, 240, and 320 Wd, gas-flow rate
fAr:20 sccmssccm denotes cubic centimeter per minut
STPd and O2: 1 sccmg, pressure s10 mTorrd, and time
s130 mind. To calculate the optical band gaps, we used
Tauc rule.8

sa"vd1/2 = consts"v − Egd
s1d

a = 2.3033
logsI0/Id

d
scm−1d,

wherea is the absorption coefficient,"v is the photon en
ergy, logsI0/ Id is the absorbance, andd is the film thickness
The x-ray diffraction confirmed the crystallization of Zr- a
Hf-oxide films deposited above 140 W. Here, plasma b
bardment caused the substrate temperature to rise from
125 °C. The analysis of the optical band gaps and x
diffraction confirmed that the optical band gaps are 4.37
for the amorphous Zr-oxide thin film and 4.44 eV for
amorphous Hf-oxide thin film.

To calculate the electronic structures and the OK edge
of amorphous Zr-oxide and Hf-oxide thin films, we us
program SCAT based on the discrete variationalXa sDV
-Xad method,5,6 and the programWIEN2K,9 based on the ful
potential, linearized, augmented-plane-wavesFLAPWd
methods and the generalized gradient approximation fo
change and correlation.7

III. RESULTS AND DISCUSSION

For the SCAT program, amorphous Zr-oxide a
Hf-oxide thin films are modeled based on a monoclinic p

of Zr oxide and Hf oxide by introducing oxygen defects to
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find out the appropriate cluster models for amorphous
and Hf-oxide thin films, respectively. Oxygen defects
created considering the overlap population between ox
and Zr sand Hfd and the net charge. Figures 1sad and 1sbd
show the band-gap variations of four cluster models con
ering the oxygen defects. Cluster models ofsZr4O17d−18 fFig.
1scdg and sHf4O18d−20 fFig. 1sddg have similar band gap
f4.07 eV forsZr4O17d−18 and 4.50 eV forsHf4O18d−20g as the
experimental optical band gaps.s−18 and −20 in the cluste
models are the total charge of each cluster.d In each mode
the oxygen atom for the corresponding core loss is plac
the center of the cluster models. Each cluster is embedd
point charges located at the external atomic sites so
produce an effective Madelung potential. Each cluster
two different Zr or Hf atom sites around O atom accordin
the bonding environment. In the electron-energy-loss
cess, an electron is promoted from a core level to an u
cupied state leaving a core hole. To reproduce the ex
mental spectrum, self-consistent calculation should
carried out including a core hole. The difference in total
ergies between initial and final statesstransition energyd is
well approximated as the difference in molecular-orb
sMOd energies calculated for the Slater transition state w
half of an electron is removed from a core orbital and
into an unoccupied MO.10

For aWIEN2K,7,8 the supercell calculations are done fo
23231 supercell containing 48 atoms. Each supercel

amorphous Zr-oxide and Hf-oxide thin films is modeled
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based on models for theSCAT program. In this calculatio
the potentials are described by two kinds of basis sets: i
the nonoverlapping atomic spheres, a linear combinatio
radial functions times a spherical harmonics was used; i
interstitial region, a plane-wave function was used.
energy-loss near-edge structuresELNESd calculation is
achieved using supercells and one full core hole for the
parison of calculation results.11

Figures 2sad andsbd show the density of states, includi
the partial density of statessPDOSd of each atomic level, an
the bond-overlap population diagrams for two modelssFig.
1scd andsdd The lower band of the amorphous Zr-oxide t
film, which occurs between −18 and −13 eV, is mainly c
prised of O 2s states, but is partially hybridized with Zr 4p
states. The two peaks denoted bya1 and b2 occur in the
lower band according to the interaction of O and Zr. Pea
and b signifies bonding; peakb, antibonding. Furthermor
the notation of 1 and 2 on peaka and b are related to th
distinct Zr sites denoted by Zr1 and Zr2; that is, the bondin
of O 2s and Zr1 4p causes peaka1. The upper band th
ranges from −7.5 to 1.39 eV is mainly comprised of Op
and Zr 4d states. It has three peakssc1, c12, andd12d that
are related to the bonding of O 2p and the antibonding o
Zr 4d. Peak c signifies bonding; peakd, antibonding
O 2p–Zr 4d hybridization contributes to the upper band
makes a relatively large contribution to the bonding in am
phous Zr-oxide thin films. The calculated net charges

1 2

FIG. 1. Band-gap variations of clus
models of an amorphous Zr-oxide th
film sad and of an amorphous Hf-oxid
thin film sbd; Models for sad amor-
phous Zr-oxide thin film
fsZr4O17d−18g and sbd amorphou
Hf-oxide thin films fsHf4O18d−20g.
−1.32 for O, 3.02 for Zr, and 3.15 for Zr. The bond-overlap
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populations are 0.043 for the O–Zr1 bond and 0.025 for th
O–Zr2 bond. The O–Zr1 bond has relatively strong cov
lence, and the O–Zr2 bond has a relatively strong ionic ch
acteristic. These characteristics suggest that the Zr-oxid
film has a mixture of ionic and covalent bonding charac

The lower band of the amorphous Hf-oxide thin fi
which ranges from −18.2 to −14.2 eV, is composed ma
of O 2s and Hf 5p states. Moreover, Hf 4f, 5d states par
tially make up the lower band. The lower band has two p
se1 and f12d. Peake signifies bonding; peakf, antibonding
The numbers “1” and “2” in the peak refer to the distinct
sites of Hf1 and Hf2. The upper band of the Hf-oxide th
film, lying from −7.8 to 1.72 eV, is mainly composed
O 2p, Hf 4f, and 5d states. It has four peaks denoted byg1,

g2, h/g12, andh12. Theg notation represents the bonding of
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O 2p–Hf 5d, whereas h represents antibonding
O 2p–Hf 5d. We confirm that the energy of the Hf1 interac-
tion with O is lower than that of the Hf2 interaction. The
calculated net charges are −1.40 for O, 3.24 for Hf1, and 3.15
for Hf2. The overlap populations are 0.001 for the O–1

bond and 0.03 for the O–Hf2 bond. The O–Hf1 bond has
stronger ionic characteristic than the O–Hf2 bond. The bond
ing character of the amorphous Hf-oxide thin films is dif
ent from that of the amorphous Zr-oxide thin films.

Figures 3sad and sbd show the XANES spectra and t
calculated OK edge of the amorphous Zr-oxide a
Hf-oxide thin films. The difference between the measu
XANES and the calculated OK edge obtained by a DV-Xa
and FLAPW methods is due to the mixture of the amorph

FIG. 2. Total spin density of states a
bond-overlap population diagrams
sad fsZr4O17d−18g and sbd sHf4O18d−20.
and crystalline phases of Zr oxide and Hf oxide in the thin
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films.12 The measured spectra for energies up to 20 eV a
the edge reveal three peaks:i, j , andk for the Zr-oxide thin
film and l, m, andn for the Hf-oxide thin film. The absolu
transition energies of our calculations agree with the ex
mental results within an error of 10 eV, which is less t
2%.

We can understand the spectral features of the OK edge
in the XANES results only by investigating the covalent
teraction between O–Zr and O–Hf. The dominant com
nents of the orbitals in the pertinent energy range are Zd,
5s, and 5p states in the Zr-oxide thin films and Hf 5d, 6s,
and 6p states in the Hf-oxide thin films. The O 2p state is a
minor component made predominantly by the bonding in
action of Zr 4d5sp and Hf 5d6sp. Figures 4sad and 4sbd
show the DOS with overlap population diagrams for
O–Zr1 and O–Zr2 bonds of the Zr-oxide thin films and t
O–Hf1 and O–Hf2 bonds of the Hf oxide thin films.

Peaki and peakj in Fig. 3sad can be divided into group
of three and two subpeaks based on the origin of peaki1,
i2, andi3; j1 and j2. The dominant components are Zr2 4d
for peak i, Zr1 4d for peak j , and Zr1,2 5s for peakk fFig.
4sadg. This means that Zr2 4d interact with O 2p within 3 eV
above the edge, and Zr1 4d interacts with O 2p at energie
over 3 eV above the edge. The Zr 4d–Zr 4d interaction
causes the splitting of the peaks intoi1, i2, andi3 and intoj1
and j2 fFig. 5sadg. Peaki1 and peaki2 signify the bonding
and antibonding of Zr2 4d–Zr2 4d; peak i3 signifies the
bonding of Zr2 4d–Zr2 4d and the antibonding o
Zr1 4d–Zr1 4d. Peak j1 signifies the bonding o
Zr1 4d–Zr1 4d, and peak j2 signifies the antibonding
Zr1 4d–Zr1 4d. We confirmed that exciting electrons fro
O 2p to Zr2 4d cause a direct transition within 3 eV tran
tion within 3 eV above the absorption edge, and that exc
electrons from O 2p to Zr1 4d cause a direct transition
energies over 3 eV above the edge.
FIG. 3. Comparison of the experime
tal O K edge XANES and OK edge
PDOS ofsad amorphous Zr-oxide th
films andsbd Hf-oxide thin films; Top
the experimental OK edge; Middle
the O 2p PDOS calculation based
the discrete variationalXa method
Bottom: the O 2p PDOS calculatio
based on the linearized augment
plane-wave method.
Peak l and peakm in Fig. 3sbd can be divided into
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FIG. 4. Density of statesstopd, bond-overlap population diagramssmiddled
for O–Zr1 and O–Hf1 bonds, and bond-overlap population diagramssbot-

2 2
tomd of O–Zr and O–Hf bonds.
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groups of three and two subpeaks based on the orig
peaks:l1, l2, andl3; m1 andm2. The dominant componen
are Hf1 5d for peakl, Hf2 5d for peakm, and Hf1,2 6sp for
peakn fFig. 4sbdg. In a range of 4 eV above the absorpt
edge, O 2p interact with Hf1 5d and Hf2 5d together, but th
interaction of O 2p and Hf1 5d is stronger. At energies ov
4 eV above the edge, O 2p interacts with Hf2 5d. The
Hf 5d–Hf 5d interaction causes the splitting of the pe
into l1, l2, l3; m1 andm2 fFig. 5sbdg. Peakl1 signifies the
antibonding of Hf1 5d–Hf1 5d; peakl2 signifies the bondin

1 1 2 2

FIG. 5. Density of statesstopd, bond-overlap population diagramssmiddled
for Zr1–Zr1 and Hf1–Hf1 bonds, and bonds-overlap population diagr
sbottomd of Zr2–Zr2 and Hf2–Hf2 bonds.
of Hf 5d–Hf 5d and the antibonding of Hf5d–Hf 5d;
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peak l3 signifies the bonding of Hf1 5d–Hf1 5d. Peakm1
signifies the bonding and antibonding of Hf1 5d and Hf1 5d;
peakm2, the antibonding of Hf2 5d and Hf2 5d. From thes
results, we confirm that the excitation of electrons from Op
to Hf2 5d causes a direct transition within a range of 4
above the absorption edge, and that excitation of elec
from O 2p to Hf1 5d cause a direct transition at energies o
4 eV above the edge.

IV. CONCLUSIONS

We used first-principles calculations to investigate
electronic structure and transition states of amorp
Zr-oxide and Hf-oxide thin films. In modeling,sZr4O17d−18

and sHf4O18d−20 cluster models with oxygen defects w
selected for amorphous TM oxide thin films. In the electro
structure, we found that, depending on the bond env
ment, films have different ionic and covalent characteri
for the O–Zr and O–Hf bonds. In XANES analysis, it w
confirmed that the direct transition mechanism differs in
two TM oxide thin films. The amorphous Zr-oxide thin film
absorb light by exciting electrons from the O 2p state to the
Zr2 4d state at low energies aboveEg. The absorption b
electrons from the O 2p state to the Zr1 4d state occurs a
high energy. In contrast, the amorphous Hf-oxide thin fi
absorb light by exciting electrons from the O 2p state to the
Hf1 5d state at low energies aboveEg. The absorption b
electrons from the O 2p state to the Hf2 5d state occurs a
high energies.
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