Thin Solid Films 525 (2012) 20-27

Contents lists available at SciVerse ScienceDirect

Thin Solid Films

journal homepage: www.elsevier.com/locate/tsf

Investigation of HfO, and ZrO, for Resistive Random Access Memory applications

A. Salaiin **, H. Grampeix ¢, J. Buckley ¢, C. Mannequin °, C. Vallée ®, P. Gonon P, S. Jeannot ¢, C. Gaumer
M. Gros-Jean €, V. Jousseaume *°

2 CEA-LETI, Minatec Campus, 17 rue des Martyrs, 38054 Grenoble, France
b CNRS-LTM, Minatec Campus, 17 rue des Martyrs, 38054 Grenoble, France
€ STMicroelectronics, 850 rue Jean Monnet, 38920 Crolles, France

ARTICLE INFO ABSTRACT

Article history:

Received 5 May 2012

Received in revised form 11 October 2012
Accepted 12 October 2012

Available online 30 October 2012

This work is focused on the investigation of Au/high k/TiN stacks for Resistive Random Access Memories. A
screening of high k oxides, commonly used in advanced metal gates, such as HfO, and ZrO,, is proposed.
These oxides were grown on TiN electrodes using Atomic Layer Deposition and Plasma Enhanced Atomic
Layer Deposition. The morphological and structural properties of the films were studied as a function of de-
position temperature, film thickness and/or annealing using Atomic Force Microscopy, Grazing Incidence
X-ray Diffraction and Attenuated Total Reflectance. An amorphous to crystalline transformation was ob-
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Resistive Random Access Memory served with thickness for HfO, and ZrO,, with deposition temperature for HfO, from 300 to 350 °C, and
Thin films with annealing in N, for 1 h at 400 °C for ZrO,. According to density measurements obtained using X-ray Re-

flectometry, HfO, and ZrO,, are suspected to be stoichiometric whatever the thickness. The film stoichiometry
was confirmed using X-ray Spectroscopy. Current-voltage measurements were performed on Au/high k/TiN,
where Au and TiN are top and bottom electrodes, respectively. Whatever the high k material, the crystalliza-
tion increases with thickness or/and temperature without any significant modification of the SET operation.
The film annealing, which was proposed as an alternative way to crystallize ZrO,, may cause a modification of
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Grazing Incidence X-ray diffraction

the interfaces, leading to a decrease of the switching performance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Flash memory scaling has been continually on-going ever since the
appearance of the technology in the market. As physical and cost limita-
tions may appear in the future if is desired to pursue dimension reduc-
tion, alternative solutions are being currently investigated. Resistive
Random Access Memories (ReRAMs) are considered for next genera-
tion non-volatile memories (NVM) due to their promising performance,
advantages in terms of integration, as well as material and process
availability in the microelectronics industry [1]. Transition metal oxides
and metal nitride electrodes are already considered as the most prom-
ising materials for ReRAMs as they are already implemented in Metal-
Insulator-Metal (MIM) structures and compatible with Complementa-
ry Metal Oxide Semiconductor (CMOS) technology. However, critical
issues remain to be addressed, such as reliability and retention mecha-
nisms for low power ReRAM. Many oxides - such as TiO, [2], NiO [3],
TaOy [4,5] and HfO, [6-8] - have already been studied. The mechanisms
at the origin of the resistive switching have been recently reviewed [9]
but still remain an open issue. In the case of HfO,, oxygen could be
extracted from the oxide at the anode, leaving oxygen vacancies
under the anode and oxygen ions within the anode. These vacancies
may be drifted by the electric field to the cathode, leading to the growth
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of conductive filaments from the cathode to the anode. When the fila-
ment is in contact with the anode, electrode materials are
short-circuited, and the device switches from a high resistance state
(HRS) or OFF state to a low resistance state (LRS) or ON state. In the re-
verse polarity, oxygen vacancies are repelled from the cathode leading
to the disruption of the filament [10]. In a previous work, the influence
of the bottom electrode (TiN versus Pt) on HfO, resistive switching per-
formance was investigated, indicating a good cyclability only using Pt as
electrode [11]. TiN has a strong affinity for oxygen, resulting in oxygen
depletion in the oxide, and creation of a large amount of oxygen close
to the interface. This phenomenon could lead to the formation of stron-
ger filaments that are more difficult to reset. In addition, the presence of
an interfacial layer when the oxide is grown on TiN could influence the
cycling properties. However Pt is not convenient for microelectronic in-
dustry, thus it remains important to avoid its use as bottom electrode in
future studies. Another important parameter is the crystalline state of
the oxide, for instance HfO,, often investigated elsewhere but giving dif-
ferent conclusions [12,13]. Nevertheless, the correlation between struc-
ture and resistive switching needs to be further studied for other oxides
and oxide/electrode couples, in order to be able to establish the right
correlation. The present work is focused on the characterization of ox-
ides commonly used as high k dielectrics in advanced metal gates
(HfO, and ZrO,) grown on TiN by Atomic Layer Deposition (ALD) and
Plasma Enhanced Atomic Layer Deposition (PEALD). The morphological
and structural properties of the films are studied as a function of the


http://dx.doi.org/10.1016/j.tsf.2012.10.070
mailto:amelie.salaun22@gmail.com
http://dx.doi.org/10.1016/j.tsf.2012.10.070
http://www.sciencedirect.com/science/journal/00406090

A. Salaiin et al. / Thin Solid Films 525 (2012) 20-27 21

a 6 -+-TiN
(=
~ 8 -=-ZrO, (10 nm)
= S ~  -0-ZrO, (20 nm) 2
= = 2 R
= Sl ~ a
— o Z 8 =~
o SF q &
5 4 z S
i = &= &
N ¥ 5 o
) =
: ¢
!

Intensity (arb. units)

28 32 36 40 44 48 52
26 (%)

b — TiN
—=—Z7r0, (10 nm) before annealing

—0—ZrO, (10 nm) after annealing

1

c

(002) (110) (200
TE TiN(111)

Zr0, (101),(111)

Iy

Intensity (arb. units)

20 (°)

Fig. 1. GI-XRD patterns obtained for ZrO, films grown on TiN by PEALD (a) influence of
the film thickness (b) influence of an annealing at 400 °C under N, for 1 h.

deposition temperature, oxide thickness and annealing conditions. The
effect of these parameters on the resistive switching of each stack was
investigated for comparison.

2. Experimental procedure

Prior to oxide deposition, TiN (25 nm thickness) was deposited as
bottom electrode on SiO, by Physical Vapor Deposition at 350 °C. On
one hand, HfO, films (10 and 20 nm thickness) were grown on TiN in
an ALD Pulsar2000 reactor (from ASM) at 300 and 350 °C, using HfCl,
and H,0 as precursor and reactant, respectively. On the other hand,
ZrO, films (3, 10 and 20 nm thickness) were grown on TiN in a
PEALD Emerald reactor (from ASM) maintained at 250 °C, using
(CsHs)Zr[N(CHs),]s as precursor [14] and direct O, plasma as reac-
tant [15]. Gold top electrodes, with a 2 mm diameter, were fabricated
by dc-sputtering, through a shadow mask. Current-Voltage (I-V)
measurements (dc modes) were performed in air using a Keithley
2635 Source Meter unit, with a grounded bottom electrode. During
the transition from the OFF to the ON state, the current was limited

to a compliance current (I compliance) 0f 0.1 MA to avoid irreversible
breakdown. The film crystallinity was analyzed by (i) Grazing Inci-
dence (1°) X-ray Diffraction (GI-XRD) using a PanAnalytical X'Pert
Pro MPD diffractometer in 6/26 configuration with a copper
anticathode (=1.5418 A) as the X-ray source, and (ii) Fourier
Transformed InfraRed (FTIR) in Attenuated Total Reflectance (ATR)
mode to enhance the infrared signature of such thin layers. ATR mea-
surements were acquired between 600 and 4500 cm™! using a
home-made setup [16] consisting of a 65° germanium prism in
close contact with the sample. A polarized IR beam from a broker
IFS55 FTIR spectrometer was directed into the prism base at an
angle of incidence of 70° to ensure total reflection. After one reflec-
tion, the IR light is directed onto a HgCdTe detector cooled with liquid
nitrogen. The prism spectrum was taken as a reference when no sam-
ple was coupled to the prism. X-ray Reflectometry (XRR) was used to
determine layer thicknesses and densities using a JVX 5200 XRR-XRF
combined tool from Jordan Valley. Surface morphology and rough-
ness were observed using Atomic Force Microscopy (AFM) using a Di-
mension 5 apparatus from Bruker in tapping mode with RTESP
phosphorus (n) doped silicon tips from Veeco.

X-ray Spectroscopy (XPS) was performed in order to determine
the film composition, using XPS SSI S-Probe equipment from
Euroscan Instruments with a monochromatic (AlKa at 1.487 keV) X
source. The photoelectrons are collected at a 35° angle with respect
to the surface. Ar* ion beam etching was performed with an acceler-
ation of 3 keV for 1 min before acquisition. The number of scans was
fixed to 30 and 50, respectively, for ZrO, and HfO, samples.

3. Results
3.1. PEALD ZrO; on TiN

3.1.1. Crystallization

The 10 nm thick film deposited at 250 °C was found to be rather
amorphous, despite the presence of a slight shoulder at 31° that
could correspond to either the (101), tetragonal or the (111). cubic
phase (Fig. 1a), but not intense enough to confirm a beginning of
crystallization. Nevertheless, the crystallization was clearly observed
with increasing thickness from 10 to 20 nm (Fig. 1a), according to
the appearance of ZrO, diffraction peaks at 31, 35 and 50°, as shown
elsewhere [15]. An annealing of the 10 nm thick film at 400 °C
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Fig. 2. FTIR-ATR spectra obtained for ZrO, films with thicknesses varying between 3
and 20 nm, grown on TiN at 250 °C by PEALD.
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