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Abstract

As an important gate dielectric material with high-k dielectric, HfO, is beneficial to reduce the leakage current of the
complementary metal-oxide-semiconductor (CMOS) gate and improves the gate structure. In recent years, doped HfO,
thin film materials are also believed to be a competitive candidate to replace traditional ferroelectric materials. HfO-
also plays a key role in optical coating materials field for its high transmittance in the ultraviolet to near-infrared band,
and high laser damage threshold. Therefore, it is of practical significance for the accurate knowledge of optical
properties of HfO,. Here we present high precision data of the optical constants and dielectric function of HfO, based
on our calculated energy loss function (ELF). Our new data were derived from the analysis of the reflected electron
energy loss spectra at primary electron energies of 750, 1000 and 1500 eV in the energy loss range of 0-200 eV. Sum
rules are used to check the reliability of the new data. We found that the obtained ELF and thereby the optical constants
and dielectric function is in the highest accuracy compared with the previously published data. Therefore, we highly

recommend to replace the previous data with our present ones in a practical application.
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1. Introduction

Research on the formation, properties and applications of HfO, material has always been active due to its hardness, high
chemical stability and excellent dielectric properties. Before the 1990s, researchers generally paid attention to the crystal
structure characteristics of HfO..[:-*1 With the development of the semiconductor industry, HfO has received much
more attention as a representative high-k dielectric material which has low leakage current and good thermal stability.[*
In the past ten years, the ferroelectric and anti-ferroelectric properties of doped HfO, have gradually attracted attention
for its huge potential in ferroelectric storage applications compared to traditional ferroelectric materials.[®-*11 HfO, is
also a popular candidate for planar-multilayer antenna which is able to finely adjust the distance between the director
and the reflector to tune the cavity’s central wavelength.*?l Due to excellent optical and thermal properties, HfO, has
emerged as an ideal material for the improvement of absorption efficiency and thermal stability of solar energy. [13-17]
In terms of electrochemistry, HfO- film is able to improve the performance of lithium-ion batteries.[®1 HfO, becomes
now an important material for fabricating different multilayer optical devices, such as optical coatings for astronomical
CCDs and anti-reflection multilayer coatings for night vision equipment and infrared optical equipment.[**-2 Optical
properties, include optical constants and dielectric function, are important indicators for measuring the performance of
HfO, films. Jena et al. studied the aging effects on optical constants of HfO, thin film, which has commercial and
practical significance.[?? There have been some investigations on the measurement of optical constants of HfO, thin
films using the spectroscopic ellipsometry method or the transmission spectroscopy method.[2%22-271 The maximum
photon energy adopt in these measurements are only up to several eVs and the measurement accuracy is limited by the
optical resolution. Ikarashi et al. used the electron energy loss spectrum in low energy-loss region (0-100 eV) combined
with theoretical calculations to obtain the relative value of the energy loss function (ELF) of polycrystalline HfO,.[?°]
Later Jin et al.3% conducted a quantitative analysis of ELF of ultra-thin HfO, on Si(100) by using Tougaard-Yubero
QUEELS-¢(k,0)-REELS software,[®1 where the crystalline state was not explicitly stated but most likely to be the
amorphous according to their sample preparation method.[*?1 Cheynet et al. employed the valence electron energy loss
spectroscopy to investigate the crystal structure and the band gap of HfO; thin films.[3 It was found that the peak
position and shape are affected by the crystal structure and thereby the optical properties. In addition to the experimental
methods, some theoretical calculations are also applied to obtain the dielectric and optical properties, for example,
Sklénard et al. reported the electronic structure and optical properties of different crystalline HfO; by the first principles

calculations.34

In this work we have combined the reflection electron energy loss spectroscopy (REELS) spectra measurement and the
unique reverse Monte Carlo (RMC) method developed based on the electron-surface interaction model®>441 to extract
the high-precision ELF of nanocrystalline HfO,. Based on this high-precision ELF, we present the optical constants and

dielectric function of the HfO, film.

2. Experimental



The HfO; film was grown by atomic layer deposition (ALD) with a Picosun R-200 ALD equipment on Si wafer in
thickness of 90 nm. Prior to deposition the wafer was cleaned with HNO3 and deionized water. The used precursors
were 98% purity tetrakis (dimethylamino) hafnium (TDMAH) purchased from Strem Chemicals, Inc. and 18 MQ purity
deionized water as oxidant. The TDMAH was heated to 105 <T to achieve the vapor pressure sufficient for deposition.
The deposition temperature was 120 <C which is within the ALD window of HfO, growth, and yields smooth and
uniform films. The pulse lengths were set as 0.2 s pulses and 6 s purging after each pulse, which is the double of that
generally used for planar surfaces. But as HfO, deposition tends to include a parasitic chemical vapor deposition-like

growth, the longer pulses ensured a clean ALD growth.

Before the REELS measurements our sample was analyzed by a transmission electron microscopy (TEM) using a FEI
Titan-Themis transmission electron microscope with a Cs corrected objective lens (point resolution is around 0.09 nm
in high resolution mode) operated at 200 kV. The TEM sample was prepared using focused ion beam milling with an
FEI Scios 2 DualBeam System. For rough milling 30 keV and later 16 keV Ga beam was used, and by reaching ca. 100
nm lamella thickness the ion energy was reduced to 5 keV. Final polishing was done by using 2 keV beam. Figure 1(a)
shows by TEM image that the HfO; film is polycrystalline with the nanoscale grain size. The size of the individual
nanocrystals is typically in the range between 3 and 6 nm; however, in minor amount both larger and smaller grains can
be found. The crystal structure of the film was further checked by high resolution transmission electron microscopy
(HRTEM) image in Figure 1(b). The HRTEM image revealing the atomic planes of crystals shows the different
orientation of grains. According to the Fourier transform made from about 50x50 nm area we concluded that the HfO;
layer is nanocrystalline. The even distribution of intensity along the diffraction rings indicates that the nanocrystals are
in random orientation, no preferred growth direction can be observed. The interplanar spacings determined from the

Fourier transform are in good agreement with those of orthorombic HfO,.[#%]

Si substrate

Figure 1 (a) TEM image of HfO, layer in cross section. (b) HRTEM image of the HfO layer. Fourier transform of the

layer is shown in the insert.

REELS spectra were detected in reflection mode at primary energies of 750, 1000 and 1500 eV in UHV of 7x10-° mbar.

The current of the electron beam varies with the primary energy. To avoid any influence of the detection system on the



measured REELS spectra the beam current at any primary energy was adjusted so that the highest intensity (top of the
elastic peak) was around 4x10° counts/s, which is well below the saturation level of the detection system. Electron
beam excitation was provided by an electron gun at 54° angle of incidence with respect the surface normal (Figure 2).
REELS spectra were detected by a special retarding field cylindrical mirror analyzer DESA 150 (Staib Instruments)
with a constant energy resolution of 3 eV. The collection angle (take-off angle) of the analyzer was 22° +5°, with
respect the surface normal. The first 200 eV wide section of spectrum including the elastic peak and the energy loss part
was detected with energy step of 0.1 eV. Apart from the elastic peak the intensity of spectra was low, therefore, several
measured spectra were averaged to improve the statistics.

ring shape detection slot of CMA
|

y 22°4/-5°

e-beam

specimen
Figure 2. Schematic diagram for the geometry of REELS experiments.
3. Theoretical

The ELF and, hence, the optical constants and dielectric function were obtained based on a RMC simulation of REELS
spectrum, which uses the dielectric response theory combined with the simulated annealing algorithm. This RMC
simulation improves the calculation efficiency while maintaining high precision.*8-451 In Monte Carol simulation the
Mott’s cross-section is used to describe elastic scattering of electrons and we consider both surface excitation and bulk
excitation when dealing with the inelastic interaction of electrons with a solid.[*61 The Mott’s differential cross-section

is expressed as,
d
Ta=ltEf +lato) M)

where o, represents elastic scattering cross-section, @ is scattering angle, with scattering amplitudes,
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where B (cos@) and B'(cosg) are the Legendre and the first-order associated Legendre functions, respectively; s

and 5 are spin-up and spin-down phase shifts of the Ith partial wave, respectively.



A semi-classical model is applied to describe electron inelastic scattering near the surface region, where the depth

dependent inelastic scattering cross-section &(z) is given by,
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where &=w@—-qvsindcosgsina, q =qsind and E =v?/2. The upper and lower limits of the integrals come from the

energy and momentum conservation laws: q, =J2E + /2(5_0)) . Figure 3 shows the geometry for the electron

movement in relative to the material.

Figure 3. The geometry of the interaction between an electron and material. The depth position of the electron is z
(z=|r|cose) and the velocity is v (v. =vsina, v, =vcosa).

The ELF is expressed here as the superposition of dozens of Drude-Lidhard dielectric function oscillators,
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where A, o, and y, are oscillator coefficients representing for the strength, energy and width of the ith oscillator,

respectively. Ritchie and Howie’s theoretical method is adopted to extrapolate the ELF at the optical limit to the general

case of non-zero momentum.*”-#8] During the simulations we used N =56 oscillators.

4. Results and Discussion
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Figure 4. (a) The final simulated REELS spectra (dashed line) in comparison with experimental spectra (solid line) at
primary electron energies of 750, 1000 and 1500 eV; (b) The ELF of HfO, extracted from the REELS spectra in
comparison with the previous results (ELFs or the direct EELS spectra).[29-30.33.49]

The comparison between the RMC simulation results and the experimental REELS spectra is shown in Figure 4(a). The
REELS spectra are normalized with the elastic peak height. In the experimental REELS spectra several characteristic
energy loss peaks at ~10, 15, 21, 27.5, 37 and 46.5 eV can be identified, where the peak positions are close to the
previous data but our peak intensities are much pronounced.*% The peak at ~9 eV is due to single particle transition (O
2p — Hf 5d ), as well as 21 eV (O 2s — Hf 5d ) and 37 eV (Hf 5p — 5d). The 15 eV peak is attributed to a real bulk
plasmon, while the peaks at ~27 and 46.5 eV are uncertified collective excitations.?®34 The simulated and the
experimental spectra are in better agreement at higher primary beam energies due to partly of the fast electron
approximation!“€l employed in the theoretical model. The ELFs extracted from the corresponding REELS spectra are

shown in Figure 4(b) in comparison with the previous experimental ELFs or the direct measured EELS spectra.[2%-30.33:49]

One should note that Ikarashi et al. presented only the relative intensity of ELF. In addition, the EELS spectrum contains
contributions from surface excitation and multiple scattering components and, thus, does not exactly correspond to ELF
so that their peak positions may differ. Our peak positions of ELF are compared with the previous peak positions of
ELF or EELS spectra in TABLE 1. Since the spectra of the single scattering distribution (SSD) is theoretically
proportional to ELF,[®! we can directly compare their peak positions. It can be seen that the peak positions of our ELF
agree well with peak positions of the spectra of the SSD in the Ref [33]°. While in “Ref. [33]*” two peaks are missing
in “Ref. [49]°". “Ref. [30]® and “Ref. [29]®” also lack one peak each. The reasons for the missing of peaks maybe due

6



to the difference in crystalline structure, the limitation by detector energy resolution and/or unresolved feature in the

direct EELS spectra.

TABLE I. Comparison of peak positions (eV) of ELF of HfO, with literatures.

nanocrystalline

present (orthorhombic) 9.5 15.5 21.2 27 37.2 42.8 46.4
Ref. [33]*  bulk (unknown phase) 8.2 15 - 27.3 36.8 05 46.4
Ref. [33] (o by 92 15.7 - 268 371 425 47.0
Ref. [49]°  polycrystalline(monoclinic) 12 15.5 - 24.9 383 - 47.3
Ref. [30]¢  amorphous 10.5 16.5 215 26.6 36.9 - 46.6
Ref, [29]c  Polyerystalline 9.0 16.3 - 27.7 38.8 43 .4 47.6

(unknown phase)

igure 4a in Ref. [33], VEELS spectra of "HfO,-reference”.

Sigure 5a in Ref. [33], SSD spectra of HfO,.

“figure 2 in Ref. [49], HRTEM-VEELS spectra of HfO:.

dfigure 3 in Ref. [30], ELF of HfO,
figure 1 in Ref. [29], ELF of HfO,

From the ELF one can derive the corresponding complex dielectric function and optical constants according to Kramers-

Kronig relation. The complex dielectric function is as follows:

- Re[—l/ g(a))]

~ Im[—l/g(a))]
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“ im[ 1/ e() [ +Re[ 1 e(w)]

and the refractive index n and extinction coefficient k are expressed as:

g +Jel &2 .

n=y [ 72
2

K= ’—51+,/gf+g§ _
2

()

(8)

9)

(10)

Several sum rules were used to check the validity of our obtained data, including a) the inertial sum rule, Eq. (11); b)

the dc-conductivity sum rule, Eq. (12); c) the perfect-screening sum rule (ps-sum rule), Eq. (13) and d) the oscillator-

strength sum rule (f-sum rule), Egs. (14)-(16),150-52
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where n(w) is refractive index, k() the extinction coefficient, ¢ () and &, () are the real and imaginary parts of
dielectric function, hQ, = [a7n, /m, and n, is the atomic density of the sample. In Egs. (11)-(12), the theoretical

nominal limit value is 0 when @ — oo, while it is 1 for the ps-sum rule in Eq. (13). For f-sum rule in Egs. (14)-(16) the
limit value equals to the sum of atomic numbers of elements. Our ELF is obtained in the energy loss (or photon energy)
range of 0-200 eV. For higher energy loss region used in the sum rules, we adopt data in Henke database for 200 eV-30
keVD3l and the calculated data by atomic scattering factors for 30 keV-10 MeV.54 The relative error is used to describe
the difference between the obtained sum rules and the theoretical value. Since the theoretical limit value is 0 for Egs.

(11)-(12), the traditional definition of relative error cannot be used. Here, we adopt a new definition*° of relative errors

as:
j [n o) 1]da) (17)
J |n ) 1|da)
@l—j Lalo)-ifdo, (18)
Io |£1 ) —1|da)
for the inertial sum rule and dc-conductivity sum rule, respectively. A root-mean-square deviation (RMS) of f-sum rules,
= 2
S(Z.. -2
RMS =100x 12 —L T (%) (19)
3 i=1 Zeff

is used to describe the difference between the f-sum rules in Egs. (14)-(16), where z__ . represents 7z ff| , Z,| and
e lELF e lg,

eff i

Z..| » respectively and Z,. is the mean value of the three f-sum rule results.
ek

TABLE II. List of inertial and dc-conductivity sum rule checks of HfO, with their relative errors.

relative error for

E? (V) R, (=) & R, (=) e P levr P, (%)
e lELF
750 -4.203 -0.165 -0.423 -0.136 1.0389 3.89
1000 -1.666 -0.072 -0.168 -0.060 1.0128 1.28
1500 -0.325 -0.015 -0.032 -0.012 0.9996 -0.04

2E is the primary energy of electron beam.



12

a
10_( ) — 750 eV
1000 eV
st HfO, —— 1500 eV
25
2
E 4
>
wn
_c__u 2
2o
-2
-4
o i

10?

10° 10* 102 10° 104

energy loss (eV)

dc-conductivity sum rule

15

=
o

o
o

o
o

)
o

(b)

— 750eV
1000 eV

10° 10* 102 10® 10%

energy loss (eV)

ps sum rule

(c)

10

o
©

—— 750eV [F

—— 1500 eV

1000 eV

Jini0l

o
o

0.4

1

1 1 . .

0.2
10t

10 10* 102 10° 10*

energy loss (eV)

Figure 5. The results of three different sum rules: (a) inertial sum rule using Eq. (11); (b) dc-conductivity sum rule
using Eq. (12); (c) ps-sum rule using Eq. (13). The shaded area shows the contribution from the present data.

The results of inertial, dc-conductivity and ps-sum rules for 750, 1000 and 1500 eV are shown in Figure 5. Since HfO,

is a semiconductor, Re[—]/g(O)} is approximately ;l/n2 (0) in ps-sum rule, where n(0)=1.91 is the refractive index of

HfO, in the optical limit based on the Sopra Material Database.[” The exact numerical results are listed in Table 1.

From the table we can see that the values of the inertial and dc-conductivity sum rules for the primary electron energy

of 1500 eV are quite close to 0, so it certificate the high accuracy of the dielectric function and optical constants (see &,

=-0.015 and &, =-0.012 in Table I1.). Furthermore, for all three energies the obtained results of ps-sum rule are close

to 1, which is the nominal theoretical value. This fact also confirm the accuracy of our results.
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Figure 6. Results of f-sum rules using Egs. (14)-(16) for primary electron energy: (a) 750 eV; (b) 1000 eV; (c) 1500
eV. The shaded area shows the contribution from the present data.

TABLE I11. The list of the three f-sum rules, their average values, relative errors and RMS.

_ relative error for
E? (eV) Zg e Zy o Z ) Zeff b Z—eﬁ (%) RMS (%)
750 82.079 80.220 80.678 80.992 -7.964 0.976
1000 81.005 80.422 80.567 80.665 -8.335 0.307
1500 80.580 80.641 80.625 80.615 -8.392 0.032

2E is the primary energy of electron beam.
b Z_sff is the average value of the f-sum rules for ELF, &, and k.

The nominal value for each of the f-sum rules should be the sum of the atomic numbers of the constituent elements for
a compound, i.e., 88 for HfO,. We note that the major contribution to the calculations of f-sum rule originates from the
energy loss greater than 200 eV, while our data in the range of 0-200 eV makes only a small partial contribution as seen
from Figure 6. Therefore, the data in Henke's databasel®®! and calculated by atomic scattering factorsl> more affect the

accuracy of the sum rules. When the phonon energy is more than a few keV, the refractive index n(g) is very close to
unit and we can write Im(—J/g) o g, oc 2k . Therefore, the integrals of the three different f-sum rules in this energy range

are equivalent. This means that the RMS which represents the difference between the three f-sum rules mainly comes

from the accuracy of ELF, ¢, and k in the low energy loss region. From Table 11l one can see that RMS is very small.

This result further demonstrates that the ELF, optical constants and dielectric function extracted by the REELS spectra
are reliable. The sum rules obtained according to previous published datal*®! are also shown in Figure 5(c) & Figure

6(c), illustrating that our results have the higher accuracy.

Finally, we have determined the optical constants and dielectric function of HfO; based on the REELS spectra. Figure
7(a) and Figure 7(b) show the reactive index n and extinction coefficient k, real part (¢1) and imaginary part (¢2) of
dielectric function in a wide photon energy range of 0-200 eV, respectively. The real part and imaginary part of dielectric
function with energy loss of 0-30 eV compared with previous first principles calculation results are presented in Figure
7(c) and Figure 7(d), respectively. We choose the band gap to be 5 eV in our simulation. The variation on the dielectric
function when the band gap is varied between 4-6 eV is indicated by the shaded area in the Figure 7(c) and Figure 7(d).
From the result we can see our data is similar to the cubic-HfO, result of Li et al.l® Skiénard et al.[**l have calculated
the imaginary part (g2) of dielectric function for three phases and all (100)-, (010)-, (001)-polarization directions, and

the result presented in Figure 7(d) is the averaged value of three polarization directions for each crystalline phase.
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Figure 7. Comparison of optical constants and dielectric function obtained from REELS with the data of
literature.[30:53.58.341 (3) The refractive index n and extinction coefficient k as a function of energy loss; (b) The real part
(e1) and imaginary part (e2) of dielectric function as functions of energy loss; (c) The real part (1) in energy loss range
of 0-30 eV; (d) The imaginary part (¢2) in energy loss range of 0-30 eV, where the curves for monoclinic, cubic and
tetragonal phases are from the first principles calculations.

5. Conclusion

The combined experimental and theoretical studies of the optical properties of the HfO, sample based on the ELF were
presented. REELS spectra were measured on clean HfO, sample at 750, 1000 and 1500 eV primary energies. RMC
method was applied using our high accuracy REELS spectra to extract the ELFs in the 0-200 eV range. We found that
the simulated and the measured spectra are in excellent agreement with each other. From the ELF the corresponding
complex dielectric function and the optical constants were calculated. The accuracy of our data was justified by using
various sum rules. Based on the sum-rules results the obtained ELF and the derived optical constants and dielectric
function show high accuracy. We found that our data are much closer to the nominal theoretical values of sum rules
than any others. Due to the accuracy of the new data the use of our data in materials science is highly recommended for

further applications.
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