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an ultrathin film of a ferroelectric mate-
rial, sandwiched between two metallic 
electrodes having different electronic 
screening lengths, is used as a tunnel bar-
rier that provides a route to modulate the 
resistance states of a tunnel device upon 
the application of an electric field. This 
so-called tunnel electroresistance (TER) 
effect, is created by manipulating the 
polarization states of the barrier layer.[8,9] 
In these devices, the bound charges in 
the form of electric dipole moments in 
the ferroelectric barrier layer do not fully 
compensate the electrode charges at bar-
rier/electrode interface due to the limited 
screening length of electrons in metals. 
Hence, if the two electrodes have different 
screening lengths, the potential profile 
across the barrier layer modulates asym-
metrically with the polarization reversal 

which thereby will significantly alter the tunneling current.[9,10]

FTJs with various perovskite ferroelectric barrier materials 
have been explored extensively in the last decade.[8,9,11,12] How-
ever, due to their limitation in terms of lattice, chemical, and 
thermal compatibility with traditional complementary metal–
oxide–semiconductor (CMOS) processing in addition to scal-
ability issues, FTJ have not attracted much attention from tech-
nological viewpoints. In 2011, ferroelectricity was discovered 
in polycrystalline doped HfO2 thin films,[13] which triggered 
significant interest in ferroelectric memories, including FTJs, 
mainly due to known integration processes of HfO2 based thin 
films with CMOS devices since 1990.[7] In addition, ferroelec-
tricity in doped HfO2 can be stabilized easily in polycrystalline 
ultrathin films by retaining the desired stress state via doping, 
electrode layers, or annealing process.[14–17] These factors make 
the HfO2 system an appealing candidate for the ferroelectric 
barrier in FTJs for nonvolatile memory applications. Recently, 
doped HfO2 based FTJs have been investigated with ≈2–4 nm 
thick barrier,[18–22] but the tunneling current density of these 
devices is too small, particularly due to the highly insulating 
nature of HfO2 (bandgap ≈ 5–6  eV); hence the low signal-to-
noise ratio (SNR) during the read operation is still a major 
issue. Therefore, reducing the thickness of the barrier layer 
down to 2–3-unit cells is required to enhance the tunneling cur-
rent density as it depends exponentially on the thickness of the 
barrier layer. Moreover, obtaining the single-phase ferroelectric 
films with ALD-grown polycrystalline samples has been chal-
lenging.[14] The presence of oxygen vacancies and defects in 
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High density, high-speed, and low power consuming non-
volatile memories are currently being vigorously explored for 
use in next-generation computation, particularly due to the 
performance gap between the logic and memory elements of 
the current computational architecture.[1–3] Of various explored 
material systems, electrically switchable spontaneous polari-
zation of ferroelectric materials enables a robust nonvolatile 
memory solution.[4–6] One such promising memory element 
is the ferroelectric tunnel junction (FTJ), which, unlike fer-
roelectric RAM, offers nondestructive readout, in addition to 
low operation energy and high operation speed.[7] In an FTJ, 
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these films, particularly at the interfaces diminish the ferroelec-
tricity. Therefore, single-crystalline epitaxial films are desirable 
for achieving ferroelectricity in ultrathin films.

In this letter, we demonstrate FTJs with a very large OFF/
ON resistance ratio and relatively low resistance area product 
(RA) with ≈1  nm thick Zr doped HfO2 (HZO) ferroelectric 
tunnel barrier. We stabilized ferroelectricity in ultrathin films 
of rhombohedral HZO (R-HZO) through the substrate-induced 
compressive strain by growing the epitaxial films on single 
crystalline SrTiO3 (STO) (001) substrates. The resistance area 
product at the bias voltage (≈300 mV) required for one-half of 
the zero-bias TER ratio is three orders of magnitude lower than 
the reported value with relatively thick ferroelectric barriers.[22] 
The OFF/ON resistance ratio of 135 achieved with ≈1 nm bar-
rier, which is enhanced to 105 with increasing the barrier thick-
ness to 2.5  nm, is amongst the highest reported values for 
HZO based FTJs.

The extent of the modulation of the ferroelectric tunnel 
barrier in FTJs devices depends upon the difference in the 
screening lengths of electrons in the two opposing electrodes. 
Typically conducting oxides show one order of magnitude 
higher electronic screening length than metals and hence 
a conducting oxide/ferroelectric barrier/ metal structure is 
commonly used for FTJ devices. In this work, we have used 
La0.7Sr0.3MnO3 (LSMO) as a bottom oxide electrode for our 
FTJ devices. LSMO films with a thickness of ≈60  nm were 
first deposited onto a STO (001) substrate, and subsequently, 
HZO films with varying thicknesses were deposited onto the 
LSMO seed layer. Pulsed laser deposition (PLD) was employed 
to deposit these oxide films. The X-ray diffraction patterns 
(2θ–θ scan) of HZO (1, 2.5, and 10 nm)/LSMO (60 nm) film is 
shown in Figure 1 (see Figure S1a, Supporting Information for 
the XRD patterns with several other thicknesses of HZO layer 
ranging from 1 to 18 nm). The growth rate for these films was 
first estimated from X-ray reflectivity (XRR) (see Figure  S1b, 
Supporting Information) and later confirmed by transmis-

sion electron microscopy (TEM) (see Figure  S1d, Supporting 
Information) measurements.  The intense diffraction peak 
in the vicinity of the STO (001) peak corresponds to the (001) 
reflection of LSMO, which indicates epitaxial growth. Typi-
cally, the (111) reflection of the orthorhombic phase of HZO 
films appears around 30.5°; however, the slightly lower values 
of 2θ in our case for thin (<10nm)  HZO films correspond to 
the compressive strain stabilized rhombohedral phase. This 
can be understood by the fact that with decreasing HZO film 
thickness (below 10 nm), the d-spacing for (111) planes gradu-
ally increases (see upper inset), which thereby suggests that the 
in-plane compressive strain increases with reducing film thick-
ness.[15] The presence of the diffraction fringes around the (001) 
LSMO and (111) HZO reflections demonstrate high quality 
interfaces of the deposited films. An additional peak around 
34.5° for 18 nm thin film indicates the appearance of the mono-
clinic phase of HZO with increasing film thickness. The epi-
taxial growth of the HZO/LSMO bilayer is further corroborated 
by TEM imaging (see Figure S1d, Supporting Information).

To improve the SNR of FTJ devices, the reduction of the fer-
roelectric barrier thickness down to 1 nm is needed. Therefore, 
stabilizing ferroelectricity in such a thickness range is the first 
step. The ferroelectric properties were probed by utilizing a 
piezoresponse force microscopy (PFM) setup. The tip was first 
biased with ±4V to write a box-in-box pattern and subsequently, 
the phase-contrast PFM image was obtained at 100 mV tip bias. 
Figure 2a shows the out-of-plane (OOP) phase contrast image 
of an ≈1  nm HZO film grown on an LSMO//STO substrate. 
The nearly 180° contrast difference between the outer and inner 
boxes indicates bistable remanent polarization states. Figure 2b 
shows the corresponding amplitude image of the sample. The 
signal at the domain walls is almost zero, which suggests the 
charging effects are low and thus provides further evidence of 
the ferroelectric character of the film. The uniform phase con-
trast of the unpoled and inner poled box regions demonstrates 
that the film is spontaneously polarized without any field 
cycling. Typically, few thousands of field cycling is required to 
“wake up” the ferroelectricity in doped HfO2 films.[14] Recently 
Cheema.[23] have also reported the ferroelectricity in ≈1  nm 
HZO films grown on a silicon substrate by stabilizing the polar 
O-phase via strain imposed through the confinement of the 
film with a metallic capping layer; here, we have stabilized the 
ferroelectricity in the compressive strain induced rhombohe-
dral phase of HZO.

Further, the robust ferroelectricity with hysteretic behavior 
is demonstrated by the local PFM switching on the bare HZO 
surface with ≈1 nm (Figure 2c) and ≈2.5 nm (Figure 2d) thick 
films. The SNR improved with ≈2.5  nm film and hence a 
clear hysteresis was observed in the phase signal with a cor-
responding butterfly-shape amplitude (d33) loop. The coer-
cive voltages (|VC|) extracted from piezo loops are ≈1.2 and 
≈2.3 V for ≈1 and ≈2.5 nm films, respectively. The ferroelectric 
switching in ≈1nm HZO film is not as sharp as we see in the 
case of ≈2.5  nm films. Further, the ferroelectric properties of 
HZO films were obtained through typical polarization versus 
voltage and positive-up-negative-down measurements (see 
Figure S2, Supporting Information). The remanent polarization 
for ≈2.5 nm HZO films is around 30 µC cm−2, which is within 
the range of the highest reported remanent polarization values 

Figure 1. X-ray diffraction (θ–2θ) patterns of Hf0.5Zr0.5O2 (1, 2.5, and 10 
nm)/La0.7Sr0.3MnO3 (60 nm) bilayer films, grown on a SrTiO3 (001) sub-
strate. The upper inset shows the variation of d-spacing for the 111-reflec-
tion of HZO with varying film thicknesses. The lower inset emphasizes 
the appearance of the nonpolar monoclinic phase of HZO for a 18 nm 
thick film.
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for the R-HZO thin films.[15,24] The ferroelectric property in our 
films is quite uniform across the sample (see Figure S2d, Sup-
porting Information).

After achieving ferroelectricity in such ultrathin HZO films, 
the next step is to demonstrate the TER effect. The schematic of 
the patterned device structure is shown in Figure 3a. Figure 3b 
shows the I–Vread curves of an FJT device, comprising an 
HZO tunnel barrier ≈1 nm,  after applying the voltage pulse 
of ±  2.5 V with a width of ≈1 ms, which is much larger than 
the coercive voltage of ≈1 nm  HZO film, measured by PFM 
spectroscopy with a voltage pulse of ≈1 ms.  We see a large 
change in the tunneling current of the device when the fer-
roelectric polarization direction is switched and hence, we can 
define the low and high tunneling current at a given voltage as 
the OFF and ON states, respectively. We have observed sim-
ilar behavior from other devices with ≈1 and ≈2.5 nm barrier 
layers (see Figure  S3, Supporting Information). To confirm 

that the observed switching behavior in these devices is due 
to tunneling rather than another resistive switching mecha-
nism, we fit the I–V data with a tunneling model (Brinkman–
Dynes–Rowell model), based on Fermi–Dirac statistics and the 
Wentzel–Kramers–Brillouin approximation, across a rectan-
gular shaped potential profile (for more details, see Supporting 
Information).[25,26] The average barrier heights for OFF and 
ON states are ≈1.99 and ≈1.37 eV, respectively. The best fit was 
obtained with the barrier thickness of ≈1.3  nm for both OFF 
and ON states, which indicates negligible piezoelectric effect 
in HZO layer. Since, the piezoelectric coefficient of HZO is 
less than 10 pm V−1,[27] the maximum change in the thickness 
of the film due to the applied electric field will be a few tens 
of pm, and the corresponding electroresistance will be less 
than 1%. The fitted value of the barrier thickness shows a good 
agreement with the expected value, determined by XRR and 
TEM analysis (see Figure  S1, Supporting Information). The 

Figure 2. PFM a) phase and b) amplitude contrast images of ≈1 nm HZO film, and corresponding c) phase (red) and amplitude (blue) signal of the 
local hysteresis loop. The approximate time between the writing and reading for the PFM patterns in (a,b) is few minutes. d) The local PFM phase 
(black) and corresponding amplitude (blue) hysteresis loops for ≈2.5 nm HZO films.

Figure 3. a) Schematic setup for the tunneling transport measurements of the ultrathin HZO tunnel devices. b) Current–voltage characteristic of a 
circular device (Ø ≈ 5 µm) with a ≈ 1 nm HZO FE tunnel barrier. Solid blue lines are the fitted results using pure direct tunneling based BDR model. 
c) Corresponding OFF/ON ratio (TER%) of the junction resistance with ≈1 nm barrier.
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OFF/ON junction resistance ratio of 135 was achieved at zero 
bias from a device with 1 nm thick barrier (see Figure 3c), and 
it gradually decreases with increasing bias voltage. Similar bias 
dependence of the TER effect has also been observed when 
the barrier thickness increases to 2.5 nm (Figure 4a). The bias 
voltage for one-half of the zero-bias TER for these devices was 
observed at 200–300  mV, which is typically considered to be 
an appropriate read voltage for ferroelectric tunnel devices.[28] 
The ON and OFF states’ resistance-area products (RA) for 
≈1  nm barrier devices at 300  mV are ≈25 and ≈600 kΩ  µm2, 
respectively which is nearly three orders of magnitude smaller 
than reported values for other HZO based FTJs for relatively 
thicker barriers.[21] The good agreement between the switching 
voltages of the devices, extracted from the junction resistance 
versus write voltage plot (see Figure S4, Supporting Informa-
tion), with the coercive voltages of the film suggests that the 
resistance switching in our devices is predominantly due to 
the ferroelectric polarization switching of the HZO barrier 
layer. The OFF/ON ratio of the junction resistance for the FTJ 
devices with 2.5  nm barrier, measured at 300  mV after the 
ferroelectric polarization switching at ±4 V,  increases signifi-
cantly to 105 (TER ratio ≈107%) and decreases with device area 
(see Figure 4b). This indicates that, with reducing device size, 
the ferroelectric polarization reversal becomes more effective 
and hence shows a promising trend for scalability. Reducing 
the devices size also minimizes the pin holes and defects in 
addition to the better uniformity of the barrier layer. The TER 
value in our devices is among the highest reported TER values 
in HfO2 barrier based FTJs.[9,29] Recently, Yingfen Wei et al.[29] 
have also reported the TER value of as high as 106% with HZO 
barrier-based FTJs. Such a large TER effect was attributed to 
the electric field control of the oxygen vacancy concentration at 
the HZO/LSMO interface. Moreover, besides interfacial engi-
neering, the activation of Fowler–Northeim tunneling at higher 
bias and thermionic emission at higher barrier thicknesses 
cannot be ignored.[28,30] The large TER values with thicker bar-
riers might involve these modes of transport in addition to 
the direct tunneling but at the cost of increasing RA values. 
With increasing the barrier thickness from ≈1 to ≈2.5 nm, we 
see nearly three orders of magnitude enhancement in the RA 
values of our FTJs (see inset of Figure 4c).

In order to understand the origins of the experimentally 
observed TER effect, we employed the tight-binding model to 
estimate the theoretical limit of the TER effect on our devices. 
Figure 4c shows the OFF/ON ratio of junction resistance at zero 
bias as the function of the ferroelectric barrier thickness. The 
OFF/ON ratio of junction resistance increases faster than expo-
nentially with the barrier thickness. In the tight binding model, 
the tunneling probability is proportional to e−f(U)d, where d is 
the thickness of the barrier and f is the function of the averaged 
barrier height U in the tight binding representation.[31] There-
fore, the TER ratio is proportional to e( ( ) ( ))OFF ON−f U f U d . Clearly if 
the averaged barrier heights were independent on the ferroelec-
tric barrier thickness, then TER would increase exponentially 
with the thickness. However, the difference between UON and 
UOFF increases with d due to larger difference between the 
screening potentials at the left and right interfaces (see Figure 
S5, Supporting Information) leading to a faster than exponen-
tial TER thickness dependence. Although our experimental data 
follow the same trend, the TER ratio is 2–3 orders of magnitude 
higher than theoretically predicted values for 100% polarization 
switching.

Various physical mechanisms at the interfaces between the 
HZO and electrodes could potentially play roles for such large 
value of the OFF/ON ratio in our HZO-based FTJs. The pres-
ence of oxygen vacancies at the interfaces of metal and HZO 
layers have been reported and thereby the possibility of the 
modification of the interfacial layer cannot be ignored.[7] Thus if 
we assume an existence of a thin n-type semiconductor region 
at the interface between HZO and LSMO, the tight binding 
model predicts an enhancement of the OFF/ON ratio of junc-
tion resistance (Figure 4c) close to the experimental values (for 
details, see Figure S6, Supporting Information). Enhancement 
of the TER effect due to the presence of non-polar interlayer 
at the barrier/electrode interface in HZO-based tunnel junc-
tions have recently been theoretically as well as experimentally 
realized.[32,33]

In summary, we have demonstrated large TER effects in 
ultrathin HZO based FTJs with significantly lower RA product. 
Ferroelectricity in these films was achieved by maintaining 
the rhombohedral phase through the substrate-induced strain 
engineering, with the remanent polarization of 30 µC cm−2 

Figure 4. a) OFF/ON ratio (TER%) of a FTJ with ≈2.5 nm HZO barrier as a function of reading voltage for the circular devices with diameters of 20 
and 40 µm. b) OFF/ON ratio (TER%) of the tunnel devices with ≈2.5 nm tunnel barrier as a function of the junction area. c) Calculated OFF/ON ratio 
(TER%) without (red) and with (blue) n-type semiconductor interface between HZO and LSMO layers, of the tunnel device with varying ferroelectric 
barrier thickness, using the tight-binding model. The Schottky barrier results in an increase of the electric resistance for the OFF state leading to a higher 
TER ratio. Experimental data (green data points) follows a theoretically predicted trend. The inset shows the RA values for the OFF and ON states of the 
FTJ devices increases by 2–3 orders of magnitude with changing the barrier thickness from ≈1 to ≈2.5 nm. Solid and dotted lines are guides to the eye.
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from ≈2.5  nm films. The TER ratio increases exponentially 
with decreasing the junction area. We have observed OFF/
ON junction resistance ratio as high as 105 with the devices of 
5  µm diameter. The TER effects can be observed even when 
the thickness of HZO films is reduced to ≈1 nm with OFF/ON 
junction resistance ratio of ≈30 and the ON-state RA product of 
≈25 kΩ µm2 at 300 mV. These results are promising in terms of 
scalability, better SNR, and OFF/ON junction resistance ratio, 
which has so far rarely been achieved in HfO2 based FTJs, 
and therefore show the potential for high-density nonvolatile 
memory applications.

Experimental Section
Film Growth, Structural and Ferroelectric Characterizations: HZO 

(1–18  nm)/LSMO (60  nm) bilayer films were epitaxially grown on 
(001)-oriented SrTiO3 single crystal substrates by PLD technique. 
An excimer laser (λ  = 248  nm) was used with focused laser fluence 
of 1–1.5 J cm–2 to ablate the stoichiometric ceramic targets at 1  Hz 
repetition rate. The substrate temperature during the deposition of 
these oxide films was maintained at 700  °C, while the oxygen partial 
pressure was 100 and 200 mTorr for HZO and LSMO films, respectively. 
Subsequently, the films were cooled down to room temperature 
under 500 mTorr oxygen pressure. A PANalytical high resolution 
X-ray diffractometer with Cu Kα radiation was used to determine 
the crystalline quality and thicknesses of the films. PFM of the HZO 
thin films was performed with an atomic force microscope (Asylum 
Research Cypher, MFP-3D scanning probe microscope), conductive 
AFM probe (Nanoandmore, DT-NCHR, Watsonville, CA) with DART 
mode. A Radiant Technologies Precision Premier II Ferroelectric Tester 
was used for ferroelectric measurements.

Device Fabrication and Measurements: A polycrystalline, Pt layer (50 nm) 
was first deposited ex situ on the HZO/LMSO bilayer oxide films as a top 
electrode layer by DC magnetron sputtering, subsequently patterned it 
into circular electrode with varying diameter of 5–40 µm by conventional 
photolithography technique. The current–voltage characteristics of the 
fabricated FTJ devices were measured by a custom-built measurement 
set-up in two-point geometry with a Keithley SourceMeter 2611. FE poling 
(Vwrite) was achieved by applying voltages pulses higher than the switching 
voltage with the pulse width of 100 µS. The bias direction was defined with 
respect to the top Pt electrode. The TER ratio was calculated from I–V 

data, defined by 100%,OFF ON

ON

R R
R

− ×  where ROFF and RON are the junction 

resistance for OFF and ON states, respectively.
Tight Binding Hamiltonian Model: Calculations of TER in FTJ were 

performed using the non-equilibrium Greens Function formalism 
within the tight binding Hamiltonian model.[34] The Hamiltonian of the 
FTJ consists of the Hamiltonians of the left (L) and right (R) metallic 
electrodes, the scattering region (C) and the coupling Hamiltonian

L R C cplH H H H H= + + +  (1)

The Hamiltonian of the leads and the scattering region included the 
on-site energy εi and the electron hopping term tij between the nearest 
neighbor atomic sites i and j

L,R,C
L,R,C

†

, L,R,C

†H c c t c c
i

i i i
i j

ij i j∑ ∑ε= +
∈ ∈

 (2)

Here the spin indexes were omitted since a non-magnetic FTJ was 
considered. The scattering region was coupled to the left and right leads 
through the coupling Hamiltonian

H t c c
i j

ij i j∑ ( )= +
∈ ∈

H.c.cpl
L,R, C

†  (3)

whose matrix elements consist of the nearest neighbor electron hopping 
terms. The electron hopping parameters in all regions were set to 
be tij  = −1 eV, while the on-site energies depended on the electronic 
structure of the barrier, lead materials, and the electrostatic potential 
profile affected by the ferroelectric polarization and the bias. For instance 

in the left electrode (i < 0) the on-site energy is L
s L

0

0

Lei L

ia

ε ε µ σ λ
ε= + + λ , 

where εL is the on-site energy in the bulk of the left electrode and μL is 
its chemical potential. Therefore, the ferroelectric polarization resulted 
in the modification of εi close to its interface with the ferroelectric barrier 

by an additional term of s L

0

0

Le
iaσ λ

ε
λ , where

/
1 /s

F

F L R

P V d
d

σ ε
ε λ λ( )= +

+ +′  (4)

is the surface charge, P is the ferroelectric polarization, λL is the 
screening length in the left electrode, a0 is the lattice constant and V is 
the bias voltage. Similarly, the expression for the right electrode (i > NB) 

reads R R
s R

0

( )/0 Rei
ia dε ε µ σ λ

ε= + − λ− − , where d = NB a0 is the thickness 

of the barrier, NB is the number of atomic monolayers in the barrier 
region, and μR and λR are corresponding the chemical potential and the 
screening length in the right electrode. Finally, the on-site energy in the 
scattering region varied linearly between the left and the right interfaces 
given by εi = εC + αi + β, where 0 < i < d. The α and β coefficients are 

defined same way as in ref. [34] 
( )R L

B

s L R

0 BN N
α µ µ σ λ λ

ε= − − +
 and β is the 

potential at the left interface. The values of the onsite energy parameters 
equal to εL  = 0 eV, εR  = 2 eV, and εB  = 7 eV corresponding to Pt/HZO/

LSMO FTJ were chosen. P = 35 µC cm−2, 22F
F

0
ε ε

ε= =′ , λL  = 0.1 Å, 

λR = 4.0 Å, and a0 = 5.2 Å were also set up.
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