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a b s t r a c t
Retaining information with the least loss of energy is of interest for ubiquitous mobile devices. Various
forms of nonvolatile memory have been pursued based on the resistance change in the memory architecture. The nonvolatility of spontaneous polarization in a ferroelectric material also has been considered a
promising ingredient for information storage applications, including traditional nonvolatile memory applications and emerging neuromorphic synaptic devices. Here, we demonstrate a colossal resistance change
in the ferroelectric tunnel junction with an On/Off ratio of 106 in a ferroelectric HfO2 thin ﬁlm integrated
directly on a silicon wafer, which is inevitable for practical application. To achieve this large On/Off ratio, we integrated the epitaxial ﬂuorite-structure HfO2 thin ﬁlm on the silicon substrate. The polarization
direction in the metal-ferroelectric-semiconductor junction altered the depletion width, leaving behind
the change in the tunnel barrier. Industry-relevant HfO2 with high CMOS compatibility could lead to fast
adoption of a ferroelectric tunnel barrier with newly observed ferroelectricity in ﬂuorite-structured HfO2
ﬁlms.
© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
The discovery of a polar phase in HfO2 with reversible spontaneous polarization indicated the feasibility of ferroelectric-based
memory applications with distinctive functionality [1,2]. The better
process compatibility of HfO2 with respect to the current complementary metal-oxide-semiconductor (CMOS) technologies reawakened interest in ferroelectric random access memory applications,
which faced a process barrier using conventional perovskite ferroelectrics in the early 20 0 0s [3–6]. In addition, enhanced polar distortion mediated by the surface strain due to the reduced thickness enabled robust scalability of ferroelectricity even in a 1 nm
thick ultrathin ﬁlm [7]. With the origin of peculiar ferroelectricity, i.e., the ferroelectric ﬂat phonon band, an extremely negligible
weak interaction between ferroelectric dipoles enabled the small
critical volume for ferroelectric nucleation and robust stability of
the subloop polarization for the deterministic control of memory
states for analog device applications [8,9]. This scale-free dependence of ferroelectricity observed in the one unit-cell-thick HfO2
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ﬁlm and independent theoretical analysis of a localized robust yet
reversible ferroelectric dipole pave the way for the integration of
ferroelectricity in the current CMOS architecture [7,9].
For the applications of this distinctiveness embedded only in
the HfO2 thin ﬁlm to memory devices and neuromorphic synaptic devices, diverse approaches have been carried out. The modulation of nonvolatile channel conductivity by ferroelectric polarization in the form of a ﬁeld-effect transistor or capacitor structure replacing the volatile part in dynamic random access memory
is considered a promising candidate for applications. In addition,
quantum mechanical tunneling through spontaneous ferroelectric
polarization can be considered an alternative by means of nondestructive reading with an extremely simple architecture for nonvolatile memory known as a ferroelectric tunnel junction (FTJ) [10–
16]. The resistance states due to the polarization direction in the
FTJ can be read by measuring the junction conductance without
a destructive switching of polarization. These conductance measurements as two-terminal resistance devices can be integrated
into the crossbar-array-type memory for high-density devices [17].
Even though conventional perovskite-based ferroelectric materials
already exhibit a very large On/Off tunneling electroresistance ratio (>103 ) [18], the compatibility of perovskite materials inhib-
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ited direct integration with the current CMOS process for practical
applications. To resolve the compatibility issues, indirect integration approaches were adopted, such as the buffered perovskite oxide layer like SrTiO3 on SiOx /Si substrate [19,20] and the transfer
process with soluble sacriﬁcial layers [21]. Therefore, considering
the high CMOS compatibility, ferroelectric HfO2 with sub-10 nmwidth processing can be considered a promising candidate for direct integration of nonvolatile memories in the forms of capacitors and transistors on semiconductor integrated circuits. However,
the large barrier height for tunneling due to the energy band gap
and electron aﬃnity of HfO2 , tunneling electroresistance modulation through ferroelectric polarization exhibited poor performance
compared to that of conventional perovskite ferroelectrics.
In view of applications in memory devices, the enhancements
of On/Off tunneling electroresistance (TER) and CMOS compatibility were the main considerations of FTJ research [18]. Considering commercial state-of-art memories and logic devices [22], ∼103
TERs are required for applications. Diverse approaches have been
introduced to enhance the TER by engineering the junction barrier with internal or external factors, such as controlling the work
function of metals [23], substituting metal with the semiconductor to create/annihilate an additional barrier through the depletion/accumulation of charge [24], additional barrier modulation by
utilizing ferromagnetic materials [25], and inserting a thin layer
of the dielectric at interfaces [26]. Considering the native interlayer and semiconductor nature of Si, direct integration of CMOScompatible ferroelectric material on bare Si substrate can achieve
colossal TER. Here, we demonstrated the colossal TER of a HfO2 based FTJ with a native oxidation layer and the modulation of the
depletion width of the Si substrate. For the stabilization of the orthorhombic phase of HfO2 , we adopted the kinetically stabilized
Y-doped HfO2 [27].The Y-doped HfO2 epitaxial ﬁlms already exhibited the thickness independence of ferroelectricity [28] and ferroelectricity integrated on Si substrate [29]. The integrated ultrathin
Y-doped HfO2 (YHO) exhibited a clear epitaxial relation with the Si
substrate even in the presence of a SiOx interlayer. The nonvolatile
ferroelectric polarization states of the YHO layer robustly modulated the tunneling current because of the effect of the interlayer
insulator and depletion region of the semiconductor.

The lamella was investigated using an aberration-corrected JEMARM20 0F microscope (60–30 0 kV) equipped with a high-angle
annular dark-ﬁeld scanning transmission electron microscope
(HAADF-STEM) and energy dispersion spectroscopy (EDS) operating at 200 kV.
2.3. Electrical measurements
Local piezoresponse measurements were conducted by using
atomic force microscopy (Cypher, Asylum Research, Santa Barbara,
CA, USA) with conventional platinum/iridium-coated tips (PPPEFM; NANOSENSORS, Neuchatel, Switzerland). Polarization-driven
resistive switching curves were determined and current-voltage
measurements were conducted using a semiconductor parameter analyzer (4200-SCS; Keithley Instruments, Cleveland, OH, USA).
The capacitance as a function of voltage was measured using an
impedance analyzer (E4990A; Agilent, Palo Alto, CA).
3. Results and discussion
For the enhanced On/Off TER, we designed a metalferroelectric-insulator-semiconductor
(MFIS)
structure
for
the interlayer and the depletion layer of the semiconductor. Fig. 1a shows a schematic diagram of the epitaxial
YHO(ferroelectric)/SiOx (insulator)/Si(semiconductor)
structure,
where the thermally regrown SiOx layer formed during the hightemperature deposition process without disturbing the epitaxial
growth of the YHO layer. Note that the epitaxy of the YHO ﬁlm
on the SiOx layer can be obtained analogously with respect to
the epitaxial growth of ﬂuorite structures such as yttria-stabilized
zirconia (YSZ) and Hf1-x Zrx O2 (HZO) on the Si substrate [29–31]. In
general, the tridymite or β -cristobalite phase of SiO2 most likely
formed a crystalline interface between ﬂuorite (YSZ, HZO) and Si
[31–33]. We assumed a β -cristobalite phase-based c-SiO2 layer for
the epitaxial growth of YHO ﬁlms on Si.
The quantum well structure with atomic precision is essential
for the precise estimation of the tunneling probability in the MFIS
structure. To control the tunneling thickness of the ferroelectric
layer, we measured the X-ray reﬂectivity of YHO ﬁlms of various
thicknesses. Clear X-ray intensity oscillations of diverse YHO ﬁlm
thickness conditions are shown in Fig. 1b. The precise simulation
of X-ray reﬂectivity with various YHO ﬁlms conﬁrmed the thickness and ﬂatness (<0.1 nm) of our YHO ﬁlms. We conﬁrmed the
growth rate of the YHO ﬁlm through the linear relation between
the pulse number and YHO ﬁlm thickness, as shown in the inset
of Fig. 1b. From the conﬁrmed growth rate via X-ray reﬂectivity
measurements, we deposited an ultrathin (∼1 nm) HfO2 ﬁlm for
the ferroelectric tunneling layer.
The designed ultrathin YHO ﬁlm exhibited an orthorhombic
(001) phase and epitaxial growth well matched with the periodicity of the Si substrate. For the local structural analysis and
veriﬁcation of the ultrathin MFIS structure, we conducted crosssectional high-angle annular dark-ﬁeld (HAADF) imaging from
aberration-corrected scanning transmission electron microscopy
(STEM). Fig. 1c shows a STEM image of the TiN/YHO/SiOx /Si (001)
viewed along the zone axis [110] and indicates atomically crystallized YHO ﬁlms on Si (001) substrates. We performed a STEM
simulation as shown in Fig. 1d which conﬁrmed the epitaxial relationship displayed in Fig. 1c. Additionally, the rebuilt atomically
stacked image was obtained by the inverse fast Fourier transformation of (111) spots in the fast Fourier transformation images
(Fig. S2). The stripe patterns parallel to the (111) direction in the
TEM image with the zone [110] axis implied coherent growth of
the orthorhombic YHO (001) ﬁlm on Si (001) substrates with few
different structural artifacts, such as different structural orientations and grain boundaries and interdiffusions in the interface re-

2. Method
2.1. Sample fabrication
Seven percent Y-doped HfO2 thin ﬁlms were prepared by
pulsed laser deposition (PLD) on a heavily doped (∼1019 cm−3 ,
≤0.005 • Cm) n-type Si (001) substrate. For the removal of the
native SiO2 layer, the Si substrate was etched using 1:10 HF buffer
oxide after the acetone and isopropyl alcohol cleaning process. A
KrF excimer laser with a wavelength of 248 nm, an energy density
of 2 J/cm2 , the distance between target and substrate was 60 mm,
and a frequency of 6 Hz was used. With that condition, the growth
rate of YHO was estimated as 0.326 nm/100 pulses. The Y-doped
HfO2 ﬁlm was deposited at 700 °C under oxygen at a partial pressure of 4 × 10−4 Torr to suppress the growth of the unintended
parasitic SiOx layer. For the oxidation of the Y-doped HfO2 ﬁlm, the
YHO ﬁlm was kept under an oxygen partial pressure of 100 mTorr
for 10 min after the deposition process at the growth temperature. For the electrical measurements, square-shaped 45 × 45 μm
Au(20 nm)/TiN (10 nm) top electrodes were deposited by using
sputtering and photolithography.
2.2. Microscopic imaging
For STEM and EDS analyses, ﬁlms were fabricated into thin
lamella using a focused ion beam (Hitachi-NX50 0 0) (Fig. S1).
2
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Fig. 1. Structural analysis of epitaxial YHO ﬁlm directly integrated on Si (001). (a) Schematic diagram of the YHO/SiOx/Si (001) epitaxial structure. (b) Thickness-dependent
X-ray reﬂectivity results of YHO thin ﬁlms and the ﬁtting line. (c) High-resolution scanning transmission electron microscopy cross-sectional image of YHO ﬁlm. (d) The
simulated STEM image of the YHO and Si in (c) and respective atomic models. (e) The energy dispersion spectroscopy (EDS) map of the selected TiN/YHO/SiOx/Si(001) area.

Fig. 2. Local piezoresponse of the YHO ﬁlms directly grown on Si (001). Piezoresponse force microscopy (a) amplitude and (b) phase images after a + 6 V and −6 V domain
writing process. (c) Piezoresponse hysteresis amplitude (empty orange squares) and phase (empty purple squares).

gion. Furthermore, structural phase analysis using X-ray diffraction of conventional θ −2θ scans and reciprocal space mapping of
thick ﬁlm (∼ 12 nm) also demonstrated that orthorhombic (001)
YHO was coherently grown on the Si substrate directly (Fig. S3).
Even though the interfacial SiOx layer was formed again during
the high-temperature process, as shown in Fig. 1c, the epitaxy of
YHO ﬁlms with respect to the silicon substrate can be held during ﬁlm growth. Fig. 1e shows the energy dispersion spectroscopy
(EDS) maps of the Hf Lα , Si Kα , O Kα , and Ti Kα peaks, which
clearly show the MFIS structure. The simulated STEM image and
EDS results conﬁrmed the MFIS structure, and the thickness of the
YHO (∼1 nm) and thermally regrown SiOx (∼1 nm) layers matched
well with the results of macroscopic analysis via X-ray, as shown
in Fig. 1b.
The epitaxially grown ultrathin YHO ﬁlms exhibited switchable
ferroelectric polarization. To investigate the microscopic ferroelectric polarization response, we conducted piezoresponse force microscopy (PFM). The surface morphology of the YHO ﬁlm exhibited a ﬂat surface without distinct grain structures and a root mean
square roughness of ∼0.15 nm (Fig. S4). The out-of-plane piezoresponse amplitude and phase images in Fig. 2a and b were obtained
after applying +6 V (2 μm × 2 μm) and −6 V (1 μm × 1 μm)
to the bare YHO surface through the scanning probe tip, respectively. The domain walls and 180° phase difference written with a
typical box domain pattern were observed in amplitude and phase
images. Additionally, typical piezoelectric hysteresis loops were observed with butterﬂy shapes of amplitude and 180° phase shifts
near + 2 V and −3 V, as shown in Fig. 2c. This clear piezoelectric
hysteresis associated with the reversible 180° phase difference domain pattern written as intended indicated that our epitaxial YHO
exhibited local polarization of ferroelectricity in the MFIS structure.
The ferroelectricity of the YHO layer induced tunneling transmittance modulation with the variation of the depletion layer in
the n-type semiconductor surface. To conﬁrm the polarizationinduced resistance states, we read the current at 200 mV after

applying a DC bias. Clear clockwise nonvolatile resistance switching due to polarization switching is shown in Fig. 3a. Considering
the n-type doping of Si substrate, the clockwise resistance hysteresis can be considered polarization-induced barrier modulation.
Also, the abrupt resistance switching near the coercive voltage obtained from the PFM results implies the resistance modulation was
originated from the ferroelectric polarization reversal [7,34]. Note
that the different top electrode interfaces between TiN capacitor
for electroresistance measurements and Pt point tip for PFM measurements induced the modulation of band structure and ﬁeld distribution, resulting in the different coercive voltage between two
measurements [23,35]. The modulation of the barrier due to ferroelectric polarization induced a colossal On/Off TER value of ∼106 .
Fig. 3b shows the current-voltage characteristics of the direct tunneling region for each polarization direction. The associated tunneling mechanism change into the Fowler-Nordheim tunnel behavior at the high bias of Off states also supported the intrinsic tunneling behavior in the YHO thin ﬁlm (Fig. S5). Note that the On/Off
TER value and the On current level of our FTJ are superior to those
of reported HfO2 -based FTJ devices and comparable contemporary
perovskite-based FTJ devices.
The modulation of the depletion layer in the semiconductor
substrate was attributed to the high On/Off TER value. Through the
ferroelectric polarization states, we could manipulate the screening length of the semiconductor layer with the additional barrier
effect through the depletion layer. To estimate the effect of the depletion layer, we conducted capacitance-voltage measurements for
both ferroelectric polarization directions. As shown in Fig. 3c, the
linear dependence of 1/C2 with the bias was observed for both On
and Off states. The linearity indicates the constant permittivity of
the depleted region in Si. The effective depletion width length can
be estimated from the linear dependence of C−2 with bias using
the equations below [36],

1
2(Vbi − V )
=
C2
qε0 εr ND S2
3

(1)
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Fig. 3. Ferroelectricity tuned resistance states. (a) Clockwise resistance hysteresis after applying DC bias. (b) Current-voltage plot of On (orange) and Off (green) states. (c)
C − 2 versus voltage plot of On (orange) and Off (green) states.

Fig. 4. Fitting of the ferroelectricity-tuned current level using a complex band structure. (a) An arbitrary potential barrier divided into many small rectangular segments. (b)
The complex band structure of HfO2 . (c) The schematic tunneling potential proﬁles of On (orange) and Off (green) with respect to polarization directions, respectively. (d)
Calculated current-voltage plot of On (orange) and Off (green).

barrier as follows (see Supplementary materials section 7):


Wd =

2ε0 εrVbi
qND

J=

(2)

 4π em  

∞

e

h3

0



T ( Ez )

∞
0



f (E ) − f (E + eV )dEx,y dEz

(3)

where Ex,y and Ez are the lateral components of electron energy
perpendicular and parallel to the tunneling direction, respectively.
T is the tunneling transmission probability. Here, electron energy
E is the sum of Ex,y and Ez . The applied voltage, electron rest
mass, magnitude of electron charge, and Planck’s constant are denoted by V, me , e, and h, respectively. In general, the effective
mass of an electron is estimated from the curvature of electronic
bands by one-band-approximation. In contrast, an electron travels
in an evanescent decaying mode when it tunnels through a forbidden gap. In this case, the effective mass of the tunneling electron traveling the ferroelectric layer was determined from the second derivation of the complex band structure. (see Supplementary
materials section 8) For the orthorhombic HfO2 , the effective mass
of the tunneling electron was estimated to be approximately 0.12
me as indicated in Fig. 4b. The tunneling barrier parameters seen
for transport electrons were extracted by ﬁtting Simmons’s model
to experimental current-voltage characteristic data (Fig. 4c). The
thicknesses of the depletion/accumulation and SiOx were taken
from the experimental data, as shown in Fig. 1 and Fig. 3. For the
approximation of the polarization modulated barrier height, we assumed the spontaneous polarization value of the YHO layer to be
0.25 C/m2 since it has been reported that the polarization of YHO
ranges from 0.1 C/m2 to 0.5 C/m2 [3,41,42]. Also, YHO ﬁlms thickness of ∼12 nm grown with same condition exhibited remnant polarization value of ∼0.2 C/m2 (Fig. S7).With the details of barrier

where C, ε0 , εr , ND , S, Vbi , q, and Wd are the measured capacitance, vacuum permittivity, relative dielectric constant, doping
concentration of Si substrate, area of the top electrode, built-in potential, elementary charge, and depletion width, respectively. The
estimated depletion widths of the On and Off states were 0.5 nm
and 5.4 nm, respectively. The short screening length of On states
due to the accumulation of the n-type carrier at the semiconductor surface lowers the barrier height and enhances the tunneling transmittance of the MFIS tunnel junction. In contrast, the Off
states exhibited a sizable screening length because the depleted
carriers in the space charge region increased the barrier width
and reduced the tunneling transmittance. The polarization direction of the ferroelectric layer reinforces/hinders the additional barriers with the depletion/accumulation of n-type carriers in the Si,
contributing to the enhancement of the TER.
To verify the polarization state-induced colossal On/Off TER in
our MFIS structure, we calculated the tunneling current density
[37] by solving the one-dimensional effective mass Schrödinger
equation [38] within the transfer matrix method [39]. As shown
in Fig. 4a, the arbitrary potential barriers can be usually approximated by a series of summations of varied N-rectangular potential
barriers. The tunneling current density can be obtained by considering the Simmons formula [40] with the approximated potential
4
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height and width across the MFIS (Table S1 in the Supplementary
materials), we numerically simulated the electron tunneling current as a function of the applied voltage (Fig. 4d). The calculated
On/Off TER with experimentally conﬁrmed data with appropriately
approximated values was ∼106 , indicating that our designed MFIS
structure can induce a colossal On/Off TER through the ferroelectric polarization reversal of YHO layer. Recently, Chang et al. reported that the On/Off TER values around the order of 106 can be
achieved in the ferroelectric HfO2 ﬁlm on Si substrate with interlayer SiO2 by the band structure engineering theoretically [43].
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KRSC (Korea Semiconductor Research Consortium) support programs for the development of future semiconductor devices.
Supplementary materials

4. Conclusion
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.apmt.2021.101308.

Considering the large barrier height and small effective electron mass in the ferroelectric HfO2 layer, it is remarkable that
HfO2 directly integrated on the Si substrate showed a colossal
On/Off TER value (∼106 ). Due to the unique features of ferroelectric
HfO2, such as ﬂat band-induced scale-free ferroelectricity and surface strain-enhanced polar distortion, epitaxial ultrathin (∼ 1 nm)
ﬁlms can exhibit robust ferroelectricity on Si substrates. Considering the inverse proportional relation between thickness and the
slope of the polarization modulated potential barrier, the (001)
oriented ultrathin ﬁlm with robust ferroelectricity enabled large
potential barrier modulation even in the HfO2 layer. In addition,
the n-type semiconductor nature of the Si substrate enhanced the
On/Off TER through annihilation/generation of additional barriers
with the electron accumulation/depletion region at the semiconductor surface with respect to the polarization direction. Additionally, the thermally regrown thin SiOx (∼ 1 nm) layer formed additional potential barriers enabling additional On/Off TER enforcement without disturbance epitaxial growth of the YHO layer. In addition, the direct tunneling mechanism of each On and Off state
including the Fowler-Nordheim tunneling at high bias voltage, i.e.,
strong evidence for the tunneling based conduction conﬁrmed that
the colossal On/Off TER was originated from the ferroelectric polarization of the YHO layer with MFIS structure. Considering the
device performance, such as readout margin and scaling size, the
colossal On/Off TER value, even comparable with that of FLASH devices of our FTJ, shed light on the feasibility of the application of
the unique ferroelectric properties in HfO2 in the contemporary industry.
In summary, we demonstrated colossal On/Off TER properties
in epitaxial ferroelectric HfO2 directly integrated on a Si substrate.
Through STEM and XRD, the thermally regrown SiOx layers and the
epitaxial growth of the ultrathin YHO layer were conﬁrmed. The
robust microscopic ferroelectricity of YHO ﬁlms was conﬁrmed by
PFM measurements. The capacitance-voltage measurements exhibited a polarization-modulated depletion layer on the semiconductor surface. The On/Off states exhibited robust stability with colossal On/Off TER values. The theoretical calculations conﬁrmed the
colossal On/Off TER values of our designed MFIS structure with experimentally conﬁrmed components.
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