
 

 

 University of Groningen

Rhombohedral Hf0.5Zr0.5O2 thin films
Wei, Yingfen

DOI:
10.33612/diss.109882691

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wei, Y. (2020). Rhombohedral Hf0.5Zr0.5O2 thin films: Ferroelectricity and devices. [Thesis fully internal
(DIV), University of Groningen]. Rijksuniversiteit Groningen. https://doi.org/10.33612/diss.109882691

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.109882691
https://research.rug.nl/en/publications/7d5bdc6a-62d7-4221-ba08-234207398757
https://doi.org/10.33612/diss.109882691


5

Chapter 5

Magnetic tunnel junctions based on
ferroelectric HZO tunnel barriers

Y. Wei, S. Matzen, G. Agnus, M. Salverda, P. Nukala, T. Maroutian, Q. Chen, J. Ye, P. Lecoeur
& B. Noheda, Physics Review Applied 12, 031001 (2019).

Abstract

Ferroelectric tunnel barriers in between two ferromagnetic electrodes (multiferroic tun-
nel junctions or MFTJs) hold great promise for future microelectronic devices. Here we
utilize Hf0.5Zr0.5O2 (HZO) tunnel barriers with an ultra-low thickness of only 2 nm,
epitaxially grown on La0.7Sr0.3MnO3 (LSMO) ferromagnetic bottom electrodes, and
with cobalt top electrodes. Both Tunneling ElectroResistance (TER) and Tunneling Mag-
netoResistance (TMR) effects are observed, demonstrating four non-volatile resistance
states in HZO-based junctions. The large band gap and excellent homogeneity of the
HZO tunnel barriers enable high yield of working devices, as well as devices with sizes
of tens of micrometers. This allows working with fixed electrodes, as opposed to using
scanning probes, bringing MFTJs closer to applications.

5.1 Introduction
The concept of ferroelectric memory is by now a mature one[1]. The achievement of switch-
able ferroelectric polarization in ultra-thin films has opened possibilities for ferroelectric tun-
nel junctions (FTJs)[2–5]. Polarization switching of the ferroelectric barrier in a FTJ results in a
change of the tunneling conductance, which is known as tunnel electroresistance (TER) effect.
This phenomenon has been observed in several systems, such as BaTiO3[6–8], Pb(Zr0.2Ti0.8)O3[9],
PbTiO3[10] and BiFeO3[11, 12]. Its origin has been mainly ascribed to three possible mechanisms[5]:
a) incomplete charge screening at ferroelectric/electrode interfaces affecting the potential bar-
rier profile; b) the change in the positions of ions at the interfaces after polarization reversal,
or/and c) the strain differences induced by the electric field in the ferroelectric barrier.

Nevertheless, to achieve sufficiently thin ferroelectric films remains very challenging due
to several issues, such as the difficulty to fully screen the surface polarization charges[13], the
tendency of the films to form domain walls or other topological defects that cancel the net
spontaneous polarization, the increase of the electric fields needed for polarization switching
or the increase in the leakage currents. In the last few years, intensive research has been con-
ducted on Hafnia-based thin films due to their unexpected ferroelectricity[14, 15] and to their
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CMOS compatibility.[16] Unlike all other known ferroelectrics, in Hafnia-based thin films,
ferroelectricity becomes more robust as the size is decreased and it disappears above certain
thickness in the range of 10-30 nm[17]. Thus, hafnia-based thin films are highly promising
as tunnel barriers for ferroelectric tunnel junctions. Moreover, amorphous hafnia is a high-k
material that has been widely used as gate insulator in the microelectronic industry[18], so
these thin films have great potential for applications in the next generation of memories and
logic devices, showing great advantages compared to conventional perovskite ferroelectrics.

Multiferroic tunnel junctions (MFTJs), with a ferroelectric tunnel barrier integrated be-
tween two magnetic electrodes, instead of a linear-dielectric barrier (as in magnetic tunnel
junctions, MTJs), were proposed a decade ago[19] and have become a promising approach to
develop low-power, high-density, multifunctional and non-volatile memory devices[20, 21].
A MFTJ exhibits four non-volatile resistance states that can be achieved by external electric
and magnetic field switching and are generated by the combination of the TER and the TMR
effects. The TER originates from the partial screening of polarization charges leading to a
switchable electrostatic field across the ferroelectric, whereas TMR originates in the depen-
dence of the tunneling current on the parallel or antiparallel magnetization states between the
two ferromagnetic electrode layers[22]. Previous studies on MFTJs have used ferroelectric tun-
nel barriers of BaTiO3 or PbTiO3 / Pb(Zr,Ti)O3 (PZT), sandwiched between La0.7Sr0.3MnO3

(LSMO) and Co magnetic electrodes[23–25].

Recently, several works on FTJs with hafnia barriers have been reported.[26–31] How-
ever, hafnia-based barriers reported in MTJs are amorphous, undoped and non-polar[32, 33].
In our recent work, crystalline, rhombohedral Hf0.5Zr0.5O2 (HZO) films have been grown
epitaxially on (001)-LSMO (bottom electrode)/SrTiO3 substrates and have shown ferroelec-
tric switching with increasingly large remanent polarization values as the thickness decreases
from 9 nm (Pr=18 µC/cm2) down to 5 nm (Pr=34 µC/cm2).[34] Here, we report the integra-
tion of ferroelectric HZO tunnel barriers in MFTJs, showing four non-volatile resistance states,
as a combination of both TER and TMR effects.

5.2 The fabrication of MFTJs devices

Thin layers of ferroelectric HZO with thickness of 2 nm were grown on LSMO-buffered STO
substrates by pulsed laser deposition.[34] On top of HZO films, 50 nm top Co ferromagnetic
(FM) electrodes with a protective layer of Au (50 nm) have been deposited by sputtering.
MFTJs are created from the LSMO (FM) / HZO (FE)/ Co (FM) stack. There are mainly five
steps from a full stack film to the device. For each steps, different photo lithography masks
are used for designing the different patterns of electrodes and passive layer. All of steps are
listed as below:
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Figure 5.1: (a) The steps flow of magnetic tunnel junctions fabrication; (performed by Sylvia
Matzen and Guillaume Agnus from University of Paris-Sud) (b) the top view of the devices
patterns by the photolithography (green is bottom electrode, blue is top electrode); (c) devices
wire bonded on the PPMS chip carrier (green board).

As shown in Fig. 5.1(a), step 1: With the full stack of films, using chemically assisted ion
beam etching (IBE) controlled by a secondary ion mass spectrometer (SIMS), top electrode
Co/Au is etched until the HZO layer. The effective area of device is defined by the left cov-
ered top electrode. In this work, junctions of different sizes (10 x 10 µm2, 20 x 20 µm2, 30 x 30
µm2) were fabricated by photolithography; step 2: etching of HZO film and bottom electrode
LSMO until substrate STO layer. This step is for isolating different devices to prevent them
influencing each other; step 3: this step is to open HZO film for leading out the bottom elec-
trode LSMO to connect. Thus HZO film is opened by etching and stop at bottom electrode
LSMO; step 4: the insulating layer Si3N4 is deposited by the sputtering to isolate the bottom
electrode LSMO and top electrode Co/Au, which prevents the junction devices shorted; step
5: sputtering deposition of Pd bottom and top contacts which can be extended out for the wire
bonding.

The top view of final device pattern is shown in Fig. 5.1(b), the center part indicated by the
red circle is effective junction area, and the blue/green squares are extended top/bottom elec-
trodes. The cross-section Scanning Transmission Electron Microscopy (HAADF-STEM) image
presented in Fig. 5.2(a), with specimen preparation by focused ion beam (FIB), shows sharp
interfaces between LSMO/rhombohedral (111)-oriented HZO layers[34] and polycrystalline
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Co, (see Fig. 5.2(b) for an Energy-dispersive X-ray spectroscopy, EDS image). From the TEM
images across different regions and AFM topography shown in Fig. 5.2(c) and (d), the rough-
ness of HZO film is estimated to be ∼ 0.2 nm. The schematic view of a complete MFTJ device
is shown in step 5 of Fig. 5.1(a). Different junction devices are connected on the chip carrier by
the wire bonding (Fig. 5.1(c)). The magnetic tunnel junction devices are loaded in the physical
properties measurement system (PPMS) by Quantum Design, which can offer the conditions
of magnetic field scan and low temperature environment. The electric measurements are per-
formed using a keithley 237 source measurement unit, and the electrical pulses are done with
a Keithley 4200A-SCS parameter analyzer.

Figure 5.2: (a) HAADF-STEM cross-section image of a LMSO/HZO/Co stack; (b) EDS image
of the LSMO/HZO/Co junction stack in a different area, which evidences a clear separation
of layers with no Cobalt diffusion, consistent with the HAADF-STEM image in (a); (c) cross-
section TEM images across different regions of junction and (d) AFM topography on bare
surface of HZO without Co top electrode. (TEM performed by Pavan Nukala)

5.3 Results and discussion

5.3.1 HZO-based MTJs

The current-voltage (I-V) characteristics of 2 nm- and 3 nm-thick films with the same junction
area (20 x 20 µm2) are shown in Fig. 5.3(a). Current through the 3 nm-thick HZO film is
too low (below 1 nA) to be reliably measured with our experimental setup and a thinner
film is required for a tunneling junction. Indeed, the parabolic dependence of the differential
conductance of the 2 nm film fitted by the Brinkman model[35], leads to barrier height of
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1.2 ± 0.1 eV with an asymmetry of 0.2 ± 0.1 eV (thus giving a height of ∼ 1.3 eV on Co
side and ∼ 1.1 eV on LSMO side) and barrier thicknesses of 1.5 ± 0.1 nm, indicating that the
transport mechanism is direct tunneling through the HZO barrier. Due to the large band gap
(5-6 eV) of HZO, the junction is very resistive even for ultrathin films thus preventing leakage
problems and improving the stability of the devices. All further measurements are performed
on different devices with the same ultra-thin 2 nm-thick barrier.

Junctions with different sizes have been fabricated, and six of them with a STO/LSMO/HZO
(2 nm)/Co stack were connected to a chip carrier and measured. They all show TMR ratios
between 5% and 7% under -0.2 V bias at the temperature of 50 K (Fig. 5.3(b)). In addition, the
resistance-area product (RA) is also quite constant for various device sizes, as shown in Fig.
5.3(b). This high reproducibility in the properties of junctions proves the excellent quality of
the HZO tunnel barrier, despite the domain-like nanostructure of the films[34].

Figure 5.3: (a) I(V) curves at 300 K of 20 x 20 µm2 junctions with 2 nm- and 3 nm-thick
barriers. The inset shows the derivative of the I-V curve for the 2 nm barrier, with the parabolic
Brinkman fit. (b) TMR at 50 K and resistance area product (RA) for different device sizes (10 x
10 µm2, 20 x 20 µm2, 30 x 30 µm2) on the same sample with 2 nm thick HZO barrier.

The magnetic hysteresis loop M(H) of a similar (but unpatterned) sample at 50 K is shown
in Fig. 5.4(a), with the magnetic field applied along the in-plane [110] easy axis direction of
LSMO. The magnetic switching of both LSMO and Co layers is clearly observed, showing co-
ercive fields of around +/- 50 Oe for LSMO and +/- 250 Oe for Co. This difference allows for
an antiparallel magnetic alignment between both magnetic electrodes for intermediate mag-
netic fields. The resistance of such devices is measured as a function of magnetic field under
a bias of -0.2 V (applied to the top Co electrode) at a temperature of 50 K in a 10 x 10 µm2

junction, for magnetic field cycling from 2000 Oe to -2000 Oe and back, along the [110] axis
(Fig. 5.4(b)). A higher resistance state is measured in antiparallel magnetic configuration
when sweeping the field, displaying a positive TMR value of 5.4%, where TMR is defined as
(RAP − RP )/RP , with RAP and RP the resistance values in antiparallel and parallel states,
respectively. This value is lower than the TMR reported for MTJs with perovskite barriers,
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such as SrTiO3[36, 37], LaAlO3[38] or PbTiO3[39], probably due to the higher structural and
chemical mismatch at the interface between LSMO spin-polarized electrode and HZO barrier.

Figure 5.4: (a) M(H) loop of an unpatterned sample measured at 50 K by superconduct-
ing quantum interference device (SQUID) magnetometry along the in-plane [110] direction of
LSMO. (b) TMR loop measured in 10 x 10 µm2 size of junction under bias of -0.2 V at 50 K,
with high (low) resistance in antiparallel (parallel) state.

The TMR effect decreases with increasing temperature and disappears above 250 K (Fig.
5.5), in agreement with most studies performed on other MFTJs with LSMO and Co electrodes,[25]
which could be a result of either the decrease of the spin polarization of LSMO at the interface
with HZO, and/or the spin-independent tunneling through impurity levels in the barrier ac-
tivated upon increasing the temperature.[40–44]

Figure 5.5: TMR ratios of the junction with size of 10 x 10 µm2 under bias of -0.2 V at different
temperatures. (a) 20 K, (b) 50 K, (c) 100 K, (d) 150 K, (e) 200 K, (f) 250 K, respectively.
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5.3.2 Four resistance states

In the present case of a HZO barrier, we observe a resistance switching behavior as shown in
Fig. 5.6(a). The resistance hysteresis loop indicates a memristive behavior, such as reported
for conventional perovskite ferroelectric barriers[6–9, 45]. The junction resistance measured
under a bias of 0.1 V is plotted as a function of the amplitude of the successive write pulses
(500 µs pulse width). A clear hysteresis cycle between a low (RON ) and high (ROFF ) resis-
tance state is achieved, with ON/OFF ratio of 440%, defined as ROFF /RON . The switching
voltage between both states is around 2 V, when the write pulse is swept from -6 V to 6 V, and
around -2 V when going back to -6 V. This is consistent with previous reports, ascribing the
TER effect to the ferroelectric polarization switching[7, 20, 26, 28, 30].

Figure 5.6: Combined TMR and TER. (a) Resistance hysteresis loop (read by a voltage of 100
mV) as a function of write pulses with different amplitudes from -6 V to +6 V and width of
500 µs on 30 x 30 µm2 size of junction. Blue arrows indicate the orientation of the ferroelectric
polarization as up (P↑, towards the Co electrode) and down (P↓, towards the LSMO electrode).
(b) Resistance as a function of magnetic field (upper panel), and corresponding TMR loops
(lower panel) under a bias of -0.2 V at 50 K, and (c) bias-dependent TMR ratio after +6 V and
-6 V pulses on 20 x 20 µm2 junction.

We have demonstrated ferroelectric switching in layers of the same materials with thick-
ness down to 5 nm[34]. However, macroscopic polarization switching was not possible in
2nm thick layers as ones shown here because of the steep increase of the switching field with
decreasing thickness. Therefore, we have used Piezoelectric force microscopy (PFM) with an



5

96 5. Magnetic tunnel junctions based on ferroelectric HZO tunnel barriers

applied voltage to the AFM tip similar to that used for the TER measurements to test local fer-
roelectric switching. A reversal of the PFM contrast is, indeed, observed in Fig. 5.7, at voltages
similar to those required for resistive switching. Nevertheless, in this geometry, electrostatic
effects and ionic migration can not be excluded as origin of the observed contrast[46, 47]. The
as-grown state of the HZO films corresponds to the low resistance state (RON ) with the ferro-
electric polarization up (P↑), as indicated in Fig. 5.7.

Figure 5.7: (a) Piezoresponse (phase) contrast measured upon switching a 2 nm HZO layer.
A writing voltage of +7 V applied to the bottom LSMO electrode was first used to switch a
square area of the surface and, subsequently a smaller area was switched back by applying
the opposite bias of -7 V (read voltage: 1.5 V).(b) PFM out-of-plane amplitude and (c) AFM
topography (25 x 25 µm2) of the same region shown in (a). (d) Surface potential measured by
KPFM with AC voltage of 1 V. (performed by Mart Salverda)

In Fig. 5.6(b), TMR loops are obtained after +6 V (ROFF ), and -6 V (RON ) pulses and
show both TMR ratio of around 5.2%, corresponding to TER 190%. Four resistance states can
thus be obtained, and switched reversibly using both electrical and magnetic inputs. One can
observe that the TMR does not change significantly between ON and OFF states. The spin
polarization of the tunneling electrons appears, thus, unaffected by the ferroelectric switch-
ing, which is different from the junctions with perovskite ferroelectric tunnel barriers, such as
PbZr0.2Ti0.8O3 (PZT)[25] and BaTiO3 (BTO)[24]. In these systems, it was reported that, upon
switching of the polarization, the induced magnetic moment of the interfacial Ti ion changes
significantly due to the hybridization effect at the interface between the tunnel barrier and



5

5.3. Results and discussion 97

the FM electrode, thus, inducing strong magnetoelectric coupling[25, 48, 49] In our case, the
polarization of HZO layer is due to the displacement of the oxygen atoms, and this hybridiza-
tion effect could not be invoked. Furthermore, to study the dependence of TMR with bias,
I(V) curves are measured in both parallel and antiparallel states. From these measurements,
the TMR ratio can be extracted at different bias since TMR = (IP − IAP )/IAP , where IAP
and IP are the current in antiparallel and parallel states, respectively. Fig. 5.6(c) shows that
the TMR ratio bias-dependence is barely affected by the ferroelectric polarization state. This
proves once again the stability of the resistance states, but also the absence of measurable
magnetoelectric coupling[24, 25] in this system.

Figure 5.8: Inverse TMR. (a) TMR loop obtained in 10 x 10 µm2 of junction under a bias of 0.2
V at 50 K with high (low) resistance in parallel (antiparallel) state. (b) Bias-dependent TMR
from -0.5 V to 0.5 V at different temperatures from 20 K to 200 K. (c) Temperature dependence
of both TMR (black, circles) and VTMRsign the voltage needed for TMR sign reversal (blue,
squares) in the same junction.

5.3.3 Bias-dependent TMR

As shown in Fig. 5.8(a), when a positive bias of 0.2 V is applied on the top electrode Co,
an inverse TMR (of around -2.6%) is observed at 50 K, corresponding to a smaller resistance
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measured in the antiparallel state compared to the parallel one. From the resulting TMR(V)
curve (red) in Fig. 5.8(b) at the same temperature, the largest TMR (∼ 6%) is measured at a
bias of about -0.3 V. The inverse TMR can be observed above a threshold bias value around
0.1V at this temperature. According to Julliere’s model[50], the TMR amplitude and sign are
related to the spin polarization of the density of states (DOS) of the two ferromagnetic layers.
In particular, for the case of tunneling between LSMO and Co electrodes, applying different
bias changes the relative position of the DOS of Co and LSMO, as depicted by De Teresa et
al.[36] for a SrTiO3 barrier. The inverse TMR could also be attributed to the resonant tunneling
via localized states in the barrier, which is reported in the system of Ni/NiO/Co by Tsymbal
et al. [51] By changing the bias on the junction, the position and the width of the resonant
states can be tuned. When the energy of a localized states in the barrier matches the Fermi
energy of FM electrodes, the TMR is inverted.

Moreover, in the case of the HZO barrier, TMR(V) curves are also plotted in Fig. 5.8(b)
at different temperatures. The bias at which the TMR sign changes is defined as VTMRsign.
Interestingly, we observe that VTMRsign increases with temperature, from ∼ 0.1 V at 20 K to
∼ 0.35 V at 200 K, as shown in Fig. 5.8(c) (in blue line). This could be due to the decreasing
spin polarization of LSMO at the interface with HZO with increasing temperature, as the
decrease of TMR shows a similar trend (plotted in black in Fig. 5.8(c) with values extracted
from Fig. 5.5). It could also be due to the energy of impurity states in the barrier changing with
increasing temperature, with the corresponding change of the voltage (VTMRsign) needed to
align the impurity states with the Fermi energy of the FM electrodes.

5.4 Conclusion
We have successfully built MFTJs with ultra-thin ferroelectric hafnia-based barrier. The junc-
tions display several appealing characteristics, such as: 1) Four non-volatile resistive memory
states by electric and magnetic field; 2) bias-dependent inverse TMR; 3) memristive behavior.
The large band gap and high quality of the HZO tunnel barriers give rise to a remarkable
homogeneity in the RA product over all of measured junctions with different surface areas.
This allows to utilize these ultra-thin barriers in standard devices, which is a clear advantage
with respect to similarly thin barriers of other materials, which can only be investigated us-
ing scanning probes[24, 25]. All of the above shows the great potential of this material for
multifunctional devices and adaptable electronics.
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M. Gauthier, and A. Ruediger, “Tunneling electroresistance effect in a pt/hf0.5zr0.5o2/pt
structure,” Applied Physics Letters 110(9), p. 093106, 2017.

[27] S. Fujii, Y. Kamimuta, T. Ino, Y. Nakasaki, R. Takaishi, and M. Saitoh, “First demonstra-
tion and performance improvement of ferroelectric hfo 2-based resistive switch with low
operation current and intrinsic diode property,” in 2016 IEEE Symposium on VLSI Tech-
nology, pp. 1–2, IEEE, 2016.

[28] L. Chen, T.-Y. Wang, Y.-W. Dai, M.-Y. Cha, H. Zhu, Q.-Q. Sun, S.-J. Ding, P. Zhou, L. Chua,
and D. W. Zhang, “Ultra-low power hf0.5zr0.5o2 based ferroelectric tunnel junction
synapses for hardware neural network applications,” Nanoscale 10(33), pp. 15826–15833,
2018.

[29] F. Ambriz-Vargas, G. Kolhatkar, M. Broyer, A. Hadj-Youssef, R. Nouar, A. Sarkissian,
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