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The phase diagram of HfO,-TiO, system shows that when Ti content is less than 33.0 mol%, HfO,-TiO; system is
monoclinic; when Ti content increases from 33.0 mol% to 52.0 mol%, it is orthorhombic; when Ti content reaches more
than 52.0 mol%, it presents rutile phase. So, we choose the three phases of HfO,—TiO; alloys with different Ti content
values. The electronic structures and optical properties of monoclinic, orthorhombic and rutile phases of HfO,—TiO,
alloys are obtained by the first-principles generalized gradient approximation (GGA)+ U approach, and the effects of Ti
content and crystal structure on the electronic structures and optical properties of HfO,—TiO, alloys are investigated. By

introducing the Coulomb interactions of 5d orbitals on Hf atom (U f'), those of 3d orbitals on Ti atom (US), and those of 2p
orbitals on O atom (UP) simultaneously, we can improve the calculation values of the band gaps, where U{l, Ug, and UP
values are 8.0 eV, 7.0 eV, and 6.0 eV for both the monoclinic phase and orthorhombic phase, and 8.0 eV, 7.0 eV, and 3.5 eV
for the rutile phase. The electronic structures and optical properties of the HfO,—TiO, alloys calculated by GGA—i—U;i
(U{j =8.0eV)+ Ug (Uéj =7.0eV)+UP (UP =6.0 eV or 3.5 eV) are compared with available experimental results.

Keywords: HfO,-TiO; alloys, GGA + U, electronic structure, optical properties

PACS: 71.15.—m, 71.15.Mb, 78.20.Ci, 78.20.Fm

1. Introduction

Among all candidate materials for the gate insulators of
metal oxide semiconductor field effect transistors and the ca-
pacitor dielectrics of dynamic random access memories, HfO,
and TiO; are promising candidates due to their properties.!]
The phase diagram, cell parameters and geometry struc-
ture for HfO,-TiO; system have been studied. The main
phase of HfO,-TiO; is monoclinic (denoted as “m”), mono-
clinic + orthorhombic (denoted as “0”"), orthorhombic, and or-
thorhombic + rutile (denoted as “r”’), when TiO, content val-
ues are less than 5%, 5%~33%, 33~52%, and 52~100%,
respectively.[>~! For example, HfTiOy (i.e., Hfo 5Tio 5 O,) has
a columbite-type (0-PbO;) structure with two formula units
per unit cell, with orthorhombic symmetry, space group pb/cn,
with the Hf and Ti atoms randomly distributed on the octahe-
dral site of the a-PbO, structure. [6-7]

The phase structure and optical properties of HfFO,—TiO,
films are determined by preparation process and Ti content.
Nanolaminate HfO,-TiO, films are grown by reactive sput-
ter deposition on unheated fused SiO», sequentially annealed
at 573 K to 973 K. A nanocrystalline structure of orthorhom-
bic HfTiO4 adjacent to an interface followed by monoclinic
Hf, Ti;_,O, was identified.l! Hf Ti;_,O, films on silicon
substrates were prepared by the atomic layer deposition. As-
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deposited Hf, Ti; O, films remained amorphous after anneal-
ing up to about 1000 °C in N3 for 5 min.!!! Hafnium titanate
films were deposited in a large Hf-Ti compositional range by
atomic layer deposition. The o-HfTiO,4 diffraction lines in the
samples (30%—64% Hf) annealed at 850 °C have been ob-
served. For an Hf content value higher than 82%, an m-HfO,-
like structure was reported.!”) The x-ray diffraction of a 1:1
mixture of HfO, and TiO,, prepared by the alkoxy hydrolysis
technique and heating to ~ 750 °C, indicated that the material
is mainly composed of 95% o-HfTiO.!* The Ti addition sta-
bilized the amorphous phase of HfO,. After high-temperature
annealing, the films transformed from an amorphous into a
polycrystalline phase. The o-Hf-Ti—O peaks were detected
in polycrystalline films containing 33 mol% or higher Ti con-
tent. As Ti content decreased, m-HfO, became the predomi-
nant microstructure. !

As far as we know, there is no paper studying electronic
structure and optical properties of HfO,—TiO, alloys by theo-
retical calculation based on density function theory, and there
are very few studies on electronic structures and optical prop-
erties of HfO,—TiO, alloys experimentally.l'!] Thus, it is es-
sential to investigate the electron structures of HfO,-TiO; al-
loys with different phases and Ti content values and clarify the
difference in optical property among different structures with
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variable Ti content from the first-principles calculations.

In this paper we use the GGA scheme and GGA+U
scheme formulated by Loschen er al.!"?! to calculate the lattice
parameters, band structures and optical properties of m-, o-
and r-HfTiOy4 alloys. After introducing the on-side Coulomb
interactions of 5d orbitals on Hf atom (Uld), those of 3d or-
bitals on Ti atom (Ug), and those of 2p orbitals on O atom
(UP), we can improve the theoretical value of the band gap.
By comparing the band gap value with the experimental results
of m-HfO, 13! and r-TiO,,'* we obtain the optimal values of
U {i, US, and UP. The electronic structures and optical proper-
ties of HfO,-TiO, alloys obtained by GGA +U{ + U§ + UP
approach are compared with the available experimental re-
sults. Finally, we discuss the effects of Ti content and crystal
structure on the electronic structures and optical properties of
HfO,-TiO, alloys, and give the useful conclusions.

2. Computational method

The first-principles calculations are performed with
plane-wave ultrasoft pseudopotential by the GGA with
Perdew—Burke—Ernzerhof (PBE) functional and GGA + U ap-
proach as implemented in the CASTEP code (Cambridge Se-
quential Total Energy Package).!!>! The ionic cores are repre-
sented by ultrasoft pseudopotentials for Hf, Ti, and O atoms.
For Hf atom, the configuration is [He]4f'*5d%6s2, where the
5d” and 6s” electrons are explicitly treated as valence elec-
trons. For Ti atom, the configuration is [Ar]3d%4s2, where the
3s2, 3p6, 3d2, and 4s? electrons are explicitly treated as va-
lence electrons. For O atom, the configuration is [He]2522p4,
and 2s? and 2p* treated as valence electrons. The plane-wave
cut-off energy is 380 eV, and the Brillouin-zone integration is
performed over the 6 x6x 6 grid sizes by using the Monkhorst—
Pack method for structure optimization. This set of parameters
assures the total energy convergence of 5.0x107% eV/atom,
the maximum force of 0.01 eV/A, the maximum stress of
0.02 GPa and the maximum displacement of 5.0x10~* A.

In the following sections, we optimize the geometry
structures of HfO,—TiO; alloys by the GGA, and GGA + Uf +
US + UP when introducing U{i for Hf 5d orbitals, Ug for Ti
3d orbitals and UP for O 2p orbitals. By comparing the band
gap value with the experimental results of m-HfO, 3! and r-
TiO,,['* we obtain the optimal values of U d Uf, and UP. The
resulting electronic structures and optical properties of HfO,—
TiO, alloys with different phases and Ti content values ob-
tained by GGA, without U or U {j + Uf + UP are presented.
Comparison with available experimental data of HfO,-TiO»
alloys is also made.

Finally, we calculate electronic structures and optical
properties of m-Hf;_,Ti,O; (x = 0 mol%~50 mol%), o-
Hf,_,Ti, Oy (x = 12.5 mol%~ 87.5 mol%), and r-Hf| _,Ti, O,

(x = 50 mol%~ 100 mol%), and study the effects of differ-
ent phases and Ti content values on the electronic structures
and optical properties of HfO,-TiO, alloys. We analyze the

change trend and give some reasonable explanations.

3. Results and discussion

3.1. Theoretical results of m-HfTiO,4 alloys obtained by
GGA+U

The space group of m-HfTiOy4 alloy is p21/c and the lo-
cal symmetry is C2h-5. Moreover, m-HfTiO4 alloy is fully
characterized by lattice constants a, b, ¢, and . In order to
check the applicability and accuracy of the ultrasoft pseudopo-
tential, the GGA calculation of the perfect bulk m-HfTiO4 al-
loy is carried out to determine an optimized a, b, ¢, and B.
The resulting a = 0.507 nm, b = 0.5174 nm, ¢ = 0.5337 nm,
and B = 99.1° are in good agreement with the experimental
value, a = 0.5078 nm, b = 0.5134 nm, ¢ = 0.5271 nm, and
B =99.2°.13]

From the band structure along high-symmetry points in
the Brillouin zone, an indirect band gap is observed, and
the band gap value E; is about 2.66 eV by GGA. The re-
sulting band gap of m-HfTiO4 alloy obtained by GGA+U{i
(U =8.0 eV)+US (U§ =7.0 eV)+UP (UP = 6.0 eV) ap-
proach is 3.35 eV, where a = 0.5211 nm, b = 0.5025 nm,
¢=0.5531 nm, and 8 = 99.5°.

Figure 1 shows the imaginary part & values of dielectric
functions and total density of state (DOS) of m-HfO,-TiO,
alloys with different Ti content values, obtained by GGA+U.
From Fig. 1, it can be seen obviously that the imaginary part of
dielectric function in the m-HfO,-TiO; alloy with 50 mol% Ti
is too strange and very different from other m-HfO,-TiO; al-
loys. Thus, we can suppose that the HfO,-TiO, alloy with
50 mol% Ti is the most impossible to exist as monoclinic
phase, which is coincident with experimental results.[3-%10]
From Fig. 1(a), except this alloy with 50 mol% Ti, there are
two shoulders in the imaginary part of dielectric functions of
each of the other m-HfO,-TiO, alloys and the first shoulder is
smaller. With the rise of Ti content, the first shoulder increases
gradually while the second one seems to have no obvious reg-
ularity.

From Fig. 1(b), total DOS of valence bonds in m-HfO,—
TiO, alloys has less changes with Ti content. But they are
very different in the conduction bonds of m-HfO,-TiO,. Also
there are two shoulders in each of the conduction bonds of
m- HfO,-TiO;, alloys, and total DOS of the m- HfO,-TiO,
with 50 mol% Ti is very strange to others, which is similar to
the imaginary part of dielectric function (shown in Fig. 1(a)).
With the rise of Ti content, the first shoulder increases and the

second one decreases gradually.
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Fig. 1. (color online) (a) Imaginary part values of dielectric functions
and (b) total density of state (DOS) in m-HfO,—-TiO, alloys with differ-
ent Ti content values, obtained by GGA+U.

The total DOS curves in the conduction bands shift left-
wards. Namely, the position energies of the two shoulders de-
crease. It is easy to understand the reason why the & value
and total DOS in m- HfO,-TiO, alloys vary. The total DOS
in conduction bands near Fermi surface is mainly composed
of Hf 5d state and Ti 3d state, where the first shoulder and the
second shoulder correspond to Ti 3d state and Hf 5d state, re-
spectively. It is well known that the energies of positions of Ti
3d state and Hf 5d state are about 3.0 eV[!4! and 5.8 eV,[!3]
respectively, similar to the energies of positions of the two
shoulders in total DOS of conduction bands near Fermi sur-
face. The resulting denser available state (for Hf 5d state) in
the conduction bands has wiped out the higher shoulder, while
the thinner states (for Ti 3d state) have wiped out the lower
shoulder in the imaginary part of dielectric function, respec-
tively.

3.2. Theoretical results of o-HfTiO4 alloy obtained by
GGA+U

The space group of 0-HfTiOy4 alloy is pb/cn and the lo-
cal symmetry is D2h-14. Moreover, o-HfTiO4 alloy is fully
characterized by lattice constants a, b, and c. In order to check
the applicability and accuracy of the ultrasoft pseudopotential,
the GGA calculation of the perfect bulk o-HfTiOy4 alloy is car-
ried out to determine an optimized a, b, and c¢. The resulting
a = 0.5073 nm, b = 0.5777 nm, and ¢ = 0.5242 nm are in

good agreement with the experimental values, a = 0.4756 nm,
b =0.5563 nm, and ¢ = 0.5047 nm.[3!

From the band structure along the high-symmetry points
in the Brillouin zone, an indirect band gap is observed, and
the band gap value E; is about 2.99 eV from the GGA. The
resulting band gap of o-HfTiO4 alloy obtained by GGA +U fi
(U8 =8.0eV)+US§ (U§ =7.0 eV)+UP (UP = 6.0 eV) ap-
proach is 4.397 eV, where a = 0.4957 nm, b = 0.5716 nm, and
¢ =0.5269 nm.

Figure 2 shows the imaginary part of dielectric function
and total density of state (DOS) of each of 0-HfO,-TiO, alloys
with different Ti content values, obtained by GGA + U. In this
case of orthorhombic phase, the Ti content varies in a range
from 12.5 mol% to 87.5 mol%. Figure 2(a) shows that there
are also two shoulders in the imaginary part of dielectric func-
tion of each of 0-HfO,-TiO, alloys and the energy difference
between the two shoulders is much smaller. When Ti content
is more than 37.5%, the two shoulders almost merge together.
With the rise of Ti content, the first shoulder increases gradu-
ally while the second one decreases. Besides, there is a small
shoulder near 40 eV, resulting from Ti 3p state. Thus, its height
increases with Ti content increasing.

— +0.125Ti
— 40.25Ti
6 +0.375Ti1
—— o-HfTiO4
+0.625T1
— 40.75Ti
B +0.875T1i
3t
0 L v\& .
0 30
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— 40.25Ti
+0.375Ti
— +0.5Ti
< 20r +0.625Ti
© — 40.75Ti
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- /\\/ \
0
-5 0

Energy/eV

Fig. 2. (color online) (a) Plots of imaginary part of dielectric function
and (b) total density of state (DOS) in 0-HfO,-TiO, alloys with differ-
ent Ti content values versus energy, obtained by GGA + U.

Figure 2(b) shows that the total DOS of valence bonds
in each of 0-HfO,-TiO, alloys with different Ti content val-

ues less changes with Ti content. But there is much difference
happening to the conduction bonds of 0-HfO,—TiO,. Also at
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energy less than 7.5 eV, there are two shoulders in conduc-
tion bond of each of 0-HfO,-TiO; alloys, which is similar to
the imaginary part of dielectric function (shown in Fig. 2(a)).
With the rise of Ti content, the first shoulder increases, while
the second decreases regularly.

The total DOS curves in the conduct bands shift left-
wards. Namely, the position energies of the two shoulders
decrease, which is similar to those in m- HfO,-TiO, alloys.
The reason for variations of & and total DOS in 0-HfO,-TiO,
alloys is the same as that in m-HfO,-TiO, alloys. By adopting
these U values (Uld =8.0¢eV, Uf =7.0eV,and UP =6.0eV),

50

(a)
401

30

20

Total DOS

10

0 60 —40 —20 0 20

Energy/eV

50
Ti —  ©
40 d

301

DOS

20

10|

b

060  —40  —20 0 20

Energy/eV

we perform the GGA 4 U calculation. In the band dispersion,
the bottom of the conduction band is located at the G/B point.
Since the bottom shift to higher energy with U¢ accompanied
by the reconstruction of the conduction band, the separated
DOS at 3.6 eV, 5.7 eV, and 6.7 eV obtained by GGA+ U are
shown in Fig. 3(a). The conduction band is predominantly
constructed by Hf 5d states and by Ti 3d states, while the va-
lence band is by O 2p states as shown in Figs. 3(b)-3(d), re-
spectively. Therefore, the excitation across the gap is from the
O 2p states to the Hf 5d states and Ti 3d states.

25

Hf —Ss (b)
20 d

15

DOS

DOS

0 SATVA

20 —10 0 10 20
Energy/eV

Fig. 3. (color online) Density of states (DOS) of 0-HfO,-TiO; calculated by use of GGA+UY (U4 =8.0eV)+UP (UP = 6.0 eV).
(a) Total DOS, (b) partial DOS of Hf atom, (c) partial DOS of Ti atom, and (d) partial DOS of O atom.

It is well known from crystal field theory!'®! that the two
peaks in the conduction bands are a result of the ligand field
splitting of the Ti 3d and Hf 5d orbitals into two sets of t;; and
eg states. The third shoulder in the Fig. 2(b) may arise from
this reason.

A comparison of our results about 0-Hfjy g75Tig.1250> al-
loy with the experimental results of imaginary part of dielec-
tric function in the Hfj g3 Tig 120, film after annealing at high
temperature in Ref. [10] is shown in Fig. 4. From Fig. 4 we
can see that there are two shoulders, in which the first shoul-
der is smaller and the second is higher in both experimental
and theoretical results. We also find that the magnitudes of
& in our work are different from the experimental ones. The
difference may partly come from the fact that the samples of
HfO,-TiO, reported in Ref. [10] were mixed with an amount
of monoclinic HfO,. In our calculations, & of o-HfO,-TiO,
also has two shoulders. But the first is higher and the second is

lower than the experimental data. It is easy to understand that
when 0-HfO,-TiO, mixed m-HfO,, the first shoulder should
decrease and the second should increase in the experimental

& results.
—m— experiment
6l —e— our work '-.ﬁ.__.-.
&
3k
]
O 1
3 6 9
Energy/eV

Fig. 4. (color online) Comparison of imaginary part of dielectric func-
tion in 0-Hfy g75Tip.1250, alloy between experimental (in black color)
and theoretical results (in red color).
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3.3. Theoretical results of r-HfTiO4 alloys obtained by
GGA+U

The space group of r-HfTiOy4 alloy is p42/mnm and the
local symmetry is D4h-14. Moreover, r-HfTiOy4 alloy is fully
characterized by lattice constants a and c¢. In order to check
the applicability and accuracy of the ultrasoft pseudopotential,
the GGA calculation of the perfect bulk r-HfTiO4 alloy is car-
ried out to determine an optimized a and c. The results are
a = 0.4856 nm and ¢ = 0.3165 nm, there are no experimental
values available to be compared with, and we give the exper-
imental data of cell parameters of rutile TiO,, a = 0.4594 nm
and ¢ = 0.2959 nm.!!718]

From the band structure along the high-symmetry points
in the Brillouin zone, an indirect band gap is observed, and
the band gap value E, is 2.035 eV from the GGA. The re-
sulting band gap of r-HfTiO4 alloy obtained by GGA—i—U{1
(Ud =8.0 eV)+U§ (U§ =7.0 eV)+UP (UP = 3.5 eV) ap-
proach is 3.247 eV, where a = 0.4869 nm and ¢ = 0.3280 nm.

Figure 5 shows the imaginary part of dielectric function
and total density of state (DOS) of each of the r-HfO,-TiO» al-
loys with different Ti content values, obtained by GGA+U. In
this case of rutile phase, the Ti content is varied from 50 mol%
to 100 mol%. From Fig. 5(a), there are also three shoulders in
the imaginary part of dielectric function of each of the r-HfO,—
TiO, alloys and the energy difference between two shoulders
on the left is much smaller. With the rise of Ti content, the
third shoulder increases gradually. Besides, there is a small
shoulder near 40 eV, resulting from Ti 3p state. Thus, with the
rise of Ti content, it changes higher and higher.

10
— r-TiO, (a)
sl —— r+0.125Hf
r+0.167Hf
— r+0.25Hf

6 r+0.5Hf
(i:‘

4l

2F J\\ A
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@) i
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A M’Vf \ﬂy

M
0 1 1
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Energy/eV

Fig. 5. (color online) Plots of (a) imaginary part of dielectric function
and (b) total density of state (DOS) in r-HfO,-TiO, alloys with differ-
ent Ti content values versus energy, obtained from GGA+U.

From Fig. 5(b), total DOS near Fermi surface in each of
the r-HfO,-TiO, alloys less changes with Ti content. Also
there are three shoulders in conduction bonds of r-HfO,—TiO,
alloy, which is similar to the scenario of imaginary part of di-
electric function (shown in Fig. 5(a)). With the rise of Ti con-
tent, the first and the second shoulders decrease, and the third
shows no regularity. We note that the DOS on the conduction
band of the HfO,—TiO, alloy with 50-mol% Ti is too strange,
and we suppose that it is impossible to exist as rutile phase.

In Fig. 5(b), the total DOS curves seem unchangeable
with the rise of Ti content. Namely, both the position ener-
gies and the heights of the shoulders change less. It is easy to
understand the reason for the variations of & and total DOS in
r-HfO,-TiO; alloy. In the rutile HfFO,-TiO, alloy, except the
- HfO,-TiO; alloy with 50-mol% Ti, the others are composed
of the small amount of Hf (varying from 0 mol% to 25 mol%).
Thus, the imaginary part of dielectric function and the total
DOS are mainly determined by Ti atoms, which is similar to
the case for pure rutile TiO;.

4. Conclusions

From the phase diagram of HfO,-TiO, systems, we
choose three phases of HfO,-TiO; alloys with different Ti
content values, i.e., monoclinic phase with a Ti content value
of less than 50.0 mol%, orthorhombic phase with a Ti con-
tent value in a range from 12.5 mol% to 87.5 mol%, and ru-
tile phase with Ti content value more than 50.0 mol%. The
electronic structures and optical properties of monoclinic, or-
thorhombic, and rutile phase of HfO,-TiO, alloys are ob-
tained by the first-principles generalized gradient approxima-
tion (GGA)+U approach, and the effects of Ti content and
phase on the electronic structure and optical properties of each
of the HfO,-TiO; alloys are discussed. By introducing the
Coulomb interactions of 5d orbitals on Hf atom (U f'), those of
3d orbitals on Ti atom (Ug) and those of 2p orbitals on O atom
(UP) simultaneously, we can improve the calculation value of
the band gap, where U{l, Ug, and UP values are 8.0¢eV, 7.0 eV,
and 6.0 eV for monoclinic phase, 8.0 eV, 7.0 eV, and 6.0 eV
for orthorhombic phase, and 8.0 eV, 7.0 eV, and 3.5 eV for
rutile, respectively. The electronic structure and optical prop-
erties of the HfO,-TiO; alloy are calculated by GGAJrU]d
(Ud = 8.0 eV)+US (US =17.0 eV)+UP (UP = 6.0 eV or
3.5 eV) and the results are compared with available experi-
mental data. From the above calculation results, it can be con-
cluded that the HfO,—TiO; alloys with 50-mol% Ti exist only
as orthorhombic phase, neither as monoclinic phase nor rutile
phase.
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