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Abstract

In this work, hafnium oxide (HfO) thin films have been grown on (001)Si substrates by two
different Atomic Layer Deposition (ALD) methods, namely thermal and plasma-enhanced modes.
Films have been deposited using tetrakis- dimethylamino hafnium as metal precursor, and water
vapor was used as an oxygen reactant in the case of the thermal ALD (T-ALD) process, while
oxygen plasma was used as oxidant during the plasma enhanced ALD (PE-ALD) process. A
systematic study by varying the deposition temperature (200°C<T¢p<300°C) and film thickness (in
the 10-100 nm range) has been carried out for both ALD methods, and their influence on the
physical properties has been evaluated. In particular, the comparison of the growth rates and
refractive indexes has been carried out by spectroscopic ellipsometry. All the collected results
provided data to identify the best suited deposition process.



1.Introduction

High-k insulator materials are the dielectrics of choice for the overcoming of the limits of silicon
oxide thin films in microelectronics devices [1,2]. Among the dielectric high-k materials, the
hafnium oxide (HfOy) is certainly one of the most promising insulator because of its physical
properties such as high dielectric constant value (€~20), almost wide band gap (5.6-5.8 eV), high
density (68 g/cm?), good thermodynamic stability and sufficient band offset with Si (AE~1.4 eV),
which is crucial to maintain the requirement of low leakage current density [3,4]. Recently HfO-
thin films have been also applied to innovative electronics devices based on graphene and other
bidimensional materials [5,6], and in this perspective, despite HfO thin films have been deposited
by several traditional techniques such as electron beam evaporation, metal organic chemical vapor
deposition and reactive sputtering, nowadays the attention has been focused on the possibility to
grow HfO; thin films by alternative low temperature deposition techniques [7-9]. Moreover, since
the industrial trend points out to the need to grow films at nanometric scale and/or on complex
tridimensional structures, the search for a deposition technique possessing an accurate control of the
film thickness and the possibility of the conformal coverage of structured substrates with high
aspect ratio is highly required. In this context, the Atomic Layer Deposition (ALD) technique which
is based on the principle of self-limited reaction mechanism by chemisorptions of two or more
precursors alternately pulsed into the reaction chamber, is currently under widespread development.
ALD represents an attractive deposition method for HfO; films with a thickness in the sub-hundred
angstrom range because it provides layer-by-layer growth and accurate thickness control at low
deposition temperature.

Several hafnium precursors are available for the ALD growth of hafnium oxide thin films, such as
halides, hamides, aloxides, alkyls, 3-diketonates and ciclopentadienyls [10]. Hafnium halides [11]
are high melting point solids, not so volatile and due to the strong metal-halide bond require high
deposition temperatures. They also tend to incorporate halide contaminations and their by-product
are corrosive. By contrast their advantages are their thermal stability and no occurrence of carbon
incorporation, which is the most dangerous chemical contamination from the electrical point of
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view. On the other hand, alkoxides also need high deposition temperature to break the strong metal-
O bonds, while B-diketonates and cyclopentadienyls are low volatile and almost bulky so that poor
film density is obtained by their implementation [10]. By contrast, amide precursors seem to
possess a better balance between advantages and disadvantages. They are low melting so that they
are volatile and their metal-nitrogen bond is reactive at deposition temperature of about 100°C [12-
17]. However, amide precursors decompose at temperature of about 300°C and high carbon amount
could be incorporated. Generally, by decreasing of the deposition temperature the film amount of
carbon contamination decreases as well. In this context, two different ALD methods have been
evaluated, namely conventional thermal ALD (T-ALD) and plasma enhanced ALD (PE-ALD)
techniques by implementation of the tetrakis- dimethylamino hafnium (TDMAHYf) precursor. PE-
ALD generally allows deposition at lower temperatures with higher growth rate compared to the
conventional thermal ALD. The comparison between the two processes has been carried out by
evaluating the effects of the deposition temperature and number of cycles, i.e. thickness on the film
properties. In particular, the evaluation of relevant film characteristics by structural, compositional
and dielectrical investigation has been considered for the final determination of the most suitable

deposition process.

2. Experiments

Films have been deposited on a PE ALD LL SENTECH Instruments GmbH reactor using tetrakis-
dimethylamino hafnium (TDMAH(f) as hatnium precursor [18]. TDMAHf has been heated at 75°C
and has been delivered from the bubbler to the reactor with 40 sccm N> carrier gas flow. In the case
of the thermal ALD process, water vapor was used as an oxygen reactant of TDMAHIf, while
oxygen plasma was used during the PE-ALD process. Deposition temperature has been varied in
the 200°-300°C range, while the number of cycles has been ranged from 150 to 1250 for the T-ALD
process and from 100 to 770 in the case of PE-ALD process, in order to deposit HfO» films having
the same thickness value.

Structural properties were investigated by transmission electron microscopy (TEM) using a FEG-
TEM JEOL 2010F microscope. Chemical composition was determined by X-ray Photoelectron
Spectroscopy (XPS). using a PHI 5600 multi-technique ESCA-Auger spectrometer with a standard
Mg-Ka X-ray source. Analyses were carried out with a photoelectron angle of 45° (relative to
sample surface) with an acceptance angle of + 7°. The XPS binding energy scale was calibrated by

centering the C 1s peak due to hydrocarbon at 285.0 eV.



Diodes were fabricated using top platinum electrodes. Electrical characterization was carried out by
Capacitance-Voltage (C-V) measurements using a Karl-Suss probe station equipped with a Agilent
B1500A parameter analyzer.

Spectroscopic Ellipsometry data were collected using a J.A.Woollam VASE instrument.
Measurements were performed in a vertical configuration. Optical spectra were recorded from 190
to 2100 nm (step 5 nm) at 65°, 70° and 75°. An initial model of the optical transitions was built for
each layer constituting the sample. The HfO> layer was modeled by using a single Tauc-Lorentz
oscillator and, if needed, the surface roughness has been considered by the Bruggeman effective

medium approximation (EMA).

3. Results and Discussion

Firstly the comparison of the growth rates related to the two ALD processes has been performed by
determination of the film thickness through ellipsometric measurements. Depositions have been
initially carried out at 290°C and all the deposition parameters for both the two ALD methods, i.e.
T-ALD and PE-ALD, have been summarized in Table 1. An accurate evaluation of the growth rates
has been carried out by plotting the growth rate vs the number of cycles as shown in Fig. 1a. Linear
trends have been found in both cases and an higher deposition rate value of 0.13 nm/cycle has been
found in the case of PE-ALD approach using oxygen plasma, while 0.083 nm/cycle for the T-ALD

method using water precursor.

Table 1. Deposition parameters for the two T-ALD and PE-ALD processes

Process | P(Pa) | F(W) | N2 gas carrier | TDMAHf/purge | O:zflow | Oz or H20/purge

T-ALD 10 40 sccm 0.04s/15 s 0.02s/10s

PE-ALD 20 200 40 sccm 0.1s/5s 200 sccm | 0.3s/2s

The effect of the deposition temperature (Taep) has been evaluated by comparison of the growth
rates upon varying Taep value from 200°C to 300°C. Their values have been plotted vs the
deposition temperatures as shown in Fig. 1b. The growth rates have been calculated to vary in the
0.13-0.16 nm/cycle range for the PE-ALD process and in the 0.083-0.097 nm/cycle range for T-
ALD. Actually, the growth rate values for both ALD methods are higher in the 200-250°C Taqep
range, while a decrease is observed for Tqep value higher than 250°C, especially in the case of the

PE-ALD method. This trend pointed out to an optimized Tqep value of 250°C, since Tgep=200°C



could be not so efficient to guarantee a complete deposition of the TDMAHT precursor, while at

Taqep higher than 300°C some CVD like process could occur [14,16].
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Fig. 1. Growth rate vs number of cycles (a) and growth rate vs deposition temperature (b) for the

PE-ALD (blue squares) and T-ALD (red circles) processes.

Structural characterization has been performed by transmission electron microscopy (TEM)
analysis. The cross-sectional TEM images of two typical films deposited by both processes and
using the same number of cycles (100 cycles) showed the formation of about 16 nm thick films by
PE-ALD (Fig. 2a) and 9 nm thick films in the case of T-ALD (Fig. 2b) processes, respectively.
Both deposited films are amorphous and adherent layers having uniform thickness. However, at the
interface the formation of an interlayer having a lighter contrast with respect to hafnium oxide thin
film has been observed in both cases and here it is shown in a higher magnification TEM image
(Fig. 2¢) of the PE-ALD HfO: film. The interlayer thickness value is about 1-2 nm in the PEALD
film and slightly higher in the case of film grown by the thermal process. Since for applications in
microelectronics the quality of the dielectric/substrate interface is quite important, its chemical
investigation has been performed by X-ray photoelectron spectroscopy (XPS). The interfacial layer
composition has been studied on purpose deposited 3-4 nm thick films and results are clearly visible
in the XPS spectrum of the Si 2p region. Same results have been found on the two differently
deposited thin layers, so only one Si 2p spectrum has been showed. In particular, the Si 2p region
(Fig. 2d) consists of signals due to the elemental Si from the substrate at 99.4 eV and to Si 2p peaks
having smaller intensity which are centered at higher binding energies (between 102 and 104 eV)

and they can be considered the superimposition of components associated with silicate phases
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presence [19-21] as well as SiO2 layer which is also visible in the TEM image. The formation of
silicate is often observed in lanthanides and/or rare earth oxides deposited by several techniques,
especially when high deposition temperatures are needed [22]. In the presently deposited samples
certainly some reactive phenomena also occurred at the film/substrate interface forming a hafnium
silicate layer probably due to diffusion of Si from the substrate towards the bulk and that of oxygen

from the film surface toward the substrate/film interface.
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Fig. 2. TEM cross section images of HfO; films deposited by PE-ALD (a) and T-ALD (b) methods.
High magnification TEM image (c) of HfO, film deposited by PE-ALD process showing the
presence of an interlayer of about 2 nm (white arrows) at the interface. XPS analysis of the Si 2p
region recorded on 3-4 nm thin HfO> films deposited by PE-ALD.

The dielectric properties have been studied by both spectroscopic ellipsometry and capacitance-
voltage (C-V) measurements. Ellipsometric investigation has been carried out by varying deposition
temperature as well as film thickness. In Fig. 3 the dispersion profiles of refractive index (n) and the
extinction coefficient (k) have been plotted in the 1-7 eV range for films deposited at different
temperatures (Fig. 3a) and as function of film thickness (Fig. 3b), respectively. Ellipsometric
measurements have been carried out on films deposited by both T-ALD and PE-ALD methods and
no evident variation it seems to be present depending on Taep or film thickness, but the only
difference can be related to the growth method. In fact, as shown in the lower parts of Figs. 3a and
3b, the absorption coefficient k edge is higher in PE-ALD samples with respect to T-ALD,

indicating that PE-ALD films are more transparent.



However, in order to better understand the effects of the deposition temperature and film thickness,
the refractive index variation at A = 550 nm has been plotted and showed in Fig. 4,since the

refractive index is related to the film density [23].
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Fig. 3. The refraction index (n) and absorption coefficient (k) profiles of HfO, films grown at
various deposition temperatures (a) and thickness values (b).



In Fig. 4a the variation of n (550 nm) value is plotted as function of deposition temperature for both
processes. HfO» thin films deposited by thermal process possess higher and quite constant n values
with respect to the PE-ALD grown films, independently from deposition temperature value. By
contrast, in the case of PE-ALD process the n value improves upon increasing deposition
temperature value. In regards to the dependence of n from the film thickness (Fig. 4b), the n values
increases upon increasing the film thickness and remains almost constant for layers thicker than 20

nm, indicating that upon increasing the film quality improves.
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Fig. 4. Variation of refractive index value (n) at A=550 nm upon varying Taep (a) and film thickness

(b) for HfO, thin films deposited for the PE-ALD (blue squares) and T-ALD (red circles) processes.

On the basis of these last results the electrical measurements have been carried out on 30 nm thick
films grown by both methods. The C-V characteristics of the two films have been measured at 1
MHz and the capacitance values in accumulation have been used to determine the effective
dielectric constants. The results obtained from high frequency (1 MHz) C-V characteristics of a
typical MOS device with HfO» layers about 30 nm thick are plotted in Fig. 5a and 5b.

The relative dielectric constant has been estimated to be 11.8 and 13 for films deposited by T-ALD
and PE-ALD, respectively. The principal difference which is well evident is the shape of the C/V
curve, which is quite ideal in the case of HfO; film deposited by PE-ALD process, while in the case
of the T-ALD sample at lower voltage values the increase of the capacitance value has been
observed. This behavior observed in the range between -1 and -2 V in the C/V curve, is due to a

partial recombination of the charge carriers. Moreover, the shit of the C/V curve from the ideal



value (about 0.39 V) is much more evident in the T-ALD HfO; film, pointing out again to a greater

amount of electrical defects.
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Fig. 5. C/V curves at 1 MHz of HfO, films deposited by T-ALD (a) and PE-ALD (b) methods.

The measured dielectric constants and the observed dielectric behavior seem to point out to better

dielectric characteristics of the PE-ALD films with respect to the T-ALD deposited films.

4. Conclusion

Hafnium oxide thin films have been deposited on Si(001) substrates using two different approaches
based on thermal and plasma-enhanced atomic layer deposition from the tetrakis- dimethylamino
hafnium precursor. Complete film characterization has been carried out and comparison of the film
properties grown by the two different processes has been evaluated. In particular, the structural and
compositional characterization has been performed by transmission electron microscopy and X-ray
photoelectron spectroscopy. TEM analysis showed that the two films are adherent, amorphous and
uniform but that at the film/substrate interface, thin interlayers have been formed. XPS analysis
demonstrated that some reactive phenomena occur at the film/substrate interface forming a hafnium
silicate layer. For both deposition methods, ellipsometric characterization has been carried out in

order to evaluate the effect of deposition temperatures and if some changes occurred during the film



growth by varying layer thickness. In particular, thicker and more transparent films have been
obtained in the case of PE-ALD deposition, indicating a faster deposition process (0.16 nm/cycle).
Moreover, the results of ellipsometric evaluation pointed out to an optimized deposition
temperature value of 250°C, for both the T-ALD and PE-ALD processes. Finally, The relative
dielectric constants have been calculated from the capacitance values in accumulation of the C/V
curves recorded at 1 MHz, and they have been found to be 13 and 11.8 for the PE-ALD and T-ALD
films, respectively. All the collected data indicated the PE-ALD approach as potential better
deposition process for the fabrication and implementation of HfO> thin layers on microelectronics

devices.
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