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First-principles calculations were performed on the electronic structure and x-ray-absorption
near-edge structureXANES) of amorphous Zr-oxide and Hf-oxide thin films. Using the discrete
variationalX-a method, the authors simulated the films wi#tr,0,,) 8 and (Hf,0,¢)~?° 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 tKeeGge. ©2005
American Institute of PhysicDOI: 10.1063/1.1884268

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

To fabricate the amorphous Zr-oxide and Hf-oxide films,

Transition-metalTM) oxide thin films such as Zr-oxide we used rf magnetron sputtering under various conditions of
and Hf-oxide thin films have recently attracted interest be- 9 b 9

cause of their unique properties, particularly their high di_deposmon powe(80, 160, 240, and 320 Wgas-flow rate

electric constant, relatively large band gap, and L~:tability['A‘r:20 scem(scem denotes cubic centimeter per minute at

. s . . . . . STP and G: 1 sccm, pressure (10 mTorp, and time
Given their high dielectric properties, these films were inves 130 min. To calculate the optical band gaps, we used the

tigated as a potential replacement dielectric to reduce th auc rule

tunneling current through the gate oxide of a field-effect '

transistot® (FET). In the lithographic process, TM oxides (afiw)*?= const(fiw - Ey)

have also been considered as a substitute for the phase-shift (1)

mask because of their optical properties. In deep ultraviolet _ log(l/1)

(DUV) lithography, the phase-shift mask®SM) of Cr com- a=2.303% d

pounds and MoSiON have a low refractive index of less than

2.5. As a result, the thickness of the PSM that satisfies th@herea is the absorption coefficienfw is the photon en-

requirements of transmittance and phase shift is greater th&{9y odlo/1) is the absorbance, antlis the film thickness.

90 nm3* This thickness causes an error when patterns arghe x-ray diffraction confirmed the crystallization of Zr- and

formed on a wafer, TM oxides with a high dielectric constantHf-oxide films deposited above 140 W. Here, plasma bom-

can reduce the error. bardment caused the substrate temperature to rise from 60 to
To calculate the electronic structure and the x-ray-125 °C. The analysis of the optical band gaps and x-ray

absorption near-edge structuKANES) of amorphous diffraction confirmed that _the OptIC§1| band gaps are 4.37 eV

Zr-oxide and Hf-oxide thin films, we used density-functional for the amorphous Zr-oxide thin film and 4.44 eV for the

theory (DFT) with the X-a approximatior® and the gener- @morphous Hf-oxide thin film.

alized gradient approximationXANES spectroscopy is a To calculate the electronic structures and th& @dge

powerful technique for probing empty states in solids. We®f @amorphous Zr-oxide and Hf-oxide thin films, we use a

therefore used it to investigate the unoccupied partial densit)"°9ram SCATﬁbased on the d|screte9 variationAle (DV

of states(PDOS of the probed atom. One advantage of X methodf’ and the programviEN2K,” based on the full-

XANES spectroscopy is that it uses an electric-dipole tranPotential, linearized, ~augmented-plane-wa&LAPW)

sition in the core-loss process to excite an electron from &€thods and the generalized gradient approximation for ex-

core level to an unoccupied state. To investigate the opticdi’@nge and correlatioh.

properties of amorphous Zr-oxide and Hf-oxide thin films,

we used the electronic structure analysis and XANES spedll- RESULTS AND DISCUSSION

(cm™),

troscopy. For the scAT program, amorphous Zr-oxide and
Hf-oxide thin films are modeled based on a monoclinic phase

¥Electronic mail: ksgyon@kaist.ac.kr of Zr oxide and Hf oxide by introducing oxygen defects to

0021-8979/2005/97(7)/073519/5/$22.50 97, 073519-1 © 2005 American Institute of Physics

Downloaded 18 Apr 2011 to 143.248.103.56. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



073519-2 Kim et al. J. Appl. Phys. 97, 073519 (2005)

a1y 454
__ 40
S S 44
2 39, I
o o
3] 4
8 s S 43 .
2 : 2
S a7 42
[24] \I g
36 T~ af
3.5 T T T T T T T T T T T T T T
(Zrloﬁ)-“ (Zr‘o“)'m (Zrloﬂ).u (Zr4°l)).u (Hloﬂ)'“ (Hfloﬂ)—m (Hloﬂ).zz (Haon)‘“

FIG. 1. Band-gap variations of cluster

models of an amorphous Zr-oxide thin
(a) (b) film (a) and of an amorphous Hf-oxide
thin film (b); Models for (a) amor-
phous Zr-oxide thin films
[(Zr,0,7)7*% and (b) amorphous
Hf-oxide thin films[(Hf,0,9) 2.

() (d

find out the appropriate cluster models for amorphous Zrbased on models for thecAT program. In this calculation,
and Hf-oxide thin films, respectively. Oxygen defects arethe potentials are described by two kinds of basis sets: inside
created considering the overlap population between oxygetihe nonoverlapping atomic spheres, a linear combination of
and Zr (and Hf and the net charge. Figuregal and 1b) radial functions times a spherical harmonics was used; in the
show the band-gap variations of four cluster models considinterstitial region, a plane-wave function was used. The
ering the oxygen defects. Cluster model§df,0,,) '8[Fig.  energy-loss near-edge structuf€ELNES) calculation is
1(c)] and (Hf,0,97%° [Fig. 1(d)] have similar band gaps achieved using supercells and one full core hole for the com-
[4.07 eV for(Zr,0,7) '8 and 4.50 eV for(Hf,0,9) %] as the  parison of calculation resulfs.
experimental optical band gaps:18 and —-20 in the cluster Figures 2a) and(b) show the density of states, including
models are the total charge of each cluster.each model, the partial density of statd®DOS of each atomic level, and
the oxygen atom for the corresponding core loss is placed dhe bond-overlap population diagrams for two modélg.
the center of the cluster models. Each cluster is embedded i{c) and(d) The lower band of the amorphous Zr-oxide thin
point charges located at the external atomic sites so as film, which occurs between —-18 and —13 eV, is mainly com-
produce an effective Madelung potential. Each cluster haprised of O 3 states, but is partially hybridized with Zip4
two different Zr or Hf atom sites around O atom according tostates. The two peaks denoted &Y and b2 occur in the
the bonding environment. In the electron-energy-loss profower band according to the interaction of O and Zr. Paak
cess, an electron is promoted from a core level to an unoa@nd b signifies bonding; peabk, antibonding. Furthermore,
cupied state leaving a core hole. To reproduce the experihe notation of 1 and 2 on peakandb are related to the
mental spectrum, self-consistent calculation should balistinct Zr sites denoted by Zand ZF; that is, the bonding
carried out including a core hole. The difference in total en-of O 2s and Zt 4p causes pealal. The upper band that
ergies between initial and final statésansition energyis  ranges from —-7.5 to 1.39 eV is mainly comprised of @ 2
well approximated as the difference in molecular-orbitaland Zr 4 states. It has three peaksl, c12, andd12) that
(MO) energies calculated for the Slater transition state wherare related to the bonding of QpZ2and the antibonding of
half of an electron is removed from a core orbital and putZr 4d. Peak c signifies bonding; peakd, antibonding.
into an unoccupied MA° O 2p—Zr 4d hybridization contributes to the upper band and
For awienzk,”® the supercell calculations are done for amakes a relatively large contribution to the bonding in amor-
2X2X% 1 supercell containing 48 atoms. Each supercell forphous Zr-oxide thin films. The calculated net charges are
amorphous Zr-oxide and Hf-oxide thin films is modeled -1.32 for O, 3.02 for Z¥, and 3.15 for Z%. The bond-overlap
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populations are 0.043 for the O—Zond and 0.025 for the O 2p—Hf 5d, whereas h represents antibonding of
O-Z¢ bond. The O-Zr bond has relatively strong cova- O 2p—Hf 5d. We confirm that the energy of the Hhterac-
lence, and the O—2iond has a relatively strong ionic char- tion with O is lower than that of the Kfinteraction. The
acteristic. These characteristics suggest that the Zr-oxide thitalculated net charges are —1.40 for O, 3.24 fok, hd 3.15
film has a mixture of ionic and covalent bonding character. for Hf2. The overlap populations are 0.001 for the OLHf
The lower band of the amorphous Hf-oxide thin film, bond and 0.03 for the O—FRbond. The O—Hf bond has a
which ranges from -18.2 to —-14.2 eV, is composed mainlystronger ionic characteristic than the O-2#bnd. The bond-
of O 2s and Hf & states. Moreover, Hff4 5d states par- ing character of the amorphous Hf-oxide thin films is differ-
tially make up the lower band. The lower band has two peakgnt from that of the amorphous Zr-oxide thin films.
(el andf12). Peake signifies bonding; peak, antibonding. Figures 3a) and (b) show the XANES spectra and the
The numbers “1” and “2” in the peak refer to the distinct Hf calculated OK edge of the amorphous Zr-oxide and
sites of Hf and HP. The upper band of the Hf-oxide thin Hf-oxide thin films. The difference between the measured
film, lying from -7.8 to 1.72 eV, is mainly composed of XANES and the calculated ®& edge obtained by a D\Ka
O 2p, Hf 4f, and 3 states. It has four peaks denoteddly =~ and FLAPW methods is due to the mixture of the amorphous
g2, h/gl2, andnl2. Theg notation represents the bonding of and crystalline phases of Zr oxide and Hf oxide in the thin
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FIG. 3. Comparison of the experimen-
tal OK edge XANES and K edge
PDOS of(a) amorphous Zr-oxide thin
films and(b) Hf-oxide thin films; Top:
the experimental X edge; Middle:
the O 2 PDOS calculation based on
the discrete variationaKae method,;
Bottom: the O » PDOS calculation
based on the linearized augmented-
plane-wave method.

the edge reveal three peaksj, andk for the Zr-oxide thin g
film and!, m, andn for the Hf-oxide thin film. The absolute 83 ho '
transition energies of our calculations agree with the experi- g
mental results within an error of 10 eV, which is less than & 002 bonding
2%.

We can understand the spectral features of the €lge c 0:007 02p - 2r'sp
in the XANES results only by investigating the covalent in- £ .o, anti-bonding
teraction between O-Zr and O—Hf. The dominant compo- §§ 0.02
nents of the orbitals in the pertinent energy range ared/r 4 %§ bending
5s, and P states in the Zr-oxide thin films and H#I56s, 5 & 0.00-
and @ states in the Hf-oxide thin films. The (pXtate is a 8= R anti.bonding
minor component made predominantly by the bonding inter- 02l o

\ i
action of Zr 4l5sp and Hf 5d6sp. Figures 4a) and 4b) st 5 " 2

show the DOS with overlap population diagrams for the
O-2zr* and O—-2Zf bonds of the Zr-oxide thin films and the

i1: 511.56, i2:512.36, i3:612.86 (eV)
j1:514.16, j2:515.16, k:520.76 (eV)

5§30

Transition energy (eV)

bonding
5d

02p - hf'és
anti-bonding

SIAVY

02p - Hf'6s
anti-bonding

O-Hf' and O—Hf bonds of the Hf oxide thin films. _ (a
Peaki and pealj in Fig. 3(@) can be divided into groups § 054

of three and two subpeaks based on the origin of padks: §g ;

i2, andi3; j1 andj2. The dominant components are?2d % 0.0

for peaki, Zr! 4d for peakj, and zZi? 5s for peakk [Fig. e 002

4(a)]. This means that 2r4d interact with O 2 within 3 eV 0.01

above the edge, and Z4d interacts with O p at energies PR

over 3 eV above the edge. The Zd-4Zr 4d interaction §§ g:}g- ;

causes the splitting of the peaks infgi2, andi3 and intoj1 3 2 g

andj2 [Fig. 5@)]. Peakil and peak2 signify the bonding E% ng

and antibonding of Zr4d—Zr* 4d; peak i3 signifies the §& 0.00 12

bonding of ZF4d-zr4d and the antibonding of 6% 005 {

Zrt 4d-zrt 4d. Peak j1 signifies the bonding of 018 1 - -°2P' s

LT

511 1{,3 ) ‘m2s21 n
Tran:

11:512.76, /2:513.97, 13:615.45 (eV)
m1:516.66, m2:517.48, k:522.08 (eV)

Zrt 4d-2zr* 4d, and peakj2 signifies the antibonding of
Zrl 4d—-zr' 4d. We confirmed that exciting electrons from
O 2p to Zr* 4d cause a direct transition within 3 eV transi-
tion within 3 eV above the absorption edge, and that exciting
electrons from O @ to Zr' 4d cause a direct transition at
energies over 3 eV above the edge.

Peak| and peakm in Fig. 3(b) can be divided into

FIG. 4. Density of state@op), bond

tom) of O—Zr2 and O—H# bonds.

5§31
sition energy (eV)

541

®

-overlap population diagranisiddle)

for O—zr* and O—Ht bonds, and bond-overlap population diagrainst-
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groups of three and two subpeaks based on the origin oﬁ

peaksil, 12, andl3; ml andm2. The dominant components
are Hft 5d for peakl, Hf?> 5d for peakm, and Hf? 6sp for
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peak |3 signifies the bonding of Hf5d—Hf! 5d. Peakml
signifies the bonding and antibonding of'Hid and Hf 5d;
peakm2, the antibonding of Hf5d and Hf 5d. From these
results, we confirm that the excitation of electrons fromD 2
to Hf? 5d causes a direct transition within a range of 4 eV
above the absorption edge, and that excitation of electrons
from O 2p to Hf* 5d cause a direct transition at energies over
4 eV above the edge.

IV. CONCLUSIONS

We used first-principles calculations to investigate the
electronic structure and transition states of amorphous
Zr-oxide and Hf-oxide thin films. In modelingZr,0,,) ™8
and (Hf,0,9)72° cluster models with oxygen defects were
selected for amorphous TM oxide thin films. In the electronic
structure, we found that, depending on the bond environ-
ment, films have different ionic and covalent characteristics
for the O—Zr and O—Hf bonds. In XANES analysis, it was
confirmed that the direct transition mechanism differs in the
two TM oxide thin films. The amorphous Zr-oxide thin films
absorb light by exciting electrons from the @ 8tate to the
Zr? 4d state at low energies abo\g,. The absorption by
electrons from the O 2 state to the Zr4d state occurs at
high energy. In contrast, the amorphous Hf-oxide thin films
absorb light by exciting electrons from the @ &tate to the
Hf! 5d state at low energies abo\ig,. The absorption by
electrons from the O |2 state to the Hf5d state occurs at
high energies.
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