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In this article, we consider defect formation in hafnium oxide, which belongs to high-K-dielectrics and is a
promising material in different areas of nano- and optoelectronics. Hafnium oxide, synthesized by the method
of atomic layer deposition, usually forms with a significant oxygen deficiency and contains large number of
vacancies. The oxygen vacancies characterized by photoluminescence methods. We showed that the electron-
phonon interaction greatly influenced on formation of emission bands. In this case, the emission band can’t identify
only by the emission maximum. We need to calculate such band parameters as heat release and the energy of a
purely electronic transition. This energy that can be compared with the results of theoretical calculations from the

first principles.
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1. Introduction

Hafnium oxide belongs to high-K group and is considered
as one of the replacements for silicon oxide in scaled-down
MOSFET. This material has a wide band gap (5.6—5.8 V),
high density (9.68 g/cm?®) and high permittivity (~ 20) [1].
HfO, thin films may be used in multilayer optical coatings
both in ultraviolet and infrared region due to high refraction
index and low absorption [2]. These films are also used
as protective coatings due to their hardness and heat
resistance [3], this is an important component of high-
performance solar cells [4,5].

Various methods have been used for producing thin
hafnium oxide, however, in order to achieve good elec-
trical performance, these approaches require synthesis or
annealing at high temperatures.  Higher temperatures
result in polycrystalline films which may consist of various
crystalline phases, including monoclinic, cubic, tetragonal
and orthorhombic crystal systems [6-9]. On the other
hand, these different HfOy modifications have different k
values. Monoclinic phase, which is the most stable in
normal conditions, has k = 20, while cubic phase, which
is metastable, has high k = 30, and for HfOy, which is in a
tetragonal modification, the highest value is k = 35. Thus,
polycrystalline films containing phases with different k may
provide lower physical stability of films [6-23], while grains
and grain boundaries cause instability and heterogeneity
problems in devices. Therefore, amorphous dielectric
material is preferable to ensure improved stability of devices,
reduce leakage currents and improve homogeneity.
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For amorphous hafnium oxide film production, atomic
layer deposition (ALD) technology shall be addressed as
a promising film deposition method offering benefits in
terms of film thickness reproduction accuracy and film
uniformity on the substrate surface [5,24,25]. ALD process
is based on consecutive surface-controlled reactions driven
by chemisorption [26]. Each chemical reaction taking place
on the surface is self-limiting, i.e. a reagent/reactant will
not react with the previous chemisorbed layer after surface
saturation at this cycle stage, even when a reagent/reactant is
fed to the reactor chamber during a long time period. After
each stage of previous layer exposure to reagent/reactant,
reaction by-products are removed with inert gas. The cycles
are repeated until the desired layer thickness is achieved.
The ALD method was selected due to its ability to ensure
precise film thickness and high area uniformity [27-29].

However, hafhium dioxide has several disadvantages. As
in any nonstoichiometric compound, volatile component
vacancies play the key role in formation of defects in
HfO,. Oxygen vacancies in HfO, films often cause oxide
charging (so called fixed charge) and create deep local
states in the band gap that facilitate growing probability of
charge transfer through the film [30]. Oxygen vacancies
for bulk zirconium and hafnium dioxides were investigated
in [30-33]. In monoclinic HfO,;, oxygen vacancies may
be three- (VIII) or four- (VIV)coordinated in accordance
with the local hafnhium oxide structure. In addition, charge
of these vacancies depends on the number of captured
electrons. Five charge states of oxygen vacancy with charge
from —2 to +2 are observed. Other potential defects
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in HfO, include hafnium vacancies and interstitial oxygen
atoms. Compared with oxygen vacancy formation in a
monoclinic structure that required breaking of three to
four Hf—O bonds, a hafnium vacancy would require seven
such bond to be broken and, thus, is less energetically
favorable. The presence of interstitial oxygen is possible
when there is excessive oxygen and in this case special
film treatment is required [33]. Theoretical calculations
of defect states in hafnium dioxide were performed in
several publications [33-39]. According to [34], HfO,
conductivity is of n type. Electron transfer involves traps
having energy level lower than the bottom of conduction
band by 1-1.5eV. A spin-singlet state of a double charged
oxygen vacancy is energetically more favorable than a
spin-triplet state [34]. Calculations of oxygen vacancy
formation energy has shown that positively charged Vo
are more stable when the vacancy is three-coordinated.
Negatively charged vacancy states are stable with four
coordination [36]. Dinegatively charged oxygen vacancy is
thermodynamically unstable [37).

Oxygen vacancies are extensively involved in the emission
band formation. In HfO, cathodoluminscescence spectra,
a blue band with energy 2.7eV is observed, which is
attributed to oxygen vacancies [40]. Correlation between the
trap density and cathodoluminscescence intensity, and be-
tween the trap density and refraction index. [41] points out
the luminescence dependence on the sizes of nanocrystals,
which form hafnium oxide film, due to the increased defect
concentration on their surfaces. 2.7eV emission band was
also observed in other publications [42-47], where it was
noted that this emission band is formed with participation
of strong electron-phonon interaction.

It is impossible to characterize optical transitions involv-
ing electron-phonon interaction only by energy. It should
be taken into account that due to the Franck-Condon effect
emission band peak differs from the absorption band peak
by a heat release quantity (A).

huta = Eo + Shoo, (1)
hvi = Ey — Sho,

A = hvg — hy; = 2Sho,

where 2Shw — is the heat release; Ey — is the purely
electron transition energy; hv, — is the absorption band
peak energy; hy; — is the emission band peak energy.

Relation between these quantities is reflected in the
configuration and coordinate diagram (Figure 1).

Thus, it is not possible to compare theoretical calculations
for energy condition of local states with optical transition
energies. Determine heat release and calculate the purely
electron transition energy, which can be compared with
theoretical calculations. The purpose of this study is to
compare thin hafnium oxide films synthesized by the ALD
method.
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Figure 1. The configuration and coordinate diagram of electron
transitions between the defect states according to the electron-
phonon interaction. Uy — is the potential energy of ground
state, U, — 1is the potential energy of excited state, Q — is the
generalized coordinate.

2. Test specimens

A 10nm thin hafnium oxide layer was formed on a
single crystal silicon substrate (n-type) by the ALD method.
HfOy film was deposited at a table temperature of 290°C,
chamber wall temperature was 130°C. The chemisorption
process was carried out by feeding reagent and reactant:
Hf(N(CH3)2)4 (TDMAH) and H,O. Metalorganic precursor
and water feed pulse duration was 0.4 and 0.1 s, respectively.
After the TDMAH pulse feed time, the reactor chamber was
purged with argon during 1s. To ensure saturated vapor
pressure requirement, TDMAH temperature was 70°C.
TDMAH is a liquid and adhesive metalorganic substance; to
avoid sticking to the gas tubes, the precursor supply tubes
were heated. Water tank temperature was 20°C, water
supply line was preheated up to 120°C.

3. Experimental findings

3.1. HfOy film structure and composition analysis

Element analysis of HfOy film thermally deposited on
Si was carried out by Auger electron spectroscopy. Primary
electron beam voltage was 10kV, current within — 10nA at
30° to the specimen surface normal, for spectrum recording,
the beam was focused to 100um (to reduce the primary
current density and specimen degradation during analysis).
For the analysis, deposition was performed using argon
ions with an energy from 500 to 2000kV, no preferable
deposition of film components was observed.

Two hafnium peaks were recorded on the sample during
profile analysis: Hf (MNN) with 1615e¢V and Hf(NVV)
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peak with 174eV with the involvement of valence band
electrons.

Hf (MNN) was used for the calculations because it
better suited the sum of peaks of Hf coupled/non coupled
with oxygen. In addition, in different profile points, Hf
(NVV) peak changes its form dramatically and differently in
different points. This may be indicative of both nonuniform
chemical composition and valence band reaction to the
positive charge introduction during ion etching.

Figure 2 shows element share in HfOy film thickness.
HfO; 31 and metallic Hf are observed in the film. Increased
oxygen content in the film is obvious on the surface and
at the interface. No silicon and applicable SiO, were
observed.

It should be noted that the substance distribution analysis
at HfOy film and Si substrate interface has shown that
the element atoms were distributed in depth and their
interpenetration at the interface was observed. This may
be attributed to diffusion processes available during the
film growth and to ,island“ growth with increased surface
roughness.

Thus, the synthesized films contained large number of
oxygen vacancies.

X-ray diffraction analysis of thin HfO, films on Si
produced by the ALD method was carried out using Pana-
litycal Empyrean X-ray diffractometer in CuK,-radiation
with X-ray tube operating conditions 45kV, 40 mA (Bragg-
Brentano focusing arrangement).

Figure 3 shows HfOy specimen X-ray image obtained
using the ALD technique by thermal method. diffraction
pattern has no pronounced peaks which means that the
structure is X-ray amorphous.

Transmission electron microscopy. The deposited film
structure analysis was carried out using Jeol transmission
electron microscopy. Bars with deposited hafnium oxide
were prepared for the analysis and microphotographs were
made for specimen structure characterization in throughout
the thickness and on surface. Figure 4 shows a micropho-
tograph of a 10nm HfOx specimen made by transmission
spectroscopy.

Structural analysis has shown that the HfOx layer was
fully amorphous which is demonstrated by Fourier trans-
form in the selected area.

4. Optical and luminescent properties
of HfO,

Senduro spectral ellipsometer was used to assess the film
thickness and uniformity as well as refraction index. The
thickness of the produced HfOy film is 12 nm, 100 mm plate
uniformity is about 0.98%. Figure 5 shows the refraction
index vs. wavelength. Refraction index at 1 = 632.8 nm
is 2.08.

The transmission spectra investigations were carried out
using Shimadzu UV-2600 spectrophotometer with inte-
grating sphere, wave range 185—1400nm. Absorption
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Figure 2. Element concentration profile available in HfOyx speci-
men prepared by the ALD thermal process on Si substrate.
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Figure 3. Atomic layer deposited hafnium oxide diffraction
pattern.

Figure 4. Microphotographs of HfOx on Si specimen.
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spectra were measured on films synthesized in the same
conditions as the films on silicon substrate, but the substrate
consisted of single crystal silicon. absorption factor is
shown in Figure 6. Hafnium oxide is an indirect-bandgap
material, therefore the band gap width is calculated using
(ahv)'/2, The band gap width is 5.5eV. A similar
result for the hafnium dioxide band gap was obtained
in [47).

Photoluminescence. Photoluminescence spectra were
made using inVia Qontor Reneshaw Raman microscope,
325nm, laser power 200 mW, diffraction grid 1200 mm~!;
the measurements were carried out on a liquid-nitrogen-
cooled table. The luminescence spectrum is shown in
Figure 7. The photon energy excited by 325nm laser
emission was lower than the band gap width and excited no
electron-hole pairs. However, this was sufficient to excite
the emission.
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Figure 5. Refraction index vs. wavelength for HfOx.
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Figure 6. The optical width of the band gap was calculated using
the Tauck method [48].
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Figure 7. Hafnium oxide photoluminescence spectrum at
T = 173K. Thin lines divide the spectrum into separate bands
using Gaussian equation.

Emission spectrum is generally a band superposition,
with each of them described by the Gaussian distribution:

l —ZijA-exp[—w], (2)

20

where A — is the emission band amplitude; hv — is the
current photon energy; E; — is the emission band center
energy; o; — is the emission band dispersion.

The emission band approximation by equation (2) makes
it possible to determine the emission band peak rather
accurately and to find the variance. The emission spectrum
was divided into bands by regression method. These
parameters for P1—P4 bands are listed in Table 1.

To determine electron-phonon interaction parameters,
luminescence spectra were measured at different tempera-
tures. There is low dependence between the variance and

Table 1. Emission band parameters for synthesized hafnium oxide
specimens measured at T = 173K

Ne hvi, eV c?, eV? Transitions [40]

P1 1.21 0.028 Intracenter transition
between local states V2

P2 1.56 0.015 Intracenter transition
between local states V™!

P3 223 0.070 Transition from local
state V*? to valence band

P4 291 0.040 Transition from local
state V*! to valence band
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Table 2. Emission band parameters for synthesized hafnium oxide
specimens measured at T = 173K

z

hvi, eV | hw, eV| S |Epg, €V Transition

P1| 124 0.11 3 0.95 |Transition from
conduction band to

V™! vacancy singlet state

P2| 1.56 006 | 3 1.38 | Transition from
conduction band to singlet

V™2 vacancy singlet state

P3| 229 0.12 3 195 |Intracenter transition
of charge state V™!

of oxygen vacancy

P5| 295 0.065 | 3 2.74 |Intracenter transition
of charge state V2

of oxygen vacancy

temperature, this means that phonon energy exceeds KT. In
this case, electron-phonon interaction parameters are associ-
ated with the emission band characteristics as follows [49]:

E =Ey+ Shw, o’ = S(hw)zcoth(%). (3)

The system of equations was solved at several tempera-
tures and the results were averaged. The calculation results
are given in Table 2.

The Huang and Rhys factor shows the number of
phonons involved in the electron thermalization from
point B to C from point D to A (Figure 1). This number
is equal to 3. Therefore, the configuration diagram is
characterized by a minor polaron shift equal to the square
root of this factor. P2 band diagram is shown in Figure 8.
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Figure 8. Configuration and coordinate diagram of the center
forming emission band P2.
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Figure 9. Diagram of emission electron transitions in hafnium
oxide.

5. Discussion of findings

According to the diagram in Figure 9, by means of
the thermal energy, electron cannot achieve the traditional
saddle point P due to the polaron shift. Therefore, the
thermal transition between the excited and ground state
occurs by tunneling via B—C line. Such transitions are
characterized by small capture cross-sections; accordingly,
probabilities of recombination through such centers will be
low. They play a role of trapping centers. With high
concentration of such centers, hopping conduction on their
localized states will be observed. Moreover, since the
centers have high activation energy, the film can accumulate
electrons on these centers and can be charged as it was
found in [33].

Oxygen vacancy electron states in various charge states
were calculated in [40]. These are the calculations with
which the purely electron transition energies should be
compared. Negatively charged states form singlet-type split
local states in the hafnium oxide band gap. The theoretical
calculations show that for oxygen vacancy charge state
V~! — energies are 129 and 346eV, and for V72 —
they have energy 1.46 and 4.17eV below the bottom of
conduction band [40]. It can be assumed that bands Pl
(1.24eV) and P2 (1.56eV) are attributed to transitions
from the conduction band to singlet state of a singly and
doubly ionized vacancy. For the singly ionized vacancy
state, intracenter transition energy is 3.461.29 =2.17eV,
which corresponds to band P3, and for the second —
4.17 —1.46 =2.71eV. It can be assumed that bands P3
and P4 are attributed to intracenter transitions of singly
and doubly ionized vacancies. Transition diagram is shown
in Figure 9. Therefore, the main emission bands in
hafnium oxide are attributed to electron transitions with
the involvement of various oxygen vacancy states. Purely
electron transition energies in Table 1 agree with the
theoretical calculations [49] and help to interpret the nature
of emission bands which are observed experimentally.

6. Conclusion

Hafnium oxide is a promising material for microelec-
tronics, in particular, for submicron gate FET and emit-
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ting devices. Hafnium oxide synthesis by atomic layer
deposition method gives an X-ray amorphous material with
considerable oxygen deficiency. Oxygen vacancy is the
main defect that creates local states in the band gap of
this material. It can provide five charge states both with
deficiency and excess of electrons, and with the excess
of electrons, these states are split into two singlet levels.
The presence of defects in any charge state in the oxide
depends on the oxide formation technique which defines
the Fermi level position. luminescence spectra associated
with oxygen vacancy were investigated herein, electron-
phonon interaction parameters which have critical influence
on the emission band shape were calculated, including
heat release and purely electron transition energies. These
are the energies which shall be reasonably compared with
the theoretical ab initio calculations, since the absorption
band energies and emissions may be greatly different from
the purely electron transition due to high heat release.
Such comparison was performed herein and the nature of
emission bands was suggested.
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