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Abstract
Ferroelectric tunnel junctions (FTJs) have attracted research interest as promising candidates for
non-destructive readout non-volatile memories. Unlike conventional perovskite FTJs, hafnia FTJs
offer many advantages in terms of scalability and CMOS compatibility. However, so far, hafnia
FTJs have shown poor endurance and relatively low resistance ratios and these have remained
issues for real device applications. In our study, we fabricated HfZrO(HZO)-based FTJs with
various electrodes (TiN, Si, SiGe, Ge) and improved the memory performance of HZO-based FTJs
by using the asymmetry of the charge screening lengths of the electrodes. For the HZO-based FTJ
with a Ge substrate, the effective barrier afforded by this FTJ can be electrically modulated because
of the space charge-limited region formed at the ferroelectric/semiconductor interface. The
optimized HZO-based FTJ with a Ge bottom electrode presents excellent ferroelectricity with a
high remnant polarization of 18 μC cm−2, high tunneling electroresistance value of 30, good
retention at 85 °C and high endurance of 107. The results demonstrate the great potential of
HfO2-based FTJs in non-destructive readout non-volatile memories.

Keywords: ferroelectric, hafnium oxide, ferroelectric tunnel junction, tunneling electroresistance,
bottom electrode

(Some figures may appear in colour only in the online journal)

1. Introduction

Ferroelectric materials with switchable spontaneous polariza-
tion have been intensively investigated for various technolo-
gical applications such as nanoscale transistors, sensors, data
storage, and non-volatile memories [1–8]. In particular,
HfO2-based ferroelectric materials have attracted considerable
interest because of their ferroelectricity even at ultra-thin film
thicknesses and compatibility with complementary metal oxide
semiconductors (CMOSs) [9, 10]. Among the electronic
devices using HfO2-based ferroelectric materials, ferroelectric
random-access memories (FeRAM) [11], in which a binary
code is determined through two ferroelectric polarization states,
are commercially available. HfO2-based FeRAMs are appro-
priate for non-volatile memories with fast read/write speed,

low power consumption and good reliability. However, they
has certain drawbacks such as a destructive readout, which
erases the stored information during the reading process;
therefore, re-writing is inevitably required after the readout,
limiting the lifetime of the device [12]. To overcome these
problems, a new memory concept, ferroelectric tunnel junc-
tions (FTJs) with non-volatile switching and non-destructive
readout, is considered to be a desirable alternative for next-
generation non-volatile memories [13–15].

FTJs, first proposed by Esaki in 1971, comprise an ultra-
thin ferroelectric layer as a potential barrier sandwiched
between two metal electrodes [16]. In these metal/ferro-
electric/metal (MFM)-type junctions, as the thickness of the
ferroelectric barrier decreases to less than a few nanometers,
the electrons can pass along the tunnel barrier due to the
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quantum-mechanical tunneling effect. Tunneling probability
can be strongly modulated according to the direction of the
ferroelectric polarization, producing two different electrical
resistance states, that is, the so-called tunneling electro-
resistance (TER) effect. It has been verified that the TER effect
is related to changes in the effective potential barrier due to
asymmetric charge screening lengths at the barrier/electrode
interface [17, 18]. To maximize the TER effect, several groups
have proposed a new concept of FTJs using semiconductors as
one of the electrodes [17, 18]. In metal/ferroelectric/semi-
conductor (MFS)-type FTJs, the depletion region at the ferro-
electric/semiconductor interface, which acts as an extra
Schottky barrier, can be electrically controlled in response to
the ferroelectric polarization reversal, leading to a significantly
improved TER effect. However, the study of MFS-type FTJs is
currently limited to conventional perovskite ferroelectrics and
understanding of the MFS-type FTJs using HfO2 is still lack-
ing. So far, previous studies on hafnia based FTJs have shown
poor endurance and a relatively low resistance ratio. In part-
icular, poor reliability and a low tunneling electroresistance
ratio have remained an issue for real device applications.
Therefore, in this paper, we have fabricated FTJs composed of
a TiN top electrode, hafnium zirconium oxide (HZO) tunnel
barrier, and various bottom electrodes (TiN, Si, SiGe, Ge)
and investigated their electrical, material and reliability
characteristics.

2. Experimental methods

Figures 1(a)–(d) show the schematic device architecture of an
MFM-type FTJ [TiN/HZO/TiN] as a reference and MFS-type
FTJs [TiN/HZO/Si], [TiN/HZO/SiGe], and [TiN/HZO/Ge],

respectively. HZO films with a thickness of 8 nm were depos-
ited on the prepared metal or semiconductor substrate using
atomic layer deposition at 300 °C. Tetrakis (ethylmethylamido)
hafnium(IV) (TEMAHf), tetrakis (ethylmethylamido) zirco-
nium(IV) (TEMAZr), and ozone were the precursors for Hf, Zr,
and O, respectively. The growth rate per cycle was 0.98Å
cycle−1 and 1 Å cycle−1 for HfO2 and ZrO2, respectively. A
50 nm-thick TiN top electrode was formed on the deposited
HZO layer by DC sputtering. For electrical characterization, Ti
(10 nm-thick)/Pt (20 nm-thick) was deposited as a pattern using
an e-beam evaporator with a shadow mask having a hole dia-
meter of 70 μm. After forming the Ti/Pt pattern, the rest of the
pattern, that is, the part that was not formed by Ti/Pt, was wet
etched using an NH4OH:H2O2:H2O etchant (1:2:5) at 70 °C.
For film crystallization, post-metallization annealing was per-
formed at 500 °C for 30 s under N2 atmosphere via rapid
thermal annealing. The thickness and crystal structure properties
of the HZO films were examined using an ellipsometer (Nano
View, SE MG-1000), grazing incidence x-ray diffraction
(GIXRD, Rigaku, SmartLab), and high-resolution transmission
electron microscopy (HR-TEM, Titan). The ferroelectricity of
HZO was verified by piezoresponse force microscopy (PFM,
XE-100, Park Systems) and polarization–electric field (P–E)
hysteresis curves measured with a ferroelectric tester (Radiant
Technologies, Precision LC II). The typical resistive switching
was examined by obtaining the hysteretic current–voltage
characteristics of the FTJ at a read voltage of 0.2 V using a
parameter analyzer (Aglient B1500). We also used x-ray pho-
toelectron spectroscopy (XPS, PHI5000 VersaProbe) and
ultraviolet photoelectron spectroscopy (UPS, PHI5000 Ver-
saProbe) to determine the potential band line-up at the ferro-
electric/semiconductor interface.

Figure 1. Device structure of (a) [TiN/HZO/TiN], (b) [TiN/HZO/Si], (c) [TiN/HZO/SiGe], and (d) [TiN/HZO/Ge] junctions. The PFM
phase and amplitude hysteresis loops of the bare HZO thin film deposited on (e) TiN, (f) Si, (g) SiGe, and (h) Ge substrates.
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3. Results and discussion

3.1. Ferroelectric characteristics of HZO-based thin films

PFM was performed, as shown in figures 1(e)–(h), to evaluate
the ferroelectric properties of the HZO films with various
bottom electrodes. The amplitude and phase signals were
acquired on the bare HZO film surface using a conductive tip,
while the bottom electrode was grounded. HZO films with the
TiN, SiGe, and Ge bottom electrodes showed a clear
switching behavior, resulting in a phase inversion of 180°
between the upward and downward polarization. However,
the HZO film with the Si bottom electrode showed an
uncertain PFM hysteresis loop, indicating that it was ambig-
uous whether this film possessed the non-centrosymmetric
orthorhombic phase attributed to ferroelectricity. Figure 2(a)
shows the polarization–electric field (P–E) curves of the HZO
film deposited on the four different substrates; these curves
accurately verify the ferroelectricity of the devices. In an
electric field of 5 MV cm−1, the maximum remnant polar-
ization (Pr) value of 18 μC cm−2 was observed for the HZO
film on the Ge substrate. The film on the TiN substrate also
exhibited stable P–E hysteresis with a large Pr value of
16 μC cm−2, which was similar to that of the HZO film on the
Ge substrate. For the HZO film on the SiGe substrate, a
relatively weak hysteresis loop (Pr∼12 μC cm−2) was
observed, indicating its poor ferroelectricity and crystallinity.

On the other hand, the HZO film on the Si substrate did not
exhibit any ferroelectricity, which was consistent with the
PFM data.

GIXRD measurements were performed in the 2θ range of
25°–60°, as shown in figure 2(b), to further analyze the crystal
structure properties of the HZO film with various substrates.
All films possessed a mixed structure containing orthorhom-
bic, tetragonal, and monoclinic-phases (o-, t-, m-phase),
representing their polycrystallinity. The diffraction peaks
from the (111), (200), and (220) planes of the HZO o-phase
were clearly observed in the HZO film on the TiN, SiGe, and
Ge substrates, confirming the formation of the non-cen-
trosymmetric ferroelectric phase [19–21]. On the other hand,
the HZO on the Si substrate did not show clear diffraction
peaks for the o-phase, which was in good agreement with
PFM and P–E curve results. Figure 2(c) represented the
relative ratio of the (111) o-phase peak area and (111)
m-phase peak area according to the equation o(111)/
{o(111)+m(111)}, and the results were in good agreement
with the previous observations.

Figure 3 shows the HR-TEM and fast Fourier transform
(FFT) of the lattice images to confirm the exact structural
phase. The lattice fringes of the HZO layers on the TiN and
Ge substrates, shown as insets (yellow boxes) in figures 3(a)
and (d), represented the o(111) plane with an interplanar
distance (d) of 2.98 and 3.02 Å, respectively. The FFT

Figure 2. (a) P–E characteristics of the HZO films with various bottom electrodes. (b) GIXRD of the HZO films with various bottom
electrodes. (c) Relative ratio of (111) o-phase peak area and (111) m-phase peak area according to the equation o(111)/{o(111)+m(111)}.
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patterns matched with the o-phase. Further, the diffraction
points from the o(111) planes are indicated by yellow circles
in both FFT images in figures 3(a) and (d). For the HZO film
on the SiGe substrate shown in figure 3(c), the orthorhombic
plane, o(220), with a d value of 2.78 Å was observed. How-
ever, the HZO film on the Si substrate was dominated by the
m-phase and showed hazy HR-TEM images, indicating that
the film did not crystallize completely, as shown in
figure 3(b).

These results can be explained by the effect of the bottom
electrodes and are related to the mechanical stress exerted on
the films during crystallization. Ferroelectricity has been
observed in HfO2-based thin films when they are sandwiched
between the top and bottom electrodes and experience mod-
erate mechanical stress for stabilization of the o-phase during
thermal annealing [22]. Therefore, the crystallization of these
films can be controlled by the thermal expansion coefficient
of the substrates. In this study, we use TiN, SiGe, and Ge
substrates, which have thermal expansion coefficients,

αsubstrate, of 8.6, 10.25, and 5.9×10−6 °C−1, respectively. It
is known that the ferroelectric properties of HZO thin films
improve with decreasing αsubstrate. As αsubstrate decreases, the
HZO thin films experience in-plane tensile stress and the
o-phase of HfO2 becomes stable. Therefore, the HZO
deposited on the Ge substrate, which has the lowest αsubstrate

value, shows the largest o-phase ratio and the strongest
ferroelectricity.

3.2. Effect of bottom electrode on TER

In FTJs, two different electrical resistance states are produced
by changes in the effective potential barrier caused by
asymmetric charge screening lengths at the barrier/electrode
interface according to the direction of ferroelectric polariza-
tion. Therefore, the asymmetry between the two ferroelectric/
electrode interfaces is necessary to modulate the current
transmission of the ferroelectric barrier. As a result, for
reference [TiN/HZO/TiN] junctions, a low TER of almost

Figure 3. Cross-sectional HR-TEM images and FFT (insets) and lattice fringes (yellow boxes) of (a) [TiN/HZO/TiN], (b) [TiN/HZO/Si],
(c) [TiN/HZO/SiGe], and (d) [TiN/HZO/Ge] junctions.
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zero was measured because the potential barrier height was
the same even when the polarization was changed.

In this study, we experimentally manipulated the TER
effect by directly controlling the effective tunneling barrier
using various semiconductors as bottom electrodes. For this
purpose, we fabricated MFS-type FTJs with various p-type
semiconductors as the bottom electrode. In metal/

ferroelectric/p-type semiconductor FTJs, when the polariza-
tion of HZO was pointing away from the semiconductor, as
shown in figure 4(a), the majority carrier of the semiconductor
accumulated at the ferroelectric/semiconductor interface and
the accumulated semiconductor could be treated as a metal,
resulting in a lower barrier height and decreased resistance
(ON state). However, when the polarization was reversed

Figure 4. Schematics of the electron band diagram of an MFS-type FTJ with (a) lower barrier height and (b) larger barrier height according to
polarization direction.

Figure 5. R–V hysteresis loop of (a) [TiN/HZO/TiN] FTJ, (b) [TiN/HZO/Si] FTJ, (c) [TiN/HZO/SiGe] FTJ and (d) [TiN/HZO/Ge] FTJs.
We applied a write voltage and read current at 0.2 V.
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(pointing to the semiconductor), as depicted in figure 4(b), the
number of holes on the semiconductor surface is depleted,
resulting in the formation of an additional Schottky barrier to
the tunnel barrier, which significantly increased the resistance
(OFF state). Figures 5(a)–(d) show the resistance–write
voltage (R–V ) curve at 0.2 V of the [TiN/HZO/TiN], [TiN/
HZO/Si], [TiN/HZO/SiGe] and [TiN/HZO/Ge] junctions,
respectively. Among them, HZO-based FTJs with SiGe and
Ge bottom electrodes showed a well-defined hysteretic
resistive-switching behavior. In particular, the [TiN/HZO/
Ge] junction showed a TER value of 7, which was defined as
(JON−JOFF)/JOFF. The tunneling probability also depends
on the remnant polarization, which determines the magnitude
of ferroelectric bound charges and accordingly modulates the
space charge region of the semiconductor.

3.3. Effect of film (barrier) thickness on TER

We investigated the dependence of the TER ratio on the HZO
film thickness to confirm the influence of the ferroelectric
barrier thickness on the tunneling effect. As mentioned
before, the ferroelectricity influences the TER effect asso-
ciated with the magnitude of ferroelectric bound charges and
accordingly modulates the potential drop on the barrier with
the polarization direction. We selectively choose the [TiN/
HZO/Ge] junctions with the HZO thickness ranging from
6 nm to 10 nm which have almost same ferroelectric char-
acteristics. Therefore, in this experiment, film thickness is a
dominant factor affecting the TER effect. Basically, if the film

thickness decreases, the tunneling probability is increased by
reducing the effective thickness of the barrier. In addition,
when the HZO barrier is polarized, the ferroelectric bound
charges are formed at interfaces which induces the depletion
region due to the ferroelectric field effect. This ferroelectric
field increases as the barrier thickness decreases because the
field is inversely proportional to film thickness as illustrated
in figure 6(a). The largest ON/OFF ratio of 30 was achieved
with the 6 nm-thick HZO film, as shown in figure 6(b). When
the thickness of the HZO film was increased beyond 10 nm,
the tunneling mechanism no longer contributed and other
processes started occurring. On the other hand, when the
HZO thickness was less than 5 nm, the TER ratio reduced
quickly due to weak ferroelectricity and leakage current.
Figures 6(c)–(e) show the R–V curve for three devices having
different thicknesses. As the HZO thickness decreases from
10 nm to 6 nm, the ON state current showed only a slight
variation, while the OFF state current decreased considerably
due to the appearance of a prominent Schottky barrier in the
thinner HZO barrier. Therefore, it resulted in a dramatic
increase in the ON/OFF ratio from 2 to 30, as summarized in
figure 6(b).

For application of HZO-based FTJs, it is essential to
identify the origin of improvement to the TER. Therefore,
XPS and UPS band structure analysis were utilized to study
the barrier profile by determining the valence band offset
(VBO). The VBO can be calculated by measuring core-level
signals of the film and the substrate and using equation (1),

Figure 6. (a) Band diagram of MFS-type FTJs according to HZO thickness. (b) Junction current of ON state and OFF state with
corresponding ON/OFF ratios for FTJs with different HZO film thicknesses. Resistance–voltage hysteresis loops for a [TiN/HZO/Ge]
junction with (c) 10 nm-thick HZO film, (d) 8 nm-thick HZO film, and (e) 6 nm-thick HZO film.
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which is known as the Kraut measurement [23, 24]

= - - -
- -

( ) ( )
( )

( )/EVBO BE BE BE

BE VBM ,
1

Ge3d F Ge Ge3d Hf4f HZO Ge

Hf4f HfO2

where BEHf4f line separation with respect to the valence band
maximum (VBM) for the bulk HZO is (EHf4f−VBM)=
14.1 eV; line separation (BEGe3d−BEHf4f)HZO/Ge=11.7 eV
and it is measured for the HZO layer deposited on the Ge
substrate; and the energy difference BEGe3d−EF is 28.9 eV.
Figure 7(a) summarizes the separation of the core-level lines for
the HZO film, HZO/Ge interface, and Ge substrate. Substituting

these values in equation (1), a VBO of 3.1 eV was obtained, as
depicted in figure 7(b). The same characterization method was
applied to obtain the VBO at the other interface (TiN/HZO),
which is determined to be 3.3 eV [23]. According to the
Wentzel–Kramers–Brillouin (WKB) approximation, in the case
of a metal/ferroelectric/metal (MFM) junction, a difference of
interface potential barrier height (0.2 eV) between one side
(metal/ferroelectric) and the other (ferroelectric/metal) side
generates only a very small TER of around 1.5. Thus, high TER
for [TiN/HZO/Ge] FTJs can be explained by a depletion region
in the Ge semiconductor which acts as another barrier.

Figure 7. (a) XPS spectra showing the separation between the core-level lines for HZO, HZO/Ge, and Ge. (b) Schematic of band line-up at
the HZO/Ge interface.

Figure 8. (a) Retention characteristic of a [TiN/6 nm-thick HZO/Ge] FTJ showing negligible degradation after 24 h. (b) ON and OFF
resistances of a [TiN/6 nm-thick HZO/Ge] FTJ measured by repeatedly applying positive and negative voltages, resulting in excellent
endurance characteristics.
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3.4. Reliability characteristics of HZO-based FTJs

It is necessary for non-volatile memory devices to exhibit good
reliability, such as long data retention and excellent endurance
performance. Therefore, we observed the resistance of the
[TiN/HZO/Ge] FTJs for 24 h. The optimized FTJ with a
6 nm-thick HZO film on the Ge substrate, with the largest TER
value of 30, exhibited excellent retention characteristics with
no apparent degradation within 24 h in both the ON and OFF
states, as shown in figure 8(a). By extrapolating the degrada-
tion tendency by linear fitting, we presumed the TER ratio
might be preserved up to 10 years. Furthermore, the tunnel
junctions exhibited bipolar switching for up to 107 cycles, with
only a slightly decreased TER ratio, indicating that it is suitable
for non-volatile memories (figure 8(b)).

4. Conclusion

We fabricated a CMOS-compatible non-volatile HZO-based
FTJ deposited on TiN, Si, SiGe, and Ge substrates. The TER
effect of the FTJs could be significantly improved by changing
the semiconductor used as the bottom electrode, which could
alter the ferroelectricity of HZO and modulate the depletion
region. In particular, the HZO film on a Ge substrate experi-
enced in-plane tensile stress, showing excellent crystallinity
and ferroelectricity with a high remnant polarization of
18μC cm−2. Furthermore, in [TiN/HZO/Ge] FTJs, not only
the height but also the width of the barrier can be electrically
controlled as a result of a space charge-limited region in the Ge
substrate improving the tunneling properties with a TER value
of 30. These results thus offer a new approach for CMOS-
compatible semiconductor-based non-volatile memory devices.
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