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Abstract The local structures of Hf-O-N thin films were
analyzed using an extended X-ray absorption fine struc-
ture (EXAFS) study on Hf Lyj-edge and first-principles
calculations. Depending on their composition and atomic
configurations, Hf4Og (CN: 7.0), Hf4OsN, (CN: 6.25) and
Hf;,O,N4(CN: 5.5) were suggested as the local structures of
Hf-O-N thin films. The optical band gaps of Hf-O-N thin
films were compared with the calculated band gap. And to
investigate the optical absorption, the effects of film com-
positions on the valence bands of Hf-O-N thin films were
analyzed by comparing the experimental valence band with
the valence band.

Keywords Hafnium oxynitride thin films - Electronic
structures - Optical absorption

1 Introduction

Recently, HfO, and Hf-O-N thin films have attracted inter-

est because of their unique properties, particularly their high
dielectric constant, relatively large band gap, and stability.
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Given their high dielectric properties, these films have been
investigated as a potential replacement of dielectric to reduce
the tunneling current through the gate-oxide of a field-effect
transistor (FET) [1-3]. In the lithographic process, Hf-O-N
thin films have also been considered as a substitute for the
phase-shift mask (PSM), because of their high refractive in-
dex. In deep ultraviolet (DUV) lithography, the phase-shift
masks of Cr compounds and MoSiON have a low refractive
index of less than 2.5. To satisfy the requirements of trans-
mittance and phase shift, the thickness of Cr compounds and
MOoSiON should be greater than 90 nm [4]. This amount
of thickness causes an error when patterns are formed on a
wafer. An error can be reduced with the use of Hf-O-N thin
films having a high refractive index.

The transmittance and the phase shift through the PSM
depend on the optical constants (n: refractive index and k: ex-
tinction coefficient). It is important to investigate the optical
absorption and electronic structures of the PSM, because the
dispersions of optical constants are related to that [5]. In this
study, we analyzed the electronic structures of Hf-O-N thin
films using first-principles calculation to research the optical
absorption of Hf-O-N thin films. Before we researched the
electronic structures, the local structures of Hf-O-N thin films
were analyzed using the extended X-ray absorption spec-
troscopy (EXAFS) and the structure optimization. Using the
local structures, the electronic structures of Hf-O-N thin films
such as the valence band and the optical band gap, were simu-
lated. The effects of composition on the electronic structures
and optical absorption of Hf-O-N thin films were analyzed.

2 Experimental methods

Hf-O-N thin films (50 & 5 nm) (S1-S5) were deposited us-
ing a planar circular rf magnetron reactive sputtering system
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with a 4” Hf target and a mixture of O, and N, gases (Ar:
20 scem, O;: 0, 1 scem, Nj: 10, 20 sccm). The composi-
tion was determined by means of rutherford backscattering
spectroscopy (RBS) and auger electron spectroscopy (AES).
X-ray absorption spectra (XAS) measurements around Hf
Ly-edge (9561 eV) were measured to investigate the lo-
cal structures of Hf-O-N thin films at 7 C beam-line of the
Pohang Accelerator Laboratory (PLS, Pohang, Korea). The
optical properties of Hf-O-N thin films such as absorbance
and optical band gap were estimated by UV spectroscopy
(Hewlett Packard 8452A). The valence band spectra were
measured using the 4B 1 photoemission electron microscopy
beam-line at the PLS [6].

In the structure optimization, first-principles calculations
of total energies were carried out within the general gradi-
ent approximation (GGA)[7] of the density functional the-
ory (DFT), using the ab-initio total-energy and molecular
dynamics program VASP (Vienna ab-initio simulation pack-
age [8]. A plane-wave basis set combined with the projector
augmented-wave method was employed [9]. A kinetic en-
ergy cutoff of 400 eV and a reciprocal-space k-point grid of
dimensions 9 x 9 x 9 were used. The unit cell including
volume and shape and the atomic position were relaxed. The
electronic structures were calculated using a program SCAT
based on the discrete variational Xo (DV-Xa) method [10].
The cluster models for Hf-O-N thin films were designed us-
ing the local structures from extended X-ray absorption fine
structure (EXAFS) analysis and the structure optimization.
Each cluster model is embedded in point charges located
at the external atomic sites so as to produce an effective
Madelung potential.

3 Results and discussion
3.1 The local structures of Hf-O-N thin films

In the previous research [11], the local structures of Hf-O-
N thin films were analyzed using a curve-fitting analysis
of the filtered back-transformed EXAFS spectra and first-
principles calculations (Table 1). From EXAFS analysis, it
was confirmed that the coordination number (CN) in the first-
shell decreased from 6.95 to 5.11 as the N/Hf ratio increased,
and that the bond length in the first-shell of S1, S2 and S3
slightly decreased from 2.179 to 2.154 A as the N/H ratio
increased. The increase of film density was considered as
one of the cause about the decrease of the bond length [12].
However, the bond length of S4 and S4 increased abruptly
to 2.194 A and 2.187 A. Considering the composition of
S4 and S5, S4 and S5 were expected to have the structure
of Hf,ON, with the bond length of 2.17 A when they were
crystallized [13].
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Considering the film composition and the coordination
number (CN) around Hf ions, Hf;OsN, (CN: 6.25) with
1V} + 20y) and Hf4O5N, (CN: 6) with (1V2™ + 20y)
were suggested as the local structures for S3. And the local
structures of Hf;O,N4(CN: 5.5) derived by forming (2V(1)S‘
+ 40y), Hf40,N4(CN: 5.25) by (1VAt + 12 4 40y),
and Hf4O,N4(CN: 5.0) by (2V3™ + 40y) were suggested
as the local structures for S5 (Fig. 1). The term V refers to
the vacancy of O ions, and the term Oy indicates that O ion
is substituted by N ion. All local structures with the differ-
ent combination were optimized geometrically, and the local
structure having the minimum total energy was selected. By
comparing the bond length for the first-shell from EXAFS
analysis and the average bond length for local structures from
the structure optimization, Hf4Og (CN: 7.0) for S1, Hf;OsN,
(CNI 625) for S3 and Hf402N4 (CN 55), Hf402N4 (CN
5.0) for S5 were selected.

3.2 The electronics structures for the optical absorption
spectra of Hf-O-N thin films

Figure 2(a) shows the (ahv)*> as a function of the photon
energy hv for all samples. According to Tauc’s formula [14],

(ohv)/? = const. (hv — Eg)(« : absorption coefficient, h

 : photon energy) 3)

log(1o/1)

o =2.303 x (ecm™ ) (a: absorption coefficient,

log(ly/I) : absorbance, d : film thickness) )
The curves present a linear part for high values of (a/hv)%>,
attributed to optical transitions between extended states in the
parabolic range of the density of states. The extrapolation of
this linear part to zero yields the optical band gap (Fig. 2(b)).
The optical band gap calculated using Tauc’s rule is changed
from 4.1 to 1.98 eV with a function of the N/Hf ratio. Similar
results of a decreasing band gap have been observed for metal
oxynitrides as well [12].

In the comparison of the optical band gap and the calcu-
lated band gap, the optical band gap of S1 (4.3 eV) differs
from the simulated band gap (3.69 eV) of Hf;Og (CN: 7.0).
It can be due to the inherent errors in DFT band gaps that
the band gaps calculated within local density approximation
(LDA)/GGA are always underestimated compared to exper-
iments. The crystallized m-HfO, thin film with thickness of
900 nm has the optical band gap of 4.7 eV that is higher than
the calculated band gap (3.9 eV) of bulk m-HfO,. Consider-
ing the error between experimental and calculated band gap
(0.8 eV), the difference (1.1 eV) of band gap for S3 is criti-
cal. Hf;O,N4 (CN: 5.5) is selected as the local structure for
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Table 1 The local structures from EXAFS analysis (a) and from the structure optimization using first-principles calculations (b) for Hf-O-N

thin films

Local structures by EXAFS analysis (a) Local structures by the structure optimization (b)
Sample Inter-atomic distance Atomic Average bond length(R*"®)
number CN for the first-shell (A) Models CN configuration for Hf—O/N bonds (A)
m-HfO, 3 2.139 Hf4Os 7.0 No defects 2.139 (0.03)

4 2.259
S1 2.99 2.108

3.96 2234
S2 2.99 2.097 Hf4O5N» 6.25 1vEt 4+ 20y 2.129 (0.013)

3.89 2.223 6.0 1v2Md 420y 2.115 (0.024)
S3 2.85 2.088

3.57 2.207
S4 2.45 2.127 Hf,O,N4 5.5 2V + 40y 2.163 (0.010)

3.31 2.244 5.25 1VE +1V3 + 40y 2.130 (0.014)
S5 2.28 2.120 5.0 2V32d + 40y 2.165 (0.014)

2.83 2.241
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Fig. 1 The local structures for Hf-O-N thin films. HfO, (a) (CN: 7.0)

for S1 (large gray balls: Hf, medium light balls: O'' and medium dark
ball: 02", two local structures of Hf4OsN, (CN: 6.25) (b) and Hf,OsN,

S5 because the simulated band gap of Hf4O,N4 (CN: 5.0) is
higher than the optical band gap of S5.

To verify the effects of film compositions on the opti-
cal absorption, the valence band spectra of Hf-O-N thin

b . —
A
o—> 3 /

(CN: 6.0) (c¢) for S3, three local structures of Hf;O,N4 (CN: 5.5) (d),
Hf;,O,N4 (CN: 5.25) (e) and Hf4O,N4 (CN: 5.0) (f) for S5. (large gray
balls: Hf, medium light balls: O and small dark ball: N)

films that were recorded using 220 eV of the photon energy
(Fig. 3). The O/Hf and N/Hf ratio of Hf-O-N thin films
were 1.71 (£ 0.04) and 0.08 (£ 0.02) for S1, 1.36 (£ 0.04)
and 0.38 (£ 0.07) for S3, and 0.20 (& 0.15) and 1.1 (&
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Fig.2 The (ahv)* variation (a) and the optical band gap variation (b)
of Hf-O-N thin films

0.1) for S5. As the N/Hf ratio increases, the valence band
shifts to a low binding energy and the gap between the
valence band and Fermi energy level decreases. The shift
of the valence band to a low binding energy is consid-
ered as one of reasons about the decrease of optical band
gaps.

The valence bands of S1, S3 and S5 were compared the
calculated valence bands of Hf;Og (CN: 7.0) for S1, Hf;OsN,
(CN: 6.25) for S3 and Hf4O,N4 (CN: 5.5), Hf4O,N4 (CN:
5.5) for S5 (Fig. 4). All density of states were shifted to fix the
Fermi energy to 0 eV. For S1 (Fig. 4(a)), the valence band is
mainly composed of three peaks at —1.9 eV, —5.1 and —7.0
eV that all peaks are related to the bonding interaction of Hf
5d-0O 2p bonds. The peak at —1.9 eV is related to the anti-
bonding interaction between Hf 5d—Hf 5d and two peaks at
—5.1eV, —7.0 eV are related to the bonding interaction of
Hf 5d - Hf 5d. The optical absorption was due to the electron
transition from O 2p in the valence band and Hf 5d in the
conduction band [15].

The valence band of Hf4OsN, (CN: 6.25) in the range
from —12.5 eV to the valence band edge contains several
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Fig.3 The valence band spectra of Hf-O-N thin films. The spectra were
recorded using 220 eV of the photon energy

peaks (Fig. 4(b)). These peaks are classified into three parts
as kinds of bonds that contribute to peaks. The weak peak
at over —1.0 eV is manly related to the bonding interaction
of Hf 5d—N 2p. Peaks from —1.0 to —10.0 eV are due to the
bonding interaction of Hf 5d-O 2p and Hf 5d—N 2p even
though the contribution by Hf 5d—O 2p bonds is larger than
that by Hf 5d-N 2p. Peaks at below —9.8 eV are related to
the bonding interaction of Hf 5d-O 2p.

In the indirect absorption, the transition rate is expressed
as the multiplication of the density of states in the valence
band and the conduction band, and the absorption coefficient
is related to the transition rate [16]:

ho+hop—Eg
Wea o [V V)2 / po(E —hw—hay)p(E)AE
0

“4)

ajizslei/nc (5)

(The probability of the photon absorption (|V®|?) is nearly
constant for a direct transitions are allowed. W is the transi-
tion rate and « is the absorption coefficient).

It indicates that the absorption coefficient for a direct tran-
sition to energy E from an initial energy E-hw is proportional
to the product of the initial density of states and the final den-
sity of states. When S3 absorbs a light having photon energy
over band gap, electrons in N 2p in the valence band are ex-
cited to Hf 5d related to Hf—N bonds in the conduction band.
It is speculated that the increase of the absorption coefficient
is low because the pDOS of Hf 5d and N 2p related to Hf—N
bonds is small. When a photon with the higher photon energy
is absorbed, it is expected that the absorption coefficient in-
crease abruptly because the pDOS of Hf 5d and N 2p related
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Fig. 5 The net-charge and the normalized net-charge of Hf ions (a), O ions (b) and N ions (c), and the overlap population (d) of the Hf~O bonds
and the Hf-N bonds for Hf;Og (CN: 7.0), Hf4OsN, (CN: 6.25), Hf;O,N4 model (CN: 5.5)

to Hf—N bonds is large. The low transition rate and absorp-
tion coefficient for the electron transition from N 2p to Hf 5d
is considered as one of the reasons for the difference between
the optical band gap (3.98 eV) and the simulated band gap
(2.88 eV).

Similar results for Hf;O,N4(CN: 5.5) are obtained (Fig.
4(c)). Peaks at over —5.0 eV are contributed by the bonding
interaction of Hf 5d and N 2p. Peaks at from —5.0 to-10.0
eV are due to the bonding interaction of Hf 5d—O 2p and Hf
5d-N 2p. Peaks at below —10.0 eV are related to the bonding
interaction of Hf 5d-O 2p. The part related to Hf 5d-N 2p
in Hf;O,N,4 (CN: 5.5) is stronger than that in Hf;OsN,(CN:
6.25) because of the high N/Hf ration. Itis expected that when
S5 absorbs a light having photon energy over band gap, the
absorption coefficient increases abruptly because the pDOS
of Hf 5d and N 2p related to Hf—N bonds is large.

Figure 5 shows the net-charge of Hf, O, and N ions ((a),
(b) and (c)) and the bond overlap population of Hf—O bonds
and Hf—N bonds ((d)). The net-charge of each ion is normal-
ized by the formal charge of —4 for Hf, —2 for O and —3 for
N. When the normalized net-charge is closer to 1, the ionic
bonding character is stronger. The normalized net-charge of
Hf ion is constant regardless of film composition. It is related
to that the absorption edge of X-ray absorption spectra for
Hf Lyy-edge was constant regardless of film composition in
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the previous research. The normalized net-charge of O ion
increases as the N/Hf ratio increases. It is related to the de-
crease of the bond overlap populations for Hf-O bonds. And
the decrease of the normalized net-charge for N ions is also
related to the increase of the bond overlap populations for
Hf-N bonds. These results indicate that the ionic bonding
character of the Hf—O bonds and the covalent bonding char-
acter of the Hf-N bonds in Hf;O,N4 (CN: 5.5) are stronger
than that in Hf4OsN, (CN: 6.25) are. The stronger covalent
bonding character of the Hf-N bonds is related to the nar-
rower band gap of Hf—O—N thin films because the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) energy levels are formed by
the hybridization of Hf 5d and 2 N 2p.

4 Conclusion

Using the suggested local structures of Hf;Og (CN: 7.0),
Hf;OsN;, (CN: 6.25) and HfsO,;N4 (CN: 5.5) in the pre-
vious research, we analyzed the effects of composition on
the optical band gaps and valence band spectra of Hf-O-N
thin films. The optical band gaps of S1 and S5 are con-
sistent with the simulated band gap of Hf;Og (CN: 7.0)
and Hf4O,N4 (CN: 5.5) in error e while the difference
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between the optical and simulated band gap of S3 is
critical.

The valence band spectra of Hf-O-N thin films were an-
alyzed by comparing it with the bond overlap population
diagrams for Hf;Og (CN: 7.0), Hf4OsN; (CN: 6.25) and
Hf;O,N4 (CN: 5.5). The N 2p forms the HOMO between
the valence and conduction bands of HfO, via hybridization
of the N 2p and the Hf 5d. Thus, the valence band shifts to the
low binding energy and the band gap decreases as the N/Hf
ratio increases. Based on the electronic structure for the va-
lence band of S3, the transition rates for the direct transition
is suggested as one of reasons for the difference between
the optical and simulated band gap. Based on the chemical
bonding characteristics for Hf—O bonds and Hf—N bonds, it
was confirmed that the stronger covalent bonding character
of the Hf—N bonds is related to the narrower band gap of
Hf-O-N thin films.
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