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ABSTRACT: The Ti/HfO, interface plays a major role for
resistance switching performances. However, clear interface
engineering strategies to achieve reliable and reproducible
switching have been poorly investigated. For this purpose, we
present a comprehensive study of the Ti/HfO, interface by a
combined experimental—theoretical approach. Based on the
use of oxygen-isotope marked Hf*O,, the oxygen scavenging
capability of the Ti layer is clearly proven. More importantly,
in line with ab initio theory, the combined HAXPES-T of-SIMS
study of the thin films deposited by MBE clearly establishes a
strong impact of the HfO, thin film morphology on the Ti/
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HfO, interface reactivity. Low-temperature deposition is thus seen as a RRAM processing compatible way to establish the critical
amount of oxygen vacancies to achieve reproducible and reliable resistance switching performances.
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1. INTRODUCTION

With low-power dissipation, resistive RAM (RRAM) technol-
ogy is well suited to address high-end embedded non-volatile
memory (NVM) applications, such as wireless sensor net-
works' and bio-inspired neuromorphic systems.” Devices
consist of metal—insulator—metal (MIM) structures whereby
the memory effect occurs via insulator resistance switching
(RS) between a high and a low resistance state under bias. In
the case of transition metal oxide-based RRAM, RS relies on
the drift of oxygen vacancies initially present in the oxide or
produced during the first RS.>* Structural phase changes,’
nanoionic valence changes,3 and lattice disorder® can also be
involved. Details of the physical mechanism are still debated.
The next bottleneck is to use this knowledge to improve both
control of the RS parameters and reliability. Thus, controlled
nanoscale manipulation of defects is urgently needed. In terms
of materials, HfO, is a very interesting candidate because it
combines the advantages of CMOS compatibility and
promising performances.” Better control of the RS was
achieved for HfO,-based devices by introducing defects using
a thin Ti oxygen getter capping layer.*” Highly reliable HfO,-
based resistive memory, which adopts Ti as the oxygen
gettering layer to form TiOx/HfOy, have been achieved with
excellent endurance (>10° cycles), suitable retention (10 years
at 200 °C) and high ON/OFF resistance ratio (>1000).®
Another interesting property of the Ti/HfO, interface is
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lowered power dissipation. Forming voltage (Vi) and set
voltage can be drastically reduced. For instance, in TiN/HfO,/
Pt structures Vy is 3.75 V, whereas Vi is 1.9 V for TiN/HfO,/
Ti’ In addition, the importance of the Ti layer position and
thickness has been shown.'”'! These studies point out the
crucial role of interface control over device performances. It is
important now to outline clear strategies for engineering the
Ti/HfO, interface physical and chemical properties to achieve
reproducible and reliable RRAM performance.

In this work, we unveil the chemical reactivity of the Ti/
HfO, interface as a function of HfO, thin film morphology with
a comprehensive study including experimental measurements
and theoretical calculations. Thin films have been deposited
using molecular beam epitaxy (MBE), offering ultra-high
vacuum (UHV), which is critical to avoid background oxidation
of the Ti layer and thus directly trace the oxygen scavenging
activity of Ti deposited on HfO,. Ti deposition over HfO, is
directly monitored by in situ X-ray photoelectron spectroscopy
(XPS) in the MBE chamber. A model correlating the data is
used to extract the growth mode of Ti. Time-of-flight secondary
ion mass spectrometry (ToF-SIMS) performed on HfO,
containing an oxygen isotope (*O) allows to extract oxygen
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diffusion profiles characteristic from the Ti/HfO, interactions
by disentangling oxide and environmental contribution. More
specifically we used the oxygen isotope '*O (natural abundance
= 0.2%). Hard X-ray photoelectron spectroscopy (HAXPES) is
used in order to record non-destructively the chemical bonding
at the buried interface. Finally, the oxygen diffusion at the Ti/
HfO, interface depending on HfO, morphology is corrobo-
rated by theoretical calculations.

2. EXPERIMENTAL SECTION

Ti/HfO,/TiN samples were produced by MBE deposition of Ti/HfO,
on polycrystalline TiN(73 nm)/Si(001) substrates. HfO,, containing
the abundant oxygen isotope *O, and Ti were deposited consecutively
in the same MBE chamber. Metallic Hf was evaporated in an *O,
background (p = 10™° mbar), then, after a N, purge, metallic Ti was
evaporated. The HfO, thin films were deposited either at room
temperature or at 400 °C; the Ti layer was deposited subsequently at
room temperature for all the samples. Ti growth on HfO, (21 nm) was
monitored in a neighboring chamber, without breaking vacuum, using
in situ XPS. Deposition time was tuned for the formation of a
continuous Ti layer (about 11 nm thick), as explained in the results
part. The impact of Hf oxide morphology on Ti/HfO, interactions was
investigated using complementary characterization techniques: grazing
incidence x-ray diffraction (GIXRD), Tof-SIMS and HAXPES. In situ
XPS was carried out using an Al Ka (1486.6 eV) source and a Specs
Phoibos 100 hemispherical energy analyzer with a collection angle of
45° with respect to the surface normal. The escape depth was 1.8 nm
assuming an inelastic mean free path (IMFP)' of 2.6 nm for the Hf
4ds;, (214 eV) photoelectrons through Ti. HAXPES experiments were
carried out at the beamline P09 of PETRA III storage ring at DESY
(Hamburg, Germany). Photoelectrons excited at 8 keV using a
Si(311) double-crystal monochromator were collected with a SPECS
Phoibos 225 HV spectrometer under a collection angle of 7°. The
corresponding escape depth was 11.2 nm, taking into account an
IMFP™* (Hf 4ds),) of 11.3 nm. These conditions allowed measuring
the chemical states of interfacial Ti non-destructively. Binding energy
calibration was performed using Au 4f.

3. RESULTS AND DISCUSSION

3.1. Growth of Ti on HfO,. First, the growth mode of Ti
on HfO, is investigated using in situ XPS to determine the
deposition conditions for producing a continuous overlayer. A
first insight into oxidation states is also given. Figures 1 and 2
present the results obtained for the Ti/HfO, sample with
hafnium oxide deposited at room temperature (RT). Ti
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Figure 1. Photoelectron spectra of the Ti 2p (a) and Hf 4d (b)
electronic core levels measured by in situ XPS after MBE deposition of
Ti on HfO,(RT). Data are displayed for three deposition times.
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Figure 2. Intensity ratio (circles) of Hf 4d photoelectron monitored by
in situ XPS, during (I,) and before (I,) Ti deposition on HfO,(RT),
depending on Ti deposition time. Experimental data are compared to
the theoretical signal attenuation of the Volmer—Weber growth mode
(red line). Inset: Phases of the Ti growth on HfO, extracted from the
measurements.

deposition is monitored step by step in the MBE chamber
for times up to 1500 s. Figure 1 presents the photoelectron
spectra of the Ti 2p and Hf 4d core levels measured after 10, 20,
and 240 s. After the Shirley background subtraction, the
decomposition of the Ti 2p photoelectron peak was performed
using Gaussian—Lorentzian functions for the oxide components
and a Doniach—Sunjic function for the metallic component.
A clear evolution of the Ti 2p photoelectron spectra is
observed over time. After 10 s, only Ti oxidized states (2+ and
4+) are measured. With increasing deposition time, metallic Ti’
starts to form around 20 s, and after 240 s, the peak slightly
shifts to lower binding energies, probably because of the cluster
size effects.'®> The buried Ti/ HfO, interface has therefore an
enhanced chemical reactivity with oxygen towards the Ti
overlayer. At this point, it is however difficult to give a final
conclusion on the origin of the oxygen atoms. Oxygen is
present in HfO, and at low concentration in the MBE chamber
(107 mbar); therefore complementary analysis (using *O
profile) to disentangle both contribution are presented further,
below. By tracking the attenuation of the Hf 4dj/, signal ()
compared to initial Hf 4dj, signal (I,) before Ti deposition, see
Figure 1, the Ti overlayer growth is traced in situ. The
experimental data are compared to the theoretical intensity
attenuation for the Volmer—Weber (or 3D) growth:14

I(t) = I,[1 — O(t)] + I,0(t)exp[—h/A cos 6] 6))

where ©(t) measures the surface coverage (from 0 to 1), 4 is
the IMFP of the Hf 4d;,, photoelectrons through Ti, @ is the
photoelectrons collection angle and & is the average thickness
of the deposited material. I,/ is plotted as a function of time
(t) in Figure 2. There is a good agreement between simulation
and experimental data, indicating that the Ti deposition over
HfO, corresponds to the Volmer—Weber growth mode. Ti
atoms are initially poorly bounded to the substrate, thus TiO
islands nucleate and expand three dimensionally in all
directions. Finally, the islands, becoming more and more
metallic, coalesce and a closed layer forms after 30 s deposition
(inset of Figure 2). Consequently, growth deposition times well
above 1000 s are used in the following buried Ti/HfO,
interface studies to assure closed Ti layers.

3.2. Ti/HfO, Physics and Chemistry Depending on
HfO, Morphology. The oxygen diffusion in the Ti/HfO,
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stack is now investigated in detail for both RT and 400°C
oxygen isotope marked Hf*O, with a closed Ti overlayer.
Figure 3 displays the results obtained for HfO,(RT). The
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Figure 3. Material characterizations performed on Ti/HfO, (RT)
using (a) GIXRD, (b) Tof-SIMS, and (c) HAXPES. The use of
marked oxygen *O allows to discuss oxygen diffusion from Hf to Ti
unambiguously by eliminating environmental contributions.

GIXRD measurement (Figure 3a) shows three broad peaks
attributed to hafnium oxide around 30°, 50°, and 55°. The one
at 30° corresponds to a bunch of reflections from the
monoclinic lattice: (011) or (110) at 24.5°, (—111) at 28.5°,
and (111) at 31.5° (ICDD no. 00-034-0104). In our
measurements, these peaks are broadened and form a single
component, indicating the formation of amorphous hafnium
oxide containing only small crystallites in the monoclinic phase.
The two other components present at higher angles (50° and
55°) correspond to a number of reflections of the monoclinic
lattice as well (ICDD no. 00-034-0104), as indicated in Figure
3a. These reflections are so close to one another that they
cannot be well resolved for poorly crystalline, mostly
amorphous thin films. Figure 3b presents the oxygen isotope
profile performed by Tof-SIMS. Clearly, the broad shoulder at
smaller sputter time indicates that oxygen is present in the Ti
overlayer and that *O diffused from HfO,. Further, the impact
of oxygen diffusion on Ti oxidation states is studied non-
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destructively by HAXPES. The Ti 2p photoelectron spectrum
was recorded for interfacial Ti (Figure 3c). The data are
modeled as described in our former work."® At the interface, Ti
is fully oxidized. Thus, both Tof-SIMS and HAXPES data
confirm the enhanced reactivity of the interface suggested by
the in situ XPS study (Figure 1). In particular, the use of
oxygen isotope marked Hf*O, allows to clearly prove the
oxygen scavenging capability of the Ti adlayer from the Hf*O,
thin film.

The impact of hafnium oxide deposition temperature and
crystallinity on the chemical reactivity of the Hf*O, interface is
now investigated. Figure 4 presents results obtained for the Ti/
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Figure 4. Material characterizations performed on Ti/HfO, (400°C)
using (a) GIXRD, (b) Tof-SIMS, and (c) HAXPES.

HfO, sample with hafnium oxide deposited at 400 °C. The
diffraction spectrum, in Figure 4a, shows that hafnium oxide
fully crystallizes in the monoclinic phase. The peaks
corresponding to the monoclinic lattice reflections (011)/
(110) at 24.5°, (—111) at 28.5% and (111) at 31.5° (ICDD no.
00-034-0104) are well-defined, as opposed to Figure 3a.
Contrarily to Figure 3b, the *O profile in Figure 4b presents
an abrupt drop by going from HfO, to Ti indicating that
oxygen diffusion is limited to the first metallic interface layers
only. Finally, titanium oxidation states are measured at the
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interface non-destructively by HAXPES (Figure 4c). Metallic
and oxidized titanium states are clearly observed, but most
importantly, a clear difference with Figure 3c is visible,
confirming that Ti oxidizes far less than in the previous mostly
amorphous RT-Hf¥*O,. Interestingly, our Tof-SIMS and
HAXPES measurements show that HfO, morphology sub-
stantially controls the Ti/HfO, interface reactivity.

To obtain a microscopic insight into our results, we have
performed first-principle calculations of the charged oxygen
vacancy formation energies in the monoclinic (m-HfO,) and
amorphous (a-HfO,) phase of hafnium oxide using the SIESTA
package.'® This code implements the density functional theory
(DFT) in its generalized gradient approximation (GGA), using
the parametrization for the exchange-correlation energy by
Perdew—Burke—Ernzerhof.'” We use norm-conserving pseu-
dopotentials for the core electrons and a single-{ plus
polarization (SZP) basis set for the valence electrons, which
gives a good compromise between accuracy, the obtained lattice
parameters for m-HfO, (Figure Sa) are 5.149, 5.185, and 5.296

m-HfO,

Figure S. Ball-and-stick plots of the simulated (a) monoclinic
(primitive cell) and (b) amorphous HfO,.

A (5117, 5.175, and 5291 A, experimentally'®'), and
computational cost. The amorphous HfO, structure, containing
201 atoms (cf, Figure Sb), has been generated by a melt/
quench cycle with the GULP molecular dynamics program,”®*!
followed by a structural relaxation with SIESTA until the force
on each atom was less than 0.04 eV/A.

The formation energies of (charged) vacancies, AE}L, are
computed as differences in the total energies between the
configuration with the oxygen removed and going to the
molecular phase (reference chemical potential), with the
electrons going to (coming from) the Fermi level, and the
pristine state

AE}!

form

- 1
_ 1V,q _ ppristine =

where E"4 is the energy of the system with a vacancy with
charge g, EP™ is the energy of the system without the
vacancy, fio, is the energy of molecular oxygen, and iy is the

position of the Fermi level with respect to the top of the
valence band, &ryp. Spurious contributions to the total energy
in systems with a net charge arising from the use of periodic
boundary conditions are removed by the Makov—Payne®
procedure, where we have properly accounted for the use of
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non-cubic cells and possibly anisotropic/tensor dielectric
constants, as described in our previous work.>®

Table 1 displays the oxygen vacancy formation energies for
different charge states (eq 2), for the threefold coordinated O

Table 1. Oxygen Vacancy Formation Energies, with the
Fermi Level at the Top of the Valence Band, for the
Threefold Oxygen in Monoclinic HfO, and Oxygens at
Three Different Positions (Randomly Chosen) in the
Amorphous HfO, Host

O vacancy formation energy (eV)

vacancy charge m-HfO, O(1) a-HfO, O(2) a-HfO, O(3) a-HfO,
0 7.94 7.26 7.48 6.61
+1 5.92 7.25 1.69 —0.63
+2 4.04 —-2.74 245 391

in monoclinic HfO, and three different oxygens in the
amorphous structure. We observe that, in accordance with
previous calculations, the vacancy is slightly less costly to create
in the amorphous case,”* which is to be expected given the
metastability of the amorphous structure. Also in accordance
with previous theoretical results,”® the +2 charge state vacancy
is strongly favored at low Fermi levels. Now, more importantly,
Table 1 also shows that in the amorphous structures the
formation of charged vacancies is energetically favored both in
respect to (a) its crystalline counterpart and (b) its neutral
equivalent, in agreement with our experimental results. Note
that in some cases the charge vacancy formation energy is
negative, implying a thermodynamically favored process. When
looking at the intermediate steps for the structural relaxation,
we observed that, in some cases for charged vacancies, heavy
restructuration took place after removal of the oxygen atom,
which we believe is the cause for the dramatic decrease in
formation energies for those cases (ie. the final state has a
much reduced total energy becaue of the large atomic
rearrangement).

4. CONCLUSIONS

In summary, we provided a comprehensive experimental and
theoretical study on Ti/HfO, interactions for RRAM
applications. Thin films were deposited by MBE. First, room
temperature Ti growth mode on HfO, was investigated. The Ti
layer is fully closed after 30 s deposition time and the Ti/HfO,
interface is clearly oxidized. Second, the physical and chemical
interactions between the continuous Ti overlayer and HfO,
depending on the oxide morphology were addressed. To
disentangle influence by oxygen from the atmosphere, an
oxygen isotope marked Hf*O, film was used to trace the
oxygen diffusion. Two cases were studied: (a) Ti/a-HfO, (RT)
and (b) Ti/poly-m-HfO, (400 °C). Clearly, Ti scavenges *O
from hafnium oxide and therefore plays a major role for oxygen
vacancy based RS. Finally, HfO, deposition conditions impacts
Ti/HfO, reactivity because of HfO, film morphology.
Metastable a-HfO, is more prone to maximize oxygen vacancy
concentration. Thus, low temperature deposition of a-HfO,
turns out as powerful approach to engineer the reactivity of the
Ti/Hf*O, interface in order to create the initial amount of
defects for reproducible and reliable RS performance.
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