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Thermal properties of high-k Hf;_,Si, O>*
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Classical atomistic simulations based on the lattice dynamics theory and the Born core-shell model are performed

to systematically study the crystal structure and thermal properties of high-k Hf;_,Si;zOs. The coefficients of thermal

expansion, specific heat, Griineisen parameters, phonon densities of states and Debye temperatures are calculated at

different temperatures and for different Si-doping concentrations. With the increase of the Si-doping concentration,

the lattice constant decreases. At the same time, both the coefficient of thermal expansion and the specific heat at

a constant volume of Hf;_;Si;O2 also decreases. The Griineisen parameter is about 0.95 at temperatures less than
100 K. Compared with Si-doped HfO2, pure HfO2 has a higher Debye temperature when the temperature is less than
25 K, while it has lower Debye temperature when the temperature is higher than 50 K. Some simulation results fit well

with the experimental data. We expect that our results will be helpful for understanding the local lattice structure and

thermal properties of Hfy _,Si;Os.
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1. Introduction

More
semiconductor transistor (CMOS) devices need high

integrated complementary metal-oxide-

dielectric constant (high-k) materials which can re-
place traditional dielectric SiO5 to reduce the leakage
current and impurity diffusion. High-k materials also
inhibit the tunneling effect.["2 Among the alternative
high-k materials, HfO2 is a promising material with
a relatively high dielectric constant, wide band gap,
high thermal stability, high melting point, excellent
compression performance and low thermal expansion
coefficient.[®=% In a CMOS device, a Si atom in the
base material can diffuse into the high-k layer and its
doping into HfO5 can improve its technological prop-
erties. In addition, it can be used as not only a high-k
material but also a thermal barrier coating. Dielectric
materials should withstand very high temperatures for
a long time, so as to acquire the thermal properties of
the Si-doped HfO at different temperatures, which is
particularly important.67]

Under atmospheric pressure, HfOs; has three
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crystal types: cubic HfOs (c-HfO2, space group:
Fm3m) at high-temperatures, tetragonal HfOo (t-
HfO2, P45 /nmc) at moderate temperatures, and mon-
oclinic HfOp (m-HfO3, P2;/c) at and below room

[8=10] Recently, more theoretical and ex-

temperature.
perimental attention was paid to defects/surfaces
in/on the HfO, 1112 and HfO,-Si interface,[!3715) es-
pecially to its thermal properties. Medvedeva et al.[?]
calculated the band gap, binding energy, lattice vibra-
tions, and dielectric properties. Carav and Casalil!?)
systematically studied various HfO crystalline struc-
tures for their relative stabilities and relationship with
pressure. They predicted the phase transitions and
some of their results were consistent with the exper-
imental results. Xu et al.'® have also used the first-
principles potential plane wave method to calculate
the electronic structure and optical properties in c-
HfO5 and t-HfO5. Zheng et al.19 have investigated
m-HfOs for point defects of oxygen. Though compre-
hensive theoretical studies have largely concentrated
on the stability of different phases and the electric

and dielectric properties as seen above, other basic
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physical properties, such as the mechanical and ther-
mal properties of high-k Hf;_,Si,Os are still rarely
studied. Moreover, the overall performance of high-
k HfO5 under a high temperature and pressure are
particularly important for their technical applications.
In a high temperature CMOS technical process, this
material may bring on cracking, distortion, and loss
introduced by thermal expansion mismatch.

2. Simulation methods

Our simulation is based on the widely used suc-
cessful core-shell model generalization of the Born
model of a solid. We have used the atomistic sim-
ulation technique to study the local lattice struc-
tures, Jahn—Teller distortions and thermal properties
of LaMnOg3/ SrMnO32921 and their superlattices with
different Sr concentrations.!??l Using these methods,
we study the thermal properties of Hf;_,Si O3, in-
cluding the lattice constants, specific heat, elastic con-
stants, coefficients of thermal expansion, Griineisen
parameters, and Debye temperatures at different tem-
peratures and for different Si-doping concentrations.
Within Born’s core-shell model, the lattice energy F
at 0 K can be expressed as

E= %Z [qu - V(m)} : (1)

r
ij -

where g; is the charge on ion %, g; is the charge on ion
J, and r;; is the distance between these two ions. In
Eq. (1), the first item is the Columbic energy intro-
duced by long range interactions of effective charges,
and the second item is the short range interactions.
The short-range interactions are represented by the
Buckingham potential, which is a function of the dis-
tance between two ions 7;;, and is given as

V(rij) = Aexp(—rij/p) — Cri}°, (2)
where A, p, and C are the fitting parameters. In order
to describe the polarization of an individual ion and
its dependence on the local atomic environment, the
core-shell model is used. The interaction between the
core and shell of any ion is treated as a harmonic with
a spring constant k£ and is represented by

1

where d; is the relative displacement of the core and
shell of ion 7. The polarization of a massless shell with

a'Y charge and a core with an X charge (X +Y is the
charge of the ion) can be calculated as

Q= & (4)

where Y is the charge of the shell and is related to
the dielectric constant, and k is the force constant
between the core and the shell and is related to the
phonon frequency. Both parameters Y and k are fit-
ting parameters.

This method, programmed in the General Utility
Lattice Program (GULP),[??l has been used to simu-
late many kinds of compounds.[?3=261 A brief illustra-
tion of this technique can be found in Ref. [23] and
details are available in Refs. [20]-[22]. It should be
stressed that the reliability of our simulation strongly
depends on the validity of the potential model used,
and the latter is assessed primarily by its ability to
The po-
tential parameters used for cubic-HfO, and alpha-

reproduce experimental crystal properties.

quartz SiO, are fitted and given in Table 1, and the
charge and elastic constants of O?~ are —2.869¢ and
74.92 eV-A2, which can reproduce the experimental
crystal structure of HfO5 with small differences in the
lattice parameter between the calculated and experi-
mental data (Table 2).[26-28]

Table 1. Potential parameters used for Hfj _;Si; O2.

AleV p/A C/eV-AS
Hf*t-02— 1454.6 0.3500 0.000
Sitt-02- 1283.03767 0.3205 10.660
02--02- 22764.3 0.1490 27.879

Table 2. Comparison between the calculated and experi-
mental lattice constants for SiO2 and HfOs.

Exp.[926]  Cal.[9:26] This work Error/%

a="b/A 4.916 5.02 4.915 —0.02
) c/A 5.405 5.54 5.407 0.04
SiO2
Lsi_o/A®  1.605 1.63 1.640 2.20
£Z0-Si-O  109.4° - 110.0° 0.55
HfO, a/A 5.08 5.07 5.10 0.39

a) Lgi_o is the bond length of Si-O.

Our simulation results are similar to the calcu-
lated data in Refs. [9] and [26].
the lattice parameter and bond length of SiOy be-

The difference in

tween the calculated and experimental data is less
than 0.02 A.26) We checked this potential at high
temperatures. The potential for HfOy and SiO4 (the
potential for SiOy is newly fitted based on the same
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0-0 potential for HfO5) are checked and they are sta-
ble until 1800 K by lattice dynamics. After Si-doping
into HfO5, the simulations are less stable for different
doping densities, but they are still stable when the
temperature is less than 1500 K, and we used them
up to 1500 K.

In this work, the initial structure for studying the
Si-doped HfO5 with a cubic structure has the crys-
tallographic unit cell of HfO5, which has four Hf**
ions and eight O%~ions. To meet the requirements for
the Si-doping ion number proportion and to make the
calculations the most efficient, the unit cell of HfO5 is
extended several times along both the a-, b-, and c-axis
direction. For simulating the structure of Hf; _,Si, O,
Hf** ions are substituted by Si*t ions with different

values of doping concentration x.

3. Results and discussion

3.1. Lattice constants

All lattice constants in the two mother materi-
als are fitted and optimized by the GULP program(?*]
under the free energy minimization principle at 0 K.
Using the previous model of the interaction between
ions and the lattice dynamics method, we simulate
and calculate the lattice structures of Hf; _,Si,O5 in
a temperature range of 0-1500 K and a pressure range
of 0-25 GPa in Fig. 1. The lattice constants vary with
temperature and pressure as shown in Figs. 1(a) and
1(b) respectively. These curves describe the relation-
ship among the lattice constants, Si-doping concentra-
tions, temperature, and pressure.

From Fig. 1(a), it is found that the lattice con-
stants @ = b = ¢ reduce as the Si-doping concentra-
tion increases. This is because the ionic radius of
Si** (0.42 A) is smaller than that of Hf** (0.72 A).[2%)
However, as the temperature gradually increases, the
lattice constant increases, that is, thermal expansion
in this crystal occurs. As the temperature increases
from 0 K to 1500 K, the lattice constant increases
less in Hf;_,Si,Os with Si-doping concentration than
with smaller Si-doping concentrations. This can be
confirmed by the coefficients of thermal expansion as
below. As can be seen in Fig. 1(b), the lattice parame-
ter a of Hf; _;Si, Os decreases as the pressure increases
from 0 GPa to 25 GPa. The lattice volume reduction
in Hf; _,Si,Os with a larger x is more than that with
a smaller x, indicating that the former is “softer” than
the latter, which is introduced by different lattice en-
ergies of HfO5 and SiOs, and can affect their Debye

temperatures.
< 5.10 4
~
+
% M
% 5.05F
= M
o
5]
@ 5.00F b
gl
=
A —a—x=0
4.95% —o—z = 2/327
—A— = 4/32
() —g— = 8/32
4.90 1 1 1 1 1 1 1
0 400 800 1200
Temperature/K
[
5.10 o a— 23
—A— = 4/32 |
ot —g—x = 8/32
~
E 5.00
@
b7
2 L
o
o
é’ 4.90 b
B
3 L _
-
4801 (b)
0 5 10 15 20 25

Pressure/GPa

Fig. 1. Lattice constants of Hfj_;Si;O2 each as a func-
tion of temperature (a) and pressure (b).

3.2. Bond length and bond angle

To obtain bond lengths and bond angles in
Hf; _,Si;O4, the orthogonal cubic HfO4 lattice is used
as the original structure. It is expanded into a super-
cell containing 32 Hf atoms (and 64 O atoms) for Si-
doping. The lattice structure is simulated at 0 K with
the free energy minimization principle of optimization.
Using the previous atomic interactions (Table 1) be-
tween Hf*t-02~, Si**-02%~, and 0?>~-0?%" ions and
the free energy minimization technique, we simulate
the local lattice structure of Si-doped HfOs, i.e., the
distribution of the Si-O/Hf-O bond lengths and the
0-Si-O/0-Hf-O bond angles for different Si-doping
concentrations (Fig. 2).

From Fig. 2(a), it is found that as the Si dop-
ing concentration increases from 0 to 1, the number of
Si—O bonds increases, while the bond length slightly
decreases, although the change is not obvious. The
pure SiO2 bond length distribution concentrates at
about 1.8 A and 3.5 A. When the doping concentra-
tion decreases, the distribution of the bond length ex-
tends. Our calculated shortest Si—O bond length cor-
responds to experimental value (marked with a rect-

angle in Fig. 2(a)[6:27),
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Due to the fact that the O?~ binding energy to
Hf** is different from that to Si** (Table 1), the incor-
poration of Si into HfO5 affects the surrounding Hf-O
bond lengths. In Fig. 2(b), the number of Hf~O bonds
increases as the doping density decreases from 1 to 0,
which is contrary to the case of the Si—-O bond shown
in Fig. 2(a). At the same time, the bond length be-
comes larger and the bond length distribution is also

extended.

(a)

Distribution

u
—

732/32
-
- 716/32
- T

Z Z Z 70

0 2 4 6 8 10
Si—O bond length/A

(b)
o
8
5
2
—
=
(=)
AN A~ A~ 7/7’0
S~
|\ ~16/32
7 T
z Z Z z27/32/32
0 2 4 6 8 10

Hf—O bond length/A

Fig. 2. Bond lengths of (a) Si-O and (b) Hf-O of
Hf1_2SizO2 (z = 0-1). Symbol B indicates Si-O bond
length at 2 GPa obtained from the experiment.!26]

We also calculated the bond angles in Si-doped
HfOs. From Fig. 3(a), it is found that as the Si dop-
ing concentration z increases, the number of O-Si-O
bond angles increases. When = = 1, the O-Si—O bond
angle distribution in pure SiOs concentrates at about
75° and 115°. The O-Hf-O bond angle distribution
is similar to that of the O-Si—-O angle. If the Si dop-
ing density is not 0 or 1, the distribution of the bond
lengths and that of the bond angles are extended, in-
dicating that the local lattice structure is not ideally
ordered. Our O-Si-O angle around 115° corresponds
to the experimental value (marked with the rectangle
in Fig. 3(a)26:27),
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Fig. 3. Bond angle distributions of (a) O-Si and (b)
Hf-O of Hf;_4SizO2 (z = 0-1), where the symbol “W”
denotes the O-Si-O bond angle at 2 GPa obtained from

the experiment.[26]

3.3. Elastic modulus

Because elastic modulus is related to the thermal
properties (the coefficient of thermal expansion and
the Debye temperature), the bulk modulus (Kr) and
shear modulus (G) of Hf; _,Si,O5 are calculated using
the unit cell grown twice along the a-, b-, and c-axis
(2x2x2), respectively. The variation of the elastic
modulus with rising pressure are shown in Fig. 4.
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Fig. 4. Elastic moduli of Hf; _,Si;O2 each as a function
of pressure for different Si-doping concentrations, where
the solid line (—) and the dotted line (---) denote the
bulk modulus (Kr) and the shear modulus (G), respec-
tively.
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From Fig. 4, it is found that the bulk modulus
and the shear modulus decrease as the Si-doping con-
centration increases. As the pressure increases, both
the bulk modulus and shear modulus increase, and the
change of the former is larger than that of the latter.
We also find that elastic modulus reduces as the tem-
perature increases (not shown), as the material has a
slightly small resistance to the elastic deformation at
higher temperatures.[3%

3.4. Specific heat

We calculate the values of specific heat at a con-
stant volume (Cy) at different temperatures when the
doping concentrations of Hf;_,Si, Oy are 2 = 0, 2/32,
4/32 and 8/32 (0-1500 K), which are shown in Fig. 5.
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Fig. 5. (a) Plots of specific heat at a constant volume

(Cy) of Hf;_5SizO2 versus temperature (0-1500 K) at

several different Si-doping concentrations (z = 0-8/32),
and (b) their enlargements of the shaded part in panel

(a).

From Fig. 5, it is found that the values of spe-
cific heat (Cy) for Hf;_,Si, Oy decrease as the Si-
doping concentration increases. As the temperature
T rises, Cy increases for each doping concentration.
The value of Cy rapidly reduces to zero as T ap-
proaches 0 K, owing to Cy oc T3. As the tempera-
ture increases to 400 K, the specific heat rapidly in-

creases. When the temperature is greater than 400 K,
the values of Cy are all close to the Dulong—Petit
limit: 24.94 J-mol~!-K~'. Differences among the val-
ues of Cy for different Si-doping concentrations be-
come larger as the temperature increases from 0 K to
1500 K. In Fig. 5, some additional calculated and ex-
perimental datal3132 of the specific heat at constant
pressure (Cp) of HfO2 at temperatures of 0-650 K are
also shown. These curves of C'p of HfOy, match our
results.

3.5. Coefficient of thermal expansion

According to Griineisen law, the formula of
the volumetric coefficient of thermal expansion can
be drawn (coefficient of thermal expansion, CTE)
a5[33—36]

/
= WV[P( fV. (5)

In formula (5), p’ is the density of a solid, Cy is
the specific heat of a solid, vy is the Griineisen pa-
rameter, taking vy = 0.95 for Hf;_,Si, O, and K7 is
the bulk modulus. The parameters p’, Cy, K1 can be
directly calculated using the lattice dynamics theory
by GULP. We calculate CTE with the crystal struc-
ture of an eight-unit cell for a Si-doping concentration
of z =0, 2/32, 4/32, 6/32, and 8/32 (Fig. 6(a)).

10 F T T T
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ol —a— = 4/32 1
——z= 8/32
0 1 1 1 1 1 1 1
0 400 800 1200
Temprature/K

A
0.8 1 1 1
0

50 100 150 200
Temperature/K

Fig. 6. (a) Volumetric coefficients of thermal expansion
(CTE) and (b) Griineisen parameters of Hf; _;Siz Oz each
as a function of temperature.
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From Fig. 6(a), one can find that the volumet-
ric CTE of Hf;_,Si,O, will reduce when the Si-
doping concentration increases. As the temperature
increases, the difference among the volumetric CTEs
for different Si-doping concentrations increase. As
the Si-doping concentration increases, the density (p),
specific heat (Cy), and bulk modulus (Kr) all re-
duce with different degrees, and the volumetric CTE
of Hf;_,Si;Os reduces.
larger than 0 K and smaller than 400 K, oy increases

When the temperature is

rapidly; while it increases slowly when the tempera-
ture is higher than 400 K. This is because the vol-
umetric thermal expansion of a solid relates to the
The po-

tential energy (short-range interaction in Eq. (2)) be-

average distance between adjacent atoms.

tween two adjacent atoms in the crystal is a function
of the distance between different atoms, and the curve
of potential energy is non-symmetrical. At a certain
temperature, the distance between two atoms changes
around the equilibrium distance. Because of the non-
symmetry of the curve of potential energy, the av-
erage distance r between two atoms is greater than
the equilibrium distance rq. If the temperature rises,
i.e., the vibrational energy becomes larger, the average
distance will be even longer. As the vibration energy
increases with the rise in temperature and the average
distance between two atoms increases, then the entire
solid will expand and the lattice volume will become
larger accordingly.

In order to check the value of the Griineisen pa-
rameter vy in formula (5), we use Griineisen state

equation

dU E,
P=—-——
AR (6)

where P is the pressure, U the lattice energy from
atomic position, E the thermal vibration energy, and
We take P = +0.01 GPa
to obtain AU and AV at lower temperatures, so
v = V(P + %)/EV (P =0 GPa, V and E, takes

their average values when P is £0.01 GPa at a cer-

V' the lattice volume.

tain temperature). The results are shown in Fig. 6(b).
It is found that y decreases as the Si-doping con-
centration increases, and has a larger value at higher
temperatures. Under a temperature less than 100 K,
v = 0.95, and we take this value to calculate the ther-

mal expansion coefficients in Hf; _,Si, Oz (see Fig. 6).

3.6. Phonon density of states and Debye
temperature

In Fig. 5, one can see that the specific heat tends
to zero as the temperature reduces to zero. To investi-
gate the relationship among the lattice vibration, spe-
cific heat, and Debye temperature, we first calculate
total and partial phonon densities of states (DOSs)
for different Si-doping concentrations, and show the
results in Fig. 7.

From Fig. 7(a), one can find that the phonon spec-
tra of Hf;_,Si, O range from 0 to 800 cm™! wave
number. Si-doping moves the phonon spectra towards
the left. Hf atoms show a larger energy contribution
in the low frequency region, and almost no contribu-
tion in the high frequency region (> 400 cm~1!); Si
atoms, different from Hf atoms, show an energy con-
tribution within the entire frequency region for var-
ious Si-doping concentrations. O atoms show larger
energy contributions in the higher spectrum range for
all Si-doping concentrations (Figs. 7(b)-7(d)).

Within the Debye model, we use the lattice dy-
namics to calculate the specific heat at a constant vol-
ume, and then we can determine Debye temperatures
at different temperatures from the following formula:

OF

=\ar

\4

Tp
T\? [+ ytey
Nk | — ——dy. 7
9 B(TD) A (ey—l)Q Yy ( )

In formula (7), y = Tp/T, N is the total number
of atoms, kg the Boltzmann constant, T" the temper-

ature, and Tp the Debye temperature. We calculate
the values of specific heat at a constant volume, for
a Si-doping concentration of x = 0, 4/32, 12/32, and
16/32. Using formula (7) which describes the rela-
tionship between temperature and specific heat, we
calculate the values of Debye temperature (Tp) when
the temperatures are in a range of 0-300 K, and show
the results in Fig. 8.

From Fig. 8, one can find that the values of Tp
of Hf; _,Si, O increase as the Si-doping concentration
increases at temperatures higher than 50 K, while they
decrease with temperature T' increasing in a temper-
ature range of 0-25 K. In particular, pure HfO5 has
the lowest Tp when 7' > 50 K, while it has the high-
est Tp when T < 25 K. At 300 K, the values of T of
Hf; . Si; O range from 700 K to 800 K. The minimal
Tp is about 450 K when the temperature is higher
than 25 K but less than 50 K.
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Fig. 7. Total and partial phonon DOSs of Hf;_;SizO2 with different Si-doping concentrations. (a) Total, (b) Hf,
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Fig. 8. Curves of Debye temperature (Tp) of Hf1 —;Siz O2
with different Si-doping concentrations and under temper-
atures less than 300 K.

4. Conclusion

Using an atomistic simulation technique, we stud-
ied the lattice structure and thermal properties of
Hf;_,.Si; O, with different Si-doping concentrations
and at different temperatures. The main findings
are as follows: 1) With the increase of the Si-doping
concentration, the lattice constant of Hf;_,Si,O5 re-
duces. With an increase in temperature or a decrease

of pressure, the lattice constant increases. 2) Upon

Si-doping, the distributions of the Hf/Si—O bond and
the O—Hf/Si-O bond angle extend, indicating that the
local lattice structure becomes somewhat disordered.
3) As the Si-doping concentration increases, both the
bulk modulus and the shear modulus of Hf;_,Si, O
decrease; additionally they increase as temperature in-
creases. 4) With the increase of the Si-doping con-
centration, the specific heat at a constant volume of
Hf; _,SizO9 reduces. As temperature increases from
0 K to 400 K, the specific heat increases rapidly, and
when the temperature is higher than 400 K, the spe-
cific heat saturates to the Dulong—Petit limit. 5) With
the increase of the Si-doping concentration, the coef-
ficient of thermal expansion of Hf;_,Si, Oy reduces.
The Griineisen parameter of Hf; _,Si, O is about 0.95
at temperatures less than 100 K, and decreases when
the Si-doping concentration increases. 6) Hf atoms
only show a phonon contribution in a low-frequency
region, and almost no contribution in a high frequency
region. Doped-Si atoms move the phonon spectra to-
ward the left. 7) Compared with Si-doped HfO,, pure
HfO5 has the largest Debye temperature when the
temperature is less than 25 K, but it has the lowest
Debye temperature when the temperature is higher
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than 50 K.
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