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ABSTRACT

The HfO, thin-film is a very promising gate dielectric material for last
generation transistors. The paper presents the thermal decomposition of hafnium
ethoxide used as molecular precursor for obtaining hafnia thin films. The
investigated molecular precursor is a mixture of Hf;O(OC,Hs),, and
Hf,O(OC,Hs)14 moisture sensitive amorphous powder.

The thermal decomposition of hafnium ethoxide precursor was investigated by
TG-DTG-DSC analysis from room temperature to 600°C in nitrogen atmosphere at
5K/min. The composition of gas products resulted during pyrolytic decomposition
has been studied by Fourier Transformation Infrared Spectroscopy (FTIR) and
Mass Spectroscopy (MS). In the gas products, hydrogen, methyl, ethyl, vinyl,
hydroxyl groups, acetic aldehyde and acetylene were identified. From mass
spectroscopy and FTIR data results that the loss of ethoxy groups from the
molecular precursor occurs in the decomposition steps between 200 and 375°C.
That suggests that in different steps, ligands from different coordination spheres are
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1. Introduction

Hafnium dioxide (HfO,) is a high temperature
refractory material with very good dielectric
properties [1]. The stoichiometric hafnium oxide has
stable monoclinic structure. Heated at temperatures
higher than 1700°C, it transforms into the tetragonal
structure. Further heating at about 2700°C allows the
further transformation into the cubic polymorphic
form having the fluorite structure. A wide range of
applications of HfO, such high-k gate electronic
devices based on TFT [2- 5] as well as near-UV laser
AR, dielectric mirror designs and waveguide [6]
require thin film material. HfO, thin films and
coatings can be prepared by various methods, as
atomic layer deposition [8—11], pulsed laser
deposition [12—14], chemical vapor deposition [15—
17], radio frequency sputtering [18-20], plasma
oxidation of Hf film [21] and sol—gel routes [22-34].

For MOCVD the preferred precursors are Hf t-
butoxide and Hf ethylmethylamide for reasons of
volatility. The great interest for using sol-gel method

for preparation of films for multiple application fields
is due to low fabrication costs with respect to other
methods, advanced control of doping and the
possibility of obtaining materials having a
predetermined structure by modification of the
elaboration parameters. The preparation of HfO,
coatings by sol-gel method has been reported using
different routes and precursors. Nishide et al. [22],
Shimada et al. [23], Yu et al. [24], Shimizu et al. [25,
26] have prepared HfO, using HfCl, in ethanol as
starting material. Takahashi and Nishide [27] and
Nishide et al. [28] worked also with HfCl, but in
water, hafnium hydroxide being an intermediate
compound peptized with formic/oxalic acid. Blanc et
al. [29] used the same Hf-source but in 1-methoxy 2-
propanol. Aoki et al. [30] wused Hf(OBut),
toluene/ethanol solution as a hafnium precursor.
Goncalves et al. [31] used HfOCl, in ethanol as
starting material. From the thermal decomposition of
hafnium molecular precursors, nano size hafnium
oxide or HfO,-polymer hybrid thin films, can be
obtained at low temperatures. The sol—gel preparation
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of HfO, thin films starting from Hf-ethoxide has been
previously reported by several authors [6,33-34].
Villanueva-Ibanez et al. dissolved Hf(OC,Hs), in
ethanol, in the presence of acetyl acetone [6].
Zaharescu et al. successfully prepared HfO, coatings
on silicon wafer by sol-gel route from Hf-ethoxide,
Hf-pentadionate and Hf-chloride precursors [34]. The
films prepared from ethoxide and pentadionate
precursors were homogenous and uniform with
respect to their thickness before as well after
crystallization. For this latter route, a nanoporosity
was present in the quasiamorphous films as well in
the crystallized ones. The molecular structure of Hf-
oxo-ethoxide has been investigated by some authors
[35], but the simple structure Hf(OEt), has not been
characterized.

In this paper we report the thermal behavior of
hafnium ethoxide. A better understanding thermal
behavior is very important to control the
decomposition steps at different temperatures, and
consequently the microstructure and properties of the
obtained oxide films.

2. Experimental details

Hafnium ethoxide precursor was purchased
from Multivalent Ltd. UK. The thermal analysis
(about 10 mg samples weight) was carried out in dry
nitrogen atmosphere using an Q5000 IR thermal
analyses and a Q20 Differential Scanning
Calorimeter, from Thermal Analysis Instruments, in a
platinum crucible, at 5K/min rate up to 600°C. For the
chemical composition of the gas products resulted

during thermal decomposition of hafnium
ethoxide, simultaneous thermogravimetric (TG-
DTG), differential scanning calorimetry (DSC),
Fourier transformation infrared spectroscopy (FTIR)
and mass spectrometry (MS) analysis were
conducted, using a NETZSCH simultaneous thermal
analysis instrument coupled with FT-IR spectrometer
QMS 403C and FTIR Spectrometer Vertex 70.

3. Results

Figure 1 shows the results of simultaneous TG-
DTG-DSC data for precursor decomposition and the
Gram Schmidt mass spectrometry curve of gas
products resulting during this decomposition. The very
complex decomposition process of hafnium ethoxide
with mass change up to 375°C can be observed, with
at least four important endothermic peak
accompanied by release of gaseous products. The
thermal decomposition begins with small mass loss
processes (about 5% on TG curve) at ~ 85 and 155°C
characterized by endothermic effects (DSC curve),
accompanied by two small peak for released gaseous
substances (curve Gram Schmidt). Extensive
decomposition occurs between 160° and 340°C (with
weight loss of ~70%) and intense endothermic DSC
peaks at 280 and 356°C. From the DTG curve, one
can observe that the most intense process is between
225° and 325°C, were the alkoxide losses the major
weight percent (~60% of the hole mass loss).

The decomposition ends with an endothermic
DSC peak at 356°C, accompanied by 10% of mass
loss.
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Fig. 1. Experimental results of experimental curves recorded simultaneously
during TG-DTG-DSC-MS analysis of hafnium ethoxide in dried nitrogen.

Figure 2a reveals that the process with the
highest mass loss and endothermic peak at 280°C is
carried out with a much higher reaction rate
(maximum rate of 7.5%/min) than the other
decomposition steps. In the same time, Figure 2b

shows that for this process (step 3) the thermal effect
relative to the amount of substance decomposed is
much lower than for the others steps. This means that
the intermediate compound that decomposed at 280°C
is less stable than the compound resulting from its
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decomposition and is less stable than the initial

T T T T T T T T T T T T T 2
100
-0
80
L2 o
8 o
% 604 =
g 4 g
= 3
=]
40 | &
204 280°C -8
T T T T T T T T T T T T T
0 100 200 300 400 500 600
Temperatureoc

sample.

100+

80

60 ~

Mass/%

40-

20+

T T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature’C

Fig. 2. TG -DTG curves (a) and (TG-DSC) curves (b)

In the range of room temperature (RT) to
~100°C, an evaporation process (2% weight loss) is
observed. From 100° to 170°C other mass loss
process (4% weight loss) occurs, very probably, the
evaporation of some adducts existing in the sample of
two alkoxides mixture. Between 170° to 375°C, the
hafnia ethoxide clusters decompose with the
formation of hafnium oxide and the release of
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different organics, as can be observed from the mass
spectroscopy data (Fig. 3).

The gaseous products evolved during thermal
decomposition  were identified from  mass
spectroscopy (Fig. 3) and FTIR spectra (Fig. 4), such
as: hydrogen, methyl, ethyl, vinyl, hydroxyl groups,
acetic aldehyde and acetylene (Table 1).
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Fig. 3. Mass spectra of gas products of thermal decomposition of hafnium ethoxide, main peaks (a) and
enlargement of smaller peaks (b).

From FTIR spectra, one can conclude that, for
the most important decomposition peaks (steps), the
evolved gas correspond to the following chemical
species: in the range of 893 — 950cm™ the banding
vibration of =C—H and =CH, (usually sharp) from the
vinyl group, at 1750 cm™ the stretching vibration for
C=0 from aldehyde, at 2973cm™ and 1382cm™ are
the asymmetric vibrations of CHj; in alkanes, at
1163cm™ the vibrations of —CH, in alkanes, at
2315cm™ is located the band of O=C=0 and —H—
C=0, and at 3250cm™" are located the vibration of OH
groups. The MS curves in Figure 3 confirm a

decomposition process starting at 70°C, in which the
components are eliminated until 375°C.

Taking into consideration the results previously
discussed, the decomposition steps of the molecular
precursor sample are:

- an evaporation process (4% weight loss), in
the range of RT~100°C;

- the evaporation of some amount of adducts
existing in the precursor sample, between 100-170°C;

- the main decomposition of cluster with the
lost of majority of ethoxy groups and formation of
other smaller clusters, between 200-320°C;
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- the final decomposition of the clusters with
the loss of last ethoxy groups and formation of
hafnium oxide, between 320 - 375°C;

- the elimination of CH;-CH, and CH,=CH-
radicals is demonstrated by both MS and FTIR
spectra;

- for a  better understanding of the
decomposition mechanism of Hf-ethoxide molecular
precursor, additional characterization of
intermediaries products of the thermal decomposition
steps mentioned before will be perform, using NMR
and FTIR analysis methods.

Table 1. TGA-DTG-DSC data of hafnium
ethoxide decomposition

Tnax Weig
AT DSC | DSC | htloss Gas products
cO) peak | peak | (TG) (m/e values )
(W) (%)
35-123 86 Endo 4 H,0 (m/e=18)
123-170 153 Endo 2 2 CH;3-CH,-
(m/e=29)
2 CH,=CH-
(m/e=27)
200-320 | 280 | Endo 60 CH;-CHO (m/e=44)
320-375 356 | Endo 10 CO, (m/e=44)
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Fig. 4. FTIR absorption spectra of gas products
resulted from thermal decomposition of hafnium
ethoxide

Conclusions

The thermal decomposition of hafnium ethoxide
precursor was investigated by TG-DTG-DSC analysis
from room temperature to 600°C in nitrogen
atmosphere, coupled with Fourier transformation
infrared spectroscopy and mass spectrometry analysis
of gas products.

Hafnium  ethoxide  molecular  precursor
decompose in four steps below 356°C, and can be
used for sol-gel synthesis of HfO, polycrystalline thin
films or hybride nanocomposite thin films. From
mass spectroscopy and FTIR data results that the loss
of ethoxy groups from the molecular precursor occurs
in the decomposition steps between 200 and 375°C.
That suggests that in different steps, ligands from
different coordination spheres are lost.
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